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Abstract: With reference to the province of Novara in northwest Italy, this study aims to raise
awareness about the environmental benefits that can derive from the use of alternative rice straw
management practices to those currently in use, also highlighting how the use of these straws for
energy purposes can be a valid alternative to the use of non-renewable resources. Using the LCA
(Life Cycle Assessment) method, the two rice straw management practices currently in place (open
field combustion and straw incorporation) were compared with an alternative strategy consisting in
their collection and removal. The results show that removal of straw allows reducing the emissions
of pollutants significantly: about one-hundredth of the PM (Particulate Matter) formation compared
to the open-field burning and about one-tenth of the ozone depletion (CFCs, HCFCs, halons, etc.)
compared to both the other two practices. Moreover, the LCA results show how the use of rice
straw to produce energy as an alternative to conventional fuels helps to reduce the global warming
potential of rice cultivation.

Keywords: rice straw; vegetable waste management; climate change reduction; green renewable energy

1. Introduction

In the last decades, the international community has made considerable efforts to
reconcile the increase in air pollution, with evident repercussions on both human and
planet health [1,2], with the growing global demand for energy.

For this reason, in the most disparate sectors, a consistent effort has been made in
order to develop alternative solutions which, due to their innovative character, their higher
efficiency or their lower environmental impact, were more sustainable than traditional
ones [3–8].

Despite this, the 7th Sustainable Development Goal of the 2030 Agenda for Sus-
tainable Development [9], which aims to guarantee sustainable energy, is far from being
achieved [10]. Whatever the energy transition pathway is considered [11–13], by 2050,
renewable energy sources (solar, wind and biomass) [14] should play a leading role.

Based on these considerations, it is also important to understand to what extent
renewable energy sources are an advantage, both for the environment and for the economy,
in relation to the place where they are available [15,16], classifying their sustainability with
respect to the traditional ones that however will be used.

The province of Novara, the object of this study, shows a clear agricultural aptitude
that involves a great production of biomass. During 2020, about 44% of the province area
was dedicated to agricultural production, of which approximately 60% was used for rice
cultivation [17].

The disposal of the rice straw that is produced partly takes place in open field burning.
This practice, also widespread in others countries [15,18–20], is still in force even if the Eu-
ropean legislation [21] classifies this agricultural residue as a plant-tissue waste (European
Waste Code EWC 02.01.03) as it does not have reuse.
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In the province of Novara, this practice, together with the emissions of sulfur dioxide
(SO2), NOx and Volatile Organic Compounds (VOC) from other sources (vehicular traffic
and heating), must be considered one of the main causes of the production of particulate
matter (PM).

Considering the negative effects on human health [22], the local government pays
specific attention to PM emissions, and the European community has activated actions
aimed at regulating the improvement of the state of the environment [23] by introducing,
among the other preventive actions, the well-known “polluter-pays principle” [24].

In the Piedmont Region, where the province of Novara is placed, the agricultural
sector contributes 14% [25] of the total to air pollution (200 tons/y of PM10 and 190 tons/y
of PM2.5). The geographical context, coupled with the prevailing direction of the winds,
gives rise to the stagnation of atmospheric pollutants since the mountain ranges act as a
barrier [26–28].

The aim of this study, with reference to Novara, is to evaluate how much a change in
the method used for the disposal of the rice straw can produce a positive impact in relation
to the environment. The environmental performance of these disposals was evaluated and
compared in terms of Global Warming Potential (GWP), Particulate Matter (PM), Fossil
Resource Scarcity (FRS), Ozone Depletion (OD) and Terrestrial Acidification (TA).

In the Novara province, as in the rest of the world [29,30], the development of adequate
policies of economic and fiscal incentives or sanctions may be necessary to promote changes
to achieve more sustainable anthropogenic activities. At the same time, an improvement in
the traditional agriculture practices and energy production methods may be necessary to
integrate them into a circular system [31]. In order to assess whether the proposed changes
have a positive fall-out, their effects must be critically studied and evaluated.

For the following analysis, the Life Cycle Assessment (LCA) approach was used
because it is widely consolidated [32] and useful for quantifying the potential impacts on
the environment and human health with reference to reliable databases. OpenLCA 1.10.3
(©GreenDelta 2020) has allowed inserting input/output data evaluated directly according
to the IPCC guidelines [33–35].

In a recent research [36], an in-depth analysis of LCA models for optimal waste
management was proposed, comparing the inventory and impact assessment databases
used in these models, as well as the fall-out of various technical assumptions available.
Among the useful results, the analyses suggest that the use of specialized LCA models
should be preferred over the generic LCA.

A similar approach was adopted for rice straw management using the LCA soft-
ware combined with specialized databases. The reference inventory database used is
Agribalyse®_v3.0.1_27052021, and the method referred to for the impact assessment is
ReCiPe 2016 Endpoint (E); moreover, for the normalization World (2010), E/A was used.

In this paper, a new practice, which involves the collection and baling of rice straw
(CB), was compared with the well-established practices of open field burning (OFB) and
soil incorporation (SI).

Since the collection and baling of rice straw is intended for subsequent use of this
biomass for energy production, in the analysis of the other two processes, a burden was
applied. This burden, as explained below, was assessed considering that since in the case
of OFB and SI, the straws are not used to produce energy, the energy supply will take place
using traditional energy sources.

Although in-depth research was carried out on LCA applied to straw management,
there are few studies that, for this specific area, consider savings on the energy portfolio
as one of the benefits of using this new renewable resource. This work will generate new
information on energy harvesting in an area with a growing demand for energy and with a
high level of air pollution, such as the province of Novara.
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2. Regional Context

The province of Novara has an extension of about 134,000 hectares (less than 0.5% of
the extension of Italy) and is characterized by a temperate climate with humid summer.
These climatic characteristics combined with the significant presence of water allow the
cultivation of various agricultural species [17], mainly rice and corn. The common type of
rice cultivated in this area belongs to the “Baldo” variety, similar to the more famous Asian
variety “Japonica” characterized by round, thick and hard grains. A single rice harvest
season commits farmers from January to October. The cultivation carried out by submersion
in water is characterized by high standards of agricultural mechanization [37] that affect
every phase of the process, from the initial preparation of the soil to the harvesting.

All agricultural processes take place with medium-power tractors arranged with spe-
cific equipment, while the harvest is carried out with high-power combine harvesters.
The flooding of the fields (lasting about 120 days) is performed using the water available
through irrigation canals. It must be noted that in the cultivation of rice, especially in the
growth phase due to the interaction of the fertilizer with the flooded soil, important quanti-
ties of CH4 and N2O are generated [19,38,39], and the methanogenesis occurs by bacterial
action as a transformation of Soil Organic Carbon (SOC) under anaerobic conditions [40].

The cultivation of rice involves residues: harrowing produces straw, and milling
produces husk and chaff. The husk (about 20% by weight of the rice grains) and chaff
(about 10% by weight of the rice grains) have an economic value (price in January 2022 was
about 45 EUR/ton for the husk, 170 EUR/ton for the chaff [41]) since they are moderately
employed for energy, pharmaceutical and green building purposes. Rice straw (about 90%
by weight of the rice crop) is almost unused in animal husbandry. Rice straw is not suitable
for feeding since it has a high content of Silica (SiO2) equal to approximately 13% by weight,
and its poor absorbent characteristics make it unsuitable for use as a litter.

For this reason, the full amount of rice straw produced is commonly considered waste,
and its removal from the ground is infrequent. Therefore, in the province of Novara, where
about 220,000 tons of rice grains were collected in 2020 [17], an approximately equivalent
amount of straw was incorporated into the soil or burned in the field.

About three-quarters of the rice straw produced in the Novara province is disposed of
by soil incorporation (SI), and the rest, similarly to what is worldwide practiced, is burned
in an open field (OFB). Both disposal methods generate benefits linked to the reintroduction
of elementary substances into the soil (C, K, N, P and others) [42] and to the elimination
of weeds from the field [43–45]. Furthermore, the ashes produced during OFB have a
fertilizing effect because they mainly contain magnesium oxides (MgO) and potassium
(K2O), but also a quantity of silica (SiO2), which depends on the kind of rice grown and
increases as the height of the stem raises [46]. While these widely used disposal practices for
rice straw have some agronomic benefits, as they reduce the number of artificial fertilizers
and herbicides used, on the other hand, they generate negative environmental effects
increasing air pollution (mainly PM and CO) and GHGs emissions (mainly CO2, CH4 and
N2O) [18,19,47].

3. Life Cycle Assessment (LCA) Method

The process analyzed using the LCA is that of the straw disposal (boundary system),
which is independent of that of the rice cultivation (zero burden approach). For this reason,
although the rice cultivation phases were described for completeness, the inflows and
outflows linked to these processes were not taken into consideration for the analysis.

A comparative assessment approach was adopted in analogy to other LCA studies [20,48].
Agribalyse® was adopted as a database due to its content of fertilizers, machinery and
buildings, which is a relevant feature to this study. The ReCiPe 2016 impact assessment
method was used in force of its output indices, which are useful for this study (GWP, PM,
FRS, OD, TA).
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In carrying out the analysis, it was taken into account that the three methods of straw
disposal, mentioned in the introduction paragraph as OFB, SI and CB, affect the cultivation
process in different ways.

In fact, both in the case of CB and in the case of OFB, additional fertilization is necessary
compared to those normally scheduled for the cultivation of rice. Moreover, it was taken
into account that only in the case of straw CB an energy potential will be available to be
exploited later (Table 1). For this reason, an energy deficit with its environmental burden
was associated with both the OFB and SI.

Table 1. Straw Energy Potential.

Quantity Value

Straw Collected ÷ 20% moisture (kg/ha) 3658
LHV (1) (MJ/kg) 14

Energy potential (GJ/ha) 51.2
(1) LHV is the Lower Heating Value reported in [49].

To evaluate the burden to apply, in accordance with the Italian energy supply sce-
nario [50], only the fraction of energy produced using non-renewable sources (approxi-
mately 58% of the energy potential of rice straw, i.e., 29.6 GJ/ha) was considered.

The required masses of raw materials are shown in Figure 1.
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Figure 1. Equivalent energy potential using non-renewable raw materials.

In the following paragraphs, the processes studied are described, and the data used
for the LCA are provided. The functional reference unit is the hectare (ha), and the
inflows or outflows deemed of little relevance to the result of the analyses were highlighted
and considered as cut-off elements. Furthermore, the CO2 emissions deriving from the
combustion of rice straw are not reported as it is assumed that they will be reabsorbed by the
biomass during the following growing season [33]. Where present, the outflows related to
the water lost by the biomass were not reported because they have no environmental impact.

The limitations of the LCA analysis carried out are the assumed standardization of
agricultural practices that could be a little different from farm to farm also in relation to the
type of agricultural machinery used and cut-off elements.

3.1. Cultivation Process

The rice cultivation process begins with the plowing of the field (January), which is
subsequently leveled (January/February) and then fertilized (March). The processes listed
above are followed by harrowing (March) to promote fertilization and aerate the soil. The
field is then sown (April) and again both fertilized and weeded (June and August). The
rice harvest takes place in September/October.

All the phases, reported in the Gantt (Figure 2), are mechanized with the exception of
irrigation. Irrigation is carried out, based on the availability of water and the permeability of
the soil, with three different methods: permanent flooding (WFL), dry seeding and flooding
in the growth phase (DFL), and dry seeding and alternate wetting and drying (DIR).
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Figure 2. Gantt diagram: phases of rice cultivation and agricultural machinery used.

The water for flooding comes from a network of local canals. The flooding of the fields
occurs through the opening and closing of bulkheads, positioned in the irrigation canal
and manually operated, which distribute water by gravity.

In some cases, sowing takes place with a technique that involves flooding the field and
then the aerial distribution of the seeds. In this case, before flooding, the field is compacted
again to improve its impermeability.

The combine harvester can be configured to simply drop the straw to the ground or to
shred it and spread it all over the field. This second mode increases the fuel consumption
of the combine harvester by approximately 5–10%. This higher fuel consumption was
considered a cut-off element in the analyses carried out.

3.2. Open-Field Burning (OFB)

Just after the harvest of the crop, the process of disposal by combustion is started.
The OFB process occurs by triggering a localized fire, which is then spread throughout the
field, triggering subsequent localized fires. During combustion, atmospheric pollutants
(emissions to air) and ashes (emissions to soil) are produced in quantities proportional to
the straw burned (Figure 3).
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The process does not require the use of agricultural machinery, and the quantities of
substances used (e.g., fuel) are not relevant, so they were considered as cut-off elements of
the process.

The number of above-ground residues burned was calculated in accordance with the
IPCC guidelines [34], taking into account the type of rice grown. For the evaluation of
emissions to air, the emission factors reported in [18] were used, which are in the range of
values reported by the IPCC for the combustion of agricultural residues [35].

Regarding the ashes, their composition was evaluated on the basis of [51]. The
incorporation of the burned straw was not considered in the data inventory analysis
because it is carried out during the winter plowing of the soil (January), which is an
operation that is anyway part of the rice cultivation process.

Moreover, compared to the rice cultivation process, the OFB requires additional
fertilization [52], which is carried out by means of a spreader pulled by a medium power
tractor. All the numerical values used for the data inventory are shown in Figure 3, while
the data for the calculation of the burden relating to the lack of energy production are
shown in Figure 1.

3.3. Straw Incorporation (SI)

About a month after harvesting and straw production, the field must be harrowed
to incorporate the chopped straw. The operation is performed by means of a harrow
towed by a medium power tractor. In the period between harvesting and SI, the mass
of the rice straw is reduced due to both the decrease in water content and the aerobic
decomposition of its cellulosic fraction. Following the de-polymerization of cellulose in the
aerobic decomposition process, glucose is formed, which oxidizing generates CO2 and H2O
that are emitted from the biomass. These two products were considered as cut-off elements.

The remaining quantity of straw per hectare of land was determined using the follow-
ing Equation (1) as proposed in [53]:

y(t) = y∞ + (y0 − y∞)·e−k·t, (1)

where y(t) is the specific mass (kg/ha) remaining after a time t (months), y∞ is the spe-
cific mass (kg/ha) remaining after the end of the decomposition process, y0 is the initial
specific mass (kg/ha) and k is the rate at which decomposition takes place (months−1).
Table 2 shows the values of the coefficients in Equation (1) useful to describe the rice straw
incorporation in the Novara province.

Table 2. Numerical values of the coefficients reported in Equation (1).

Coefficient Numerical Value

y∞ 1829 kg/ha

y0 6096 kg/ha

k 0.596 months−1

Using Equation (1), the reduction in weight of the biomass is about 30% after one
month from the harvest, and the quantity of residual straw to be incorporated is 4180 kg.

Figure 4 shows the flows for the Data Inventory Analysis. The emissions of CH4 and
N2O reported in this figure were calculated using the equations proposed in [33,34], taking
into account the reduction in the mass of the straw following the decomposition. The data
for calculating the burden due to the lack of energy production in this process are shown in
Figure 1.
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3.4. Rice Straw Collection and Baling (CB)

The rice straw is removed when the moisture content has dropped from 50% (typical
value for biomass just after harvesting) to about 20% since a low moisture content prevents
the activation of harmful fermentation processes. The straw, baled in a cylindrical or
polygonal shape, is wrapped in a nylon film, loaded onto a trailer and transferred to the
storage area inside the farm. Figure 5 reports the additional fertilization operation [52] and
the energy content of the baled straw.
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4. Results and Discussion

Using the LCA analysis, it was possible to evaluate the sustainability of each rice straw
disposal management in order to choose the best strategy with regard to the environment.
Furthermore, the current study shows how many fossil resources are actually used to
produce an energy equivalent to that available in the rice straw.

The analysis is performed by comparing case by case the results using the following
main indexes (Recipe 2016):

• GWP—Global Warming Potential [kg CO2/ha];
• PM—Fine Particulate Matter formation [kg PM 2.5/ha];
• FRS—Fossil Resource Scarcity [kg oil/ha];
• OD—Ozone Depletion [kg CFC11 eq/ha.];
• TA—Terrestrial Acidification [kg SO2/ha].

In the following figures, the obtained results are reported with the standard deviation
at a 95% confidence level.
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The GWP for the three straw management methods is reported in Figure 6.
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It can be easily assessed that CB presents the lowest value of CO2 emissions with
510.53 kg eq/ha, while SI and OFB produce 1178.06 kg eq/ha and 1494.49 kg eq/ha of
CO2, respectively.

The breakdown analysis of the GWP indicates that for the CB practice, the main
contributor is fertilization. About 296.1 kg eq/ha of the CO2 production is due to the urea
and about 96 kg eq/ha to the superphosphate due to their manufacturing processes. In the
case of CB, the baling of the straw together with the transport to the farm account for about
101.1 kg eq/ha of CO2.

In SI and OFB, because of the energy compensation applied (Figure 6), natural gas
is the major contributor to GWP (about 892.9 kg eq/ha and 895.2 kg eq/ha, respectively).
Fertilization with urea produces in OFB almost the same amount of CO2 (293 kg eq/ha)
produced in CB.

Regarding the emission of PM into the atmosphere, it can be seen from Figure 7 that
the OFB represents the worst applicable strategy. In fact, this uncontrolled combustion in
the open air releases an amount of 80.41 kg eq/ha of PM2.5, which is 74 times higher than
that of the CB strategy and 62 higher than that of SI.

In the analysis of the distribution of the various contributions for the OFB, the frac-
tion of PM formation, associated with natural gas for energy compensation, is negligible
compared to the combustion process itself (78.9 kg/ha).

The most relevant contributions to the PM formation for both CB and SI are fertilizers
(urea and superphosphate) and natural gas.

The third indicator examined is the FRS, which represents the use of non-renewable
energy sources for various purposes. From Figure 8, it is clearly visible that the two
processes involving the addition of fertilizers (CB and OFB) are those with the highest use
of fossil resources.
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Indeed, the breakdown analysis shows that urea production is the major responsibility
for the consumption of fossil fuels. This chemical process requires 69.2% of the total fossil
fuel spent on CB (160.9 kg oil eq/ha) and 96.4% spent on OFB (160.9 kg oil eq/ha).
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The second significant impact is represented by the production of P2O5, which requires
14.1% of the use of fossil resources in the CB scenario (about 32.8 kg oil eq/ha).

The OD index represents the quantity of ozone-depleting gases [54] produced by the
anthropogenic transformation in equivalent kilograms of CFC11. Figure 9 shows that OFB
is the practice that produces the greatest amount of harmful gases, which is 22 times more
polluting than CB and 1.95 times than SI.
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Based on the analysis of the various contributions, it emerges that the greatest con-
tribution to the emission of CFC11 in the case of OFB is the combustion process (94.4%,
i.e., 4.4 × 10−3 kg of CFC11/ha) while for the SI practice it is the decomposition of straw
(93.3%, i.e., 2.2 × 10−3 kg of CFC11/ha). Natural gas contributes 1.2 × 10−4 kg/ha of
CFC11 for OFB and 9.6 × 10−5 kg/ha for SI. For the CB scenario, urea production, baling
and transport to the farm are responsible for approximately 25% each of CFC11 production
(5.4 × 10−5 kg/ha).

Terrestrial acidification (Figure 10), expressed in equivalent mass of SO2, reports the
changes in the chemical properties of the soil following the deposition of both nutrients in
acidifying forms and gases and particles from the atmosphere. The CB scenario shows the
lowest impact in terms of SO2 production (about 2.6 kg eq/ha), which is about half of that for
OFB and about 63% of SI. In fact, the breakdown analysis shows how the energy compensation
fraction with natural gas affects both OFB and SI practices with 3.2 kg SO2 eq/ha.

Urea production represents the highest contribution in the CB scenario with 41.3% of
total emissions (1.07 kg SO2 eq/ha), while P2O5 is the second relevant contributor with
34.3% (0.9 kg SO2 eq/ha).

Together these results provide important insights into the actual and possible straw
management technique in Novara Province.
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In summary, among the three strategies, CB is the cleanest in relation to the PM forma-
tion, GWP, TA and OD indices. CB falls down in FRS because it needs a greater quantity
of fertilizers (urea and P2O5) to compensate for the lack of organic materials that are not
reintroduced into the soil (chopped rice straw in SI or ashes in OFB). Chemical fertiliza-
tion is a cost-effective solution from an economic point of view but carries a significant
environmental burden.

Among all the strategies, the worst is the OFB, which has the highest environmental
impact for all the indicators except for FSR. Particular attention must be paid to the forma-
tion of PM in OFB because the geographical area object of this study is already affected by
high concentrations of PM in the atmosphere [26–28].

SI (the more used rice management method in Novara) is a good choice to maintain
the quality of the soil, and it requires a lower amount of fertilizers than CB. Notwith-
standing this, from the analysis carried out, SI wins against CB only in relation to the FSR
index. Moreover, considering the entire cultivation of rice, the incorporation of straw into
the soil significantly increases the GHGs [19,33–35] and suggests thinking of a different
disposal method.

LCA results allow us to evaluate the environmental impact linked to the waste of rice
in the province of Novara, where in 2020 (actual scenario), the rice straw coming from over
33,000 ha underwent for about 70% to SI and for about 30% to OFB (Table 3).

Table 3. Actual scenario.

Straw
Management

Land Use
(ha)

PM
(kg PM2.5 eq)

GWP
(kg CO2 eq)

TA
(kg SO2 eq)

OFB 9940.8 7.99 × 105 1.48 × 107 4.90 × 104

SI 23,195.2 0.30 × 105 2.73 × 107 9.49 × 104

Total 33,136 8.29 × 105 4.21 × 107 14.39 × 104
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The environmental benefits related to the CB practice applied to the total amount of
straw are shown in Table 4.

Table 4. CB vs. Actual scenario.

Straw
Management

PM
(kg PM2.5 eq)

GWP
(kg CO2 eq)

TA
(kg SO2 eq)

CB 0.36 × 105 1.69 × 107 8.58 × 104

OFB + SI 8.29 × 105 4.21 × 107 14.39 × 104

Difference −7.93 × 105 −2.52 × 107 −5.81 × 104

Collecting and baling rice straw decreases by 96% PM production, 60% GWP and
40% the equivalent air emission of SO2 compared to the actual rice straw management in
Novara province.

5. Conclusions and Future Developments

The performed LCA analysis of the different rice straw management practices shows
that Collection and Baling (CB) is a winning strategy in reducing the environmental impact
of rice cultivation (−60% GWP, −40% TA and −96% PM).

Moreover, the energy harvesting from rice straw in northwest Italy can be a valuable
alternative to the actual use of non-renewable resources such as coal, fuel oil and waste
burning. In fact, applying the CB practice, an amount of energy of about 1.7 PJ might be
obtained. The CB involves the production of cylindrical straw bales (1.8 m in diameter,
1.2 m in height and about 430 kg in weight) with an energy content of about 6 GJ each,
which is the equivalent energy available from an oil barrel. For this reason, in analogy
to what was conducted for oil, the concept of the straw barrel (i.e., the cylindrical bale
previously defined) can be introduced, which allows us to estimate in over 280,000 straw
barrels the carbon net neutral energy available in the province of Novara.

For energy conversion, the power plant located in the Novara suburbs could help to
reduce the transport costs [15]. The opportunity offered by the location of this thermoelec-
tric plant [30], together with the possibility of effective reuse of the silica contained in the
combustion ashes [31], could be a reason for choosing this type of energy conversion.

It is suggestive to think that (considering a minimum overall efficiency for a con-
ventional thermoelectric plant around 30% [55]), from the combustion of rice straw, it is
possible to obtain up to 142 GWhe per year, sufficient to satisfy approximately 30% of the
energy needs of the town of Novara.

In general, for the conversion of this biomass into energy, gasification [56], anaerobic
digestion [57], pyrolysis [58], and ethanol production [59] could also be exploited.

Currently, this work presents some limitations. First, the LCA model does not take into
account some important steps such as transportation to the plant for energy enhancement
and the energy conversion process. Furthermore, the study does not evaluate and compare
the environmental impact linked to the different energy conversion options of this carbon-
neutral source.

Future investigations will be aimed both at the study of the agronomic changes to be
applied for the sustainability of the CB and at the analysis of the value chain of this new
path in order to identify the best energy conversion strategy.
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