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Abstract: The reduction of carbon emissions is a worldwide global challenge and represents the
objective of many scientists that are trying to modify the role of carbon, turning a problem into an
opportunity. The potential of CO2 capture and storage by vegetal species is significant because of
their capacity to absorb exceeding carbon emission. The purpose of the present paper is to draw
a picture of the role of vegetal ecosystems on carbon fixation by identifying the most significant
scientific contributions related to the absorption by vegetal species. In particular the aim of this paper
is to examine different forms of CO2 sequestration made by plants and crops involved in reducing
greenhouse gas (GHG) emission. Results highlight the important role played by agricultural soils,
forests, perennial plants, and algae, looking at the overall reduction of carbon emissions. In addition,
results show that some bioenergy crops allow substantial storage of carbon dioxide, providing a
significant contribution to climate change mitigation.

Keywords: CO2 capture; CO2 storage; agricultural sustainability; carbon fixation; forest plants;
bioenergy crops; perennial plants; annual plants

1. Introduction

The management of CO2 surpluses, deriving from anthropogenic activities, such as industrial
and agricultural emissions, as well as exhaust car gases, has involved several research activities in
different scientific fields over the past twenty years [1,2].

The reduction of carbon emissions is a global challenge and a goal for several scientists and
academics around the world [1,3–6]. The economic and environmental literature has extensively
dealt with possible technological innovations, economic consequences, and environmental benefits,
but several points still need to be explored [7–9].

Carbon capture and storage issues can be faced in engineering and technological terms, or can be
addressed in biological terms. With this latter regard, the role of vegetal species can be considered the
most relevant.

The potential of CO2 capture and storage by vegetal species is significant because of their capacity
to absorb exceeding carbon emission. Several experiments that are reviewed frequently have pointed
out that plants exposed to high CO2 concentrations grow faster than “plants in ambient air” [10].

Furthermore, the storage of carbon in agricultural and forest ecosystems constitutes a significant
opportunity in offsetting carbon dioxide emissions from human activities associated with the current
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climate change and can offer, at the same time, an interesting possibility to differentiate and increase
the income of farmers [11,12].

By the end of the last millennium, changes in global agricultural practices that could encompass
more than 200 million tons of carbon a year had been attempted by introducing some changes in
agricultural management [13]. Agriculture seems, therefore, to be able to contribute to a substantial
mitigation to climate change [14–16].

The Intergovernmental Panel on Climate Change reports that forms of conservation tillage could
allow for the capture of more than one ton of carbon per hectare per year, while other authors provide
figures ranging from a minimum of 3 to a maximum of 500 kg C/ha [17–20].

It was also noted that, despite several analyses carried out on carbon sequestration costs in forestry
and agriculture, there are few studies using direct estimates of carbon absorption by vegetal species as
a whole. For this reason, there is a lack of any comprehensive review that combines the results of these
recent studies carried out on vegetal species.

In light of the paucity of knowledge found in the existing literature, the purpose of the present
paper is to draw a picture of the role on the quantitative effects of plants on carbon absorption,
identifying the main lines of researches carried out at the international level, and pointing out the
most significant scientific contributions related to the CO2 absorption of vegetal species. In particular,
the aim of this paper is to examine different forms of CO2 sequestration made by plant crops involved
in reducing greenhouse gas (GHG) emission.

The paper is divided into three parts. The first part presents the work assumptions and the
methodological issues adopted in the present study. The second one, which relates more closely to the
different CO2 capture and storage, reports an overview of main current research on different vegetal
ecosystems. One is related to agriculture, forestry, and perennial crops; one is linked to bio-energy
crops, and one refers to annual herbaceous species and algae. Finally, the third part discusses and
concludes the work.

2. Methodology

This research was conducted through an analysis of the studies published in academic journals,
in particular, we considered the main databases relating to the following sources: ISI Web of Science,
Scopus, Google scholar, Research gate, Blackwell Synergy, CAB Abstracts Oxford Journals Elsevier,
Springer and Wiley Interscience. Regarding databases, it seems that Web of Science (WOS) and Scopus
are the most widespread databases on different scientific fields and are frequently used to search the
literature [21,22]. Until 2004, Web of Science (WOS) was the only international and multidisciplinary
database able to obtain the literature of technology, science, medicine, and other fields. However,
Elsevier introduced Scopus, which has become a viable alternative [21,23].

Conversely, some researchers have proposed undertaking a subject’s specific analysis to find out
which databases work best for specific fields or time periods, pointing out that the advantage of one
database over another one depends on what exactly is being analyzed, the scientific field, and the
period of analysis [21,24–26].

For publications in academic journals, in all databases, a hierarchical search procedure was
implemented for the present work. The typed words were as follows: CO2 capture; agricultural
sustainability; CO2 management models; agricultural greenhouse gas (GHG) emission. This procedure
yielded about 2100 results (including those present in different databases). Among all of these, in order
to determine the relevance of the paper, only those strictly related to the hypothesis of the present
research were extracted, for which the full text version was obtained. Though we cannot ascertain
with absolute certainty that we have located all relevant studies, 56 works of potential relevance
were identified.
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3. The Contribution of Agriculture, Forest, and Perennial Crops in CO2 Fixation

Cropland, having been depleted of their original stock of carbon over decades, possesses a
remarkable capacity to absorb CO2. The most appropriate management practices to increase carbon
capture in agricultural soils vary locally, depending on both environmental and socio-economic factors.

In mild regions, key strategies identified by experts include a progressive reduction of fallow land
and an increase in the use of perennial fodder crops (including nitrogen-fixing species) in rotation with
cereal crops, the burying of crop residues, and the minimization of machining operations (no-tillage).

In North America and Europe, the conversion of marginal arable crops into a permanent
vegetation coverage protects soils subject to erosion, improves landscape, and reduces agricultural
surpluses, while offering additional opportunities for increasing carbon capture [16,17].

The carbon capture rate in agricultural soils, through the adoption of recommended technologies,
depends on soil structure, rainfall, temperature, farming systems, cultivation, and soil management.
Strategies to increase soil carbon pools include the restoration of soil and the regeneration of woods,
no-tillage, the burial of crop residues from the nutrients, the use and typology of fertilization,
improved grazing, water conservation and harvesting, efficient irrigation, agro-forestry practices,
and energy growing crops on spare lands [18–20]. Another study highlights the importance of
cultivation operations in carbon mitigation potential, showing a full account of agricultural GHG
emissions costs. This analysis—conducted within some temperate and tropical systems—demonstrates
the importance of quantifying all mitigation options, such as the rational use of nitrogen fertilizers,
agricultural liming, fuel consumption, N2O emissions, and CH4 flows in terms of potential global
warming. The evaluation of all potential sources responsible for GHG emissions becomes crucial to
better identify and determine the appropriate management practices in agriculture [27].

The capture of carbon realized in agricultural land could potentially offset the emissions caused
by fossil fuels, intercepting 0.4 to 1.2 tons of carbon per year, corresponding to percentages from
5 to 15% of global emissions from fossil fuels [18]. This research also confirms that the contribution of
agriculture to the reduction of CO2 emissions is mainly due to its release of carbon in the soil and to
the simultaneous production of nitrogen protoxide (N2O) and methane (CH4).

The carbon capture in the depleted soils, with reference to the organic component, is a well-known
strategy to mitigate the accumulation of CO2 in the atmosphere. It was estimated that an increase of
1 ton of soil carbon pool of degraded cropland can increase crop yield from 20 to 40 kg per hectare for
wheat, 10 to 20 kg/ha for corn, and from 0.5 to 1 kg/ha for peas [18].

Regarding to forest and perennial plants, as highlighted in recent researches conducted in Canada,
the reforestation of agricultural lands can play an important role in the overall reduction of CO2

emissions policy. In this sense, the use of marginal agricultural land for forest purposes has considerable
economic and environmental potential [28].

In a recent study, a control model was used in order to determine the optimal level of afforestation
in Western Canada to meet its obligations under the Kyoto Protocol. The results indicate that
planting fast-growing trees on less productive agricultural lands is important for carbon absorption
dynamics [28].

However, in a parallel study, authors remark that specific public incentives are necessary in
order to promote such plantations on a large scale. In fact, economic analyses indicate that, after the
conversion of forest to agricultural lands, the associated cost to reforestation projects constitute a
significant obstacle to the owners, although these costs are lower than those related to the reduction of
carbon emissions through other forms of CO2 capture [29].

Another study highlighted the critical features of the methodologies used for assessing the climate
effects of forest biomass used for energy purposes by underlying how previous research had not taken
into account the use of forest carbon stock in the determination of GHG emission where the demand for
energy was absent [30]. In the absence of such demand, forests can continue to grow or be assigned to
the production of timber products. Therefore, in order to achieve a correct balance emission of carbon
sequestration, it is necessary to evaluate the stored carbon from the forest production, taking into
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consideration the scenarios of non-harvesting and including the forest biomass aimed at obtaining
bioenergy [30].

4. The Role of Bioenergy Crops in CO2 Storage

Referring to CO2 emissions, in the context of single agricultural productions, bioenergies have
also been studied by scholars, researchers, and academics. In this field, bioenergy industries represent
valuable means in order to promote the development of extensive agricultural areas destined for cereals
crops such as wheat and barley, and marginal and uncultivated surfaces offer ideal soils for vegetal
cultivations suitable for the production and conversion of biomass plants and their crop residues to
the production of energy [31–33].

According to recent studies thanks to bio-energy crops, a significant contribution to climate change
mitigation should be originated. However, bioenergy is not necessarily “carbon neutral” because of
the emissions of CO2, N2O, and CH4 during the production cycle. In fact, such emissions could reduce
or even eliminate the reduction of the CO2 of replaced fossil fuels. Nowadays, scientists agree that
these GHGs must be included in calculating the carbon footprint of different bioenergy crops, taking
into account soil conditions and agronomic management practices [34–36].

On the basis of what previously highlighted and in order to have a better storage of carbon
dioxide, the choice of the most suitable crop becomes crucial. In this regard, some scholars have
developed a multi-criteria analysis methodology (multi-attribute type) in order to assess the territorial
aptitude for the development of the biomass energy industry. Using environmental data, such as
morphological characteristics, climate, land use, and soil, this methodology develops a geographic
database and defines criteria and constraints related to the suitability of the crop, with particular
reference to sunflowers, in a GIS environment [31].

In this way, the authors offer an innovative approach to the definition of territorial aptitude,
expressed through land suitability map, subdividing the area of investigation into classes with different
levels of territorial vocation, taking into account the spatial heterogeneity [37].

Some authors have investigated the agricultural and environmental limitations and the
greenhouse gas balance of the growing number of European bioenergy crops such as Miscanthus
and poplar or willow short rotation coppice plantations. Although these crops account for only 3%
of the current European bioenergy production, they are able to reduce emissions, since these species
emit 40–99% less N2O compared to annual conventional crops. This significant result is due to a lower
need of fertilizers, as well as a higher efficiency in nitrogen fixation. The best results are obtained
cultivating agricultural soils, with neither positive nor negative effects on the carbon balance when
they are planted on land that was previously used as pastures [31]. Even though perennial energy
crops have a high potential to mitigate greenhouse gas effects, numerous agronomic and economic
constraints still need to be overcome [34].

A study on tape grass (Phalaris arundinaceae L.) allowed for an evaluation of the absorption of
carbon dioxide variations (CO2 per the type of cultivation) taking into account the physical-chemical
characteristics of the soil (organic matrix, etc.) and its ecosystem. Through a special technique, the eddy
covariance, the total absorption of CO2 was measured over four years in a tape grass cultivation on
some peat bogs of Eastern Finland. This study has permitted the recognition that, during wet seasons,
with moderate temperatures, with high humidity of the soil surface, and in the presence of low
evaporation phenomena, a greater absorption of CO2 is stimulated. On the contrary, during dry
seasons, due to soil humidity and atmospheric stress, the photosynthetic activity is severely restricted.
The same study found that the absorption of CO2 appears positively correlated with soil humidity, air
temperature, and inversely with any vapor pressure deficit. The total ecosystem respiration grows
with an increase in soil temperature, but drops with a rise in soil moisture [38].

At the same time, the growing interest in biofuel trade between developed and developing
countries has stimulated a debate around the world, with particular attention to issues such as
economic outlook for rural populations, subsidies, and food versus fuel trade-offs. However, little is
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known about incentive systems that can be applied in developing countries in order to promote
large-scale mechanized agricultural practices for the improvement of profitable crops. Such approaches
often exclude small farmers from the participation in the emerging biofuel market, worsening poverty,
and social exclusion in broad segments of the rural population. In this sense, a recent study, based on
qualitative and technical data, described the ethanol productions aimed at obtaining biodiesel. Such a
study showed that the pressure carried out by international markets in order to improve economic
efficiency of agricultural biodiesel production can cause an erosion of the economic systems of rural
populations, even if, at the same time, it can encourage development opportunities, through an income
differentiation for small farmers [39–41].

Nowadays, transport is almost exclusively based on petroleum fuels and they consume about 30%
of worldwide fossil fuels. Based on the principle of sustainable development, a modern society
should conserve non-renewable energy sources and attempt to replace them with energy from
renewable sources.

The gradual depletion of fossil fuel reserves and the associated environmental impacts are the
two main reasons that the use of alternative fuels is considered in the transport sector. Fuels derived
from biomass plant, called “biofuels,” are potentially renewable, and sufficiently similar to fossil fuels.
Therefore, biomasses seem to be a promising alternative to fossil fuels, even in the short term.

Carbon dioxide (CO2) deriving from biomass combustion has traditionally been considered
neutral, in terms of climate, because it has always been tacitly accepted that the released CO2 equals
the amount of sequestered CO2 [41]. However, this convention, widely adopted in life cycle assessment
(LCA) studies of bioenergy systems, underestimates the climate impact of bioenergy. In fact, in addition
to permanent losses of carbon and their related CO2 emissions, there are temporary CO2 emissions in
the atmosphere before CO2 is captured by the plants. These temporary emissions may contribute to
global warming as well [42–44].

A recent paper has put forward a method for estimating the climate impact of CO2 emissions by
biomass combustion. This method uses the CO2 impulse response functions (IRFs) in the development
of decay functions of atmospheric CO2 emissions from burning biomass. The contribution to global
warming is then quantified through a global warming potential (GWP) index which is expressed as a
function of biomass rotation period and can be applied to CO2 emissions of all tree species used in
biomass plantations, from fast growing annual crops to slow growing ones [42].

5. Other Annual Plants

This last subsection concerns the role of aquatic plants and cereals carbon assimilation.
Algae are an interesting source of biomass energy because they compete neither with food

crops nor with feed crops and have higher energy yields compared to many terrestrial crops.
Despite these benefits, the LCA of algae cultivation has not been sufficiently explored, compared to
conventional crops.

In this regard, a recent contribution evaluated the LCA of algae production using a stochastic
model [45]. The results were then compared with those of other agricultural crops, such as savoy
cabbage and corn, and indicated that conventional crops had a lower environmental impact than
algae, in terms of energy consumption, greenhouse gas emissions, and water, regardless of the place
of cultivation [45]. On the other hand, algae have positive impacts in terms of the total use of
agricultural land and potential eutrophication. The biggest environmental impact of their cultivation
is linked to productive aspects, such as an increased demand of fertilizers. In order to reduce these
negative impacts, the model was extended to include three different effluents of municipal wastewater
containing nitrogen and phosphorus. The results showed that such use leads to the significant
reduction of environmental burdens associated with algae cultivation, and it can make such cultivation,
compared to other traditional crops, more beneficial for the environment [45].

Further studies have taken into account the metabolism of some microalgae and their carbon
fixation capacity, by subtracting carbon dioxide to the atmosphere. For this purpose, the analysis of
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growth parameters were measured taking into account biomass composition and nutrient balance.
Several microalgae were used in the experiment, being suitable for mass cultivation: Dunaliella
tertiolecta SAD-13.86, Chlorella vulgaris LEB-104, Spirulina platensis LEB-52, and Botryococcus braunii
SAG-30.81. The overall fixation rate of carbon dioxide was recorded by B. braunii followed by
S. platensis, D. tertiolecta, and C. vulgaris (respectively 496.98, 318.61, 272.4, and 251.64 mg/L
per day) [46].

The fixed carbon dioxide has mainly been used for microalgal biomass production and,
in particular, for each of the four microalgae, accumulated nutrients were analyzed: such as nitrogen,
phosphorus (calcium for D. tertiolecta), potassium, and magnesium. The evaluation of biomass
composition leads the research to detect a predominance of protein and a high amount of lipids,
especially in D. tertiolecta and B. braunii [46].

With regard to some annual species, it was shown that the climatic conditions of Virginia coastal
lowland can cause a high annual CO2 fixation [47]. Furthermore, there is a possibility of seizing a
significant amount of carbon and, at the same time, improving the soil quality, excluding crop tillage [8].
This study examined samples collected from 63 sites in productive sectors with a rotation of corn
(Zea mays L.), wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and soybean (Glysine max L.)
in three different types of soils—Bojac (coarse-loamy, mixed, semiactive, thermal Typic Hapludults),
Altavista (fine-loamy, mixed semiactive, thermal Aquic Hapludults), and Kempsville (fine-loamy,
siliceous, subactive, thermal Typic Hapludults)—subjected to no-tillage management. The carbon
assimilation rate in soils not subjected to processing were thus measured, showing a correlation
between high rates of carbon assimilation and improvements related to the quality of soil not subjected
to processing [18].

6. Discussion and Conclusions

The reduction of carbon emissions is a worldwide global challenge and represents the objective
of scientists that are trying to modify the role of carbon, turning a problem into an opportunity.
The need for sustainable agriculture and agro-food products has in fact become a priority for several
developed countries. With this regard, the present study highlighted current research topics on the CO2

capture and storage in farming, food, and energy sectors through the main up-to-date CO2 emission
management models. As illustrated, 56 works of potential relevance were identified for this paper.
The main aim of this work, in terms of future prospects and challenges, was to examine different forms
of carbon sequestration made by plants and ecosystems potentially involved in reducing greenhouse
gas emission.

Firstly, as previously discussed, cropland, having been over decades depleted of their original
stock of carbon, possesses a remarkable capacity to absorb CO2. The most appropriate management
practices to increase carbon capture in agricultural soils vary locally, depending on both environmental
and socio-economic factors. Moreover, results demonstrated that, within some temperate and tropical
systems, it is essential to quantify all mitigation options such as the rational use of nitrogen fertilizers,
agricultural liming, fuel consumption, N2O emissions, and CH4 fluxes in terms of global warming
potential. The evaluation of all potential sources responsible for greenhouse gas emissions has become
extremely important because appropriate management practices in agriculture can be identified
and determined.

Moreover, forests can significantly reduce the overall reduction of carbon emissions. In this
sense, the use of marginal agricultural land for forest purposes has considerable economic and
environmental potential.

The review also reveals that, in the absence of demand for bioenergy forests, it can continue to
grow or be assigned to the production of timber products. In line with this, in order to achieve a
proper emission balance and carbon capture, it is necessary to evaluate the stored carbon from forest
production, taking into consideration the scenarios of non-harvesting and recording the forest biomass
destined to obtaining bioenergy. That said, recent studies related to the use of bio-energy crops should
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be able to significantly contribute to climate change mitigation. However, as discussed previously,
bioenergy is not necessarily “carbon neutral” because, during the crop production cycle, emissions of
CO2, N2O, and CH4 can reduce or almost completely eliminate the use of containment, resulting in the
CO2 of replaced fossil fuels. Therefore, these greenhouse gases must be included in calculations of
the carbon footprint of different bioenergy crops, taking into account soil conditions and agronomic
management practices. Moreover, if the storage of carbon dioxide is to be improved, the choice of
the most suitable crop must become fundamental. In this regard, some scholars have showed the
importance of a territorial vocation with respect to the development of the biomass energy industry.

In the interim, the growing interest in trade biofuels between developed and developing countries
has stimulated a debate around the world, focusing its attention on issues such as the economic
outlook for rural populations, subsidies, and food for fuel crisis. Secondly, algae are an interesting
source of biomass energy because they do not compete with food crops and have higher energy yields
compared to terrestrial crops. However, the life cycle of algae cultivation, compared with that of
conventional crops, has not been sufficiently explored. In this regard, a recent study evaluated the
impact of the production of algae (life cycle) by comparing them with those of other agricultural annual
crops such as savoy cabbage and corn. The results indicated that conventional crops have a lower
environmental impact than algae in terms of energy consumption, greenhouse gas emissions, and water,
regardless of place of cultivation. Nevertheless, algae cover an important role in carbon fixation by
subtracting carbon dioxide to the atmosphere, reducing the environmental burdens associated with
greenhouse gases.

Thirdly, even the EU’s agricultural policies have highlighted dynamics times in decreasing carbon
footprint and recognize the possibility of a reduction in profit margins by farmers, supporting the
productive and economic efforts [48]. Therefore, evaluating the introduction of new agricultural
and forest policy measures, should be carefully assessed the positive and negative effects that such
measures exert on the environment. Nevertheless, when a new project starts or when a new agricultural
and forestry policy measure is applied, it needs to take into account all costs and all economic and
social environmental benefits. It is also necessary to consider the assessment of welfare effects; parallel
estimations related to economic benefits in terms of promoting economic growth per se (production of
biomass for bioenergy, supply raw materials, production of forestry products, increasing employment,
protection of the territory, etc.), and finally taking into account the environmental and ecological
characteristics [49].

In this direction, current policies of the European Union, through the Common Agricultural
Policy, are pursuing objectives to ensure viable food production linked to the sustainable use of
natural resources, as well as to act for the climate and contribute to a balanced territorial development.
The realization of this objective requires creating, sharing, and applying new multi-level knowledge,
and several actions, such as testing new crops and cultivars, the introduction of new technologic
processes linked to major water use efficiency (adopting drip and sub-irrigation), the adoption of
agricultural practices that are less carbon intensive, and the enhancement of agronomic productivity per
unit consumption of C-based, must be taken. Finally, the management of agricultural practices should
be addressed to optimize the use of soil, as a whole, and to reduce energy and resource consumption,
taking into account different agricultural ecosystems from a holistic and multidisciplinary approach,
thus reinforcing the role of endogenous resources in combination with public initiatives [18,50–56].
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