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Abstract: Biomass residues from permanent crops might be an alternative fuel for energy generation
in a local market with limited transport distances. Moreover, as activities related to CO; reduction
are of special attention in the European Union (EU), sustainable use of resources plays an important
role in climate change mitigation. In this paper, a life-cycle assessment (LCA) of the integrated value
chain from peach pruning residues for electricity generation is presented and compared with the
common practice including the mulching process of the pruned biomass in an orchard. It was shown
that biomass harvesting, chipping and its delivery to a power plant—the Pruning-to-Energy (PtE)
scenario—is feasible from an environmental point of view. The total global warming potential (GWP)
of this value chain was 200 kg CO, eq.-ha™! (or 27 kg CO; eq.-GJ™!). In turn, the mulching and
leaving of the pruned biomass in an orchard—the pruning-to-soil (PtS) scenario—is characterized by
a CO, equivalent of 2360 kg-ha~!. Other impact categories showed a lower environmental impact
for the PtE scenario as well. When considering the Spanish electricity-mix instead of coal-based
electricity, the PtS scenario score better in most impact categories, but the GWP for the PtE scenario
remains lower.

Keywords: peach pruning residues; electricity production; life cycle assessment; LCA;
biomass-to-energy

1. Introduction

The European Biomass Action Plan (BAP) formulated by the European Commission in 2005
presented a clear vision of the energetic utilization of biomass from forestry, agriculture, and waste
materials until 2020 [1]. It is expected that beyond 2020, the biomass will still play a major role
in the energy sector of the European Union (EU) reaching a share of 50% of overall renewable
energy production by 2030 [2]. Moreover, the ambitious scenarios of the carbon-neutral EU assume
the achievement of greenhouse gas (GHG) emissions reductions between 80% and 100% by 2050,
compared to 1990 [3]. Therefore, the increase of biomass residues usage in energy production is one of
the main means to mitigate climate change [2]. It is important to ensure that the biomass is used locally,
in other words to minimize activities related to long-distance transportation (increased environmental
impacts) and long-term storage (risk of biomass losses). Moreover, the local use of biomass is in

Energies 2020, 13, 2734; doi:10.3390/en13112734 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-6182-6074
https://orcid.org/0000-0003-3618-2099
https://orcid.org/0000-0003-2258-3430
http://dx.doi.org/10.3390/en13112734
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/11/2734?type=check_update&version=2

Energies 2020, 13, 2734 2of 16

line with the sustainable development of agriculture and rural areas [4-7], although many aspects
must be considered with due care. These aspects may be the harvesting yield of biomass waste and
its dispersion, the method of the harvesting process and transportation management, the distance
between the place of acquisition and their utilization, the utilization method, as well as the impact of
the removed biomass share on the yield of food products [8,9].

In Europe (EU27 + Switzerland) the cumulative theoretical potential of residual biomass
(sources: agriculture, forestry, urban greenery management, and food waste) accounted as a key
feedstock for the European bioeconomy, amounts to 8500 PJ-yr~! [10].

The solid biomass stream suitable for thermal conversion encompasses inter alia prunings
from permanent crops (orchards, plantations) [11,12]. Depending on the region, the pruning
biomass may originate from different crops (olives, vineyards, apples, cherries, peaches, etc.).
Moreover, the permanent crops are characterized by different harvesting potential of the pruning
(wooden residues) obtained during regular trees cutting (Figure 1).
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Figure 1. Average pruning potential from different permanent crops [13].

The theoretical potential of pruning from permanent crops in Europe is 252.0 PJ-yr~! [14].
Although peach orchards are not the dominant ones (their total area in the world is ca.
1,712,000 ha, and in Europe ca. 210,000 ha [15]), the raw prunings generated during their regular
cutting (2.7 tha~!l-yr~! [16-19]) can locally play an important role in heat/electricity production.
However, thermal utilization of peach prunings requires many activities, such as harvesting,
conversion, and transportation to the final user, resulting in costs and pollutants emission as well
as energy use. Therefore, economic, environmental, and energy-related issues should be considered
to determine their influence on the whole logistic chain [20,21]. In terms of environmental aspects,
the life-cycle assessment (LCA) is a very popular method of process evaluation in the agriculture
sector [22-28] as well as in the energy sector. For instance, applying LCA analysis, Carvalho et al. [7]
showed that the electricity generation using urban pruning waste from the municipality resulted in a
much lower carbon footprint than their disposal at landfill site (without methane management) or
incineration for heat generation. Perilhon et al. [29] performed LCA analysis comparing the electricity
generation from biomass in 2 MW and 10 MW boilers, using an organic Rankine cycle (ORC) plant
and steam plant, respectively. The research revealed that the overall efficiency of the system and
the applied technology have a significant impact on the environmental consequences. Beagle and
Belmont [30] discussed the advantage of wood chips and pellets utilization for electricity production
in relation to hard coal. It was underlined that the transportation type and distance play an important
role in the final results of the LCA analysis.
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In the literature, not too much data has been found related to a full-scale LCA analysis of a complete
logistic chain of pruning residues from peach orchards for energy purposes. This study aims to assess
the environmental impacts of the utilization of pruning residues from peach orchards for energy
purposes (electricity). This scenario is assessed against the reference procedure of pruning management,
consisting of the mulching process and leaving the material in the field. Therefore, the main issues
of the study are: (i) to determine and collect site-specific data related to the field operations for the
life-cycle inventory analysis; (ii) to identify the GHG emissions and other environmental consequences
resulted from thermal conversion of peach pruning (Pruning-to-Energy scenario, PtE) and leaving the
shredded pruning in the field (pruning-to-soil scenario, PtS); and (iii) to compare this two value chains
(scenarios) in terms of the environmental aspects.

2. Materials and Methods

2.1. Goal and Scope

The option of using the peach prunings for energy purposes assumes that the removal of pruned
biomass from an orchard does not have a negative impact on soil stability and fertility. According to
the Europruning report [31], the favorable approval conditions for biomass pruning removal occur
when the vegetation cover in the orchard exceeds 20% of the surface area (or more than 3 tha~! per
year of dry biomass can be established as a vegetation cover), and the carbon content and the potential
of additional organic compounds are sufficient (i.e., leaves after pruning or branches remaining after
harvesting). Moreover, the soil is in good condition, without the tendency to silting, compaction,
erosion, or surface runoff.

The presented LCA was performed following the ISO 14040:2006 methodology [32] using the
references of the International Life-Cycle Data (ILCD) system method [33]. Thus, the classification
and characterization of the life-cycle inventory was undertaken according to the ILCD 2011 Midpoint
methodology (v1.09).

The number of impact categories was limited to six parameters. The basis for the limitation
was in the first place the overall impacts (normalized) in each of the considered scenarios
and in the second place the level of differences between the scenarios. The choice of impact
categories follows the Europruning project, in which several types of Pruning Residues were
studied [34]. Out of the available impact categories, Climate Change, Photochemical Ozone
Formation, Particulate matter/Respiratory, Ecotoxicity Freshwater, and Eutrophication Terrestrial
were selected. To normalize the results, the methodology provided by the Joint Research Centre (JRC)
was followed [35]. No weighting of the results was undertaken. Finally, the GaBi software professional
9.2 (Sphera™, Leinfelden-Echterdingen, Germany) tool was used in the LCA analysis.

In the utilization of the pruning residues two scenarios were considered (Figure 2): the use of
pruning residues for energy purposes (PtE scenario) and the use of mulched pruning residues as a
source of organic matter for the soil (PtS scenario). The latter is the standard and a very common
way of managing pruning residues in orchards. In both scenarios, all steps related to these residue
treatment options were taken into account in the analysis. In both cases, before the pruning harvesting
(or mulching), the cut branches were collected in the middle of the passing lane to increase the efficiency
of these activities.

In the PtE scenario, chipping technology was applied. The harvesting losses of the peach pruning
residues (PPR) remain in the orchard. The produced wood chips are stored at a central storage site
and after storage transported to a final consumer. Next, the final consumer burns the wood chips in
a thermal boiler to generate electricity. The biomass and the electricity are produced locally, as the
distance between the orchards and power plant does not exceed 50 km. In the PtS scenario, the biomass
mulcher application was considered. Both sets of machinery were towed and powered by a tractor.
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Figure 2. System boundaries both scenarios: pruning to energy (PtE, Scenario 1) and pruning to soil
(PtS, Scenario 2).

The functional unit of the assessment assumes the management of 2.59 tFM (fresh mass) pruning
residues generated from 1 ha of the peach orchard by both systems (PtE, PtS) (Figure 2). To enable
a comparison of two scenarios, these scenarios should perform the same function. To assure these
system boundaries were expanded: by electricity generation from hard coal in the PtS scenario and by
additional fertilizing in the PtS scenario.

Additional fertilizing for substitution of the removed pruning residues from the orchard in the
PtE scenario was included (22.1 kg-ha™! urea; 5.0 kg-ha™! raw phosphate (32.4% P,05); 19.3 kg-ha™!
potassium chloride (60% K, O)). The applied substitution ratio was 0.5: for P (0.5 kg of P in artificial
fertilizer for 1 kg of P in the removed PPR) and 1:1 for N and K, according to [34]. In turn, in the
PtS scenario, the compensating electricity production (7.4 GJ-ha™!) by conventional system fired by
bituminous coal was considered to balance the final energy produced from pruning combustion in
the PtE scenario. The substitution of electricity from coal was considered (and not other sources of
electricity) even though that is likely to make the results for the PtS scenario look worse because of the
relatively high pollution caused by coal combustion. However, this is in practice a good reason to
replace and shut down these plants first. Moreover, in practice, only a hard coal power plant allows for
a change in fuel from hard coal to pruning residues. Thus in an existing power plant, the PPR can
be (co-)combusted. In other electricity generation technologies, this is not possible. Apart from that,
coal power plants tend to be older than the more recent renewable plants and therefore the first in
line to be closed down. To check the robustness of the results in this aspect, a sensitivity analysis was
performed. In this analysis, the environmental effects of the scenarios were compared to a situation
where the produced electricity in the PtE scenario would be substituting the average Spanish electricity
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generation mix instead of electricity from coal. In Table 1 the considered Spanish electricity mix
is shown.

Table 1. The mix of energy sources for electricity generation in Spain (2016) [36].

Energy Source Share in the Electricity Mix
Nuclear 21.35%
Lignite 0.67%
Hard coal 12.59%
Coal gases 0.37%
Natural gas 19.23%
Heavy fuel oil 6.16%
Biomass 1.47%
Biogas 0.33%
Waste 0.54%
Hydro 14.51%
Wind 17.81%
Photovoltaic 2.94%
Thermal solar 2.03%

2.2. Life-Cycle Inventory: Description of Biomass Sources

The data for the LCA analysis was gained during pruning harvesting realized in the peach
orchards situated in Zaragoza, in the Aragén Region, North-East Spain (41.63 N, 0.88 W). It is a
location characterized by the Mediterranean dry climate, typical for inland in Spain. The average
rainfall is 340 mm and the average year temperature is 14.8 °C. The selected fields were irrigated.
The fields consisted principally in a peach of different age tree fields, with an inter-row distance
between 5 and 6 m (Figure 3).

(c) comminuted peach

(a) orchard before harvesting (b) the harvesting process pruning residues after
harvesting

Figure 3. Pruning harvesting in the peach orchard (PtE scenarios). (a) orchard before harvesting;
(b) the harvesting process; (¢) comminuted peach pruning residues after harvesting.

The cut branches were harvested using a pick-up system and chipper attached to a tractor. Next,
the produced wood chips were collected and transported to be stored in piles for open-air drying
(approximately 6 months). Finally, the wood chips were loaded onto a truck and delivered to the
power plant located at a distance of 50 km from peach orchards. Selected data used in the LCA study
are shown in Table 2.
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Table 2. Peach orchard and pruning characteristics. FM—fresh mass, DM—dry mass.

Parameter Unit Value Parameter Unit Value
Theoretical pruning potential tFM-ha~! 3.15 Moisture content (storage end) % 16.1
Pruning biomass yield tFM-ha~! 2.59 Lower heating value MJ-kgDM ! 18.0
Harvesting losses tFM-ha™! 0.34 Ash content (DM) % 3.79
Moisture content (storage begin) Y% 20.6 Bulk density (storage end) ngM-m‘3 166
Bulk density (storage begin) kgFM:m~3 175 Pruning capacity tFM-h™1 1.13
Mass of pruning after 6 months of storage tDM-ha™! 1.38 Carbon kgtDM™! 501
Chlorine mg-kgDM ! 110 Mercury mg-kgDM ! 0.005
Major elements in ash Minor elements in ash
Al gkg! 4.09 As mg-kg™! 3.50
Si gkg! 112 Cd mg-kg ™! 0.775
K gkg! 51.4 Cr mgkg! 25.2
Na gkg! 2.10 Cu mgkg™! 727
Ca gkg™! 334 Mn mg-kg ™! 162
Mg gkg! 13.2 Ni mg-kg ™! 25.8
Fe gkg! 2.65 Pb mg-kg™! 4.05
P gkg! 15.4 \% mg-kg™! 5.79
Ti gkg! 0.117 Zn mg-kg™! 583
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2.3. Life-Cycle Inventory: Description of Materials and Energy Flows

The life-cycle assessment analysis includes all direct and indirect emissions related to the
harvesting/mulching processes, such as the production and operation of the machinery engaged in
the peach orchards (a tractor, a trailer, a chipper, a mulcher). The appropriate materials and energy
were implicated in the model by standard modules defined in the GaBi database. In case of the lack or
not of fitting processes, the Ecoinvent database was used. In the case of the production of the newly
developed chipper, data adopted from CREA (Council for Agricultural Research and Economics) [37]
was used. The energy required for the construction of the developed chipper was implemented
from the energy intensity (referred to the unit of mass) for a standard agricultural machinery module
included in Ecoinvent (Table 3).

Table 3. Material and energy balance of the chipper used in the considered scenarios.

Parameter Unit Value Standard Process
Stainless steel kg 5 Stainless steel white-hot rolled coil (304) (eurofer, GaBi)
Steel kg 4050 Steel plate (World Steel, GaBi)
Aluminum kg 80 Aluminum extrusion profile (GaBi)
Copper kg 1 Copper Wire Mix (DKI/ECI)
Plastics kg 10.0 Polyvinylchloride pipe (PVC) (PlasticsEurope, GaBi)
Rubber kg 30.0 SBR Mix + Natural rubber tapped latex (not conserved, 36%) (GaBi)
Tires kg 45 SBR Mix + Natural rubber tapped latex (not conserved, 36%) (GaBi)
Rubber pipes kg 40 SBR Mix + Natural rubber tapped latex (not conserved, 36%) (GaBi)
Hydraulic oil kg 105 Lubricants at the refinery (GaBi)
Paint kgkg! 0.007 Alkyd paint, 60% insolvent, at the plant (GaBi)
Electricity MJkg™! 7.02 Electricity, low voltage, at the grid, country-specific (Ecoinvent)
Heat from coal M]~l<g‘1 0.7 Hard coal, burned in industrial furnace 1-10 MW (Ecoinvent)
Heat from gas M]~kg‘1 41 Natural gas, burned in industrial furnace >100 kW (Ecoinvent)
Heat from oil MJkg™! 7.9 Light fuel oil, burned in boiler 100 kW, non-modulating (Ecoinvent)

DKI—The Deutsches Kupferinstitut, ECI—The European Copper Institute, GaBi—Life Cycle Assessment Software.

For transportation processes, data for a standard truck with a trailer from the GaBi database was
used. The fuel consumption was assumed to be 0.044 kg-tkm~!. Fully loaded trucks for the final
consumer and empty returns were applied. Transport distance to the final user was set at 50 km.
The emissions related to the diesel combustion in the truck engine during the wood chips transportation
are included in the analysis. Similarly, the data concerning the production of a diesel included in GaBi
software was applied.

The harvested biomass in the form of wood chips was burnt in the power plant with a capacity
of 6.7 MW, adopted from Ecoinvent. The feedstock to the boiler consisted of the chipped pruning
residues (dry basis). The amount of fuel used was calculated as dry mass. The emissions were adopted
accordingly, related to the lower heating value (LHV). As in the boiler, only biomass was utilized,
the recycling of the ashes generated during the combustion process to agricultural soil was adopted.

The mulching (shredding) process of the peach branches in the orchards was adopted by using an
Ecoinvent standard mulching process. Basic diesel consumption in this operation was 3.5 kg-ha™'.
The necessary changes in fuel consumption (15.4 kg-ha~!) were adjusted, accordingly. The lack of
electricity production in the PtS scenario was supplemented by the combustion of hard coal.

In the case of the pruning residues that were not collected and removed from the peach orchard,
they were considered as a source of the nutrients and heavy metals for the soil. The addition of
artificial fertilizers implies similar soil effects to the pruning residues (apart from their environmental
effects caused during the production process). However, for ammonia, nitrous oxide, and nitrogen
oxides, the emission indices to the soil are different for pruning residues and artificial fertilizers [38,39].
Therefore, depending on the scenario, the following options of application of nutrients and heavy
metals to the soil were considered, namely: (i) mulched pruning residues within the PtS chain
(2.59 tFM-ha™1), (ii) pruning residues as the harvesting losses within the PtE chain (0.34 tFM-ha™!),
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(iii) additional fertilizing within the PtE chain (based on the lacking (2.26 tFM-ha™1), (iv) use of the
ashes from combustion of peach pruning wood chips in the boiler in the PtE chain (64.2 kg FM-ha™!).

The application of organic matter to the soil in this study was in line with the methodology
applied in the previous studies [40—43]. The details are described in the research performed by
Dyjakon et al. [44], as well. A sequestration rate of 3% of the organic carbon contained in the PPR
was applied.

3. Results: Life-Cycle Impact Assessment (LCIA)

In the considered case study a Pruning-to-Energy (PtE) supply chain is compared to a
pruning-to-soil (PtS) scheme for peach pruning residues in Aragoén, Spain. The schemes related
to a total measured amount during pilot harvesting of 2.59 t-ha™! fresh mass (FM) pruning residues
before harvesting.

3.1. Climate Change Potential

In Figure 4 the comparison of the Climate Change Potential impact for Pruning-to-Energy
and pruning-to-soil scenarios is shown. The agricultural operations (cradle-to-gate) are first shown
separately (Figure 4a), followed by the overall picture including the energy generation phase (Figure 4b).
The values of Figure 4a are a magnification (see a difference in scale) of the first part of the values
in Figure 4b.
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Figure 4. The Climate Change Potential (excl. biogenic carbon) of pruning residues in Spanish
peach orchards (pruning residues before harvest: 2.59 tFM-ha™1). (a) agricultural phase operations;
(b) Summary of all operations.

The overall GHG emissions for the Pruning-to-Energy scenario was 200 kg CO, eq.ha™!
(27 kg CO, eq.-GJ!), whereas the pruning-to-soil scenario was causing an overall amount of GHG
emissions of 2360 kg CO; eq.-ha™!. The use of harvested pruning residues for energy generation
purposes thus can provide for a significant decrease in CO, emission. For the peach orchard studied,
a reduction potential of 2160 kg CO, eq.-ha™! or 294 kg CO, eq.-G] ™! of the generated electricity
was realized.

In the first stage, the Climate Change Potential for both the Pruning-to-Energy (harvesting) and
PtS (mulching) scenario is similar, resulting in 60 and 55 kg CO, eq.-ha™!, respectively. The soil effects
in the Pruning-to-Energy scenario are caused by additional fertilizer production and application,
amounting to 89 kg CO, eq.-ha~!. This includes returning to the field of ashes of the combustion of
chips of peach branches as well.

In the pruning-to-soil scenario, the peach branches staying in the orchard gave an environmentally
benign effect of —31 kg CO, eq.-ha™!. In the PtS scheme, however, the process of power substitution
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(hard coal) caused the by far largest share in Climate Change Potential (2340 kg CO, eq.-ha™!). For the
Pruning-to-Energy scenario, the process of power generation from peach pruning residues (PPR)
amounted to merely 26 kg CO; eq.-ha™!.

3.2. Other Environmental Impacts

In Figure 5, the life-cycle impact assessment (LCIA) results from both considered scenarios are
shown for the selected ILCD impact categories. For reasons of comparison, the results are expressed in
inhabitant equivalents (IE) per hectare, related to the EU-27 for the year 2010.

For all categories except the Eutrophication Terrestrial, the impact of the use of the PPR from
one ha on the environment is higher for the scenario where the residues are left in the orchard
(PtS). The values for Eutrophication Terrestrial category were similar, with 0.26 IE-ha~! for PtS and
0.27 IE-ha~! for PtE. For the Photochemical Ozone Formation category, the PtS scenario was three
times higher than Pruning-to-Energy scenario (0.38 IEha™! vs. 0.13 IE-ha™!). The impacts in the
category of Particulate matter/Respiratory were estimated at 0.61 IE-ha~! for pruning-to-soil and
0.11 IE-ha™! for Pruning-to-Energy. The highest impact (1.71 IE-ha™!) was caused in the category of
Ecotoxicity Freshwater for the pruning-to-soil scheme for the Pruning-to-Energy scenario is was much
smaller (0.32 IE-ha™!). In general, the PtS scenario was dominated by power substitution (electricity
generation from coal combustion). In the Pruning-to-Energy scenario, the power generation process
was also essential, but it was not always the most important one. Apart from electricity generation,
the soil-related processes also played a main role, mainly caused by the production and application of
artificial fertilizers.

Photochemical ozone formation, human health - PtS :
B PtE Harvesting
Photochemical ozone formation, human health - PtE [l ® PtE Transport
] M PtE Storage
Particulate matter/Respiratory inorganics - PtS B PtE Power generation
1 m PtE Soil effects
Particul i i ics - PtE
articulate matter/Respiratory inorganics - Pt 7.. PtS Mulching
P il eff
Eutrophication terrestrial - PtS t5 Soil effects
] PtS Power substitution

Eutrophication terrestrial - PtE [l

Ecotoxicity freshwater - PtS

Ecotoxicity freshwater - PtE |

Climate change, excl biogenic carbon - PtS
Climate change, excl biogenic carbon - PtE I
Acidification - PtS

Acidification - PtE FA
T T

0.00 020 040 060 080 1.00 120 140 160 1.80
EU27 2010 Inhabitant Equivalents (IE-ha)

Figure 5. Environmental impacts of pruning residues in Spanish peach orchards (pruning residues
before harvest: 2.59 tFM-ha™1).
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The only impact category showing an inverted picture was Eutrophication Terrestrial.
Here the Pruning-to-Energy scenario scores slightly worse than the PtS scenario (0.28 IE-ha~! and
0.26 IE-ha™! respectively).

4. Discussion: Life-Cycle Interpretation

4.1. General

The Climate Change Potential (excluding biogenic carbon of the PtE scheme is approximately
12 times smaller than of the PtS scheme. This is mainly caused by a substantial difference in CO,
emissions within the power generation processes. For the PtE and PtS value chains (Figure 4),
the Climate Change Potential of the combustion process for power generation is 26 kg CO, eq.-ha™!
and 2340 kg CO, eq.-ha™?, respectively. The incineration of pruned peach branches in the power plant
does not cause direct, additional carbon dioxides emissions, as the carbon dioxide here released is
assumed to be biogenic, and for this reason climate neutral. However, in the PtS scheme, the applied
electricity substitution stemming from the thermal conversion of hard coal causes significant amounts
of fossil carbon dioxide to be released directly.

When only the cradle-to-gate processes are considered (without the power generation processes),
the results show a more varied picture. The agricultural processes the peach orchard cause similar
CO; emissions for the chipping and collection process (PtE) and the mulching process (PtS). In both
scenarios the total consumption of diesel is comparable. The large differences in total Climate Change
Potential between the scenarios show that a combination of efficient harvesting of the PPR together
with low fuel consumption leads to both an advantageous energy balance [11] as well as a lower
CO, footprint.

In the PtE scenario, there is an additional transport stage, which is lacking in the Pruning-to-Soil
scenario. This transport of the PPR to the end user could lead to additional environmental effects by
fuel combustion in trucks. In the considered scenario, however, the PPR transport (as loose chips) has a
small Climate Change Potential effect (17 CO; eq.-ha~!), whereas the covered distance of 50 km (25 km
to storage + 25 km to end-user) is relatively large for local biomass-to-energy schemes. Even with
larger distances, the impact of the transport to the overall results stays limited, as it was shown by
Dyjakon et al. [44], where the transport distance (by tractor) was increased from 6 to 600 km.

The result of the PPR incineration for power generation (PtE scenario) might be the application
additional fertilizers to make up for the deficit of soil nutrients or some additional measures to prevent
erosion in the orchard. The exporting of the PPR causes a loss in nitrogen, phosphorous, and potassium.
The additional fertilizing (production, spreading, emissions stemming from biochemical soil processes)
leads to combined extra emissions of 89 kg CO, eq.-ha™!. A risk of erosion caused by not leaving
the branches in the orchards is likely to be expected in less humid regions (e.g., Mediterranean
climates) or in orchards with lots of rocks. Grass-covered soils (or by other plants) do not show
substantial differences in the balance of organic carbon when the pruning residues are removed [31].
Before planning a PtE scheme, it should be assessed, whether an erosion risk can be expected in the
given circumstances [12].

In the PtS scenario, on the other hand, the PPR remain in the orchard. In this way both, heavy metals
(that are contained in the peach branches), with negative environmental consequences and nutrients
and organic carbon, with positive environmental consequences, are introduced to the soil in small
amounts. The introduction in particular of nitrogen, contained in the peach pruning residues, to the soil
leads to Climate Change related emissions (NHj3, and consequently, of N,O and NOy). These are similar
to the PtE scenario (with nitrogen contained in artificial fertilizer). In the PtS scheme, the additional
amount of organic carbon remaining in the field leads to a limited sequestration effect, as a small share
of the organic carbon remains in the soil for a long time. This results in a negative Climate Change
Potential of the PtS scenario amounting to —31 CO, eq.-ha™!. This reduction of GHG emissions is
therefore positive to the environment. These results of energy production from biomass leading to
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positive GHG emissions for collecting and combustion the biomass and negative GHG emissions for
remaining the pruned branches are also reported by Nieto et al. [45,46] and Morlat et al. [42]. The soil
effects methodology applied is described in more detail by Den Boer et al. [40] and Den Boer and Den
Boer [41]. Even though in the PtE scheme considerably higher soil-related Climate Change Potential
effects were found, the overall results still show an over ten times, lower Climate Change Potential
than the PtS scenario. The limited contribution to the combined results of the soil-related processes, in
comparison to the traditional fuel incineration for energy production, is also shown by Ruiz et al. [47],
Boschiero et al. [48], and Cowie et al. [49].

The PPR incineration for power generation in the PtE scheme still leads to limited emissions of
GHG because of the use of chemicals for the flue gas cleaning, the construction of infrastructure, and the
emission of small amounts of non-CO, flue gas components affecting Climate Change. The prevented
generation of electricity from hard coal incineration within the PtS scheme is the dominant cause of the
joint Climate Change Potential as a result of the avoided fossil CO, emissions.

In the PtE scheme, the Photochemical Ozone Formation category is dominated by the PPR
combustion for power generation (9.1 X 1072 IE-ha~!), mainly caused by the emission of nitrogen oxides,
and less so by harvesting machinery production and use (2.6 x 10~2IE-ha~!). Ethylene, sulphur dioxide,
carbon monoxide, and nitrogen oxides emissions caused by hard coal burning (3.6 X 10! IE-ha~!) are
the predominant drivers in the PtS scheme.

Particulate matter/Respiratory inorganics effects are mainly caused by fine dust (PM2.5) emissions
in power generation processes in both of the considered scenarios. The significant difference between
the overall scenarios (6.0 X 1072 IE-ha™! for PtE and 5.9 x 10~! IE-ha™! for PtS) is can be lead back
to the incineration process and properties of the applied fuels. In the PtS scheme, sulphur dioxide
emissions stemming from the incineration of hard coal have a dominating impact (compared to the
PPR combustion, as the PPR is very low in sulfur). Also, the higher the ash content in hard coal
(approximately 20%) impacts the overall results. The lower content in the pruned peach branches (3.7%
only), notwithstanding the higher amounts of biomass to be combusted in the PtE (accompanied with a
lower LHV), leads to a lower emission of fly ash than in the PtS scheme. Ammonia emission resulting
from artificial fertilizer application is a small contributor in the PtE scenario. The total Eutrophication
Terrestrial potential (2.8 X 107! IE-ha™!) is dominated by NHj emissions (1.4 X 107! IE-ha™!) from the
use of artificial fertilizer and emission of nitrogen oxides (1.1 x 107! IE-ha™?!) from the PPR incineration
in the PtE scheme. In the alternative scenario, the impact is predominantly caused by the nitrogen
oxides emitted during the combustion of substituted hard coal (2.4 x 1071 IE-ha™1).

Overall, the production of energy based on agricultural wood residues has better environmental
results than the alternative scenario system, even though in some cases trade-offs may occur.
As an example, with bioenergy systems saving up to 92% of Climate Change Potential, it generally
is accompanied by a higher potential in toxicity impacts [48]. In the specific case of the use of peach
pruning residues for electricity generation however, also the toxicity impacts are limited.

Heavy metal (Zn and Cu) to soil emissions caused by the landspreading of the PPR combustion
ashes (2.9 x 107! IE-ha~!) and Zn emissions stemming from the PPR burning for electricity generation in
the PtE scheme (2.3 X 1072 [E-ha™!) are the main reasons for Ecotoxicity Freshwater impacts. The impact
of the PtS scheme (which is larger) is mainly caused by Cr (VI), V, Cu, Ni, and Zn emissions from hard
coal incineration (1.5 IE-ha™!). A lesser effect has the Cu and Zn in the PPR stay behind in the peach
orchard (2.4 x 10" IE-ha™1). A subsequent lesser contributor constitutes the emissions of heavy metal
caused by the mulching machinery (1.9 x 1072 IE-ha™!).

In general, the impact category Acidification is related to a limited number of emissions only.
In the PtE scheme, the foremost contributors are NH; emissions caused by additional artificial fertilizers
application (1.2 X 107! IE-ha™!) and the emission of nitrogen oxides caused by the incineration of the
PPR (7.9 x 1072 IE-ha™!). In the PtS scheme, the impacts are dominated by mainly Sulphur dioxide
and, as a smaller contributor, by the emission of nitrogen oxides from the hard coal incineration for
power generation (6.2 x 107! IE-ha™!).
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In practice, the two major significant parameters affecting the environmental impacts for the PtE
scenario are the overall distance (orchard-final user) and the type of substituted energy. As mentioned
above, it was shown by Dyjakon et al. [43], that even with larger distances, the impact of the transport
to the overall results stays limited, even where the transport distance is increased by a factor of up to
100. Therefore, the sensitivity of the considered scenarios was determined towards a change in energy
source for the modeling of the substituted power generation. In the basic scenario, electricity from coal
was used, which was changed to the Spanish electricity mix.

4.2. Sensitivity Analysis—Change in Substituted Energy Source for Power Generation

In Figure 6, the effects in the considered ILCD LCIA categories are given for the two investigated
scenarios: energetic use of the PPR for electricity production (PtE) and leaving the PPR in the orchard
with consequent additional power generation according to the Spanish electricity mix.

The results showed that the change in energy source drastically changes the environmental impacts.
The PtE scenario remains the same, as no changes were introduced there (see also Figure 5, which scale
was kept in Figure 6 for the sake of comparison). For the PtS scenario, however, the impact in all impact
categories is strongly reduced. Now, the PtS scenario shows smaller impacts than the PtE scenario
in all considered impact categories except for the Climate Change Potential. The Climate Change
Potential for the PtS scenario also significantly drops, but it stays larger than for the PtE scenario.

Photochemical ozone formation, human health - PtS ‘ ‘ . ‘
M PtE Harvesting
Photochemical ozone formation, human health - PtE I- ® PtE Transport
] H PtE Storage
Particulate matter/Respiratory inorganics - PtS B PtE Power generation
) B PtE Soil effects
Particulate matter/Respiratory inorganics - PtE 7- PtS Mulching
Eutrophication terrestrial - PtS PtS Soil effects
] PtS Power substitution

Eutrophication terrestrial - PtE -T

Ecotoxicity freshwater - PtS

Ecotoxicity freshwater - PtE Iﬁ

Climate change, excl biogenic carbon - PtS
Climate change, excl biogenic carbon - PtE I

Acidification - PtS

Acidification - PtE H

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
EU27 2010 Inhabitant Equivalents (IE-ha)

Figure 6. Influence of the change of substituted source of electricity generation: Spanish electricity
mix (shown in the PtS scenario) instead of power from hard coal. (theoretical peach pruning potential
2.59 tFM-ha™1).

The strong decrease in impacts observed in the PtS scenario due to change from the substitution of
coal power to the Spanish electricity mix is not surprising, considering the high share of low emission
energy carries in that mix.
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It can be noted (Table 1) that almost 60% of the energy sources in Spain cause no emissions in the
use phase (wind, hydro, photovoltaic, thermal solar, and nuclear). Also, the emissions from natural gas
and biogas combustion are significantly lower, whereas the emission limits for waste incineration are
more stringent than those for other energy sources. Thus the strong decrease in environmental impacts
caused by the change in energy source for the substituted electricity generation can be explained.

Notwithstanding the above, the choice for the substitution of electricity generation based on hard
coal is justified. In the first place, in practice, only a hard coal power plant allows for a change in
fuel from hard coal to pruning residues. As a result, without any significant changes, in the existing
power plant, the PPR can be burnt. In other electricity generation technologies, this is not possible.
Secondly, hard coal power plants are the most polluting ones, with the highest GHG emissions, and are
therefore the most likely to be replaced by a renewable energy source, as the pruning residues are.
Thirdly, coal power plants tend to be older than the more recent renewable plants and, therefore, the first
in line to be closed down.

5. Conclusions

The LCA analysis presented in this study revealed that the utilization of pruning residues
from peach orchards for energy purposes (the generation of electricity), in contrast to leaving them
in the orchards, contributes to a meaningful (12-fold) reduction in the Global Warming Potential.
This is mainly caused by a substantial difference in CO, emissions within the power generation
processes. For the PtE and PtS value chains, the Climate Change Potential is 200 kg CO, eq.-ha™!
(or 27 kg CO, eq.-GJ 1) and 2360 kg CO, eq.-ha™!, respectively. As a consequence, the bioenergy
logistic chain can cause significant GHG savings in relation to the solutions based on fossil fuels.
For the peach orchard studied, a reduction potential of 2160 kg CO, eq.-ha™! or 294 kg CO; eq.-GJ ™! of
the generated electricity was realized.

In terms of other impact categories considered within the LCA analysis, the obtained values
were better for the PtE scenario: Photochemical Ozone Formation was three times lower than the PtS
(0.38 TE-ha! vs. 0.13 IE-ha~); Particulate matter/Respiratory 0.61 IE-ha~! for PtS and 0.11 IE-ha™! for
PtE; Ecotoxicity Freshwater (1.71 IE-ha~! vs. 0.32 IE-ha™!). Only the Eutrophication Terrestrial index
indicated slightly other values (0.27 IE-ha~! vs. 0.26 IE-ha™?). In general, the PtS scenario was dominated
by power substitution (electricity generation from coal combustion). In the PtE scenario, the power
generation process was also essential, but it was not always the most important. The environmental
assessment also showed that the impact of the intermediate processes (harvesting, storage, and transport
of peach pruning residues) was small compared to the impact of their thermal conversion process
(combustion). Also, with an increase of the arbitrary chosen total transport distance of 50 km
the energetic use of peach pruning residues in Aragén, Spain, will be environmentally benign,
although financially this may be less interesting.

In the current study, the harvested peach pruning residues are assumed to replace electricity
generation based on hard coal. A choice for a replacement of the electricity based on the Spanish
electricity mix would strongly change the outcomes, however, a choice for hard coal substitution is the
most likely.

In practice, the results are very valuable as they provide useful data not only for an orchard’s
owners (the biomass residues producers) but also for other participants in this logistic chain. Moreover,
the regional and external authorities dealing with the building/planning of the bioenergy market can
use them in the creation of the proper strategy for sustainable development comprising also economic,
social, and environmental issues.

This work opens a space for a wider analysis of different case studies focused on PtE strategy
as well as on the utilization of competing energy sources applied for electricity generation or heat
production. Also, the use of pruning residues for energy production in other climatic regions, with other
circumstances, e.g., for storage, is worth investigating.
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Abbreviations

BAP biomass action plan

DM dry mass

FM fresh mass

GHG greenhouse gas

GWP Global Warming Potential

IE inhabitant equivalent

ILCD international life cycle data

IPCC intergovernmental panel on climate change
ISO The International Organization for Standardization
LCA life cycle assessment

LHV lower heating value

ORC Organic Rankine Cycle

PPR peach pruning residues

PtE pruning to energy

PtS pruning to soil

SBR Styrene-Butadiene Rubber
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