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Abstract:

The current study aimed at evaluating potential environmental impacts for the production of
willow, alfalfa and straw from spring barley as feedstocks for bioenergy or biorefinery
systems. A method of Life Cycle Assessment was used to evaluate based on the following
impact categories: Global Warming Potential (GWP,4,), Eutrophication Potential (EP), Non-
Renewable Energy (NRE) use, Agricultural Land Occupation (ALO), Potential Freshwater
Ecotoxicity (PFWTox) and Soil quality. With regard to the methods, soil organic carbon
(SOC) change related to the land occupation was calculated based on the net carbon input to
the soil. Freshwater ecotoxicity was calculated using the comparative toxicity units of the
active ingredients and their average emission distribution fractions to air and freshwater. Soil
quality was based on the change in the SOC stock during the land use transformation (from
Danish forestry) to an arable land. Environmental impacts for straw were economically
allocated from the impacts obtained for spring barley. The results obtained per ton dry
matter showed a lower carbon footprint for willow and alfalfa compared to straw. It was due
to higher soil carbon sequestration and lower N,O emissions. Likewise, willow and alfalfa
had lower EP than straw. Straw had lowest NRE use compared to other biomasses. PFWTox
was lower in willow and alfalfa compared to straw. A critical negative effect on soil quality
was found with the spring barley production and hence for straw. Based on the energy output
to input ratio, willow performed better than other biomasses. On the basis of carbohydrate
content of straw, the equivalent dry matter of alfalfa and willow would be higher. The
environmental impacts of the selected biomasses in biorefinery therefore would differ based

on the conversion efficiency, e.g. of the carbohydrates in the related biorefinery processes.

Keywords: Energy crops, biorefinery feedstock, land use change, toxicity, environmental

sustainability, biomass utilization efficiency
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1. Introduction:

Increasing demands for food, feed, fibers and energy from the available agricultural land has
stressed to optimize the biomass productions from the available land. It has also stressed to
explore sustainable opportunities for the combined production of fuels, food/feed and
chemicals (Parajuli et al., 2015a). Biorefineries thus evolved to bring new value chains in the
biomass conversion by producing cascades of biobased products. The types of biomass used
is additionally important for their sustainable conversion to biofuels (Caputo et al., 2005),
since their different chemical composition (e.g., carbohydrate content) affecting the
biochemical conversions (Stephen et al., 2012). One of the crucial challenges for sustainable
biorefinery operation is maintaining a year-round supply of biomass (Cherubini et al., 2007).
This is relevant as over exploitation of biomasses would be on: soil carbon (C) sequestration
(Fargione et al., 2008), nitrous-oxide emissions (Crutzen et al., 2008), nitrate pollution
(Donner and Kucharik, 2008), biodiversity (Landis et al., 2008) and human health (Hill et
al., 2009). Likewise, soil quality is crucial for the long-term productivity of agricultural soil
and also for the provision of other ecosystem services (Mila I Canals et al., 2007a). Soil
quality is often assessed in terms of soil organic carbon change and fertility (Lal, 2015).
Likewise, sustainable management of available resources is also pertinent. Estimates show
that about 10—20% of existing grassland within the EU member states, approximately 16.4
million hectare (Mha), is available for alternative uses to animal feed production (Mandl,
2010). These have stressed to diversify the supply of biomass to different biorefinery systems

so that sustainable production of both fuel and non-fuel products is possible.

Life Cycle Assessment (LCA) has been widely used as a tool for assessing the environmental
sustainability of different production systems (European Commission, 2015). Most of the
LCA studies related to biomass production system have mainly focused on greenhouse gas
(GHG) balances. In order to select the right biomasses and processing methods, it is also
necessary to evaluate other impact categories besides GHG and energy balances (Wagner and
Lewandowski, 2016). These are helpful to avoid creating flawed decision support tools for
biorefining policies that may occur if evaluations are based on a single indicator (Finkbeiner,
2009). In most of the LCA studies, combinations of different crops including annual and
perennial grasses were partially covered and described. Mogensen et al. (2014) quantified the
impacts of producing different crops for livestock production, but mainly focussed on the
carbon footprint. Likewise, Pugesgaard et al. (2013) compared the energy balance and nitrate
leaching of annual crops and grasses in a rotation. Impacts of Soil Organic Carbon (SOC) on
the GHG balance was also partially addressed in most of the identified studies (Tonini et al.,
2012). In a study of Short Rotation Coppice (SRC), Dillen et al. (2013) focused on energy
balance, but assumed a less intensified farming system. Similar studies on SRC include

Goglio and Owende (2009), Pugesgaard et al. (2015) and Sabbatini et al. (2015), but they
2
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were based on different assumptions with regard to farming system. Gallego et al. (2011) was
limited for not covering SOC change in the overall GHG balances of alfalfa production.
Godard et al. (2013) compared six feedstock supply scenarios, but the emission factors and
other basic assumptions adopted in their modeling were less consistent with our study,
particularly regarding system boundary and the agro-climatic conditions. Wagner and
Lewandowski (2016) included a wide range of impact categories in their study, but it seemed
that the system boundary for the related emissions was differently used, e.g. for the
calculation of freshwater ecotoxicity. Birkved and Hauschild (2006) suggested that emissions
of pesticides to soil can occur indirectly, hence it is relevant to assess the relative emissions to
air and freshwater. Parajuli et al. (2016) using the tool PestLCI 2.0.6 presented the sensitivity
of using different types of pesticides and varying agro-climatic parameters on the emission
distribution fractions of the active ingredients. Based on their study, ecotoxicological
measures were sensitive to the types of active ingredients and the season of applying the

pesticides, as also coined in similar line in Dijkman et al. (2012).

Environmental sustainability assessments of the biomass production is one of the first steps
to be taken for ensuring sustainable diversification in their supplies and the conversions
(Parajuli et al., 2015a). In this study, LCA is used for evaluating the environmental footprints
of producing willow, alfalfa and straw from spring barley. The biomasses were selected on the
basis of their different physio-chemical and environmental qualities (Parajuli et al., 2015b).
Higher cellulose to lignin ratio in straw and willow can be regarded as a quality that qualifies
them for sugar-based biorefinery platforms. Likewise, the crude protein and carbohydrate
contents of alfalfa make it suitable for a green biorefinery technology to produce green
protein and other biochemicals (e.g. lysine, lactic acid) (Parajuli et al., 2015b). Straw is
regarded to induce a lower land use competition compared to other feedstocks (Kim and
Dale, 2004). Willow, in turn, is suited for cultivation on marginal land, reducing its
competition with food crops grown on fertile land (Helby et al., 2004). Willow also has an
effective nutrient uptake from soil, lower GHG emission and better fossil fuel energy balance
compared to fossil fuels (Murphy et al., 2014). The current study hence aims at evaluating
different types of biomass feedstocks taking into account the important environmental

impact categories.

2. Materials and Methods:

2.1. Goal, system boundaries and functional unit

The primary goal of this study is to provide a holistic view of resource requirements,
emissions and finally evaluating environmental impacts for the production of the selected
biomasses for utilizing them as bioenergy or biorefinery feedstocks. For this purpose, we take
into account the system-wide effects of resource utilization starting from material extraction,

processing, production and their utilization in an agricultural system. The system boundaries

3
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for the production of the selected biomasses are shown in Figure 1. The system boundaries
covered: (i) the background system (upstream processes) and (ii) the foreground system
(downstream processes). The background system included the production of the assumed
material inputs (e.g. fuel, chemicals, and agricultural machinery) and their supply to the
foreground system. All the necessary data related to the background system were based on
Ecoinvent 3 (Weidema et al., 2013), unless otherwise stated in the text below. Foreground
system included the actual farm operation activities and the related emissions during the
production of the selected crops. Data for the foreground system are elaborated in the section
2.3.

The functional unit (FU) of the assessment is 1 tonne dry matter (t DM) of the harvested
biomasses. Storage of the biomasses is not accounted within the system boundary. The
results of the environmental impacts are also shown in terms of energy in gigajoule (GJ) of

the harvested biomasses.

Figure 1: System boundaries for the selected biomasses and related elementary flows.
(Figure 1a represents the general system boundary and Figure 1b represents the production

cycle of willow.)
2.2. Environmental impact categories and the assessment methods

The environmental impact categories with their units are: (i) Global Warming Potential in
100 years (GWPyo0) (kg CO- eq), (ii) Eutrophication Potential (EP) (kg PO, eq), (iii) Non-
Renewable Energy (NRE) use (MJ eq), (iv) Agricultural Land Occupation (ALO) (m2), (v)
Potential Freshwater Ecotoxicity (PFWTox), expressed as ‘comparative eco-toxic units’
(CTU.) and (vi) Soil Quality (t C). These potential impacts were evaluated with respect to the
FU of the study.

The “EPD” method (Environdec, 2013) was used for the assessment of the first three impact
categories, while ALO was assessed using the ReCiPe method (Goedkoop et al., 2009).
PFWTox was calculated using the ILCD method (European Commission, 2012), and emission
distribution fractions of the pesticides at the farm level were based on the study reported by
Parajuli et al. (2016). The choice of different impact assessment methods was mainly due to
following two reasons: (i) to cover most of the selected impact categories by single method
and (ii) to interpret the results of the life cycle impact assessment, in the expressed units of
the selected impact categories, as described above. For the former point the EPD fulfilled by
covering the first there impact categories. The difference in the impact assessed, e.g. GWP40
or climate change in EPD and ILCD respectively was nominal. Likewise, the ILCD method
has implemented all the USEtox factors (Rosenbaum et al., 2008) that are suggested for
calculating the ecotoxicological measures (European Commission, 2012). The method also

interprets the result in terms of CTU,, as in the USEtox model. This offers flexibility to the
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researchers to use either of the methods and interpreting the results on the basis of common
unit. Moreover, ISO (2006) also does not recommend a specific method, suggesting that the
choice should be based on the specific requirements of the user (European Commission,

2010).

With regard to soil quality, it was considered as an environmental impact category, in
accordance to Brandao et al. (2011). SOC stock change (A SOC stock) was used as an
indicator of soil quality (IPCC, 2000; Mila I Canals et al., 2007a). The impact was defined as
a carbon deficit (or credit, indicated by negative values) with the unit ‘t C-year’, giving the
amount of extra carbon temporarily added to or removed from the soil compared to a

reference system of a study (Mila i Canals et al., 2007b).

2.3. Life Cycle Inventory Analysis

2.3.1. Crop production data

Table 1 shows the detailed Life Cycle Inventory (LCI) for the production of the selected
biomasses. All the material inputs (agro-chemicals, fuel, energy, etc.) were estimated on an
annual basis. These inputs were calculated from the total inputs estimated during the crop

production life cycles and were divided by their respective number of life cycle years.

With regard to straw production, the material inputs and the environmental burdens were
economically allocated from the production of spring barley. The allocation factor was 19% to
straw, calculated based on sale prices for straw and cereals for the period 2011-2015 (SEGES,
2015). The quantity of seeds for producing spring barley was based on Jergensen et al.
(2011). Yield of straw was 55% of the grain yield (Taghizadeh-Toosi et al., 2014a). The grain
yield was based on average figures of spring barley cultivated on Danish sandy soil (Oksen,
2012; Statistics Denmark, 2013). The frequencies of farm operations (tillage, application of
agro-chemicals and harvest) were all based on Jorgensen et al. (2011), or otherwise stated in
the text below. The application of synthetic fertilizer (N, P, K) followed the Danish
regulations (NaturErhvervstyrelsen, 2015). The amount and type of pesticides, i.e. the active
ingredients (a.is), assumed for spring barley were based on the actual practice on Danish
farms, as summarized in @rum and Samsge-Petersen (2014). Details on the application of the
selected pesticides over the crop production life cycle years are given in Table S.4 of the

Supporting Information (SI).

Production of willow was divided into two stages: (i) production of cuttings, (ii) production of
the main crop. The main crop production included the farm operations: field preparation
(tillage and application of agro-chemicals), planting of cuttings, harvesting and field
restoration at the end of the life cycle of 22 years (i.e. also including the cuttings production)
(Figure 1.b). The planting density was set to 12,000 cuttings ha (Sevel et al., 2012) and

material inputs for the cutting production are shown in SI3 (Table S.3). After the cutback

5
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process the cuttings were transported for the plantation to a distance of 3 km (to the farm,
single trip). The weight of the cuttings was 20 g cutting? (Rewald et al., 2016). The annual
application rate of pesticides for the production of willow was calculated from its total
recommended life cycle dose (SEGES, 2010) (see SI, Table S.4). The first fertilizer application
was assumed to take place after field preparation, since it has a tendency to lower the
potential nitrate leaching (Heller et al., 2003). Fertilization after planting was assumed to be
carried out in every harvest-year and a year after each of the harvest-years. This amounted to
13 applications per ha (1 + 2*6 harvests excluding the last harvest) for the 21 years (Figure
1.b). Frequency of farm operations was in accordance with Hamelin et al. (2012). The average
annual fertilizer input estimated from the life cycle years was comparable with Pugesgaard et
al. (2015). Willow harvesting was assumed to occur every three years (i.e. a total of seven
cuts), with the first harvest occurring after four years (Heller et al., 2003; Pugesgaard et al.,
2015). The annual average yield was based on the studies reported by Hamelin et al. (2012)
and Learke et al. (2010) (Table 1). A single-stage harvester (cut and chip) with a fuel
consumption of 14 lha* was assumed as the method of harvesting, which was representative
to Danish practice (Djomo et al., 2015). The fuel consumption was also consistent with the
studies Goglio and Owende (2009) and Heller et al. (2003). The restoration process involved
pressing back the stools into the soil and application of herbicides during summer (Gonzalez-
Garcia et al., 2012). Fuel consumption related to the pressing of stools was estimated to 38.7

1/ha (Njakou Djomo, 2016.pers. comm.).

With regard to alfalfa, it was assumed to be a rotational crop with a three-year rotational
cycle (Jorgensen et al., 2011) and with three harvests per year. The yield (Table 1) was taken
from NaturErhvervstyrelsen (2015) and Moller et al. (2005b). The quantity of seeds was
calculated from Jorgensen et al. (2011). The annual application of fertilizers was based on
SEGES (2010). Frequencies of farm operations were based on Jorgensen et al. (2011). Types
of herbicides and total doses over the crop production cycle were based on SEGES (2010)
(see SI, Table S.4). After the land preparation and growing the crop, the harvesting process
was followed by mowing, swathing, baling and loading of the fresh biomass (Jergensen et al.,
2011). The baled biomass was assumed to be transported to a distance of 3 km to the farm
(Table 1).

2.3.2.Calculation of emissions related to SOC change

SOC change was calculated from the net C input to the soil. Net C input was the difference
between the organic matter available to the soil from the selected crops and the reference
crop. Spring barley (with 100% straw incorporated into soil) was set as the reference crop
(Table 2). Spring barley was considered as the reference crop as it is one of the marginal crop
in Denmark potentially being displaced with the changes in the demand of land by other

crops (Tonini et al., 2012). It should be noted that in this study, production of straw from
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spring barely is also one of the selected biomasses, which then will have no displacement as
argued above. But, the production of straw, as one of the assessed feedstock accounted for 1t
DM recovered from the total yield from 1 ha of land. Rest of the residues was assumed to be
ploughed back into the soil. The removed 1t DM straw as feedstock to biorefinery was 46% of
the total yield. This led to meet the sustainable rate of recovering straw from field. The
sustainable recovery rate of straw is generally from 33% to 50% and was argued inducing

marginal changes on the SOC (Scarlat et al., 2010; Spottle et al., 2013).

The method to calculate the net C assimilation for spring barley (for straw) and alfalfa
followed Taghizadeh-Toosi et al. (2014a) and was based on the non-harvestable above- and
below-ground residues. The net non-harvestable residues for straw and alfalfa production
were calculated from the parameter (i.e. ratio of the total DM available from stubbles and
root to the net yield of the crops). The parameters for spring barley production was based on
Taghizadeh-Toosi et al. (2014a). In the case of alfalfa the necessary parameters were

calculated based on Djurhuus and Hansen (2003) and Pietsch et al. (2007) (see SI Table S.1).

In the case of willow, the non-harvestable above-ground biomass was partitioned into the
DM vyield from leaves and from woody material (branches, twigs), as shown in Eq. (i)
(Hamelin, 2011). Likewise, the amount of below-ground residues was calculated from the

fraction of total biomass production going to roots (fz) using Eq. (ii) (Hamelin, 2011).

NHAG = < PY + 7y | PY+—xPY ) )
DMW Py (1=f -fp) foy | e Eq.(i) (Hamelin et al., 2012).
20
fe fry 21| Eq (ii) (Hamelin et al., 2012).
NHBG DMW = m X Y + i xPY
L='R (=fpy) 22

where NHAGpuw = non-harvestable above-ground DM for willow; fi., = woody biomass loss
during harvest = 7.5%; f,y = expected primary yield of the total potential primary yield (PY) =
92.5%; f = proportion of total biomass production going to leaves = 20%; fr = proportion of
total biomass production allocated to roots = 25%; NHBGpmw = non-harvestable below-

ground residues for willow.

The primary yield (PY) of willow, i.e., the net biomass yield is shown in Table 1. All other
assumptions on the partitioning of the non-harvestable biomass (fiw,fi, fpy, fr), as shown in

Egs. (i and ii) are based on Hamelin et al. (2012).

Finally, SOC change for the selected biomasses production was calculated based on the
respective net C input (Table 2). Emissions due to SOC change were calculated in a 100-year

perspective, assuming an emission reduction potential of 9.7% of the net C input. Likewise,

7
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SOC change estimated for 20 years are also shown in Table 2, for which the emission

reduction potential was set to 19.8% of the net C input to soil (Petersen et al., 2013).
Table 1: Crop production data. All data are per ha

Table 2: Crop-specific assessment parameters used in the calculation of SOC change
2.3.3.Soil quality

There are number of factors that affect soil quality such as compaction, soil nutrients and
SOC stock (Arshad and Martin, 2002). In this study, for the assessment of soil quality change
in the SOC stock (A SOC, in t C hay!) was used as an indicator (Brandao et al., 2011; IPCC,
2000). The method used to calculate A SOC stock is presented in the form of Eq. (iii), and
was in accordance with Brandao et al. (2011) and Mila i Canals et al. (2007b). The first
component of the numerator in Eq. (iii) corresponds to the impact of the postponed
relaxation of the land use system (i.e. during transformation), and the second component
refers to the impact from changes in soil carbon in the current land use (i.e. during the
occupation of the land) (Brandao et al., 2011). Relaxation was defined as the tendency of the
soil quality of the current land use reverting to the prior level in terms of achieving the SOC
stock of the reference situation (Brandao et al., 2011). For this purpose, natural forest can be
regarded as a reference situation, assuming the current crop management was not in practice
(Mila i Canals et al., 2007b). In this study Danish forestry was assumed as the reference
situation, and the relaxation rate was adapted from Nielsen et al. (2010) and Griineberg et al.
(2014) (Table 3). Relaxation rate is the rate of SOC change that would take place if there is no
transformation of the land use, or if the land was undisturbed. Relaxation time is another
important parameter, since it is the period taken by the soil quality to revert to the
equilibrium condition (Brandao et al., 2011). It was calculated from Eq. (iv). The calculation
of A SOC stock was based on the amortization period of 20 years, where final year (tf) = 20
years, initial (tini) = 19. The annualized change in SOC stock (A SOC stock, expressed as t C
ha-t y-1) (Brandao et al., 2011) was thus calculated for the accounting period of 20 years. The
temporal scope of 20 years was chosen to be consistent with IPCC (2000) for the assessment
of soil quality. The A SOC stock was calculated considering the: (i) potential SOC stock
(SOCypa), i.e. if the forest land use was left undisturbed, (ii) initial SOC stock (SOCini), i.e. of
the currently used arable land and (iii) final SOC stock (SOCsn), i.e. the stock available at the
end after the annual SOC change during the land occupation contributes to the SOCi,i (Table
7). Both SOCp.t and SOCi,i are shown in Table 3. The annual rate of SOC change due to the
land occupation for producing the selected biomasses is shown in Table 2 (i.e. the values for

20 years).
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(SOCpot—SOCjni)*(trelax—tini)+1/ 2(trelax—tini)*(SOCjnj—SOC fin )
ASOCstock =

(t fin —tini)
............. Eq. (iii) (Brandao et al., 2011).
¢ N +( soilOchange]
relax — | "IN oasatiorate ) | e Eq. (iv)

Table 3: Basic parameters used for calculating the SOC stock change
2.3.4.Calculation of emission related to fertilizer application

A field N-balance method (Brentrup et al., 2000; Hansen et al., 2000) was used to calculate
N-leaching. All the N-related inputs and outputs (e.g. plant uptakes) and losses (Table 4)
were estimated before calculating N-leaching for the selected biomasses. Direct and indirect
nitrous-oxide emissions (N.O-N) were based on the emission factors reported in IPCC
(2006). The emission factor for NH; emission was set to 2% of the N-fertilizer input (EEA,
2013; Nemecek and Kégi, 2007) and from the crops it was set to 0.5 kg N haly-' (Sommer et
al., 2004). Denitrification was calculated using the SimDen model (Vinther, 2005). These
methods and models were used as they can represent variables of the specific agro-climatic
condition that the current study has considered. The soil organic nitrogen (SON) change was
calculated from the SOC change related to the land occupation of selected crops (Table 2) and
applying the C/N ratio of 1:10. The method was in accordance with Mogensen et al. (2014).

Phosphorus (P) losses were set to 5% of the P-surplus (Nielsen and Wenzel, 2007). The P-
surplus was calculated after accounting the P-uptakes by the plants (Mgller et al., 2000), as

summarized in Parajuli et al. (2016).
Table 4: Biomass-specific N balances and emissions. All data are per ha
2.3.5. Calculation of freshwater ecotoxicity

The total PFWTox was calculated covering the two levels: (i) at farm level, estimating the
emissions from pesticides during their application and (ii) at background level by covering
the toxic emissions related to the production of the assumed material inputs entering into the
agricultural system. At the farm level emission distribution fractions to air and freshwater of
the respective active ingredients were calculated from the SI provided in Parajuli et al.
(2016). The average emission distribution to air (first number in parentheses) and freshwater
(second number in parentheses) were in the order of: herbicides (8%, 0.003%); fungicides
(14.83%, 0.0003%); insecticides (5.63%, 0.00021%); growth regulator (36.92%, 0006%). For
the calculation of total PFWTox, the chemical class of the pesticides was identified based on

Footprint PPDB (2011) and ChemicalBook Inc. (2008), and when pesticide classes could not
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be identified from the two data sources they were classified as “unspecified class” (Weidema

et al., 2013).
2.4.  Sensitivity analysis

The sensitivity analyses covered following assessments and the results are presented in Table
7.

i. Variations in SOC change: It was calculated by varying the method to calculate the SOC
change compared to the basic scenario (Table 2, values for 20 years). In the sensitivity
analysis, the SOC change in 20 years was calculated using the method of IPCC Tier 1
(IPCC, 2006). The land use change factors assumed for the assessment are presented in
SI Table S.2.

ii. Variations on the results due to changes in the assumptions. The assessment included:

a. Effect of SOC change on GWP,o. It included assessment of GWP without SOC
change.

b. Effect of different type of N-fertilizer: It included urea instead of Calcium Ammonium
Nitrate (CAN) as a source of synthetic N-fertilizer. Changes were calculated for
GWP,0, and NRE use.

c. Two-stage harvest of willow and effect on GWP,4,: Specific fuel consumption in the
two-stage harvest technology is presented in the foot notes of Table 7.

iii. Variation in soil quality: This included the assessment of soil quality by varying: (a) the
rate of SOC change during the land occupation, as calculated from the above mentioned
method (in the point ‘ i) compared to those presented in Table 2, and (b) the initial
SOC stock (Table 5).

Table 5: Main parameters for the sensitivity analysis on the calculation of A SOC stock for

the production of the selected crops

3. Results

3.1. Potential environmental impacts

Global Warming Potential: The obtained GWP,,, for producing straw was 264 kg CO. eq
tDM-. The impact of producing alfalfa and willow was only 32% and 38% respectively of the
impact calculated for straw (Table 6). On a hectare basis the results are shown in Figure 2,
which showed the lowest impact was for producing straw and the highest was for willow. In
the case of producing straw, emission from SOC change contributed 17% of the impact. In
contrast, for the production of willow and alfalfa the obtained SOC change was mitigating,
respectively 66% and 44% of the impact. The contribution from N,O emissions to the
obtained GWP,, of straw, willow and alfalfa production was 32%, 37% and 16% respectively

(Figure 3a). Variations on the N,O emission was primarily due to different fertilization rate
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(see Table 4). The production of agro-chemicals contributed with 29%, 71% and 41% to the
obtained impact for producing straw, willow and alfalfa respectively. The field operation
processes (tillage, application of agro-chemicals and harvest) contributed with 17% for straw.
For willow and alfalfa it was, respectively 45% and 75% of the obtained GWP,,, (Figure 3a).
Compared to other biomasses, alfalfa had higher contribution from the farm operation,
which was partly due to higher frequency of harvesting and loading and also due to higher
primary energy input to handle the biomass with higher moisture content (Table 1). The
production of the willow cuttings contributed 4.4% to the total GHG emissions obtained for
the biomass production. Contribution from the transportation was about 11% of the
respective GHG emissions obtained for both willow and alfalfa, and was 2% for straw. With
regard to the impact assessed per energy content of the biomass, it was lowest for willow,
followed by alfalfa and straw (Table 6).

Eutrophication Potential: The eutrophication potential expressed per t DM of the biomass
production was lowest for willow, followed by alfalfa and straw (Table 6). On a hectare basis
EP was lowest for straw among the selected biomasses (Figure 2). The impact was primarily
related to field emissions, e.g., nitrate leaching and ammonia and phosphate emissions (see
related emissions in Table 4). These jointly contributed 40%, 46% and 68%, respectively of
the total EP obtained for willow, alfalfa and straw (Figure 3b). It should be noted that
emission factors to the EP are higher for NH;, and N.O emissions than nitrate emissions
(Environdec, 2013), hence alfalfa with no synthetic fertilizer use had null NH; emissions
(related to fertilizer) and lower N,O emissions (Table 4) resulted with a lower EP compared

to straw based on spring barley.

Non-Renewable Energy use: The obtained NRE use was highest for alfalfa, which was partly
because of its higher harvesting frequency and higher primary energy use for baling the fresh
biomass with higher moisture content (Table 1). On a hectare basis, NRE use was lowest for
straw and highest for alfalfa (Figure 2). A major contributor to NRE use was the production
of agrochemicals. Production of agro-chemicals contributed 20%, 45% and 47% of the total
NRE use obtained for alfalfa, willow and straw productions respectively. For willow and
straw the impact was mainly due to the production of N-fertilizer (Figure 3c). In contrast to
the impact expressed per t DM, in terms of energy content it was the lowest for willow
compared to the other biomasses. Production of willow cuttings contributed with 3% to the
total NRE use calculated for willow, which was comparable to the range reported in Djomo et

al. (2011).
Agricultural Land Occupation and Potential Freshwater Ecotoxicity:

The ALO was lowest for alfalfa, followed by straw and willow. With regard to PFWTox,
particularly at farm level it was highest for straw, followed by alfalfa and willow (Table 6).

11
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The total PFWTox also resulted to be higher for straw production from spring barley, and was
lower in alfalfa and willow (Table 6). On the hectare basis, the impact was lowest for straw

and highest for alfalfa.
Soil quality:

A detrimental effect to soil quality was found for straw compared to willow and alfalfa (Table

6), which was partly due to:

(i) differences in the SOC change during the land occupation: SOC change during the
production of willow and alfalfa were -0.39 and -0.25 t C ha'y! respectively (Table 2).
In contrast emissions from the SOC change during the production of barley were 0.298
t C haty* (Table 2).

(ii) higher difference between the relaxation rate and the SOC change: The relaxation rate
was much higher (-0.31 t C ha'y?, Table 3) than the SOC change (0.298 t C ha'y! in
Table 2) in the case of producing spring barley. This thus requires a longer time to

revert the soil quality to the prior situation (i.e. to the level of SOCpq).

(iii) larger difference between the SOC,, and SOCsn: The impact was mainly caused by
the postponed relaxation-time during the production of the selected crops depending
on the differences between the SOC,x with SOCini and SOCsn (Table 3, Table 5 and
Table 7). The rate of SOC change due to the land occupation (Table 2), as discussed
above (in the point i) was the key factor on the scale of the differences between the
SOCini and SOCsn. Due to these differences the calculated relaxation time for spring
barley was 20.96 years (Table 7), indicating that a longer period would be required to
return to the level of natural relaxation (with forest as land use). A similar situation was
for alfalfa, but the difference between the relaxation rate and the SOC change was not
so high compared to spring barley. For willow there was an increase in the SOC stock,
as the relaxation time was shorter (i.e. 18.73 years, see Table 7), hence soil quality
would be able to revert quickly back to the reference situation (Table 7). Relaxatation

time for the selected biomasses is shown in Table 7.

For an annual crop similar effect was reported in Brandao et al. (2011), and highlighted that a
delay in relaxation would take place in such a situation (during the land use transformation)
and hence land occupation itself has little effect compared to the delayed relaxation. The
tendency of varying the soil quality as a result of different SOC change is further discussed in

section 4, and the results are presented in Table 9.

12
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Table 6: Environmental impact potentials per t DM biomass production
Table 7: Soil quality effects at the cropping stage
Figure 2: Environmental impact potentials per ha of the biomass production.

Figure 3: Environmental hotspots related to GWP.o0, EP and NRE use.

4. Sensitivity analysis

Table 7 lists the variations in the results for the selected categories. Details on the specific
assessments are as follows:

4.1 Variations in SOC change

With the use of IPCC method (IPCC, 2000), the annualized SOC change (in 20 years) for
willow changed from -0.4 t C ha'y* (basic scenario, Table 2) to -0.9 t C ha'y* (Table 7). The
result was however comparable to the range reported for SRC (Brandao et al., 2011; Dawson
and Smith, 2007; Murphy et al., 2014). For alfalfa, the SOC change was -0.25 t C hay! in
the basic scenario (Table 2), which increased to -0.62 t C hay! (Table 7) with the IPCC
method. The range covering both methods was close to the reported values for perennial
grasses and ley rotations, i.e. -0.5 to -0.62 t C ha'y! (Dawson and Smith, 2007). In the case
of straw it varied from 0.15 t C haty* (Table 2) to 0.32 t C hay* (Table 7).

4.2.  Variations in the Global Warming Potential-100

a. Effect of SOC change on GWP,,,: The carbon footprint of straw was 83% lower
without SOC change, whilst it was 60% and 70% higher for willow and alfalfa (Table 6 and
Table 8).

b. Effect of different type of N-fertilizer: Compared to CAN, if urea was assumed as the
source of N-fertilizer then the carbon footprint of producing straw and willow would be lower
by approximately 75%, but NRE use would be 94% higher (Table 6 and Table 8). The reason
for the higher GHG emissions on the use of CAN was related to the emissions during nitric
acid production, which is one of the important formulating compounds in the production of
CAN (Agri-footprint, 2014). There are additional consequences of applying urea, which was
not covered in the current assessment, e.g. higher NH; emissions. Such variation is primarily
related due to how quickly plant can uptake the available N, which is in fact rely on the forms
of available N from urea and CAN. This is however also relying on the agro-climatic

conditions and the seasons of application of the fertilizers (Brentrup et al., 2000).

c. Two-stage harvest of willow and effect on GWP,00: A two-stage harvesting process was
found to increase the obtained GWP,o, and NRE use by 19% and 37%, respectively compared
to the basic scenario (Table 6 and Table 8). This was due to the higher diesel consumption in

the two-stage harvesting method (reported in the footnotes of Table 8).
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Table 8: Sensitivity analysis on SOC change, GHG emissions and NRE use for the

production of the selected biomasses compared to the basic scenario
4.3.  Soil quality

Scenario-1 (S,) analyzed the effect of different SOC change on the soil quality (Table 9).
Hence, based on the SOC change estimated from the IPCC Tier 1 method, the change in SOC
stock was 0.3, -1.44 and -0.76 t C ha'y for straw, willow and alfalfa, respectively. Since, the
SOC change in S, was higher than the basic scenario, the differences between the SOCiy stock
and the SOC,. stock was lower or more accumulation of SOC to the pool. This was the
principal reason for the quick recovery of soil quality to the prior level, particularly for willow
and alfalfa (Table 9). Furthermore, selection of the SOCin; stock would also vary the results
(Table 9). For instance, for all the biomasses, the difference between the SOC,o: and SOCgin
would be lower if higher values are selected for the SOCiy (Table 5). In the case of alfalfa
when the result of basic scenario was compared with the sensitivity scenarios (S1, S2 and S3),
it can be concluded that SOC change induced during the land occupation was one of the
determining factors to either revert the soil quality to reference situation by accumulating the
SOC to the pool or deplete the quality by depleting the SOC input to the soil pool.

Table 9: Variations in calculated soil quality as a result of SOC change and initial SOC stock
(values are given per ha; negative value indicates an increase in SOC stock)

5. Discussions

5.1. Comparing the selected environmental impact categories with other studies

5.1.1. Straw production

Mogensen et al. (2014) reported a carbon footprint for the production of straw from barley,
excluding and including the SOC change to be 68 and 91 kg CO, eq t DM, respectively. The
difference in the carbon footprint compared to our study was partly due to the use of different
allocation factors (5% of the grain in their study), fertilization rates and emission factors of
diesel use and fertilizer production. In addition, there were also differences in the estimates
on the SOC change. In contrast, Korsaeth et al. (2012) reported a carbon footprint of straw
from spring barley as 356 kg CO. eq t DM (with SOC changes), which nominally differed
from this study and was mainly due to different allocation factors. Despite the tools used to
calculate SOC change were different but was based on similar approaches. Although there
were variations in the results compared to other studies, based on the contribution from
biomass production value chains the results were comparable with the stated other studies.
For instance, the contribution of N,O emissions to the GWP,0, as reported in this study
(section 3.1) was found to be similar to the range reported in Roer et al. (2012) and Kramer et
al. (1999).

Niero et al. (2015), Roer et al. (2012) and Korsaeth et al. (2012) reported a higher equivalent

score for freshwater ecotoxicity for spring barley compared to this study. The reason behind
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the differences was partly due to the different types and amount of pesticides applied, and
apparently a dissimilar emission distribution fractions of applied pesticides might be
principal reason for the differences. Furthermore, in Niero et al. (2015) emissions from the
inorganic elements deriving from animal slurry was also included, which was one of the main
reason for the difference.

5.1.2. Willow production

The carbon footprint of SRC, including willow, ranged from 0.6-12 kg CO., eq GJ* (Djomo et
al., 2011; Dubuisson and Sintzoff, 1998; Krzyzaniak et al., 2013; Matthews, 2001; Murphy et
al., 2014; Pacaldo et al., 2012). Heller et al. (2003) reported a value of 0.68 kg CO.eq GJ7, its
size explained by the higher carbon sequestration, which was based on below-ground
residues. There were also some variations in the methods used to estimate the residues and
carbon assimilation, e.g. with regard to the method for calculating the below-ground
residues. For instance, the shoot-to-root ratio was used in Pacaldo et al. (2012) and Heller et
al. (2003). Sartori et al. (2007) reported both decline and increase in the SOC change for the
different methods used for calculating the available residues in soil. Brandao et al. (2011)
reported farm-gate GHG emissions was -102 kg CO.eq GJ* (with -497 kg CO. eq haty!
avoided due to SOC change), but excluding SOC change gave comparable results to the

current study (Figure 2).

Diesel used in farm operations for willow contributed 0.5 GJ ha'y* (Table 1) and was
comparable to those found by Matthews (2001) and Pugesgaard et al. (2015). Including the
background processes, the total NRE use calculated per ha (Figure 2) was also close to 21.3
GJ hay, as reported by Matthews (2001). In contrast, Brandao et al. (2011) reported 6.4 GJ
hay as the total energy input. Minor differences compared to our study were related to the
processes covered by the background system, assumed life cycle span and the frequency of
fertilization. Regarding the freshwater ecotoxicity calculated for the foreground system it was

comparable to that of Salix (Nordborg et al., 2014).

5.1.3. Alfalfa production

Alfalfa production, as undersown in rotation (corn-soybean-alfalfa, conventional) was
reported with GHG emission and NRE use as 71 kg CO, eq ha*yand 1.5 GJ ha* respectively
(Adler et al., 2007). The differences in the results were also partly due to different emission
factors assumed for diesel use and the different system boundary used for the assessment. In
contrast, Gallego et al. (2011) reported a higher carbon footprint and a total NRE use of 3.8
GJ t DM. The difference was due to consideration of a drying process to achieve a higher
DM content (i.e. 89%) in their study. If the drying process was excluded from their results,
the value for NRE use was comparable. Likewise, Sooriya Arachchilage (2011) and Vellinga et
al. (2013) reported that GHG emissions for alfalfa (including the transportation to

biorefinery plant) was about 100 kg CO. eq t DM including transport to a biorefinery plant,
15
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which was close to our result. The reported NRE use by Vadas et al. (2008) was 4 GJ ha,
and this was based on the mass allocation from the total normal yields of crops in a four-year
rotation. The results of the current study on ha basis are shown in Figure 2.

With regard to EP, values for alfalfa ranged from 0.4 to 1.14 kg PO,3-eq t DM (Gallego et al.,
2011; Sooriya Arachchilage, 2011). The major contributing processes and emissions were
from applied N fertilizer, and the main substances responsible for the impact were NH;
emissions, nitrate and phosphate leaching, which is consistent with the results of the current
study, as reported in Table 4.

5.2. Soil quality and the affecting factors

In this study, an accumulation of SOC was found during the production of willow (i.e. -1.06 t
C hat y, Table 9), which was the result of a higher SOC change (Table 2) relative to the
relaxation rate (Table 5). The annualized SOC stock change (in t C ha*y?) for SRC is reported
to range from -0.3 to -2.8 t C ha! y, depending on the annualized period used for the
calculation (e.g. 25 to 115 years) (Dawson and Smith, 2007). The results obtained in our
study also fell within that range, as did the results of Falloon et al. (2004) and Murty et al.
(2002). Willow showed high potential for a quick recovery due to higher SOC change during
the land occupation than the relaxation rate (Table 9). This was opposite in the case of alfalfa,
but it was varying with the different rate of SOC change, as discussed in section 4.3 (Table 9).
For instance, for alfalfa potential improvement to the soil quality was found in S, and S;
compared to the basic scenario and S. (Table 9). Likewise, the annualized A SOC stock for
alfalfa (Table 6 and Table 9) was found comparable to leys in rotation and permanent
grassland (-0.35 to -1.6 t Cha'y), as reported in Guo and Gifford (2002), Murty et al. (2002)
and Smith et al. (1997). Termansen et al. (2015) reported that the effect on SOC stock during
the shift from a cereal crop rotation to grass was about -0.49 t C ha'y!in Danish soil, and
further argued that it will take place over a longer period until a new equilibrium in the soil is
reached (estimated to be 20-40 years). This was comparable to the situation for alfalfa, as
reported under S1 in the sensitivity analysis (Table 9). Meanwhile, there was a depletion of
SOC stock in the case of spring barely production (Table 6 and Table 9).

In general, conversion of a natural ecosystem, such as forest and grassland to managed
agriculture has about 10-59% decline in SOC stock. On the other hand by replacing crops
with pasture and woody plantation tends to increase SOC stock (Qin et al., 2016). In this
study, based on the obtained final SOC stock the impact of land use conversion (i.e. from
forest to arable land) showed 54% decline in SOC stock (Table 7 and Table 9). Moreover, in
relative to the initial SOC stock, the final SOC stock for willow and alfalfa showed
accumulation of SOC by 0.44% and 0.28% respectively, whilst the depletion in the case of
spring barley was 0.33%. Tonini and Astrup (2012) reported that during a land use change
from spring barley to willow the SOC stock change was -15 t Cha*; and during the conversion

from cropland to grassland it was -8 t C/ha. This was comparable to the non-annualized
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values of willow, i.e. -21 t C ha* and -29 t C ha?, as calculated from the basic scenario and S1
(Table 9). For alfalfa, based on S, it would be -15 t Cha (calculated from Table 9).

5.3. Utilization of biomasses

Based on the energy content of the selected biomasses, the current study showed that for
most of the impact categories, willow performed better compared to the rest of the biomasses
(Table 6). In addition, the total energy output-to-input ratio for producing 1 t DM of biomass
was 7, 13 and 7 for straw, willow and alfalfa, respectively. The value for willow was close to
the ratio of SRC reported in Manzone et al. (2009) and also corresponds to the lower range
for SRC reported in Djomo et al. (2011). The energy output to input ratio are relevant when
the biomasses have to be considered for thermo-chemical conversion of biomasses
(McKendry, 2002a). Moreover, other physio-chemical compositions of the biomass are also
relevant to prioritize them for specific biorefinery platforms (Parajuli et al., 2015b). For
instance, carbohydrate content of alfalfa, willow and straw are 60%, 56% and 76% (Mgller et
al., 2005a; Parajuli et al., 2015b). On the basis of carbohydrate content of straw, the
equivalent mass of alfalfa and willow would be thus 1.18 and 1.1 t DM. Hence the
environmental impacts of their biochemical conversions (e.g. in sugar based platform of
biorefinery) (Parajuli et al., 2015b) would be therefore differing based on the conversion
efficiency of the carbohydrates in the related biorefinery processes (Huang and Zhang, 2011).
Likewise, in general, net bio-energy conversion efficiencies for biomass combustion in power
plants range from 20% to 40%, integration of gasification and combustion (40-50%),
pyrolysis to produce bio-oil (up to 80%) (McKendry, 2002b) and for conversion to bioethanol
up to 70% (Larsen and Henriksen, 2014). In addition to these, if biomass utilization
efficiency (BUE) is used as a proxy indicator to measure the efficiency of utilizing waste
produced during their conversions then the conversion of biomass to bio-methane showed
BUE as 20.3, bioethanol (47.2 from glucose, whilst 34.6 to 38.1 from cellulose), pyrolytic
gasification (12.1 from cellulose), biodiesel (72.7 to 98) (Iffland et al., 2015). These showed
that optimum utilization of resources would thus be beneficial for their sustainable
conversions.

5.4. Consequences of biomass utilization

For the sustainability of biorefinery and bioenergy value chains the most important aspect is
to maintain a year round supply of biomass. Hence, this stresses to assess potential
consequences of utilizing biomasses, e.g. in relative to the current applications. For instance,
the current application sides of Danish recovered straw are 49% as fuel, 32% for fodder, and
19% as bedding materials in livestock houses (Gylling et al., 2013). Likewise, alfalfa is used
as a fodder and bioenergy crops (Segrensen et al., 2013). Willow is also increasingly used as
one of the options to energy crops (Nord-Larsen et al., 2015). Here, potential consequences
would be therefore on SOC change and soil fertility, if exploitation of residues exceeds the

sustainable recovery rate (Scarlat et al., 2010). Likewise, balancing the supply and demand of
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biomass both as bioenergy crops and biorefinery feedstocks would also be pertinent to
examine in the transitions of biomass applications (Parajuli et al., 2015a). On the other hand,
it was argued that biorefineries will be able to produce animal fodder, which can replace
some of the cereal that is used for animal fodder today. Estimates showed that if 10-15 % of
the dry matter in straw and grasses is converted to animal feed, a comparable feed
production will be able to achieve to what it is lost from the smaller area with cereal and rape
(Gylling et al., 2013). These features revealed that over-exploitation of biomasses for energy
purpose or for the production of materials could be an issue, in the absence of proper
management of land use, and have to be taken seriously if these biomasses are going to be a
fundamental platform of a Danish bioeconomy (Parajuli et al., 2015a). On the other hand, it
was also revealed that the opportunities of co-producing different products from biorefineries
can partially check the potential competitions among their alternative applications.

Apart from above discussed issues, in the current study effects of indirect land use change
was not included in the assessment of GHG emissions. It was to avoid methodological chaos,
which can be caused by summing average and marginal effects (Creutzig et al., 2012). These
however can be diligently examined when evaluating conversion of biomass into different
biobased products by adopting different approaches of the LCA.

6. Conclusions

The general conclusion of the study was that the advantages of perennial crops over annual
crops were their higher dry matter and energy yield, and were with relatively lower potential
environmental impacts. Net biomass yield was the driving factor for lowering the
environmental impacts for willow and alfalfa compared to straw. This was revealed from the
differences on the results presented on hectare basis and per t DM basis for the selected
crops. The impact was also determined by the material inputs, e.g. synthetic fertilizers,
mainly N-fertilizer, types and amount of pesticides and the frequency of farm operations
assumed during the production of the selected crops.

The study also showed the importance of understanding the implications of different
agricultural management practices to the overall environmental impact potentials, for
example with regard to SOC changes, maintenance of soil health and emissions from field
operations. Willow and alfalfa contributed positively to soil quality, and the result was
depending on the rate of SOC change that is induced during the land occupation. Willow and
alfalfa had a higher nutrient use efficiency and lower nutrient leaching, thus had relatively
lower EP. In addition, this study also showed that N,O emission was one of the major
contributors to GWP,,, obtained for the respective biomasses. For almost all impact
categories the production of agro-chemicals had the largest impact. This stresses the need of
minimizing the use of synthetic fertilizer, e.g. by recycling/reusing organic matter in waste
streams of biomass conversion technologies such as biorefineries. In the context of

diversifying the biomass supply, particularly in the thermo-chemical conversion routes it is
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relevant to know if the biomass production system is a net energy producer or a consumer.
On such assessment on willow showed it performing better among the selected biomasses.
With regard to NRE use, straw had the lowest impact compared to the rest of the biomasses.
The agricultural land occupation was lowest for alfalfa followed by straw and was highest for
willow. These showed mixed results for the biomasses with regard to different environmental
impact categories.

Finally, a comparison of biomass feedstocks as assessed at the farming system level may not
give a complete picture of the environmental sustainability, as it also depends on how
feedstocks are going to be utilized to satisfy societal demands. Feedstocks are also dependent
on their chemical constituents and hence their conversion efficiency in bioenergy and
biorefinery production chains. Hence, a future research perspective could be to assess the
environmental and economic impact of biomass conversions in relevant biorefinery
platforms and compare them with the conventional products. This requires integration of an
agricultural system LCA, e.g. assessed at the farm gate level as in this study, with the LCA of

the industrial processing of biomass to produce biobased products, e.g., via a biorefinery.

Acknowledgement

The article is written as part of a PhD study at the Department of Agroecology, Aarhus
University (AU), Denmark. The study is co-funded by the Bio-Value Platform
(http://biovalue.dk/), funded under the SPIR initiative by The Danish Council for Strategic

Research and The Danish Council for Technology and Innovation, case no: 0603-00522B
and is moreover relevant to the Nitroportugal EU project. The first author would like to thank
the Graduate School of Science and Technology (GSST) of AU for the PhD scholarship.
Thanks to Margit Schacht (from Agro Business Park) for providing necessary support in
editing this article. We appreciate the comments provided by the independent reviewers that

helped to improve the paper.

19


http://biovalue.dk/)

coNOUL P WN B

Reference List

Adhikari K, Hartemink AE, Minasny B, Bou Kheir R, Greve MB, Greve MH. Digital Mapping
of Soil Organic Carbon Contents and Stocks in Denmark. PLoS ONE 2014; 9: e105519.

Adler PR, Del Grosso SJ, Parton WJ. Life-Cycle Assessment of Net Greenhouse-Gas Flux for
Bioenergy Cropping Systems. Ecological Applications 2007; 17: 675-691.

Agri-footprint, 2014. Agri-footprint: Methodology and basic principles. Version 1.0. Blonk
Agri-footprint BV. The Netherlands. 1-36.https://www.pre-
sustainability.com/download/agri-footprint-methodology-and-basic-principles.pdf
(accessed May 20, 2014).

Arshad MA, Martin S. Identifying critical limits for soil quality indicators in agro-ecosystems.
Agriculture, Ecosystems & Environment 2002; 88: 153-160.

Berhongaray G, El Kasmioui O, Ceulemans R. Comparative analysis of harvesting machines
on an operational high-density short rotation woody crop (SRWC) culture: One-
process versus two-process harvest operation. Biomass and Bioenergy 2013; 58: 333-
342.

Birkved M, Hauschild MZ. PestLCI - A model for estimating field emissions of pesticides in
agricultural LCA. Ecological Modelling 2006; 198: 433-451.

Brandao M, Mila i Canals L, Clift R. Soil organic carbon changes in the cultivation of energy
crops: Implications for GHG balances and soil quality for use in LCA. Biomass and
Bioenergy 2011; 35: 2323-2336.

Brentrup F, Kiisters J, Lammel J, Kuhlmann H. Methods to estimate on-field nitrogen
emissions from crop production as an input to LCA studies in the agricultural sector.
The International Journal of Life Cycle Assessment 2000; 5: 349-357.

Caputo AC, Palumbo M, Pelagagge PM, Scacchia F. Economics of biomass energy utilization
in combustion and gasification plants: effects of logistic variables. Biomass &
Bioenergy 2005; 28: 35-51.

ChemicalBook Inc., 2008. CAS DataBase List. ChemicalBook Inc.
http://www.chemicalbook.com/CASDetailLiist 0 EN.htm (accessed Feb 22, 2015).

Cherubini F, Jungmeier G, Mandl M, Philips C, Wellisch M, Jorgensen H, et al., 2007. IEA
bioenergy Task 42 on biorefineries: co-production of fuels, chemicals, power and
materials from biomass. IEA Bioenergy Task 42 — Countries Report. 1-
37.http://www.biorefinery.nl/fileadmin/biorefinery/docs/CountryReportsIEABioene
rgyTask42Final170809.pdf (accessed Oct 22, 2014).

Creutzig F, Popp A, Plevin R, Luderer G, Minx J, Edenhofer O. Reconciling top-down and
bottom-up modelling on future bioenergy deployment. Nature Clim. Change 2012; 2:
320-327.

Crutzen PJ, Mosier AR, Smith KA, Winiwarter W. N<sub>2</sub>O release from agro-
biofuel production negates global warming reduction by replacing fossil fuels. Atmos.
Chem. Phys. 2008; 8: 389-395.

Dalgaard T, Halberg N, Porter JR. A model for fossil energy use in Danish agriculture used to
compare organic and conventional farming. Agriculture Ecosystems & Environment
2001; 87: 51-65.

Dawson JJC, Smith P. Carbon losses from soil and its consequences for land-use
management. Science of The Total Environment 2007; 382: 165-190.

Dijkman TJ, Birkved M, Hauschild MZ. PestLCI 2.0: a second generation model for
estimating emissions of pesticides from arable land in LCA. International Journal of
Life Cycle Assessment 2012; 17: 973-986.

Dillen SY, Djomo SN, Al Afas N, Vanbeveren S, Ceulemans R. Biomass yield and energy
balance of a short-rotation poplar coppice with multiple clones on degraded land
during 16 years. Biomass & Bioenergy 2013; 56: 157-165.

Djomo SN, Ac A, Zenone T, De Groote T, Bergante S, Facciotto G, et al. Energy performances
of intensive and extensive short rotation cropping systems for woody biomass
production in the EU. Renewable and Sustainable Energy Reviews 2015; 41: 845-854.

Djomo SN, Kasmioui OE, Ceulemans R. Energy and greenhouse gas balance of bioenergy
production from poplar and willow: a review. GCB Bioenergy 2011; 3: 181-197.

20


https://www.pre-sustainability.com/download/agri-footprint-methodology-and-basic-principles.pdf
https://www.pre-sustainability.com/download/agri-footprint-methodology-and-basic-principles.pdf
http://www.chemicalbook.com/CASDetailList_0_EN.htm
http://www.biorefinery.nl/fileadmin/biorefinery/docs/CountryReportsIEABioenergyTask42Final170809.pdf
http://www.biorefinery.nl/fileadmin/biorefinery/docs/CountryReportsIEABioenergyTask42Final170809.pdf

OO WN -

Djurhuus J, Hansen EM. Dry Matter and Nitrogen in Crop Residues in Agriculture. Internal
note. Aarhus University, Denmark, 2003, pp. 8.

Donner SD, Kucharik CJ. Corn-based ethanol production compromises goal of reducing
nitrogen export by the Mississippi River. Proceedings of the National Academy of
Sciences 2008; 105: 4513-4518.

Dubuisson X, Sintzoff I. Energy and CO2 balances in different power generation routes using
wood fuel from short rotation coppice. Biomass and Bioenergy 1998; 15: 379-390.

EEA, 2013. EMEP/EEA air pollutant emission inventory guidebook 2013. Copenhagen,
Denmark. 1-43.http://www.eea.europa.eu/publications/emep-eea-guidebook-2013
(accessed April 12, 2014).

Ellermann T, Andersen HV, Bossi R, Brandt J, Christensen JH, Frohn LM, et al., 2005.
Atmosfaerisk deposition 2005: NOVANA. DMU Report no.595. 1-
69.http://www2.dmu.dk/Pub/FR595.pdf (accessed Mar 12, 2014).

Environdec, 2013. EPD Method. Characterization factors for default impact assessment
categories. EPD International AB, Stockholm Sweden.
http://www.environdec.com/en/The-International-EPD-System/General-
Programme-Instructions/Characterisation-factors-for-default-impact-assessment-
categories/ (accessed Feb 02, 2015).

European Commission, 2010. Joint Research Centre - Institute for Environment and
Sustainability: International Reference Life Cycle Data System (ILCD) Handbook -
General guide for Life Cycle Assessment - Detailed guidance. First edition March
2010. EUR 24708 EN. Luxembourg. Publications Office of the European Union;
2010. 1-
417.http://publications.jrc.ec.europa.eu/repository/bitstream /JRC48157/iled _handb
ook-general guide for lca-detailed guidance 12march2010 isbn fin.pdf (accessed
May 15, 2015).

European Commission, 2012. Characterisation factors of the ILCD recommended life cycle
impact assessment methods. Database and supporting information. >RC.
Luxembourg. . 10 Luxembourg. 85727.http://eplca.jrc.ec.europa.eu/uploads/LCIA-
characterization-factors-of-the-ILCD.pdf (accessed Jan 5, 2016).

European Commission, 2015. Product Environmental Footprint (PEF). News. European
Commission, Brussels,

Belgium.http://ec.europa.eu/environment/eussd/smgp/ef news.htm (accessed Feb
4, 2016).

Falloon P, Powlson D, Smith P. Managing field margins for biodiversity and carbon
sequestration: A Great Britain case study. Soil Use and Management 2004; 20: 240-
247.

Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P. Land clearing and the biofuel carbon
debt. Science 2008; 319: 1235-8.

Finkbeiner M. Carbon footprinting—opportunities and threats. The International Journal of
Life Cycle Assessment 2009; 14: 91-94.

Footprint PPDB, 2011. The footprint pesticide properties database. Agriculture and
Environmental Research unit (AERU), University of Hertfordshire, page cited 28
April 2011.http://sitem.herts.ac.uk/aeru/ppdb/en/Reports/442.htm (accessed Dec
22, 2015).

Gallego A, Hospido A, Moreira MT, Feijoo G. Environmental assessment of dehydrated
alfalfa production in Spain. Resources, Conservation and Recycling 2011; 55: 1005-
1012.

Godard C, Boissy J, Gabrielle B. Life-cycle assessment of local feedstock supply scenarios to
compare candidate biomass sources. GCB Bioenergy 2013; 5: 16-29.

Goedkoop M, Heijungs R, Huijbregts M, De Schryver A, Struijs J, van Zelm R, 2009. ReCiPe
2008. A life cycle impact assessment method which comprises harmonised category
indicators at the midpoint and the endpoint level. First edition, Report I:
Characterisation. . 1-126.http://www.pre-
sustainability.com/download/misc/ReCiPe main report final 27-02-

2009 web.pdf (accessed Nov 5, 2014).

21


http://www.eea.europa.eu/publications/emep-eea-guidebook-2013
http://www2.dmu.dk/Pub/FR595.pdf
http://www.environdec.com/en/The-International-EPD-System/General-Programme-Instructions/Characterisation-factors-for-default-impact-assessment-categories/
http://www.environdec.com/en/The-International-EPD-System/General-Programme-Instructions/Characterisation-factors-for-default-impact-assessment-categories/
http://www.environdec.com/en/The-International-EPD-System/General-Programme-Instructions/Characterisation-factors-for-default-impact-assessment-categories/
http://publications.jrc.ec.europa.eu/repository/bitstream/JRC48157/ilcd_handbook-general_guide_for_lca-detailed_guidance_12march2010_isbn_fin.pdf
http://publications.jrc.ec.europa.eu/repository/bitstream/JRC48157/ilcd_handbook-general_guide_for_lca-detailed_guidance_12march2010_isbn_fin.pdf
http://eplca.jrc.ec.europa.eu/uploads/LCIA-characterization-factors-of-the-ILCD.pdf
http://eplca.jrc.ec.europa.eu/uploads/LCIA-characterization-factors-of-the-ILCD.pdf
http://ec.europa.eu/environment/eussd/smgp/ef_news.htm
http://sitem.herts.ac.uk/aeru/ppdb/en/Reports/442.htm
http://www.pre-sustainability.com/download/misc/ReCiPe_main_report_final_27-02-2009_web.pdf
http://www.pre-sustainability.com/download/misc/ReCiPe_main_report_final_27-02-2009_web.pdf
http://www.pre-sustainability.com/download/misc/ReCiPe_main_report_final_27-02-2009_web.pdf

OO WN -

Goglio P, Owende PMO. A screening LCA of short rotation coppice willow (Salix sp.)
feedstock production system for small-scale electricity generation. Biosystems
Engineering 2009; 103: 389-394.

Gonzalez-Garcia S, Mola-Yudego B, Dimitriou I, Aronsson P, Murphy R. Environmental
assessment of energy production based on long term commercial willow plantations
in Sweden. Sci Total Environ 2012; 421-422: 210-9.

Griineberg E, Ziche D, Wellbrock N. Organic carbon stocks and sequestration rates of forest
soils in Germany. Global Change Biology 2014; 20: 2644-2662.

Guo LB, Gifford RM. Soil carbon stocks and land use change: a meta analysis. Global Change
Biology 2002; 8: 345-360.

Gylling M, Jeorgensen U, Bentsen NS, Kristensen IT, Dalgaard T, Felby C, et al., 2013. The
+10 Million Tonnes Study : Increasing the sustainable production of biomass for
biorefineries. Fodevaregkonomisk Institut, Kebenhavns Universitet. 1-
32.http://curis.ku.dk/ws/files/47425822 (accessed Sep 15, 2013).

Hamelin L, 2011. Inventory report for modelling direct land use changes of perennial and
annual crop in Denmark. Version 0. Presented for the CEESA WP5 report.University
of Southern Denmark, Denmark. 1-137.
http://www.ceesa.plan.aau.dk/digitalAssets/114/114492 24178 Ici-report---direct-
luc-data-for-selected-e-crops-vi8-09-11-2010-ceesa.pdf (accessed Nov 17, 2014).

Hamelin L, Jorgensen U, Petersen BM, Olesen JE, Wenzel H. Modelling the carbon and
nitrogen balances of direct land use changes from energy crops in Denmark: a
consequential life cycle inventory. Global Change Biology Bioenergy 2012; 4: 889-
907.

Hansen B, Kristensen ES, Grant R, Hogh-Jensen H, Simmelsgaard SE, Olesen JE. Nitrogen
leaching from conventional versus organic farming systems — a systems modelling
approach. European Journal of Agronomy 2000; 13: 65-82.

Helby P, Borjesson P, Hansen AC, Roos A, Rosenqvist H, Takeuchi L, 2004. Market
Development Problems for Sustainable Bio-energy Systems in Sweden:(The
BIOMARK Project). Report no. 38. 1-
194.http://citeseerx.ist.psu.edu/viewdoc/download?d0i=10.1.1.198.3686&rep=rep1&t
ype=pdf (accessed April 15,, 2016).

Heller MC, Keoleian GA, Volk TA. Life cycle assessment of a willow bioenergy cropping
system. Biomass and Bioenergy 2003; 25: 147-165.

Hill J, Polasky S, Nelson E, Tilman D, Huo H, Ludwig L, et al. Climate change and health
costs of air emissions from biofuels and gasoline. Proceedings of the National
Academy of Sciences 2009; 106: 2077-2082.

Hogh-Jensen H, Kristensen ES. Estimation of Biological N2 Fixation in a Clover-Grass
System by the 15N Dilution Method and the Total-N Difference Method. Biological
Agriculture & Horticulture 1995; 11: 203-219.

Huang W-D, Zhang YHP. Energy Efficiency Analysis: Biomass-to-Wheel Efficiency Related
with Biofuels Production, Fuel Distribution, and Powertrain Systems. PLoS ONE
2011; 6: e22113.

Iffland K, Carus M, de Bie F, Diels L, van Haveren J, Willems P, et al. Definition, Calculation
and Comparison of the “Biomass Utilization Efficiencies (BUE)” of Various Bio-based
Chemicals, Polymers and Fuels. nova paper #8 on bio-based economy 2015-11. nova-
Institut GmbH, Germany. 2015: 1-26.

IPCC, 2000. Watson, R. T., Noble, IR., Bolin, B., Ravindranath, N. H., Verardo, DJ, Dokken,
DJ (Eds.). Land Use, Land-Use Change and Forestry. Intergovernmental Panel on
Climate Change. Available from Cambridge University Press, Cambridge, England. 1-
375.http://www.ipcc.ch/ipccreports/sres/land use/index.php?idp=98 (accessed Jun
05, 2016).

IPCC, 2006. 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by
the National Greenhouse Gas Inventories Programme, Eggleston H.S., Buendia L.,
Miwa K. Ngara T. and Tanabe K. (eds) Pubhshed IGES, Japan. 4. 11.1-

1/index.html (accessed Sep 27,

22


http://curis.ku.dk/ws/files/47425822
http://www.ceesa.plan.aau.dk/digitalAssets/114/114492_24178_lci-report---direct-luc-data-for-selected-e-crops-v18-09-11-2010-ceesa.pdf
http://www.ceesa.plan.aau.dk/digitalAssets/114/114492_24178_lci-report---direct-luc-data-for-selected-e-crops-v18-09-11-2010-ceesa.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.198.3686&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.198.3686&rep=rep1&type=pdf
http://www.ipcc.ch/ipccreports/sres/land_use/index.php?idp=98
http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html

OO WN -

ISO, 2006. ISO14040: Environmental Management—Life Cycle Assessment—Principles and
Framework.International Organization for Standardization. London: British
Standards Institution. 1-
20.http://www.iso.org/iso/catalogue detail?csnumber=37456 (accessed Jan 05,
2015).

Jorgensen K, (Edts)., Hummelmose AB, Pedersen BK, Wayen TT, Maegaard E, et al., 2011.
Budgetkalkuler 2010-pr. oktober 2010. SEGES, Aarhus, Denmark.
Denmark.https://www.landbrugsinfo.dk/Oekonomi/Budgetkalkuler/Sider/Budgetka
lkuler 2010-2011 okt10.aspx (accessed Feb 5, 2015).

Jorgensen M, Detlefsen N, Hutchings N. FarmN: A decision support tool for managing
Nitrogen flow at the farm level. EFITA/WCCA, EFITA konferencen, Vila Real,
Portugal, 2005, pp. 25-28.

Jorgensen U, Sgrensen P, Adamsen AP, Kristensen IT, 2008. Energi fra biomasse-Ressourcer
og teknologier vurderet i et regionalt perspektiv. Aarhus University, Aarhus,
Denmark. 78.

Kim S, Dale BE. Global potential bioethanol production from wasted crops and crop residues.
Biomass and Bioenergy 2004; 26: 361-375.

Korsaeth A, Jacobsen AZ, Roer AG, Henriksen TM, Sonesson U, Bonesmo H, et al.
Environmental life cycle assessment of cereal and bread production in Norway. Acta
Agriculturae Scandinavica, Section A — Animal Science 2012; 62: 242-253.

Kramer KJ, Moll HC, Nonhebel S. Total greenhouse gas emissions related to the Dutch crop
production system. Agriculture, Ecosystems & Environment 1999; 72: 9-16.

Krogh L, Noergaard A, Hermansen M, Greve MH, Balstroem T, Breuning-Madsen H.
Preliminary estimates of contemporary soil organic carbon stocks in Denmark using
multiple datasets and four scaling-up methods. Agriculture, Ecosystems &
Environment 2003; 96: 19-28.

Krzyzaniak M, Stolarski M, Szczukowski S, Tworkowski J. Life Cycle Assessment of Willow
Produced in Short Rotation Coppices for Energy Purposes. Journal of Biobased
Materials and Bioenergy 2013; 7: 566-578.

Leerke PE, Jargensen U, Kjeldsen JB. Udbytte af pil fra 15 ars forsgg. Plantekongress 2010 -
produktion, milje og natur, 232-233. Aarhus Universitet, Det
Jordbrugsvidenskabelige Fakultet., 2010, pp. 232-233.

Lal R. Restoring Soil Quality to Mitigate Soil Degradation. Sustainability 2015; 7: 5875.

Landis DA, Gardiner MM, van der Werf W, Swinton SM. Increasing corn for biofuel
production reduces biocontrol services in agricultural landscapes. Proceedings of the
National Academy of Sciences 2008; 105: 20552-20557.

Larsen J, Henriksen N, 2014. Status for the Inbicon technology by end of 2014. The Inbicon
process is ready for industrial scale. DONG Energy, Denmark. 1-
8.https://assets.dongenergy.com/DONGEnergyDocuments/Inbic/Status%20for%20t
he%20Inbicon%20technology%20by%20end%200f%202014.pdf (accessed May 15,
2016).

Mandl MG. Status of green biorefining in Europe. Biofuels, Bioproducts and Biorefining
2010; 4: 268-274.

Manzone M, Airoldi G, Balsari P. Energetic and economic evaluation of a poplar cultivation
for the biomass production in Italy. Biomass and Bioenergy 2009; 33: 1258-1264.

Matthews RW. Modelling of energy and carbon budgets of wood fuel coppice systems.
Biomass and Bioenergy 2001; 21: 1-19.

McKendry P. Energy production from biomass (Part 1): Overview of biomass. Bioresour
Technol 2002a; 83: 37-46.

McKendry P. Energy production from biomass (part 2): conversion technologies. Bioresource
Technology 2002b; 83: 47-54.

Mila I Canals L, Bauer C, Depestele J, Dubreuil A, Knuchel RF, Gaillard G, et al. Key
elements in a framework for land use impact assessment within LCA. International
Journal of Life Cycle Assessment 2007a; 12: 5-15.

23


http://www.iso.org/iso/catalogue_detail?csnumber=37456
https://www.landbrugsinfo.dk/Oekonomi/Budgetkalkuler/Sider/Budgetkalkuler_2010-2011_okt10.aspx
https://www.landbrugsinfo.dk/Oekonomi/Budgetkalkuler/Sider/Budgetkalkuler_2010-2011_okt10.aspx
https://assets.dongenergy.com/DONGEnergyDocuments/Inbic/Status%20for%20the%20Inbicon%20technology%20by%20end%20of%202014.pdf
https://assets.dongenergy.com/DONGEnergyDocuments/Inbic/Status%20for%20the%20Inbicon%20technology%20by%20end%20of%202014.pdf

OO WN -

Mila i Canals L, Romanya J, Cowell SJ. Method for assessing impacts on life support
functions (LSF) related to the use of 'fertile land' in Life Cycle Assessment (LCA).
Journal of Cleaner Production 2007b; 15: 1426-1440.

Mogensen L, Kristensen T, Nguyen TLT, Knudsen MT, Hermansen JE. Method for
calculating carbon footprint of cattle feeds — including contribution from soil carbon
changes and use of cattle manure. Journal of Cleaner Production 2014; 73: 40-51.

Mpoller J, Thogersen R, Helleshgj ME, Weisbjer M, Sgegaard K, Hvelplund T, 2005a.
Fodermiddltabel 2005. Sammensatning og fodervaerdi af fodermidler til kveeg.
Rapport nr. 112. SEGES, Aarhus, Denmark. . 1-
65.https://www.landbrugsinfo.dk/kvaeg/foder/sider/fodermiddeltabel 2005.aspx
(accessed July 22, 2015).

Mpoller J, Thogersen R, Kjeldsen A, Weisbjer M, Sgegaard K, Hvelplund T, et al., 2000.
Fodermiddltabel. Sammensatning og foderveardi af fodermidler til kvaeg.Rapport nr.
91. SEGES, Aarhus, Denmark. . 1-3.https://www.landbrugsinfo.dk (accessed July 22,
2015).

Mpoller J, Thogersen R, Kjeldsen A, Weisbjer M, Sgegaard K, Hvelplund T, et al., 2005b.
Fodermiddltabel 2005. Sammensatning og fodervardi af fodermidler til
kvaeg.https://www.landbrugsinfo.dk/kvaeg/foder/sider/fodermiddeltabel 2005.aspx
(accessed July 22, 2015).

Mpoller S, Christensen TB, Sloth N, 2012. Naeringsindhold i korn fra hasten. Videncenter for
Svineproduktion. Notat nr. 1226, Denmark. Denmark. 1-16.
http://vsp.If.dk/~/media/Files/PDF%20-
%20Publikationer/Notater%202012/Notat%20nr%201226.pdf (accessed Oct 7,
2015).

Moller S, Sloth N, 2013. Naeringsindhold i korn fra hgsten. Notat nr. 1334. Videncenter for
Svineproduktion, Denmark. . 1-16.http://vsp.lf.dk/~/media/Files/PDF%20-
%20Publikationer/Notater%202013/Notat 1334.ashx (accessed July 22, 2015).

Moller S, Sloth N, 2014. Naeringsindhold i korn fra hgsten.Notat nr. 1432. Videncenter for
Svineproduktion, Denmark. . 1-18.http://vsp.lf.dk/~/media/Files/PDF%20-
%20Publikationer/Notater%202014/Notat 1432.pdf (accessed Oct 7, 2015).

Murphy F, Devlin G, McDonnell K. Energy requirements and environmental impacts
associated with the production of short rotation willow (Salix sp.) chip in Ireland.
GCB Bioenergy 2014; 6: 727-739.

Murty D, Kirschbaum MUF, McMurtrie RE, McGilvray H. Does conversion of forest to
agricultural land change soil carbon and nitrogen? A review of the literature. Global
Change Biology 2002; 8: 105-123.

NaturErhvervstyrelsen, 2015. Vejledning om gedsknings-og harmoniregler: Planperioden 1.
august 2014 til 31. juli 2015. Document number 6. Agriculture and Fisheries (in
Danish). Ministeriet for Fadevarer, Landbrug og Fiskeri,Copenhagen, Denmark. . 1-
173.http://www.nordfynskommune.dk/~/media/Files/Dokumenter/Teknik%200g%
20Miljoe/Natur%200g%20Miljoe/Landbrug/Vejledning%200m%20g%C3%B8dnings
-%200g%20harmoniregler.pdf (accessed May 15, 2015).

Nemecek T, Kagi T. Life cycle inventories of agricultural production systems. Swiss Centre for
Life Cycle Inventories,, Duebendorf, Switzerland, 2007.

Nielsen O-K, Lyck E, Mikkelsen MH, Hoffmann L, Gyldenkarne S, Winther M, et al., 2010.
Denmark's National Inventory Report 2012. Emission Inventories 1990-2010 -
Submitted under the United Nations Framework Convention on Climate Change and
the Kyoto Protocol. Aarhus University, DCE — Danish Centre for Environment and
Energy, 1168 pp. Scientific Report from DCE — Danish Centre for Environment and
Energy No. 19. . 1-1171.http://www.dmu.dk/Pub/SR19.pdf (accessed Jun 15, 2016).

Nielsen P, 2004. Heat and power production from straw (Produktion af kraftvarme fra
halm). The Institute for Product Development, Denmark.
http://www.lcafood.dk/processes/energyconversion/heatandpowerfromstraw.htm
(accessed Oct 18, 2012).

24


https://www.landbrugsinfo.dk/kvaeg/foder/sider/fodermiddeltabel_2005.aspx
https://www.landbrugsinfo.dk/
https://www.landbrugsinfo.dk/kvaeg/foder/sider/fodermiddeltabel_2005.aspx
http://vsp.lf.dk/~/media/Files/PDF%20-%20Publikationer/Notater%202012/Notat%20nr%201226.pdf
http://vsp.lf.dk/~/media/Files/PDF%20-%20Publikationer/Notater%202012/Notat%20nr%201226.pdf
http://vsp.lf.dk/~/media/Files/PDF%20-%20Publikationer/Notater%202013/Notat_1334.ashx
http://vsp.lf.dk/~/media/Files/PDF%20-%20Publikationer/Notater%202013/Notat_1334.ashx
http://vsp.lf.dk/~/media/Files/PDF%20-%20Publikationer/Notater%202014/Notat_1432.pdf
http://vsp.lf.dk/~/media/Files/PDF%20-%20Publikationer/Notater%202014/Notat_1432.pdf
http://www.nordfynskommune.dk/~/media/Files/Dokumenter/Teknik%20og%20Miljoe/Natur%20og%20Miljoe/Landbrug/Vejledning%20om%20g%C3%B8dnings-%20og%20harmoniregler.pdf
http://www.nordfynskommune.dk/~/media/Files/Dokumenter/Teknik%20og%20Miljoe/Natur%20og%20Miljoe/Landbrug/Vejledning%20om%20g%C3%B8dnings-%20og%20harmoniregler.pdf
http://www.nordfynskommune.dk/~/media/Files/Dokumenter/Teknik%20og%20Miljoe/Natur%20og%20Miljoe/Landbrug/Vejledning%20om%20g%C3%B8dnings-%20og%20harmoniregler.pdf
http://www.dmu.dk/Pub/SR19.pdf
http://www.lcafood.dk/processes/energyconversion/heatandpowerfromstraw.htm

OO WN -

Nielsen PH, Wenzel H. Environmental assessment of Ronozyme® P5000 CT phytase as an
alternative to inorganic phosphate supplementation to pig feed used in intensive pig
production. The International Journal of Life Cycle Assessment 2007; 12: 514-520.

Niero M, Ingvordsen CH, Peltonen-Sainio P, Jalli M, Lyngkjeer MF, Hauschild MZ, et al. Eco-
efficient production of spring barley in a changed climate: A Life Cycle Assessment
including primary data from future climate scenarios. Agricultural Systems 2015; 136:
46-60.

Nord-Larsen T, Sevel L, Raulund-Rasmussen K. Commercially Grown Short Rotation
Coppice Willow in Denmark: Biomass Production and Factors Affecting Production.
BioEnergy Research 2015; 8: 325-339.

Nordborg M, Cederberg C, Berndes G. Modeling Potential Freshwater Ecotoxicity Impacts
Due to Pesticide Use in Biofuel Feedstock Production: The Cases of Maize, Rapeseed,
Salix, Soybean, Sugar Cane, and Wheat. Environmental Science & Technology 2014;
48:11379-11388.

Oksen A, 2012. Landbrugets driftsresultater 2011, Tabel 4. Malkekvaegsbrug - inddelt efter
besatningsstorrelse. Landbrugets driftsresultater 2011,SEGES P/S, Agro Food Park
15, 8200 Aarhus N. . Denmark. 1-
10.https://www.landbrugsinfo.dk/Oekonomi/Oekonomiske-
analyser/Driftsresultater-priser-prognoser/Sider/Landbrugets-driftsresultater-
2011.aspx (accessed Sep 22, 2015).

@rum JE, Samsge-Petersen L, 2014. Bekempelsesmiddelstatistik 2013:
behandlingshyppighed og belastning.Orientering fra Miljestyrelsen nr. 6, 2014.
Miljostyrelsen, Copenhagen, Denmark. 1-
66.http://www2.mst.dk/Udgiv/publikationer/2014/12/978-87-93283-33-6.pdf
(accessed Dec 15, 2015).

Pacaldo RS, Volk TA, Briggs RD. Greenhouse Gas Potentials of Shrub Willow Biomass Crops
Based on Below- and Aboveground Biomass Inventory Along a 19-Year
Chronosequence. BioEnergy Research 2012; 6: 252-262.

Parajuli R, Dalgaard T, Jargensen U, Adamsen APS, Knudsen MT, Birkved M, et al.
Biorefining in the prevailing energy and materials crisis: a review of sustainable
pathways for biorefinery value chains and sustainability assessment methodologies.
Renewable & Sustainable Energy Reviews 2015a; 43: 244-263.

Parajuli R, Knudsen MT, Dalgaard T. Multi-criteria assessment of yellow, green, and woody
biomasses: pre-screening of potential biomasses as feedstocks for biorefineries.
Biofuels Bioproducts & Biorefining-Biofpr 2015b; 9: 545-566.

Parajuli R, Kristensen IS, Knudsen MT, Mogensen L, Corona A, Birkved M, et al.
Environmental life cycle assessments of producing maize, grass-clover, ryegrass and
winter wheat straw for biorefinery. Journal of Cleaner Production 2016.

Parajuli R, Lokke S, Ostergaard PA, Knudsen MT, Schmidt JH, Dalgaard T. Life Cycle
Assessment of district heat production in a straw fired CHP plant. Biomass and
Bioenergy 2014; 68: 115-134.

Petersen BM, Knudsen MT, Hermansen JE, Halberg N. An approach to include soil carbon
changes in life cycle assessments. Journal of Cleaner Production 2013; 52: 217-224.

Pietsch G, Friedel JK, Freyer B. Lucerne management in an organic farming system under
dry site conditions. Field Crops Research 2007; 102: 104-118.

Pugesgaard S, Olesen JE, Jorgensen U, Dalgaard T. Biogas in organic agriculture—effects on
productivity, energy self-sufficiency and greenhouse gas emissions. Renewable
Agriculture and Food Systems 2013; 29: 28-41.

Pugesgaard S, Schelde K, Larsen SU, Laerke PE, Jorgensen U. Comparing annual and
perennial crops for bioenergy production - influence on nitrate leaching and energy
balance. GCB Bioenergy 2015; 7: 1136-1149.

Qin Z, Dunn JB, Kwon H, Mueller S, Wander MM. Soil carbon sequestration and land use
change associated with biofuel production: empirical evidence. GCB Bioenergy 2016;
8: 66-80.

25


https://www.landbrugsinfo.dk/Oekonomi/Oekonomiske-analyser/Driftsresultater-priser-prognoser/Sider/Landbrugets-driftsresultater-2011.aspx
https://www.landbrugsinfo.dk/Oekonomi/Oekonomiske-analyser/Driftsresultater-priser-prognoser/Sider/Landbrugets-driftsresultater-2011.aspx
https://www.landbrugsinfo.dk/Oekonomi/Oekonomiske-analyser/Driftsresultater-priser-prognoser/Sider/Landbrugets-driftsresultater-2011.aspx
http://www2.mst.dk/Udgiv/publikationer/2014/12/978-87-93283-33-6.pdf

OO WN -

Rasmussen J, Sgegaard K, Pirhofer-Walzl K, Eriksen J. N2-fixation and residual N effect of
four legume species and four companion grass species. European Journal of
Agronomy 2012; 36: 66-74.

Rewald B, Kunze ME, Godbold DL. NH4 : NO3 nutrition influence on biomass productivity
and root respiration of poplar and willow clones. GCB Bioenergy 2016; 8: 51-58.

Roer A-G, Korsaeth A, Henriksen TM, Michelsen O, Stremman AH. The influence of system
boundaries on life cycle assessment of grain production in central southeast Norway.
Agricultural Systems 2012; 111: 75-84.

Rosenbaum R, Bachmann T, Gold L, Huijbregts MJ, Jolliet O, Juraske R, et al. USEtox—the
UNEP-SETAC toxicity model: recommended characterisation factors for human
toxicity and freshwater ecotoxicity in life cycle impact assessment. The International
Journal of Life Cycle Assessment 2008; 13: 532-546.

Sabbatini S, Arriga N, Bertolini T, Castaldi S, Chiti T, Consalvo C, et al. Greenhouse gas
balance of cropland conversion to bioenergy poplar short rotation coppice.
Biogeosciences Discuss. 2015; 12: 8035-8084.

Sartori F, Lal R, Ebinger MH, Eaton JA. Changes in soil carbon and nutrient pools along a
chronosequence of poplar plantations in the Columbia Plateau, Oregon, USA.
Agriculture, Ecosystems & Environment 2007; 122: 325-339.

Scarlat N, Martinov M, Dallemand J-F. Assessment of the availability of agricultural crop
residues in the European Union: Potential and limitations for bioenergy use. Waste
Management 2010; 30: 1889-1897.

Schmidt JH, Dalgaard R, 2012. National and farm level carbon footprint of milk-
Methodology and results for Danish and Swedish milk 2005 at farm gate. Arla Foods,
Aarhus, Denmark. 1-119.http://lca-net.com/files/Arla-

Methodology report 20120724.pdf (accessed May 15, 2014).

SEGES, 2010. Growing instructions-Crops. SEGES, Agro Food Park, Aarhus, Denmark.
https://dyrk-
plant.dlbr.dk/Web/(S(pgsviibw4c1053wjgaisniip))/forms/Afgroeder.aspx?kategori=1
(accessed Sep 12, 2015).

SEGES, 2015. Farmtal Online. Vinterhvede (1.ars). SEGES, Agro Food Park, Aarhus,
Denmark.
https://farmtalonline.dlbr.dk/Kalkuler/VisKalkule.aspx?Prodgren=K 1150&Forudsa
etninger=31-12-2015:K 1150:1:1:2;1;2:1:1:1:3:1:n:n;0:n (accessed Feb 04, 2016).

Sevel L, Nord-Larsen T, Raulund-Rasmussen K. Biomass production of four willow clones
grown as short rotation coppice on two soil types in Denmark. Biomass and Bioenergy
2012; 46: 664-672.

Smith P, Powlson D, Glendining M, Smith JO. Potential for carbon sequestration in
European soils: preliminary estimates for five scenarios using results from long-term
experiments. Global Change Biology 1997; 3: 67-79.

Sommer SG, Schjoerring JK, Denmead OT. Ammonia Emission from Mineral Fertilizers and
Fertilized Crops. Advances in Agronomy. Volume 82. Academic Press, 2004, pp. 557-
622.

Sooriya Arachchilage K, 2011. Life cycle analysis of alfalfa stem-based bioethanol production
system. PhD thesis. Department of Chemical and Biological Engineering,University of
Saskatchewan. 1-158. http://ecommons.usask.ca/bitstream/handle/10388/ETD-
2011-08-166/SOORIYA-ARACHCHILAGE-THESIS.pdf?sequence=4 (accessed Jan
10, 2016).

Segrensen P, Kristensen E, Odokonyero K, Petersen SO. Utilization of nitrogen in legume-
based mobile green manures stored as compost or silage. Organic farming systems as
a driver for change 2013: 157-158.

Statistics Denmark, 2013. HST77: Harvest by region, crop and unit. Statistik om landbrug,
gartneri og skovbrug. Statbank Denmark, Denmark.
http://www.statistikbanken.dk/statbanksa/SelectVarVal/Define.asp?Maintable=HS
T77&PLanguage=1 (accessed Jul 07, 2015).

26


http://lca-net.com/files/Arla-Methodology_report_20120724.pdf
http://lca-net.com/files/Arla-Methodology_report_20120724.pdf
https://dyrk-plant.dlbr.dk/Web/(S(pgsviibw4c1053wjgai5ni1p))/forms/Afgroeder.aspx?kategori=1
https://dyrk-plant.dlbr.dk/Web/(S(pgsviibw4c1053wjgai5ni1p))/forms/Afgroeder.aspx?kategori=1
https://farmtalonline.dlbr.dk/Kalkuler/VisKalkule.aspx?Prodgren=K_1150&Forudsaetninger=31-12-2015;K_1150;1;1;2;1;2;1;1;1;3;1;n;n;0;n
https://farmtalonline.dlbr.dk/Kalkuler/VisKalkule.aspx?Prodgren=K_1150&Forudsaetninger=31-12-2015;K_1150;1;1;2;1;2;1;1;1;3;1;n;n;0;n
http://ecommons.usask.ca/bitstream/handle/10388/ETD-2011-08-166/SOORIYA-ARACHCHILAGE-THESIS.pdf?sequence=4
http://ecommons.usask.ca/bitstream/handle/10388/ETD-2011-08-166/SOORIYA-ARACHCHILAGE-THESIS.pdf?sequence=4
http://www.statistikbanken.dk/statbank5a/SelectVarVal/Define.asp?Maintable=HST77&PLanguage=1
http://www.statistikbanken.dk/statbank5a/SelectVarVal/Define.asp?Maintable=HST77&PLanguage=1

OO WN -

Stephen JD, Mabee WE, Saddler JN. Will second-generation ethanol be able to compete with
first-generation ethanol? Opportunities for cost reduction. Biofuels, Bioproducts and
Biorefining 2012; 6: 159-176.

Taghizadeh-Toosi A, Christensen BT, Hutchings NJ, Vejlin J, Katterer T, Glendining M, et al.
C-TOOL — A soil carbon model and its parameterisation. Ecological Modelling 2014a;
202: 11-25.

Taghizadeh-Toosi A, Olesen JE, Kristensen K, Elsgaard L, Ostergaard HS, Lagdsmand M, et
al. Changes in carbon stocks of Danish agricultural mineral soils between 1986 and
2009. European Journal of Soil Science 2014b; 65: 730-740.

Termansen M, Gylling M, Jorgensen U, Hermansen J, Hansen LB, Knudsen MT, et al., 2015.
GRON BIOMASSE. DCA RAPPORT NR. 068, Aarhus Universitet, Kebenhavns
Universitet. . 1-38.http://pure.au.dk/portal /files/93114938 /DCArapporto68.pdf
(accessed April 28, 2016).

Thegersen R, Kjeldsen AM. Grovfoder 2014. Tal om Kvag : Grovfoder, SEGES, Kveg..
Aarhus, Denmark. , 2014.

Tonini D, Astrup T. LCA of biomass-based energy systems: A case study for Denmark.
Applied Energy 2012; 99: 234-246.

Tonini D, Hamelin L, Wenzel H, Astrup T. Bioenergy Production from Perennial Energy
Crops: A Consequential LCA of 12 Bioenergy Scenarios including Land Use Changes.
Environmental Science & Technology 2012; 46: 13521-13530.

Vadas PA, Barnett KH, Undersander DJ. Economics and Energy of Ethanol Production from
Alfalfa, Corn, and Switchgrass in the Upper Midwest, USA. BioEnergy Research
2008; 1: 44-55.

Vellinga TV, Blonk H, Marinussen M, Van Zeist W, De Boer I, 2013. Methodology used in
feedprint: a tool quantifying greenhouse gas emissions of feed production and
utilization. Report 674. Wageningen UR Livestock Research. . 1-
121.http://edepot.wur.nl/254098 (accessed Jun 12, 2015).

Vils E, Sloth N, 2003. Videncenter for Svineproduktion. Naeringsindhold i korn fra hgsten,
Notat nr. 0345. Landsudvalget for svin, Dansk Landbrugsradgivning og Landscentret
| svin. Videncenter for svineproduktion, Denmark. 1-
12.http://vsp.lf.dk/Publikationer/Kilder/Notater/2004/0345.aspx?full=1 (accessed
Oct 7, 2015).

Vinther F, 2005. SimDen—A simple empirical model for quantification of N20 emission and
denitrification. Tjele, Denmark. 4.http://orgprints.org/5759/ (accessed Apr 22,
2015).

Wagner M, Lewandowski I. Relevance of environmental impact categories for perennial
biomass production. GCB Bioenergy 2016: n/a-n/a.

Weidema BP, Bauer C, Hischier R, Mutel C, Nemecek T, Reinhard J, et al., 2013. Overview
and methodology. Data quality guideline for the ecoinvent database version 3.
Ecoinvent Report 1(v3). St. Gallen: The ecoinvent Centre. Swiss Centre for Life Cycle
Inventories. 1-
159.http://www.ecoinvent.org/files/dataqualityguideline ecoinvent 3 20130506.pd
f (accessed Feb 12, 2015).

27


http://pure.au.dk/portal/files/93114938/DCArapport068.pdf
http://edepot.wur.nl/254098
http://vsp.lf.dk/Publikationer/Kilder/Notater/2004/0345.aspx?full=1
http://orgprints.org/5759/
http://www.ecoinvent.org/files/dataqualityguideline_ecoinvent_3_20130506.pdf
http://www.ecoinvent.org/files/dataqualityguideline_ecoinvent_3_20130506.pdf

Figure captions

Figure 1: System boundaries for the selected biomasses and related elementary flows.
(Figure 1a represents the general system boundary and Figure 1b represents the production

cycle of willow.).
Figure 2: Environmental impact potentials per ha of the biomass production.

Figure 3: Environmental hotspots related to GWP.o0, EP and NRE use.
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Table 1: Crop production data. All data are per ha

Amount Remarks
Materials Unit Spring Willow Alfalfa
barley-
straw
Inputs
Land (ha) ha 1 1 1
Seed (kg) hay+ 32 - 11 (Jorgensen et al., 2011).
Cuttings numbers ha* - 12000 - See section 2.3.1
) . (NaturErhvervstyrelsen,
Synthetic fertilizer? kg ha-ty-
2015)
N 23 74°
p 6 32 33
K 8 172 214
. after Hamelin et al.
Lime kg hay? 31.7 8 56
(2012)
Pesticides kg haty? 0.11 1.04 0.33 SI (Table S.5)
Lubrication oil I hay! 2 4 14 Dalgaard et al. (2001)
diesel (a + b); cuttings
Direct primary energy input MJ hay+ 492 458 4189  included in the case of
willow (SI Table S.3).
) ) Diesel input (Dalgaard
a. Field preparation® MJ haty! 325 214 688
et al., 2001)
b. Harvesting + loading -
. MJ hay? 167 234 3501
handlinge
c. Transport
- seedsd t km ha+ 6.1 - 2
Cuttings t km ha+ - 48 - SI, Table S.3
- agrochemicals® t km ha+ 14.25 73 78
- biomass t km ha+ 4.18 64 105
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(field to farm)f

Output at farm gate (net

yield)

Dry matter yield tDMhat'y! 2.24 10.63 12.2 See section 2.3.1
Lower heating values GJ haty! 34 199 170

Assumptions:

aN-fertilizer input: N-norms —N-fixation + N-seeds + N-deposition. (see Table 4)

b Included tillage and application of agrochemicals. Heating value of diesel = 35.95 MJI, Density =
0.84 kg/1 (Weidema et al., 2013).

¢Calculation for the loading and handling:

"Baling = DM/ha * bale/160 kgfw/% DM *1000 kg/t * 0.23 (Hamelin et al., 2012). Diesel input =
0.743 kg bale™.

¢ Bale loading (straw and alfalfa) = (Number of bales/ha /0.23) * 0.0811 kg/bale (Hamelin et al.,

2012).

! Loading for barley grain = 0.119 litre m3 fodder (Mgller et al., 2000). Fodder (m3) = DM/ha *
kgfw/DM% * 0.004 m3 fodder loading/kgfw *1000 kg/t (Hamelin et al., 2012).

dMass of seed * distance (= 200 km) (Parajuli et al., 2014).
e Materials (fertilizer + lime + pesticides) * distance (200 km)

f Tonnes of fresh biomass (at farm) * 3 km (single trip). Distance assumed, as in Mogensen et al.
(2014). DM content: straw (85%) and alfalfa (35%) (Mgller et al., 2005b), willow (50%) (Heller et
al., 2003). The emission stage for the truck used was EUR5 (Weidema et al., 2013), single trip.

8 Lower heating value (MJ kgDM): *straw bales = 15 (Nielsen, 2004); alfalfa bales = 14 (Jorgensen
et al., 2008); willow chips = 18.7 (Pugesgaard et al., 2015).
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Table 2: Crop-specific assessment parameters used in the calculation of SOC change

Parameters/Crop types Unit Spring barley ~ Willow Alfalfa
Net biomass yield? t DM hay 4.08 10.63 12.2
Straw yield t DM hay+ (2.24)% - -
Plant growth, total t DM hay 10.44b 13.27¢ 22,7b
Below-ground residuesP t DM hay+ 1.77b 5.22¢ 5.92b
Above-ground residues t DM hay+ 3.554 5.46¢ 3.174
Total plant residuese t DM hay+ 5.32 10.69 9.09
Plant residues Nf t N hay! 4.5%102 5.3%102 8.9%102
C input from residues from t C hay? 0.29 0.29 0.29
the reference crops
C input from DM from the
selected cropss tChay? 4 492 42
SOC change

- in 100 yearsh t C hayt 0.15 -0.19 -0.12

- in 20 yearst t C hay? 0.3 -0.4 -0.25
Emissions from  SOC t CO, haty? 0.54 -0.71 -0.45

change (100-years)’

Assumptions:

*Value in the parenthesis for spring barley represent the straw yield.

aSee section 2.3.1 for the data on biomass yield.

b Calculated based on Harvest index (alpha) and root mass (beta) relative to above-ground

residues for: barley (Taghizadeh-Toosi et al., 2014a); for alfalfa elaborated in SI, Table S.1. In

the case of barley, 1 t DM straw (i.e. 46% of the straw yield) was removed from the field, as

the feedstock.

¢Non-harvestable residues of willow were calculated based on Eq.(i) and Eq. (ii).

d Non-harvestable above-ground residues = Total plant residues — total root residues.

¢Total non-harvestable plant residues = above ground + below ground residues.

f Calculated from the “Total plant residue 4”. Norms of N content (% DM) in stubble/straw,

root. CP = Barley (10.6, 3.3) (average of years 2000-2013, based on reports (Mgller et al.,
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2005a; Moller et al., 2012; Mgller and Sloth, 2013; Mgller and Sloth, 2014; Vils and Sloth,
2003); willow (0.45) (Pugesgaard et al., 2015); and alfalfa (16.2, 14.7) (Djurhuus and Hansen,

2003; Thegersen and Kjeldsen, 2014).

g Calculated from the total C assimilation, i.e. 46% of the DM input (Taghizadeh-Toosi et al.,
2014a).
h'SOC change in 100 years = 9.7% of net C input (Petersen et al., 2013). Negative values

indicate soil C sequestration

1 SOC change in 20 years = 19.% of net C input (Petersen et al., 2013). Negative values

indicate soil C sequestration.

i Emission from SOC change (in t C ha*y) multiplied by the ratio of the mol. weight of CO. to
C (44/12).
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Table 3: Basic parameters used for calculating the SOC stock change

Parameters Basic Scenario
SOC change during the land occupation (t C ha-! y-?) See Table 2
Natural relaxation rate (t C ha-!y-)2 -0.31

SOCiy; stock (t C ha-1)b 90

SOC,pqt stock (t C ha-1)e 168
Assumptions:

aDanish forest land was used as the reference situation and the relaxation rate was assumed
as -0.31t C/ha/y (Griineberg et al., 2014; Nielsen et al., 2010). Negative value indicates soil

C sequestration during the reference situation.
b SOCini stock of agricultural land (Taghizadeh-Toosi et al., 2014b).

¢ SOCpot stock based on forest land use (Krogh et al., 2003).
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Table 4: Biomass-specific N balances and emissions. All data are per ha

Amount Comments/Remarks
Unit Barley_
Straw’ Willow Alfalfa
Total N-input? kg N hatyt 26 89 358
N-outputb kg N hatyt 16 48 201 Table 1
Field balance kg N haty* 10 41 67 Ninput-Noutput
N losses kg N hay+
(EEA, 2013; Nemecek
NH;-N 0.83 3.49 0.5 and Kagi, 2007;
Sommer et al., 2004)
NOx-N: NH;-N = 12:88
NOx-N 0.11 0.48 0.07 (Schmidt and Dalgaard,
2012)
Denitrification 0.17 9 13 (Vinther, 2005).
Soil change, N kg N haty*  -3.61 19 13 See section 2.3.4
Potential leaching kg N haty* 11 9 41 Field balance - losses
Total N,O-N losses kg N ha-ty!
0.41 0.85 0.34 (IPCC, 2006)
(direct +indirect)
P losses kg P hay+ 0.15 1.6 1.65 Section 2.3.4

Assumptions:
"N balance for straw was allocated from the spring barley production.
aTotal N'iHPUt = Fsn + Niixation” + 1\Idep05itionT + Nseed*.

P Nrixation for alfalfa = 353 kg N ha'y'(Heggh-Jensen and Kristensen, 1995) and (Rasmussen et

al., 2012).
"N deposition = 15 kg N ha* (Ellermann et al., 2005)
*Nseed calculated after the Farm-N model (Jorgensen et al., 2005).

b Calculated based on Crude N and the DM yield. kg N per t DM yield for: spring barley =
0.0173 and straw= 0.006 (Mgller et al., 2012; Mgller and Sloth, 2013, 2014; Vils and Sloth,

2003)), alfalfa =0.024 (Mgller et al., 2005a); Thogersen and Kjeldsen (2015) and willow =
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0.0045 (Pugesgaard et al., 2015).
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Table 5: Main parameters for the sensitivity analysis on the calculation of A SOC stock for

the production of the selected crops

Parameters and scenarios Scenario 1 Scenario 2 Scenario 3
(51 (S2) (Ss)

SOC change for the selected crops (t C ha-* y-1) IPCC Tier 12 Table 2P IPCC Tier 12

Relaxation rate (t C ha-!y-1)c -0.31 -0.31 -.31

SOCin stock (t Cha-1) 1534 1534 140¢

SOC,ot stock (t C ha-t a)e 168 168 168

Assumptions:

3 SOC change (in 20 years) based on IPCC method.

bTable 2 and using the (Petersen et al., 2013) method for 20 years.

¢ Relaxation rate = -0.31 t C ha-' y-}(Griineberg et al., 2014; Nielsen et al., 2010). Negative

values indicate soil C sequestration.
d Based on Adhikari et al. (2014).

e Based on Krogh et al. (2003).
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Table 6: Environmental impact potentials per t DM biomass production

Spring barley-

Environmental impacts Unit straw Willow  Alfalfa
GWP100

kg CO. eq t DM~ 264 100 84
- with SOC change?

kg CO. eq GJ™ 18 5 6

kg PO, eq t DM 1.35 0.8 1.26
EP

kg PO, eq GJ* 0.09 0.04 0.09

MJ eqt DM 1225 1416 1991
NRE use

MJ eq GJ! 82 76 143

m2t DM 869 949 852
ALO

m2 GJ+ 58 51 61
PFWTox

CTU. t DM~ 33 0.35 4.44
- at field level only

CTU. GJ! 2.23 0.02 0.32

CTUt DM 113 61 71
- total

CTU. GJ* 8 3 5

tCt DM 1.22 -0.1 0.06
Soil quality (A SOC stock)P

tCGJ 0.08 -0.01 0.004

aSOC during the occupation of land.

b ASOC stock indicates the change in the SOC stock due to transformation and the occupation

of land (see section 2.3.3). Negative value indicates an accumulation of SOC to the pool.
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Table 7: Soil quality effects at the cropping stage

Biomass source SOCip;2 SOCgnP trelax ®
Spring barley 90 89.7 20.96
Willow 90 90.39 18.73
Alfalfa 90 90.25 19.2

aSee section 2.3.3.

b SOCtin = SOCini + SOC change during the land occupation.
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1 Table 8: Sensitivity analysis on SOC change, GHG emissions and NRE use for the

2 production of the selected biomasses compared to the basic scenario

) ) ) Spring barley )
Impact potentials for the alternative scenarios . Willow Alfalfa
straw

A. Emissions due to soil C change in 20 years?

(t Chay?)
- Basic scenario @ 0.3 -0.4 -0.25
- Based on IPPC Tier 1 method (IPCC, 2006)b 0.32 -0.9 -0.62

B. Net GWPis0 (kg CO, eqt DM_I)

i. with SOC changec 264 100 84

ii. without SOC changed 222 167 120

iii. Changed N-fertilizer use (Urea)®

- Net GWPi00 (kg CO. eq t DM™) 212 63 -

- NRE use (MJ eq t DM1) 1283 1486

iv. Use of two-stage harvesting method for willow!

- Net GWP,o, (kg CO. eq t DM™) - 119 -
- NRE use (MJ eqt DM™) - 194 -
Assumptions:
a See Table 2

b See SI, Table S.2 for the factors of the land use changes.
¢See Table 6.
d Calculated from Table 6 by deducting the SOC change estimated for 100 years (see Table 2).

e Emission factor for Urea: GWP,, = 1.24 kg CO. eq kg N*and NRE use = 53.51 MJ eq kg N
(Agri-footprint, 2014).

f The basic scenario included singe stage harvester (cut and chip) (see section 2.3.1). For two-
stage harvester, diesel consumption = 22 kg ha* (for cutting) and 21 kg ha* (for chipping)

(Berhongaray et al., 2013).
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Table 9: Variations in calculated soil quality as a result of SOC change and initial SOC stock

(values are given per ha; negative value indicates an increase in SOC stock)

Spring barley
straw Willow Alfalfa

Scenarios A SOC relaxation A SOC relaxation A SOC relaxation

stock time stock time stock time

(tChay?) (years) (tChay?) (years) (tChaty?) (years)
Basic scenario® 1.47 20.96 -1.06 18.73 0.77 19.2
Sensitivity scenarios®
S, 0.30 21.03 -1.44 17.08 -0.76 18
S, 0.29 20.96 -0.21 18.73 0.15 19.2
S, 0.55 21.03 -2.69 17.08 -1.42 18

aMethods for the calculation are described in section 2.3.3.

bScenarios for the sensitivity analysis and the parameters are shown in Table 5.
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Inputs: Emissions to air: N2O, NHj, CO., chemicals etc.

Materials: I

- land, seed, machineries . T T T &  Outputs:
Energy: Farm (Biomass production) - Biomass

- Fuel - SOCchanges - non-harvestable residues
Chemicals: & «  Farm operations S CELeeR ORI PR

- fertilizers, pesticides

chemicals Emissions to aquatic system: e.g. NO;, P, chemicals etc.

Background processes (production of inputs) Foreground processes (at farm)

Figure 1.a. Schematic system boundary for the biomasses production

Fertilizer, fuel Herbicides Herbicides
Fertili Fertilizer Fertili Fertili o Inputs
Herbicides ertilizer Fertilizer Fertilizer ertilizer  Fertilizer Fertilizer
I S | O |
Rotation
[¢] 1 4 6 9 12 15 18 21 Years

Cutback Harvest 1 Harvest2  Harvest3  Harvestq4  Harvest5  Harvest6  Harvesty

Cutting field Plantation field Field Restoration
1 Figure 1.b. Schematic system boundary for the detail material inputs/activities for willow production at Foreground level
2 Fig.1
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PFWTox (total)
(CTU, hay™)

ALO (m2hay-1)

Fig. 2.

A SOC stock (t C ha'y)

NRE use (GJ eq haly?)

=+ Spring barley-straw
-m-Willow
~+Alfalfa

, GWP,, (kg CO,eq ha''y™)

EP (kg PO, eq ha''y™)
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Figure 3.c. NRE use, fossil
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