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Abstract: Sequential cropping in the Biogasdoneright™ (BDR™) system in Italy has recently gained
attention to combine food and renewable energy production in a sustainable way, as well as for
carbon sequestration. However, little is known on the potential to expand the practice in other regions
of Europe. In this paper, sequential crop calendars were developed for different EU climate regions,
and the EU biomethane potential of the anaerobic digestion (AD) of sequential crops was estimated
for a Conservative_Scenario and a Maximum_Scenario, assuming different percentages of primary crop
land dedicated to the practice and biogas yields. A total EU biomethane potential of 46 bcm/yr and
185 bcm/yr was estimated from the AD of sequential crops in the two scenarios, respectively, and the
Continental region registered the highest potential compared to the other regions. The additional
benefits of the combination of sequential cropping with other agricultural conservation practices and
digestate use included in BDR™ systems were also discussed. In conclusion, the paper shows that
with appropriate innovations in crop management, sequential cropping could be applied in different
agroclimatic regions of Europe, contributing to climate and renewable energy targets.

Keywords: Biogasdoneright™; biomethane; carbon sequestration; circular bioeconomy;
sequential cropping

1. Introduction

Agriculture is at the heart of the most important global challenges mankind is currently
facing and will face in the future, including food security, environmental degradation,
economic development and climate change [1]. Agriculture is highly exposed to climate
change, as its activities directly depend on climatic conditions [2]. At the same time, the
agricultural sector itself is responsible for direct GHG emissions, such as nitrous oxide
emissions from soils, fertilizer application and livestock farming, as well as indirect GHG
emissions from land-use changes, such as land clearing and deforestation [3]. Nevertheless,
agriculture holds the potential to also help mitigate climate change by reducing GHG emis-
sions and sequestering carbon. The magnitude of the net effect is determined by different
factors, such as land-use changes that are directly or indirectly caused by cultivation and
the fossil energy input required [4]. In turn, these factors are influenced by the type of farm-
ing practices used [5]. In order to reach the climate-neutral goal of the Green Deal by 2050
and cut European GHG emissions by 55% by 2030 [6], while establishing a sustainable and
circular bioeconomy [7], agricultural practices need to increasingly adapt to play a positive
role in tackling climate change while concurrently providing quality food, materials and
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sustainable bioenergy. To achieve this aim, the new Common Agricultural Policy (CAP) [8]
seeks to create the necessary conditions for farmers to use natural resources prudently,
producing food while simultaneously protecting nature and safeguarding biodiversity.

Today, bioenergy and biofuel production systems have been criticized for interfering
with food production and for having potential negative environmental [9,10] as well as
socio-economic impacts [11]. It is therefore crucial to focus on solutions that are able to
restructure agricultural systems that reconcile bioenergy production with everything else
that can be simultaneously produced from biomass, lowering the dependency on fossil
fuels. Moreover, agricultural and bioenergy systems need to increasingly enhance resilient
and circular value chains by allowing farmers and rural areas to go beyond the role of
mere raw material providers and ensure that value, materials, nutrients and energy can be
made to flow back to the primary sector [12]. In this way, a more equitable participation of
bioeconomy value chains’ actors could be ensured. At the same time, the development of
new bioeconomic systems in Europe have to establish a so called “equalizing development”,
avoiding the risk of shifting the burden to third world countries [4].

The potential to allow simultaneous biogas and food production with no indirect
land-use change risk (ILUC risk), along with biomass and soil biodiversity benefits [13–15],
soil structure and fertility, control of weeds, pests and diseases in addition to reducing the
number of external inputs into the system has recently drawn attention to the agricultural
practice of sequential cropping [16–20]. ILUC is an important factor to take into account in
bioenergy production, since the emissions associated with ILUC can potentially negate any
GHG savings from the use of bioenergy as a substitute for fossil fuels [21]. Moreover, ILUC-
free feedstocks are currently being prioritized by the European Commission as a method
of finding a solution to land-use issues and to reduce environmental impacts [22]. The
CAP that will be implemented in 2023 will include the sustainable ambitions of the Green
Deal [6], supporting environmentally and carbon-friendly farming practices, including
agroecological principles that can contribute to carbon sequestration and storage, the
protection of biodiversity, the enhancement of ecosystem services and the preservation of
habitats and landscapes [23]. The policy aims to integrate sustainable energy production
into the agricultural sector while ensuring food security and sustainable management.
To do so, the revised Renewable Energy Directive (EU) 2018/2001 (RED II) sets limits on
the use of biomass feedstock with high ILUC risk to enable a shift to renewable energy
via agricultural crops managed in a climate-friendly way [24]. In this setting, sequential
cropping constitutes an interesting case to study among the agricultural practices that could
contribute to the goals mentioned above. The combined production of food, biomethane
and fertilizers directly on farms, coupled with the application of precision agriculture
practices, can potentially accelerate the transition to a circular bioeconomy based on the
use of sustainable and local resources [25,26].

1.1. Sequential Cropping in a Changing Climate

Sequential cropping is a form of multicropping where two or three crops in two years
are grown in sequence on the same field. The second crop is planted after the primary crop
has been harvested [27]. As with other multicropping practices, sequential cropping is
one of the oldest forms of agriculture. In history, sequential cropping has always played a
fundamental role in adapting to changing climatic conditions [28]. Today, climate change
and its associated rise in temperature are increasing the duration of the thermal grow-
ing season, leading to the northward expansion of areas that are suitable for sequential
cropping. It is widely agreed that crop productivity will improve in northern Europe as
the growing season lengthens and the frost-free time extends [29]. At the same time, in
southern parts of Europe, increased temperatures will cause a deterioration of agroclimatic
conditions. Therefore, the implementation of sequential cropping is particularly interesting
to study because it is becoming possible in previously less suitable areas, and because the
interaction between different crop species could be designed and managed to improve
crop production and provide important ecosystem services [30]. In this regard, sequential
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cropping can be used for its potential stability and greater yields compared to monocrop-
ping, as well as for reducing the risk of complete crop failure in variable environments [31].
Besides the direct benefits of crop production, sequential cropping systems were observed
to improve the functioning of agricultural systems, reducing the environmental impacts
associated with agricultural production [30]. In addition, although sequential cropping has
traditionally been mainly implemented in small farms and low-input production systems,
it holds lessons in both structure and function that can also advise a more sustainable
design of larger scale farming systems [32]. Over the previous decades agriculture has
been focused on the provisioning of food, feed, fibers and energy to meet the demand of
an increasing population [33]. This has led to intensive agricultural systems that rely on
the use of large amounts of external inputs, mainly agrochemicals and synthetic fertilizers,
using a limited number of cultivars. Without the implementation of such a type of system,
world food production could have not increased at the rate it did and more natural ecosys-
tems would have been converted to agriculture [3]. However, this has come with a cost
in terms of environmental degradation [34–38], reducing biodiversity and all its related
ecosystem services [30–32,34]. Hence, the challenge of agriculture today is to contribute to
current and future food security with the implementation of more sustainable and resilient
practices [39,40].

1.2. The Biogasdoneright™ Model

In Italy, sequential cropping has been widely adopted through a new model for
sustainable food, feed and biogas production, called Biogasdoneright™ (BDR™) [26]. In
this system, the primary crop produces food or feed while the sequential crop can be co-
digested with other agricultural or agro-industrial residues to produce renewable energy
(biomethane) and digestate [41]. Instead of using chemical- or fossil-based fertilizers bought
from external markets, the digestate produced is used on the farm as an organic fertilizer
to recycle mineral nutrients, and the liquid fraction is returned to the land for fertigation.
By carrying out these measures and by decomposing roots from the sequential crop, soil
carbon levels and soil fertility can be enhanced [17]. The sequential crop also has positive
effects related to the prevention of soil erosion and soil moisture [42]. All these positive
effects are further enhanced by combining other practices derived from conservation
agriculture, such as minimum tillage, strip tillage and sod seeding [43]. Overall, the system
functions as a biological carbon capture and sequestration (BECCS) process [44]. BDR™
is currently being applied in more than 600 farms in Italy, and its model is becoming a
globally recognized blueprint for sustainable agriculture and the production of biogas,
with $10 m being invested in pilot studies in the US. In Europe, its application is mainly
limited to Italy and France [45].

In the European context, according to the EU methane strategy [46], sequential crop-
ping used in combination with manure as feedstock for sustainable biogas production,
while contributing to sustainable farming practices, should be further incentivized. The
potential for biomethane production from the AD of sequential crops has been indicated
in the grey literature as the highest compared to other production routes and feedstocks,
such as the anaerobic digestion of agricultural residues, manure, food waste or sewage
sludge [47]. This potential was calculated by taking into account the implementation of
sequential cropping on primary crop areas corresponding to wheat and maize, which
leaves room for further expansion of the potential by including the area dedicated to other
types of crops. Moreover, most of the literature on BDR™, academic [17,41,44,48] and non-
academic [18], focuses on examples in the Mediterranean region, in both the northern and
southern parts of Italy, which despite their differences share similar agroclimatic conditions.
With a broader perspective on the topic, Dale et al. [16] evaluated the biomethane potential
of expanding the BDR™ concept in different European countries (Italy, France and the UK),
based on Ecofys’ calculations [47]. Ecofys [47] describes the overall biomethane potential
of EU-28 and non-European countries (the US and Argentina). However, they specifically
highlight the need for a more detailed assessment of biomethane potential from sequential
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cropping, looking at a range of possible crop combinations in sequential cropping schemes.
To the best of the authors’ knowledge, no academic literature has focused specifically on
sequential cropping and its potential for biomethane production by taking into account the
optimization of cropping calendars and agronomic differences among different climatic
regions of the European continent.

As of today in Europe, sequential cropping is mostly adopted in Mediterranean
regions, particularly in Italy [26] as well as in France, where the Culture Intermédiaire à
Vocation Energétique (CIVE) is applied [45]. In the face of a climate crisis that is rapidly
altering global and local environmental conditions, it is important to understand where
sequential cropping could be used as a helpful strategy for the adaptation and mitigation
of climate change, especially in areas where mono-cropping systems are being used, to
satisfy rising demands for food and bioenergy.

The aim of this paper is to develop exemplary cropping calendars for different EU
climate regions, including sequential crops, and evaluate the biomethane potential that
would derive from the AD of sequential crops across different agroclimatic conditions.
Finally, it also explores existent scientific literature that shows the benefits of sequential
cropping in BDR™ systems in terms of carbon sequestration and emission reductions where
this practice is already implemented, providing recommendations for further research
directions on the topic.

2. Materials and Methods

Firstly, a literature review on the agroclimatic conditions of all the European climatic
regions was performed to understand the suitability of implementing sequential cropping.
Both the current conditions and future prospects of climate change were considered. The
latter included the scenario of rising temperatures, whose agroclimatic impacts were eval-
uated by Trnka and Kersebaum [49] for 2030 and 2050. A description of the agroclimatic
conditions of all the EU regions including their expected climate changes is provided
in Section 2.1. The presentation of the expected climate changes was included as this
could facilitate the implementation of sequential cropping in areas where it is currently
more difficult to apply this practice, allowing us to validate the development of sequential
cropping calendars, especially in the Atlantic and Continental regions. The Boreal region,
presented in Section 2.1.4, was consequently excluded from the assessment because of the
unsuitable conditions identified in the area, due to the short growing season [50]. The
Mountain and Coastal areas shown in Figure 1 were also excluded since the extensive
cultivation of herbaceous crops, which constitute the basis of sequential cropping, is not
possible there. Subsequently, as explained in Section 2.2., exemplary classic crop rota-
tion calendars were drawn for each region over a period of 4 years, using the Agri4Cast
dataset [51], a well-documented portal widely used for agricultural research because of its
accuracy and consistency from a spatiotemporal standpoint [52]. Then, according to the
most common primary crops used in the classic crop calendars, an inventory of suitable
sequential crops for each region was developed, including specific regional yields and
biogas yields. Suitable sequential cops and their related yields inserted into the inventory
were based on the published literature and on consultations with expert agronomists and
experts in the biogas sector in each climate region. The papers were selected according
to the country which the data was referring to, corresponding to a specific agroclimatic
region. Since the literature data on biomass yield were country-specific, agronomist and
biogas experts from the Italian Biogas Consortium, Fachverband Biogas and Deutsches
Biomasseforschungszentrum recommended values that could be extended to each agrocli-
matic region. Finally, the inventory was used to develop sequential crop rotation calendars
and estimate the biomethane potential of the anaerobic digestion of the sequential crops in
each climate region, as shown in Section 2.3.
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2.1. European Climate Regions

The climatic regions initially considered are equivalent to the climatic zoning reported
by the DLO [53], the European Environment Agency [29,54] as well as Trnka and Kerse-
baum [49], which identified four main agroclimatic regions in Europe: Mediterranean,
Atlantic, Central European (Continental) and Boreal. The climatic regions and their dif-
ferences in terms of responses to climate change are shown in Figure 1. There is high
variability in climatic conditions, soils and land use across the European continent, which
also has a significant impact on the regions’ ability to respond to climate change in agricul-
ture [55,56], thus to the implementation of sequential cropping in the coming decades. Due
to climate change, a “Mediterraneization” process is affecting many areas of the world [57].
For a large part of Europe, the length of the growing season is determined by the duration
of the period when the temperature exceeds a certain threshold. For many plant species
the duration of the frost-free season is regarded to be a suitable time for growth (e.g., for
flowering). However, active plant growth necessitates higher temperatures, between 15
and 25 ◦C [58], required for the majority of temperate crops, and 5 ◦C is considered as a
threshold temperature [49]. The growing season is projected to begin sooner in spring and
last longer in the autumn as temperatures rise globally. In most of Europe, there has been a
trend of anticipation of the flowering date of winter wheat in the period 1985–2014 [29].
With the continued increase in temperatures globally, the timing of the last spring frost is
also expected to anticipate by roughly 5–10 days by 2030, and by 10–15 days by 2050 [49].
This has direct consequences on classic crop rotations and on the possibility of implement-
ing sequential cropping. Since winter crops can be harvested earlier in the agricultural year
and their crop cycle becomes shorter, the temporal gap available to grow a sequential crop
will tend to increase. The solutions that enable the implementation of this practice vary
among climate regions depending on their characteristics, and will change over time as
temperatures rise.
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2.1.1. Mediterranean Region

The Mediterranean climatic region includes Central and Southern Spain, Portugal,
Southern France, Italy, Greece and Albania [54]. Its climate is characterized by dry summers
with drought periods and a high summer temperature (average of 21 ◦C) [59]. Winters
are often moderate and humid, with an average temperature of 6 ◦C. Rainfall is limited to
the winter months and is spread irregularly (with storms) during the autumn, winter and
spring, ranging from 300 to 500 mm, although there are also areas that can reach 700 mm
(e.g., the Po Valley) [53,60]. Precipitation is a crucial variable in the Mediterranean area
since its future decline might impact human activities, and it could lead to more frequent
droughts worsened by rising temperatures [61,62]. With rising temperatures, the suitability
of soil for harvest as well as sowing is expected to increase in the early spring and fall. As
a result of the spring droughts, the late-spring sowing window will become unreliable,
making sowing and other tilling operations difficult [56]. Moreover, climate change is
expected to reduce the total sum of effective global radiation and increase the fraction of
dry days in the early growing season [63].

2.1.2. Continental Region

The Continental climatic region includes Germany, Luxembourg, Denmark, Poland,
Austria, Switzerland, Czechia, Slovakia, Hungary, Romania, Bulgaria and the Balkan
area [54]. In the winter, temperatures often range from −1 to −5 ◦C [53]. Several months of
persistent freezing and snow can also characterize the winter months. The summer months
are hot and often dry, with an average temperature of 16 ◦C [64]. The average rainfall
usually does not exceed more than 600 mm/year [65]. Precipitation occurs all year, though
it is mostly in the form of snow in the winter [53]. Climate change is predicted not to have
a significant impact on the effective global radiation sum and number of effective growth
days; however, the sowing window in early spring should become longer (on average) and
more steady [49].

2.1.3. Atlantic Region

The Atlantic region includes Central and Northern France, Ireland, the UK, Belgium
and the Netherlands [54]. During the winter, the relatively warm temperature of the coastal
seas and neighboring Atlantic Ocean has a significant impact on this region [66]. In general,
the temperature differences between winter and summer are limited. Summer averages
between 15 and 20 ◦C, while winter averages between 1 and 7 ◦C [53]. Rainfall occurs
throughout the year, with slight peaks in the autumn and winter. Nonetheless, it differs
greatly from one location to the other [67]. Rainfall is substantially high (>3000 mm/year)
in western hilly regions [53]. Precipitation can be relatively high in the winter in the most
southern section of the Atlantic climate area, but there is very little frost and snow [68].
When compared to other European locations, the high number of effective growing days
and, to a lesser degree, the effective global radiation levels result in high yields of major
field crops [55]. With climate change, the amount of effective global radiation is unlikely to
vary much, but the number of dry days is likely to rise [49].

2.1.4. Boreal Region

The Boreal region includes Norway, Sweden, Finland, Estonia, Latvia and Lithua-
nia [54]. In this area, the average temperature is around 15 ◦C [53]. Except in hilly areas,
rainfall is relatively modest, rarely exceeding 500 mm per year on average [67]. The ma-
jority of the rainfall is in the late summer, but under the current climate circumstances,
the number of effective growing days is low [53]. Currently, only the late-spring sowing
window is being employed, and most sowing takes place far into the summer. This is
due to wet soils that must dry before heavy machinery can plant, low temperatures that
slow germination and a higher danger of night frosts, making early sowing economically
risky [69]. As a result, yields in this region are generally much lower than in other Eu-
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ropean regions [70], and it has been evaluated that its agricultural potential will remain
comparatively low, even in a scenario of 5 ◦C climate change [49].

2.2. Cropping Rotations and Sequential Crops Inventory

The primary crops considered for developing the crop rotation calendars and calculat-
ing the biomethane potential are shown in Table 1.

Table 1. Surface area of primary crops, Eurostat [71].

Crop Type/Land Use
Surface 0.000 Ha

EU-28 Mediterranean Atlantic Continental Boreal

Arable land 105,020.5 22,227.5 26,601.5 52,010.8 9674.9

Irrigated land 15,689.3 9651.4 3711 2120.5 164.5

Irrigated land
(% arable land) 15% 43% 14% 4% 2%

Cereals 55,437 10,280.1 12,892 30,724.9 4396.3

Wheat 25,499.4 4382 7347.1 12,887.7 1894

Barley 12,282.8 2985.1 3169.3 5070.6 1396.6

Triticale 2610.5 261.7 300.1 2015.2 82

Maize 8259.5 1164.5 1501 6816.9 14.5

Sorghum 147.8 48.2 60.8 38.6 -

Grain pulses/proteins 2365.6 747.6 500.8 810.9 363.4

Potatoes 1702.8 161.2 605.7 955.6 88.8

Sugarbeet 1735.6 71.8 747.9 927.3 55

Rapeseed 6900.6 96.4 2223.5 4102.4 553.8

Soybean 955.4 328.9 154.4 677.3 1.9

Green maize 6355.9 681.6 2037.4 3694.9 81.6

Sunflower 4025.6 887.5 552.8 2832.9 -

Total primary crops 88,324.7 13,255.3 19,715.6 44,726.1 5541.9

The data on the surface area of the crops were retrieved from Eurostat [71], aggregating
the total land use of each crop in the countries belonging to different EU climate regions.
The crop calendars regularly adopted in each EU climate region were developed using the
Agri4Cast dataset [51]. Its Crop Calendar portal [51] holds the option of building maize and
winter crop calendars for different countries, considered as food crops. It reports the crop
calendars in the EU at the national level for winter wheat (soft and durum), grains, maize
and rice. The calendars developed for the EU climate regions are reported in Figure 2,
considering crop rotations over a period of four agricultural years (from November to
October of the following year) and describing how farmers are currently alternating crops
between winter and spring.

In Figure 2, the periods in which each crop is cultivated is differentiated with three
colors, corresponding to the vegetative season when the plant is sown (Seeding—early
vegetative), grows (Growing) and finally harvested (Ripening—Harvest).

For the Atlantic and Continental regions, among the winter crops, rapeseed was
considered as an alternative to wheat and barley [72]. As for spring crops in these two areas,
maize, potato, sugar beet and soya were considered [71]. In the Mediterranean region
(North), the spring crops considered were maize and sorghum [17]. For each region, there
are temporal ranges in which no crops are grown and the soil is left to rest in preparation for
the next crop, and their duration varies according to the region [51]. From these gaps, for
each specific climate region suitable sequential crops to incorporate into the defined time
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frames were defined using the available literature reported in Table 2 and consultations
with expert agronomists. In general, the gaps represented in the classic crop rotation
calendars could be windows for the sequential crops proposed, which must then be chosen
in accordance with the local agronomic characteristics. The inventory of suitable crops,
their yield and their biogas yield are shown in Table 2. The crops included in Table 2 were
subsequently used for developing the sequential cropping calendars shown in Figure 3
and for calculating the biomethane potential derived from using the sequential crops for
biogas production in each region.
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(T DM/ha) Biogas Yield 1,2 (m3/t DM) References for Biomass Yield

Maize 16.5 620 [73]
Triticale 13.5 570 [74]
Barley 11 570 [74]

Sorghum 13.5 570 [17]
Legume cover crops 8.5 510 [75]

Atlantic

Sorghum 7 570 [76,77]
Maize 14 620 [77]
Oats 7.6 570 [77]

Triticale 9.3 570 [77]
Barley 4.5 570 [77]

Continental

Maize 14 620 [78]
Green rye (early harvest) 6.5 570 [79]

Sorghum 10 570 [78,80]
Ryegrass 9 570 [78,80]

1 Based on Murphy et al. [81] and on CRPA [74] for triticale and barley. Following Murphy et al. [81], the biogas yield in m3/t DM were
calculated assuming 90% VS content. 2 The biomethane yield considered was 52% [82].
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2.3. Biomethane Potential Calculation

The biomethane potential was calculated for two different scenarios, Conservative and
Maximum scenarios, as shown in Table 3.

Table 3. Percentages of land dedicated to sequential cropping in Conservative_Scenario and Maximum_Scenario and corre-
sponding hectares.

Conservative_Scenario
% Summer Crops—Maize, Sorghum,

Soybean, Sunflower and Green Maize

Conservative_Scenario
(20% of Primary Crop Land)

Ha

Maximum_Scenario
(80% of Primary Crop Land)

Ha

Mediterranean
Atlantic

Continental

23% 2,651,058 10,604,232
22% 3,943,126 15,772,504
31% 8,945,212 35,780,848
≈20%

The criteria used to define the two different scenarios are explained below:
The Conservative_Scenario was considered to investigate practically feasible conditions

under which sequential cropping could be applied. In this scenario, the land considered
suitable for sequential cropping was estimated for each EU climate region as the percentage
of specific summer crops (maize, sorghum, soybean, sunflower and green maize) over the
total primary crop land in each region.

The final percentage chosen for all regions to estimate the land suitable for sequential
cropping was 20% of primary crop land, as a conservatively rounded average of the
percentages found in each region, as shown in Table 3. The specific summer primary crops
considered for the calculation of the percentage were chosen according to the following
criteria that allow the scenario to be considered as a realistic one:

(1) Account for the water limitation in the Mediterranean region, selecting irrigated
land for summer primary crops which allows the use of that portion of irrigated land to be
excluded for sequential crops. In this way, the hectares dedicated to sequential cropping in
the Mediterranean region would only account for 30% of the total irrigated land. In the
other two regions the hectares considered exceed the hectares of irrigated land, due to the
fact that the higher rainfall lessens the issue of water availability. However, in these areas
the limiting factors to sequential cropping are temperature and solar radiation affecting the
length of growing seasons. In fact, with low temperatures, the productive capture of light
energy via the photochemical reactions of photosynthesis declines [83]. Solar radiation
is one of the most important factors that influences crop development, bringing energy
to the metabolic process of the plants, and the amount of dry matter produced is linearly
related to the amount of solar radiation intercepted by the crop [84]. The problems related
to low temperatures and solar radiation in the Atlantic and Continental regions have been
addressed in the development of the crop rotation calendars, as explained in Section 3.1.
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(2) Take into account only primary crops on which the practice of sequential cropping
is most established and commonly practiced.

(3) Consider a number of hectares suitable for sequential cropping smaller than the
total summer crop area for each of the EU regions. Since the area dedicated to summer
crops is irrigated land, the area that is left available could still be used for the cultivation
of both summer and winter crops (according to regional conditions) without the need of
additional irrigation.

The Maximum_Scenario was developed to estimate a theoretical maximum potential
that would derive from the application of sequential cropping in EU. It considers 80%
of the primary crop land as dedicated to sequential cropping, excluding marginal and
small fields.

In these two scenarios, the biomethane potential for each region was calculated
as follows:

First, for both scenarios and for the different regions, the biogas yield (m3/ha) was
estimated for summer and winter sequential crops, respectively, taking into account the
total average yield (t DM/ha) and biogas yield (m3/t DM). Then, the suitable land for
summer and winter sequential crops was estimated. In the Conservative_Scenario, it was
calculated considering the same probability for summer and winter crops to be cultivated
on the total suitable land (50% of total suitable land in both cases), as in practice it is
not possible to state a priori that irrigated land will not be used for winter crops. In the
Maximum_Scenario, first the suitable land for winter sequential crops was estimated as the
total land dedicated to primary summer crops in each region, the latter being the maximum
expansion for winter sequential crops. Subsequently, the suitable land for sequential
summer crops resulted as the difference between the total suitable land and the land for
winter sequential crops. Finally, the biomethane potential for each region was derived,
considering biomethane as 52% of biogas content [82–84].

3. Results and Discussion
3.1. Sequential Crop Calendars

The sequential crop calendars developed are shown in Figure 3, where the blue bars
represent primary crops used for food and feed, and green bars are energy crops. The
sequential crops inventoried in Table 2 were placed in the fallow period identified in
Figure 2. As is possible to observe, winter cereal harvest or sowing is anticipated in all
the different EU regions, since the product is silage that is harvested earlier than complete
maturation for grain production. In the Mediterranean regions, the harvest of winter cereals
is anticipated from June to May, in the Atlantic region the sowing date is anticipated from
October to September and in the Continental region the harvest date is anticipated from
August to July [29,49]. Spring crops also have shorter cycles (from seeding to harvesting)
from a maximum of 8 to a minimum of 5 months of cultivation in the Mediterranean
region [85] and from a maximum of 7 to a minimum of 6/5 months of cultivation in the
Atlantic and Continental regions [29]. This allows the sequential crop to be cultivated
already in June in the case of the Mediterranean region (North), July in the Atlantic region
and in September in the Continental region. It is important to note that the cropping
calendars developed are exemplary for the regions they represent. Within each climatic
region, different areas will have different principal crops.

In the Mediterranean region, where sequential cropping has been widely implemented
through the BDR™ concept, the temporal gaps for the addition of sequential crops are
already defined since timings and climatic conditions allow for manageable cycles, and
the winter crops can be harvested already in May [17]. At higher latitudes, as in the
Atlantic and Continental areas, the winter crop cycles are longer and winter cereals are
harvested in June or July. Hence, it becomes more difficult to add a sequential crop within
the agricultural year [51]. The authors of this research determined that the solutions in
the Atlantic and the Continental areas can be double: the first one is to cultivate three
crops in two years and the second one is intercropping, as shown in Figure 3 in the second
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alternative crop calendar for the Continental area. At the end of the second agricultural
year, ryegrass is undersown to the spring primary crop to anticipate the cycle. Both these
solutions require farmers to acquire additional agronomic knowledge and practical help
to be able to adapt their traditional crop calendars and choose appropriate sequential
crops that can be suitable for local conditions. In the last four–five decades, the use of
sequential crops has mainly been focused on soil protection only (cover crops) rather
than on the simultaneous production of additional biomass [86]. Additionally, the use of
sequential crops for ruminant nutrition has phased out during the 1960s because of the
shift from grazing to stabling systems and, for these reasons, until recently there has been
little attention on ensuring high biomass yields of sequential crops [87]. Hence, there are
several management improvements that are still possible to be applied to generate higher
crop yields in sequential cropping systems. For example, a difference of 2–3 tons DM/year
of yield could be achieved by the pre-swelling of the sequential crops (intercropping) or
by quick seeding directly after the harvest of the winter cereal [87]. This could strongly
enhance the yield, especially under water limitation conditions as the immediate seeding
after harvest reduces the loss of soil moisture. Moreover, the anticipation of the seedling
time in summer of even one day would make a difference in terms of solar radiation,
allowing for higher yields [88].

The arrangement of the cropping calendars and the choice of the final use of the crops
is very complex and dynamic during the year. For instance, if in winter wheat is cultivated
with the aim of using it as food crop, in March–April the market for seeds might not be
convenient anymore, or the quality of the crop might not be excellent. Thus, the farmer
could choose to use the crop as fodder, anticipating the harvest, shortening the cycle and
making room for a sequential crop. Therefore, the sequential cropping rotations developed
can be interpreted as a general scheme whose boundaries are fixed by classic crop rotations,
and according to local environmental and economic conditions they can be adjusted by
choosing the sequential crops that are suitable for the area.

Growing a second crop may require more resources such as labor, water, energy,
agro-chemicals or all the above. However, as observed by Waha et al. [19], these problems
are not specific to sequential cropping systems but to intensively managed systems when
incentives to overuse fertilizer, pesticides and water are high. In BDR™ systems, these
aspects are intentionally minimized through the use of second crops that can enhance
ecosystem services, while producing biomethane and digestate used as fertilizer (both
the solid and liquid fraction), reducing the input of agro-chemicals and the use of fossil
energy [48].

3.2. Biomethane Potential

The biomethane potential of the different EU regions and the total EU biomethane
potential for each scenario are shown in Table 4.

As is possible to observe, the Continental region shows the highest potential
(25.8 bcm/yr and 104.9 bcm/yr in the Conservative and Maximum scenarios, respectively),
mainly due to the higher number of hectares of suitable land for sequential cropping com-
pared to the other two regions (three times more than the Mediterranean region and double
that of the Atlantic region). The Mediterranean region registered the lowest potential
(9.9 bcm/yr and 37.9 bcm/yr in the two scenarios), because it had the least primary crop
land considered suitable for sequential cropping. In the Conservative_Scenario, this accounts
for ≈2.6 million hectares, corresponding to about 30% of the total irrigated land in the
region (≈9.6 million hectares). Moreover, in the same scenario, the summer sequential
crops that would need irrigation would only require 13% of the irrigated land, while in
the Maximum_Scenario they would take 67% of it. These conditions allow biomethane
potentials that take into consideration the importance of water limitations in this region
to be found, always leaving part of the irrigated areas available. The Atlantic region
presents a similar potential to the Mediterranean region (10.2 bcm/yr and 42.5 bcm/yr in
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the two scenarios), sharing similar extensions for suitable land and also crop distribution,
with 70% of the land for winter crops and 30% for summer crops, as shown in Table 5.

Table 4. Biomethane potential calculation for different EU climate regions.

Mediterranean

Biogas Yield/Ha (m3/ha)

Conservative_Scenario
Suitable Land Considered for

Sequential Cropping
(Ha) (20% of Primary Crop Land)

Maximum_Scenario
Suitable Land Considered for

Sequential Cropping (Ha)
(80% of Primary Crop Land)

Suitable primary crop land 2,651,058
(12% of arable land)

10,604,232
(48% of arable land)

Summer sequential 8925 1,325,529 6,512,732
Winter sequential 6050 1,325,529 4,091,500

Biomethane potential
(bcm/yr) 9.9 37.9

Atlantic

Biogas Yield/ha (m3/ha)

Conservative_Scenario
Suitable Land Considered for

Sequential Cropping
(Ha) (20% of Primary Crop Land)

Maximum_Scenario
Suitable Land Considered for

Sequential Cropping (Ha)
(80% of Primary Crop Land)

Suitable primary crop land 3,943,126
(15% of arable land)

15,772,504
(59% of arable land)

Summer sequential 6248 1,971,563 9,611,604
Winter sequential 4066 1,971,563 6,160,900

Biomethane potential
(bcm/yr) 10.2 42.5

Continental

Biogas Yield/ha (m3/ha)

Conservative_Scenario
Suitable Land Considered for

Sequential Cropping
(Ha) (20% of Primary Crop Land)

Maximum_Scenario
Suitable Land Considered for

Sequential Cropping (Ha)
(80% of Primary Crop Land)

Suitable primary crop land 8,945,212
(17% of arable land)

35,780,848
(69% of arable land)

Summer Sequential 7140 4,472,606 19,026,448
Winter Sequential 4418 4,472,606 16,754,400

Biomethane potential
(bcm/yr) 25.8 104.9

Total biomethane potential
(bcm/yr) 45.9 185.4

Table 5. Ratios of summer and winter crops on the total primary crop land.

Mediterranean Atlantic Continental Mediterranean Atlantic Continental

Ha Ha Ha % TOT % TOT % TOT

Winter primary crops:
winter wheat, barley,
triticale and rapeseed

9,163,790 13,554,730 27,971,660 69% 69% 63%

Summer primary crops:
sorghum, sunflower,

maize, sugarbeet, soya,
green maize, potatoes

and protein

4,091,500 6,160,900 16,754,400 31% 31% 37%

Total 13,255,290 19,715,630 44,726,060
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In the Atlantic and Continental regions, the suitable land for sequential cropping
in the two scenarios (Table 4) exceeds the hectares available for irrigated land (Table 1);
however, this was not considered an issue in the Conservative_Scenario, as water is not the
main constraint to the implementation of the practice there [54]. Temperatures and solar
radiation here can affect the harvest and sowing periods, making time between one crop
and the other the most important factor affecting the feasibility of sequential cropping
in these regions [45]. This constraint is included in the Conservative_Scenario where the
percentage of suitable land arrives to be a maximum of 17% of the arable land (Table 4),
excluding the possibility of implementing sequential cropping in extreme areas of the
regions. In these extreme regions, the sequential crop calendars proposed in Figure 3 might
be impossible to implement as solutions due to climatic conditions [49]. Overall, looking at
the percentages of suitable land for sequential cropping over the total arable land in all the
different regions, it was found an average of 15% of suitable land in a Conservative_Scenario,
and that an average of 60% in a Maximum_Scenario could be considered as the upper limitof
suitable land.

Compared to the latest EU biomethane potential estimate by Navigant [89] of 41 bcm/yr,
the current study found a comparable total biomethane potential in a Conservative_Scenario
equal to 45.94 bcm/yr, while it was 185.44 bcm/yr in a Maximum_Scenario. This means that,
looking at a wider range of possible crop combinations in sequential cropping schemes, and
considering the possible limitations of the application of the practice in different agrocli-
matic conditions (water availability in the Mediterranean region and extreme conditions in
the Atlantic and Continental regions), the goal set by Navigant [89] of reaching 41 bcm/yr
by 2050 falls within the range of a feasible scenario for Europe. This goal could also be
extended to ≈46 bcm/yr, considering the current assessment. According to this estimate,
and taking into account European gas consumption in 2020 of 394 bcm [90], around 11% of
this amount could be covered by renewable gas from sequential cropping. Additionally, by
2050, the EU’s annual consumption of biogases (biogas and biomethane) is projected to
grow to between 63 bcm and 83 bcm [46], where between 70% and 55% could potentially
be covered by sequential crops.

As done in the Navigant study [89], the biomethane potential calculated assumed
that the yields from the mono-digestion of feedstocks are the same of the ones in a co-
digestion process. Therefore, the possibility of increasing the yield via co-digestion of
feedstocks is not taken into account in our estimate. Considering that BDR™ systems use
the co-digestion of sequential crops with agricultural and livestock waste, and co-digestion
can lead to higher yields [91], there is the possibility of achieving higher potentials in the
different regions. However, this aspect was not taken into account, as the extent to which
the yield can be increased depends on the type and ratio of substrates used, which can
vary among farms and countries. Co-digestion of sequential crops with other substrates
available on-farm in BDR™ systems not only contributes to better biomethane yields, but
also to a higher potential use of digestate as a soil amendment, due to better nutrient
levels and availability [92]. Furthermore, a tighter organization of crop schemes within the
agricultural year can also lead to more efficient use of the resources available and drive
agricultural innovation.

3.3. Sequential Cropping in Combination with BDR Principles in Europe: Open Questions
to Research
3.3.1. Carbon Sequestration and Soil Quality Enhancement

In addition to the benefit of sequential cropping of producing biomethane with no
ILUC risks, diversifying crop rotations can increase annual carbon inputs, leading to higher
soil carbon stocks compared to high-fallow-frequency systems [93]. Moreover, besides
the adaptation of cropping calendars to produce more biogas feedstocks, BDR™ systems
combine sequential cropping and its advantages in terms of capturing nutrients, enhancing
soil fertility and reducing erosion, with a circular management of all the resources used
and produced at the farm level, such as the continuous restitution of organic matter to the
soil through the digestate, and with practices derived from conservation agriculture—such
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as minimum tillage, strip tillage and sod seeding, among others. Overall, the system
functions as a biological carbon capture and sequestration (BECCS) process with positive
impacts on climate change mitigation. BDR™ comprises different types of complementary
adaptation strategies for crop production, including crop varieties with higher residue and
root production, while reducing fossil fuel dependence by avoiding synthetic chemicals,
increasing efficiency and using renewable energy [94]. A resulting increase in soil organic
carbon has been registered in different case studies applying the BDR™ concept in the
Mediterranean region. In the case of Bezzi [44], where a farm in the West Po Valley in
Italy was studied, both an increase in organic matter (0.5%) and soil organic carbon (0.3%)
was observed over a period of six productive years (2009–2015). In the Palazzetto Farm
in Cremona, North Italy, a similar increase of 0.5% in soil organic carbon was registered
between 2009 and 2016 on two out of three pilot fields considered in the study [18]; the
substantial increase was linked to the introduction of sequential cropping. Valli et al. [48]
also observed an increase in soil organic carbon (0.2–0.3 t C/ha per year) for sequential
cropping schemes compared to a reference system of maize silage monocrop, linking such
an increase to the addition of digestate and organic matter from crop residues arising from
sequential crops. The return of the digestate to the soil can stimulate this process while also
reducing GHG emissions, as shown by [95], and enhance agro-environmental sustainability,
especially when using the liquid fraction through fertigation [73]. Hence, the application of
sequential cropping and BDR principles allows soils to be better adapted to environmental
and climate change, insuring farmers against risk of crop failures in the future [96].

The European Commission is aiming to launch an EU carbon farming initiative by the
end of 2021, offering farmers the possibility to access result-based payment schemes for car-
bon farming (as a reduction in GHG emissions on farms and/or carbon sequestration) [97].
This research showed that calendar crops could be adapted to apply sequential cropping
in different agroclimatic regions of Europe. It remains the case that little is known on the
carbon sequestration effects of combining sequential cropping with BDR™ principles in
regions outside of the Mediterranean region, where all existing case studies are placed.
Further research is needed to investigate if under different agroclimatic conditions this
system can lead to the same benefits, or if additional agricultural management strategies
should be adopted. This could be particularly important at the EU level to give farmers
more tools to implement sustainable practices that contribute to removing CO2 from the
atmosphere while being able to economically benefit from it [98].

3.3.2. Avoidance of Emissions from the BDR™ System

In addition to the targets of renewable energy production, the RED II [24] have
introduced sustainability and GHG criteria for bioenergy production from agricultural
biomass, setting limits on the use of high-ILUC-risk biomass fuels and requiring producers
of renewable energy from agricultural crops to certify their feedstock as climate friendly.

In a BDR™ system, some of the traditional steps for biogas production are avoided,
resulting in a shortening of the supply chain, hence in a reduction in GHG emissions, as
observed by the study of Valli et al. [48]. In the latter, a lifecycle approach was applied,
a methodology very similar to the emissions calculation approach on which the RED II
criteria are based. From this study, the following lifecycle steps were avoided, and thus
their relative emissions were as well: the production and use of chemical fertilizers, manure
storage and byproduct handling in addition to the use of fossil resources.

The avoidance of emissions from avoided lifecycle steps, the combined application
of sequential cropping for biomethane production with farming practices such as organic
fertilization through the digestate, minimum tillage techniques, and the application of inno-
vative agricultural practices such as high-efficiency digestate distribution and fertigation,
are predicted to reduce the emissions of the Italian agricultural sector by 30%, as shown in
the latest Farming For Future report [24,99]. As sequential cropping and BDR™ systems are
currently mainly applied in Mediterranean countries, the predicted reduction in emissions
of the agricultural sector in other European countries linked to the implementation of these
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practices is currently missing. Therefore, further research should focus on understanding,
for each country or region, what aspects of BDR™ systems can contribute more to emission
reductions in specific agroclimatic conditions, and the total emission reduction that could
be achieved.

Finally, it is important to note that the revised RED II [24,99], setting limits on the use
of high-ILUC-risk biofuels, bioliquids and biomass fuels, does not recognize the ILUC-free
potential of multiple cropping practices, such as sequential cropping for biogas production.
This type of biogas feedstock production is still not included in the list of feedstocks for
advanced biofuels in Annex IX [24,99]. Additional research on the benefits of sequential
cropping biogas production in terms of avoided ILUC emissions could provide scientific
tools to both policy makers and farmers to certify sequential crops as advanced feedstocks
with low ILUC risk.

4. Conclusions

This paper showed that tailored solutions to different agroclimatic conditions in
Europe can be found in terms of crop management to expand the application of sequential
cropping. Different sequential crops and calendars were proposed according to the region,
taking into account their specific needs and limitations in terms of the length of growing
seasons. In the Atlantic and Continental regions, where winter crop cycles are longer
than in the Mediterranean region, two different solutions were considered: the cultivation
of three crops in two years and intercropping. Additionally, in order to increase the
yields of sequential crops, pre-swelling of the sequential crop and quick seeding after the
harvest of the winter cereal were proposed as solutions. In the assessment of biomethane
potential, different biogas yields (m3/ha) were considered according to the characteristics
of the region. The biomethane potential found in the Conservative_Scenario accounts for
an additional ≈46 bcm/year that could be unlocked by the AD of sequential crops, and a
maximum of 185 bcm/yr when using 60% of arable land. This confirms the importance
of considering biomethane produced from sequential crops as an essential element for
renewable gas production and for achieving European decarbonization targets, which
manure, agricultural residues and food waste could not reach alone [89]. The analysis
also showed that it is possible to produce biomethane from crops in different European
regions without any ILUC effect. Moreover, this study highlighted the additional benefits
that sequential cropping practices can provide when applied in circular systems such
as the BDR™ in Mediterranean case studies, in terms of carbon sequestration and soil
fertility, due to the use of the sequential crops both for energy and digestate application,
and for the combination with precision farming practices. Recommendations in terms of
further research needed to expand the knowledge on the topic at the European level were
provided, including the carbon sequestration effect in different agroclimatic conditions
and emission reductions in the agricultural sector in different countries. In conclusion,
this study showed that the application of sequential cropping in BDR™ systems could be
agronomically feasible for at least 15% of arable land in Europe, contributing to a more
sustainable, circular and optimized use of biomass feedstock for the European bioeconomy.
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