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Abstract:  

The aim of this study is to assess the potential environmental impacts of producing maize, 

grass-clover, ryegrass, and straw from winter wheat as biomass feedstocks for biorefinery. 

The Life Cycle Assessment (LCA) method included the following impact categories: Global 

Warming Potential (GWP100), Eutrophication Potential (EP), Non-Renewable Energy use 

(NRE), Potential Fresh Water Ecotoxicity (PFWTox) and Potential Biodiversity Damages 

(PBD). The results showed that GWP100 (in kg CO2 eq, including contribution from soil 

carbon change) for producing 1 ton of dry matter (t DM) was highest for ryegrass, grass-

clover and maize, and lowest for straw. The carbon footprints of ryegrass, grass-clover and 

maize were affected by including the contribution from soil organic carbon (SOC) changes. 

Nitrous oxide emissions and emissions related to the production of agro-chemicals (including 

N-fertilizer) were other hotspots in the carbon footprint. The EP calculated per t DM was 

highest for grass-clover, ryegrass and maize, and was lowest for straw. NRE use (MJ eq/t 

DM) was highest for ryegrass, grass-clover and maize and lowest for straw. Major hotspots 

were diesel use for field operations and agro-chemicals production. The PBD, expressed as 

Potentially Disappeared Fraction (PDF) showed the highest adverse impact to biodiversity in 

maize, followed by straw, whereas the results showed relatively lower impact for ryegrass and 

grass-clover. The PFWTox (CTUe/t DM), at farm level was highest for straw, followed by 

maize, whereas the values were significantly lower for grass-clover and ryegrass. These 

variations in ranking of the different biomasses productions using different impact categories 

for environmental performance showed that it is important to consider a wider range of 

impact categories for assessing environmental sustainability.  

Keywords:  Life Cycle Assessment, biorefinery, environmental impacts, ecotoxicity, soil 

organic carbon, Denmark  
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1. Introduction  

The current sustainability goals in the European Union (EU) are targeted to address energy 

insecurity concerns and emphasized on the promotion of a green growth economy through 

implementation of different measures including displacement of fossil fuels and 

establishment of a strong biobased economy (Nebe, 2011). The European Biorefinery Vision 

and Roadmap for 2030 (Kircher, 2012) clearly stressed on the importance of diversifying 

biomass production and development of biorefineries. Biomass is one of the principal input 

to biorefineries, hence environmental sustainability assessment of producing them are 

relevant for long term sustainability (Parajuli et al., 2015; Ragauskas et al., 2006). 

Life Cycle Assessment (LCA) is an analytical tool to calculate the potential environmental 

impacts of a production system (Rebitzer et al., 2004), and is one of the best available tools 

used in EU for different production sectors including agriculture (European Commission, 

2015). Few LCA studies have compared the environmental impacts of producing several 

biomass feedstocks, and most of them focused on the greenhouse gas (GHG) balances. 

Mogensen et al. (2014) made a comparison of different types of crops, however with a focus 

on carbon footprint. Vellinga et al. (2013) compared the environmental performance of fresh 

grass, grass silage and maize (silage), but focussed mainly on Global Warming Potential 

(GWP), and assumed constant rate of Soil Organic Carbon (SOC) change. In general, changes 

in SOC mainly depend on the land use change history (Guo and Gifford, 2002). Furthermore, 

few LCA studies have integrated the partial carbon budget for individual crops and combined 

these budgets with the biomass decay process, which changes with time perspectives on the 

release of CO2 from soil to the atmosphere (Petersen et al., 2013). These aspects are 

important to assess the importance of soil carbon cycling to the overall environmental 

impacts (e.g. GWP and aquatic eutrophication) (Powlson et al., 2011). Furthermore, it is also 

important to evaluate management options e.g. to analyse soil carbon sequestration 

possibilities while developing large scale biofuel production systems (Schmidt et al., 2011) 

and other high value renewable products (Parajuli et al., 2015). Furthermore, additional 

concerns, related to the effects of agro-chemicals (e.g., pesticides) released to the 

environment, land use change effects (direct and indirect) and potential biodiversity damages 

are relevant to be analysed when biomasses are to be screened for different conversion 

pathways. 

The aim of the present study was to include several impact categories for evaluating the 

environmental burdens of producing different biomass types representing Danish and similar 

type of agro-climatic condition. It included contribution from soil organic matter through use 

of C-tool (Petersen et al., 2013). Risks of pesticides leaching and eutrophication impact to the 

freshwater ecosystem are also included in the study. In general, in most of the LCA studies, 

while assessing impacts of pesticides, emission distributions of the active ingredients (a.is) to 
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air and freshwater (Birkved and Hauschild, 2006) were often not considered, and/or those if 

however included the effect of the local climatic parameters to the distributions were not 

considered. This study covered the emission distribution of pesticides to freshwater and air in 

a specific agro-climatic conditions and pesticides application scenarios (Dijkman et al., 

2012). 

2. Materials and Methods  

2.1. System boundary and functional unit  

The agricultural biomass production systems studied in this paper are: Maize, grass-clover, 

ryegrass and straw from winter wheat. Grass-clover and ryegrass are perennial crops grown 

in crop rotation, while others are annual crops. The defined system boundary for the biomass 

production is illustrated in Figure 1. The functional unit (FU) of the assessment is 1 t dry 

matter (DM) of the respective biomass types. In addition, the results are also expressed per 

hectare (ha) and per Mega Joule (MJ) of the harvested biomasses. 

Figure 1: The farm gate system boundary defined for the biomass production.  

2.2. Environmental impact categories and assessment methods 

The environmental impact categories are: Global Warming Potential-100 (GWP100) (with and 

without contribution from SOC changes), Eutrophication Potential (EP), Non-Renewable 

Energy (NRE) use, Potential Freshwater Ecotoxicity (PFWTox) and Potential Biodiversity 

Damage (PBD). The “EPD 2013” and “EPD 2008” method (Environdec, 2015) were used to 

calculate the first three impact categories. The PFWTox was calculated by covering the 

indirect emissions at the background processes (section 2.3) and emissions from the active 

ingredients (a.is) while applying to the field. For the foreground processes, the impact was 

calculated using the ILCD method (European Commission, 2012a). With regard to the 

applied pesticides, at the farm level PFWTox was calculated by using PestLCI 2.0.6 (Dijkman 

et al., 2012) and USEtox (Rosenbaum et al., 2008) models (section 2.4.4). The background 

and foreground toxicological measures were added to calculate the total PFWTox. The LCA 

modeling was done by using the PC tool “SimaPRO 8.0.4” (PRé Consultants, 2015). 

Regarding the PBD, it was based on the loss of plants species richness and was calculated by 

using characterisation factors (CFs), in accordance to Knudsen et al. (2016). It should be 

noted that in the case of straw, the environmental impact potentials were divided between 

wheat and wheat straw using economic allocation. The allocation factor was 19% to straw 

based on prices for sales of straw and cereals for the period 2011-2015 (SEGES, 2015a). 

 

2.3. Data source for the background and foreground processes 

The system boundary was constituted of: (i) the background system, (upstream side 

processes) and (ii) the foreground system (downstream side processes). The background 



4 
 

processes included the product system of material inputs (e.g. fuel, chemicals, and agro-

machineries) and their supply to the foreground processes. All the necessary data related to 

the background system were based on Ecoinvent 3 (Weidema et al., 2013), unless otherwise 

stated in the text.  

The foreground system included the central activities related to the biomass production 

(Figure 1). Necessary material inputs (Table 1) and assumptions for the related emissions at 

the foreground level are described in Table 2-4. Yield of maize, grass-clover and ryegrass 

were based on average Danish farm yields (2007-2011) (Kristensen, 2015; Statistics 

Denmark, 2013) and for the winter wheat grain (Oksen, 2012; Statistics Denmark, 2013) 

(Table 1). Straw represents 55% of the net cereal yield (Taghizadeh-Toosi et al., 2014).The 

synthetic fertilizer (N=Nitrogen, P= Phosphorous, K= Potassium) inputs are based on the 

current Danish regulation for nutrient application (NaturErhvervstyrelsen, 2015) (Table 1). 

The assumed synthetic fertilizers are: N=calcium ammonium nitrate (CAN) (NPK 26.5 at 

plant/RER/Economic), P= triple superphosphate (RER/Alloc Def, U) and K= potassium 

chloride (RER/Alloc Def, U). CFs for the emissions related to fertilizers were based on Agri-

footprint (2014) and Ecoinvent v3 (Weidema et al., 2013). Types of pesticides and mass of 

active ingredients (a.is.) were based on Ørum and Samsøe-Petersen (2014) and a detailed 

description of this can be found in the Supporting Information (SI). 

2.4. Life cycle inventory 

2.4.1. Crop production system 

In this study, the selected crops are assumed to be grown on Danish arable farm with sandy 

soils, i.e. the soil type JB1-JB4 (NaturErhvervstyrelsen, 2015); where the clay content (< 2 

μm particles) is less than 10%. The crops that are most commonly grown in the Danish arable 

land includes: cereals and fodder crops (e.g. temporary grass) accounting for 55% and 21% 

respectively of the Danish agricultural area (European Commission, 2012b).  

The production cycles for maize and winter wheat are assumed to be 1 year-cycle, and for 

grass-clover and ryegrass are assumed 2 years (Jørgensen et al., 2011). Frequencies of 

fertilizer application for the crops were: maize (2 times/year), grass-clover and ryegrass (3 

times/year) and winter wheat (2 times/year/ha). Likewise, frequency of pesticides spraying 

were: maize (2 times/year/ha), winter wheat (3 times/year) and for grass-clover and ryegrass 

were 2 times/year/ha (Jørgensen et al., 2011). The harvest frequency for grass-clover and 

ryegrass were four cuts in a year (Jørgensen et al., 2011). Diesel consumption for the farm 

operations was based on Dalgaard et al. (2001). Heating value and density of diesel in the 

current study are 35.95 MJ/l and 0.84 kg/l respectively (Weidema et al., 2013). The total 

primary energy input (in MJ/ha/y) for the selected crops are shown in Table 1. With regard 

to the production of winter wheat energy input for drying grain was included and set to 6.8 
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MJ (electricity) and 6.2 MJheat (heat, input as oil) per 100 kg of cereals respectively 

(Kristensen and Grundtoft, 2003). 

Table 1: Input-output for the crop production, per ha per year  

2.4.2. Calculation of soil carbon changes 

The C-tool model (Petersen et al., 2013) was used to simulate the soil organic carbon (SOC) 

turnover. With the set of parameters related to the C assimilation from residues and soil 

(Taghizadeh-Toosi et al., 2014) the model can evaluate effects of agricultural management 

options on SOC storage in temperate agricultural soils. In the current study, the initial SOC 

stock was assumed as 90 t C/ha (to the soil depth of 0-100 cm) and the carbon inputs from 

the plant residues are shown in Table 2. Details on the methods to run the model are 

described in Taghizadeh-Toosi et al. (2014). The SOC turnover was calculated as the 

differences between carbon input available from the reference land use and the current land 

use. Spring barley production (with 100% straw incorporated to soil) was assumed as the 

reference land use case (Table 2). The contribution from SOC change is calculated in a 100 

year perspective according to Petersen et al. (2013) assuming a sequestration of 9.7% of C 

input. 

Table 2: Carbon sequestration as a result of soil C changes between the reference land use 

and the production of the selected crops 

2.4.3. Calculation of N and P emissions 

A field N balance method was used to calculate N-leaching, after accounting for all the N-

related inputs and outputs (Table 4). Direct and indirect nitrous-oxide emission (N2O-N) 

were based on emissions factors reported in IPCC (2006). Factors assumed for NH3 emission 

from: N-fertilizer were based on reports (EEA, 2013; Nemecek and Kägi, 2007) and from the 

crops (Sommer et al., 2004). Denitrification was calculated using SimDen model (Vinther, 

2005). All the related basic assumptions are shown in Table 3. The Soil Organic Nitrogen 

(SON) change was calculated using the C-tool model (Taghizadeh-Toosi et al., 2014) and 

assuming 20 years cultivation with the same assumed yields and corresponding plant 

residues (Table 4).  

Table 3: Emission factors used in the study 

Table 4: N balances and emissions, per 1 ha of the crop production 

2.4.4. Emissions related to pesticide application at farm level  

Emission distributions of active ingredients (a.is) to air (fa), surface water (fsw), ground water 

(fgw) and the fraction being taken up by the plants (fuptake) (Birkved and Hauschild, 2006) 

were calculated by using the model PestLCI 2.0.6 (see SI Table S3-Table S5). For those a.is 
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not included in the PestLCI2.0.6, related mixing partners of the a.is (i.e. generally mixed 

while spraying) were chosen from the database (SEGES, 2015b) and by using expert 

judgements. For such a.is, average emission distribution fractions were calculated from the 

emissions simulated in different field scenarios (see SI, Table S2). The potential freshwater 

ecotoxicity (PFWTox) (Hauschild et al., 2013) was calculated by multiplying the emission 

distribution fractions (to air and surface water) with the respective comparative ecotoxicity 

units (expressed as CTUe per kg of emission) simulated by using USEtox model. The method 

was in accordance with Fantke et al. (2015) and Nordborg et al. (2014). 

2.4.5. Biodiversity changes 

The Potential Biodiversity Damage (PBD) was based on the loss of plant “species richness” 

and the approach, as suggested in De Schryver et al. (2010). The characterization factor (in 

PDF) used in this study were for: maize and winter wheat (0.68), grass-clover (0.09) and 

ryegrass (0.12), and represented conventional (intensive) farming (Knudsen et al., 2016). 

3. Results and discussion  

3.1. Life Cycle Inventory analysis  

The primary energy input per ha for the farm operations calculated in this study was close to 

the values reported in Mogensen et al. (2014), and the minor differences were partly because 

of differences in the assumed parameters, e.g. heat value of diesel was assumed as 36.4 MJ/l 

(Weidema et al., 2013) and fuel consumption for transporting biomass within the farm was 

separately shown as ton kilometre (t km) in this study, whilst was included in the energy 

consumed for the field work in their study.  

Upon the comparison among the selected biomass types considered in the current study, the 

primary energy input was found to be highest for producing maize, followed by grass-clover, 

ryegrass and straw (Table 1). It was partly related to diesel input for the tillage activities, 

which was higher for maize and winter wheat production. Likewise, the harvesting process 

for maize crop had energy input of 1891 MJ/ha/y and was higher than winter wheat. 

Moreover, the frequency of harvesting and handling of grass-clover and ryegrass with high 

moisture content was the reason for higher primary energy input among the selected 

biomasses (Table 1). Apart from this, straw accounted energy input for baling (assumptions 

are shown in the footnotes of Table 1). Likewise, both grass-clover and ryegrass were baled 

after harvest, and the primary energy input for harvesting was also higher for them (Table 1).  

Upon the analysis on the SOC changes, maize had a loss of 114 kg C/ha/y. In contrast, the 

SOC changes for grass-clover, ryegrass and straw showed tendency of mitigating GHG 

emission, which was -266, -340 and -16 kg C/ha/y for respectively. However, the SOC change 

is dependent on organic matter turnover in the soil and other agro-climatic conditions that 

influences the turnover (Benbi et al., 2014).  
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N-leaching was calculated by using the N balance method, which depends on the system 

boundaries and the N-flows, e.g. input-output of N and whether the internal flows are taken 

into account in the assessment (Watson et al., 2002). The calculation for N-leaching 

accounted all the forms of N-inputs (including the deduction of N-fixation for grass-clover 

mixture from the total N-input norms) and the internal flows (e.g. N emissions) and soil N 

changes. This study, focused on a single crop, but included the nitrogen left over after 

ryegrass and grass-clover (81 kg N/ha) as reduced fertilization application of the 2 year old 

grasses. The soil organic N availability for plant growth is also affected by the plant litter 

inputs maintaining the SOC stock despite of more decomposition (Philben et al., 2016). This 

was also reflected in our study, e.g. soil N mining was found in the case of maize production 

(-17 kg N/ha/y) with lower residues available to soil, and was opposite for the rest of the 

biomasses (Table 4). Of the total nitrous oxide (N2Odirect+indirect) emissions, the direct 

emissions was in the range of 79%-97%, primarily related to the emissions from the applied 

fertilizer. The highest range was represented by the production of ryegrass and the lowest by 

winter wheat. NH3 emission was highest with ryegrass, and was found mainly associated with 

the volatilization from the applied fertilizer (i.e. 92% of the total NH3 emission)  It was 59% 

in the case of maize, whereas was 89% and 59% of total NH3 emission (Table 4).  

3.2. Environmental impacts 

The net GHG emission calculated per ha of the biomass production was highest for ryegrass 

and was followed by maize, grass-clover and straw (Table 5). The impact per t DM was lowest 

for straw and highest for ryegrass (Figure 2). Soil carbon sequestration was highest for 

ryegrass and grass-clover, which had positive impact on mitigating the GHG emission (Table 

5). In contrast there was a debit of carbon emissions in the case of maize (Table 2). A similar 

order was found for the impact assessed per energy content (MJ) of the selected biomasses 

(Table 6).  

Eutrophication potential calculated per t DM of biomasses was highest for grass-clover, 

ryegrass and maize (Table 5 and Figure 2). With regard to NRE use calculated per t DM, it 

was highest for ryegrass, grass-clover and maize (Figure 2). The results were connected with 

the ratio of N-fertilizer utilization efficiency and the primary energy input depending on the 

frequency of farm operations that are carried out throughout the production cycle of the 

biomasses (Table 2). Similar order was found for the impact calculated per MJ of the 

harvested biomasses.  

With regard to the biodiversity impact, the negative impact was highest for maize and straw 

(Figure 2). The result showed lower impact on biodiversity for ryegrass and grass-clover 

compared to producing maize and straw. 
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Finally, the PFWTox related to the pesticides applied at farm level was highest for straw 

compared to rest of the biomasses (Table 5 and 2.b). The reasons behind having a higher 

PFWTox in the case of producing winter wheat crop and hence for straw was partly because 

of a higher amount of pesticides applied to the crop and the types of active ingredients used. 

In addition, the total PFWTox, i.e. including both the emissions at the background and 

foreground systems are shown in Table 5. The total ecotoxicity was related to emissions of 

toxic chemicals during the production of the material inputs going to the farm system.  

Table 5: Environmental impact potentials for the production of the selected biomasses, per 1 

ha  

Table 6: Environmental impact potentials of the selected biomass feedstocks per t DM and 

per MJ  

Figure 2: Environmental impact potentials of producing the selected biomass types (GWP100 

includes soil C change). 

3.3. Environmental hotspot assessments 

3.3.1. Global Warming Potential  

It was found that about 36%-46% of the gross GWP100 was a result of N2O emissions. The 

gross impact denotes the impact potential without SOC change. This is in line with Mogensen 

et al. (2014), Knudsen et al. (2014) and Kramer et al. (1999). The impact however can be 

lowered by about 40-50% with a low N input system compared to a high N- input system 

Hauggaard-Nielsen et al. (2016) suggested that the treatment of legume pure stand had about 

25-50% of the GHG emissions of the pure-stand grasses, depending on the level of N-inputs. 

In our study the legume-grass mixture (grass-clover) amounted 76% of the net GHG 

emissions of the purestand ryegrass (i.e. lowered by around 24%) (Table 5). The contribution 

from N-leaching to the total N2O emissions was however not significantly influencing the 

total GHG emissions, at least compared to the direct N2O emissions (section 3.1). Hauggaard-

Nielsen et al. (2016) reported that with a 50% higher or lower level of N-leaching would have 

an impact of varying the carbon footprint by only 2-5%. 

The production of agro-chemicals contributed in the range of 38% to 49% of the gross impact 

calculated for producing the biomasses. Significant amounts of N2O are emitted during the 

production of nitric acid, which is part of ammonium nitrate production, and was another 

reason for contributing for a higher impact, which was also checked after Agri-footprint 

(2014). However it can be mitigated technically, e.g. by the choices of different N-fertilizer 

types (Brentrup et al., 2004). The tendency of such is discussed in section 3.5.3. 

The contribution from the field operations (tillage + application of agro-chemicals + 

harvesting and loading) ranged from 6%-15% of the gross impact (Figure 3.a). In particular, 
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the contribution from the diesel input to produce 1 t DM of ryegrass and maize was higher for 

the process “harvesting and loading”. It covered 6% and 5% of the respective gross GWP100. 

Furthermore, in the stated contribution, indirect emissions from the machine used in the 

farm are not included. Transportation activities contributed in the range of 3-4% of the gross 

GWP100 for the selected crops (Figure 3). 

3.3.2. Eutrophication Potential 

Nitrate, ammonia and phosphate emissions jointly contributed with 53%-64% of the total EP 

for the selected biomasses (Figure 3.b). The EP was as a result of N-leaching and further 

compounded by NH3 emissions (see Table 4). It should be noted that EP for ryegrass ranked 

higher than maize (Table 5 and Figure 2), despite the N-leaching from the crop was the 

lowest. The reason behind this was that the characterization factors to the EP are higher for 

NH3, and N2O than nitrate emissions (Environdec, 2015). These emissions were higher in the 

ryegrass compared to the other crops (Table 4). Furthermore, it should also be taken into 

account that N-leaching generally depend on a number of parameters, e.g. temperature, 

precipitation, seasons, methods of fertilizer application, crop rotation history and changes in 

soil N; hence uncertainties exist. For instance, under different agro-climatic conditions 

nitrate leaching for maize was reported between 10-214 kg N/ha/y (Manevski et al., 2015); 

for grass-clover it was 4-21 kg N/ha for (Eriksen et al., 2004); and for winter wheat between 

42-75 kg N/ha (Elsgaard et al., 2010; Thomsen et al., 1993). Furthermore, generally, 

perennial ley farming is associated to a lower risk of nitrate leaching; however, it is 

dependent on the period of incorporating the fertilizer. For instance, Tidåker et al. (2014) 

reported that if the incorporation is made during the summer or early autumn before sowing 

the winter wheat ((a case of Swedish crop rotation) (Larsson et al., 2005)), more N would be 

leached compared to the late autumn or early spring (before sowing of spring barley). In 

addition to this, it was further stressed that a higher proportion of clover in the grass-clover 

mixture could further signify the importance of the timing of incorporating the fertilizer, and 

hence thus the resulting a reduction in eutrophication potential and the GHG emissions, in 

particular by lowering the amount of N-fertilizer. Improvements in agricultural management 

practices (Martinez-Alier et al., 1998) can control the nitrate leaching and thus also control 

the eutrophying potential to the aquatic environment (Kirchmann et al., 2002; McLenaghen 

et al., 1996). For example, introduction of winter “catch crops” can control nitrate leaching 

(Martinez-Alier et al., 1998), however the assessment should consider the potential changes 

in nitrogen dynamics in cropping system that may lead to change in nitrogen losses. Catch 

crops inclusion in a crop rotation is regarded as a management tool, because of which the 

prolonged soil cover and effective soil N uptake are argued to check the potential N-leaching 

(Thorup-Kristensen et al., 2003), which otherwise would be high especially in sandy soil and 

in the situation if the soil is left uncropped (Simmelsgaard, 1998) These tendencies of soil 
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nutrient management in a crop rotation cycle was limited in our study, especially tracking 

them in the N-balanced method. Furthermore, achieving a higher land use efficiency and at 

the same time lowering the NO3 leaching rates are among the ways to lower aquatic 

eutrophication potential (Brentrup et al., 2004). To correlate the rate at which the 

eutrophication potential may vary because of changes in the N-leaching is 0.1 kg PO4eq per 

kg of the nitrate emission (Environdec, 2015).  

In addition to the stated EP calculated for the selected biomasses, the production of agro-

chemicals, and mainly N-fertilizer contributed with 20%-43% of the total EP (Figure 3.b); the 

absolute values however were not modest (Table 5 and Figure 2).  

3.3.3. Non-Renewable Energy use 

The NRE use, related to diesel fuel consumption for maize, grass-clover, ryegrass and winter 

wheat was in the range of 17%-33% (Table 5). This was primarily related to the field 

operation processes. The lowest share was for grass-clover and ryegrass, which was partly 

because of the fact that on an annual basis these biomasses required less mechanical 

operations (e.g. only sowing) compared to other crops. Furthermore, the harvesting and 

loading covered 12% of the total NRE use for maize, which was followed by 16% for grass-

clover, 13% for ryegrass and 8% for winter wheat. Furthermore, agro-chemical production 

covered in the range of 56%-75% of the NRE use (Figure 3.c). Transportation activities 

contributed with 8%-11% of NRE use. The contribution from the seed production was lower; 

however, for winter wheat it contributed with 5% of the NRE use respectively (Table 5 and 

Figure 3.c). 

3.3.4. Other impact categories 

With regard to the impact of applying pesticides at the farm level, the calculated PFWTox 

score for straw produced from winter wheat was 1.06 CTUe/ t DM. PFWTox in the case of 

maize was lower compared to straw (Figure 3). Likewise, in the case of grass-clover and 

ryegrass it was lower by a 53-fold (Figure 2). However, crop-wise comparison showed that 

winter wheat production had the highest PFWTox (Figure 2). The reason behind the case of 

having the highest impact score in the case of winter wheat was related to higher emission 

distribution to air and freshwater per kg of applied active ingredients, particularly from the 

pesticides such as fluroxpyr, pendimethalin, epoxiconazole and pyraclostrobin. The 

characterization factors were also higher for these active ingredients (see supporting 

document-S3). Most importantly the total doze applied per ha in the case of winter wheat is 

6.12 kg a.is/ha/y. Likewise, the characterization factors of the other pesticides used in the 

case of other biomasses were found relatively lower. Regarding the total PFWTox, the major 

contribution was 13% from the emissions at the farm level, and rest was related to foreground 

processes and indirect emissions from the operation of farm utilities, e.g. 32% of the total 
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PFWTox in the case of winter wheat was related to seeds production and 15% was related to 

electricity production that was supplied for drying grains. In contrast emissions of pesticides 

at the farm level for grass-clover and ryegrass had a contribution of merely 0.03% of the total 

PFWTox, seed production contributed about 4%, and rest was related to the indirect 

emissions from the production and operations of farm utilities. In the case of maize seed 

production contributed 16% of the total PFWTox and emission from the applied pesticides 

contributed 0.8%.  

Figure 3: Environmental impact potentials in the related crop production value chains. 

3.4. Comparison with other studies 

Mogensen et al. (2014) suggested that the GWP100 (excluding soil C change), in kg CO2/t DM 

for maize was 224, while grass-clover= 404 and ryegrass= 503, which was close to the values 

found in this study. Similarly, Knudsen et al. (2014) reported that the carbon footprint for 

winter wheat (conventional) ranged from 297 to 478 kg CO2 eq/t DM/y, assessed for three 

different locations with different agro-climatic conditions. If the result for straw has to be 

compared on the basis of carbon footprint of winter wheat, our study gave 319 kg CO2 eq/t 

DM/y for the crop. Tuomisto et al. (2012) reported this to be 401 kg CO2 eq/ t DM for winter 

wheat, and in the similar range in Kramer et al. (1999). Likewise, it was in the range of 222-

692 kg CO2 eq/ t DM for wheat production in other European countries (Björnsson et al., 

2013; Nemecek et al., 2011; Vellinga et al., 2013). In Vellinga et al. (2013) a constant level of 

soil C sequestration (i.e 30 kg C) was assumed. In contrast, Mondelaers et al. (2009) reported 

a lower carbon footprint for wheat production in Europe (approximately 293 kg CO2eq/ t 

DM). The impact for winter wheat were even higher up to 735-879 kg CO2eq/t DM of the 

grain (Korsaeth et al., 2012; Roer et al., 2012), even with the straw incorporated to field. The 

impact calculated for the removed straw in the same study was 270 kg CO2eq/t DM. In the 

case of corn, Jayasundara et al. (2014) reported that the impact ranged from 243 to 353 kg 

CO2eq/t DM, which is fairly comparable with results calculated by excluding the SOC change 

in our study. Most of these studies calculated the impact per ton of grain only and there were 

differences in the amount of agro-chemicals used in the studies.  

The total NRE use for winter wheat and grass-clover was comparable with Pugesgaard et al. 

(2015) (13.8 and 15.7 GJ/ha/y respectively). For winter wheat production the energy demand 

was 3.7 GJ eq/t DM (Nemecek et al., 2011), and the differences was because of the level of 

intensification assumed in the crop production. For the ley production, the primary energy 

input was in the range of 1-1.8 GJ eq/t DM (Björnsson et al., 2013). In the same study, for 

winter wheat the primary energy input was 2-2.4 GJ eq/ t DM. The results varied in the range 

depending on the years of rotation with different yields and recirculation of nutrients 

(fertilizer from slurry). 
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The main reasons for the differences in the impact potentials (GWP, EP and NRE use) as 

discussed above were as follows: (i) fertilizer was a major contributor and the application rate 

of them were varied in the different studies, (ii) soil N2O emissions represents the major 

carbon emissions associated with fertilizer application, and some study results did not 

include this component, (iii) the CFs for the background activities and materials were also 

different, and (iv) differences in the yield of biomass and SOC changes. The unit processes 

contribution showed that the calculated impact potentials were in accordance with other 

studies (Niero et al., 2015; Roer et al., 2012).  

Regarding the PFWTox related to applied pesticides, Nordborg et al. (2014) reported that for 

maize and wheat crops it was approximately 50-150 and 260 CTUe/ha/y respectively, where 

the application rate were also significantly higher and the types of a.is were also different. 

The selection of the types of a.is showed to have significant role for varying the scores for 

freshwater ecotoxicity (SI, Table S3-S5). Roer et al. (2012) and Korsaeth et al. (2012) 

reported a higher equivalent ecotoxicity than this study. The main reason was the assumed 

system boundary that was able to cover the emissions related to applied pesticides and use of 

different active ingredients compared to this study. The type of a.is has different CFs (e.g. 

also demonstrated in SI Table S6).  

Finally, the overall environmental impact potentials calculated per t DM showed mixed 

results, e.g. ryegrass and grass-clover yielded with higher impact potentials for most of the 

impact categories compared to the rest of the biomasses. On contrary, winter wheat straw 

had the highest PFWTox and maize had the highest PBD. Furthermore, with regard to the 

biorefinery feedstocks, the selected biomasses varied based on the total carbohydrates 

content. Hence, on the basis of carbohydrate content, the total dry matter of grass-clover and 

ryegrass (with 65-68% per t DM) and maize (81% per t DM) that is required to deliver the 

equivalent quantity as in straw (with 92% per t DM) (Møller et al., 2005a) ranged from 1.4 to 

1.13 t DM respectively. In addition, in terms of crude protein content, grass-clover and 

ryegrass had highest (16.5% per t DM), whereas lowest in straw (3% per t DM) and maize 

(7.9% per t DM). These qualities are important in the context of producing desirable biobased 

products from biorefineries. The environmental burdens of the biomasses based on their 

chemical compositions thus also vary accordingly, with the above stated dry matter of the 

respective biomasses 

3.5. Sensitivity analysis focusing on GWP 

Sensitivity analyses are to assess the uncertainties with respect to the basic scenario.  

3.5.1. Effect of indirect land use change:  

 In LCA studies effect of indirect land use change (iLUC) is generally defined in terms of 

changes in the GHG emissions (Searchinger et al., 2008). Considering the uncertainties in 
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the iLUC models (Berndes et al., 2003), in the current study two different iLUC factors were 

assumed: 1.73 t CO2eq/ha (Audsley et al., 2009) and 1.43 t CO2eq/ha (Schmidt and Muños, 

2014). The net GWP100 was thus approximately higher by 40-66% after the iLUC factors were 

included (Table 7). 

3.5.2. Effect of the temporal perspective of emissions:  

Very few LCA studies have made a distinction between different timings of emissions 

(Petersen et al., 2013; Schmidt and Brandao, 2013) when calculating carbon footprints (and 

LCAs).  With regard to SOC changes, the added carbon to the soil, e.g. from biomass residues 

are released to atmosphere in different quantities over a longer period. As reported in 

Petersen et al. (2013) after 20 years, the C-tool simulation showed a continued soil C loss 

toward a new steady state and the yearly soil C losses were lower. Thus, the time perspective 

chosen to evaluate the C sequestration is relevant. The emission reduction potential because 

of SOC change was thus 9.7% in 100 years, whilst was 19.8% in 20 years (Petersen et al., 

2013). With regard to such variations included in this study, it was found that the SOC was 

doubled in 20 years compared to the basic scenario (Table 7). This was also presented with 

similar findings in Knudsen et al. (2014).  

3.5.3. Effect of changing the type of N-fertilizer:  

Compared to the use of CAN, if potassium-nitrate was applied to the field then the net 

GWP100 was found increasing by an average factor of 1.11 for the selected biomasses (Table 7). 

The selection of CAN compared to potassium nitrate alone would lower the impact potential 

by 78%, however this would be higher by 19% compared to the use of urea (Table 5 and Table 

7).  

3.5.4. Straw removal using consequential approach:  

The consequences of removing straw, instead of ploughing it back into the field (Petersen and 

Knudsen, 2010) are generally argued in two major areas: (i) displacement of nutrient (N,P,K) 

(Nguyen et al., 2013; Schmidt and Brandao, 2013) and (ii) loss of SOC (Dick et al., 1998). In 

this context, assuming that 30% of N and 100% for P and K contents of straw are available to 

the crops from the SOM (Nguyen et al., 2013), the removal of straw would add 25 kg CO2 eq/t 

DM. Likewise, the avoidance of soil C sequestration was 139 kg CO2eq/t DM of the straw 

removed (Table 7). This was in similar range as reported in Petersen and Knudsen (2010) 

and Parajuli et al. (2014). 

Table 7: Sensitivity analysis with respect to the basic scenario 

4. Conclusions 

The environmental impacts in case of GWP and NRE showed the same picture and ranking 

for the crop biomasses (highest for ryegrass, grass-clover and maize), whereas freshwater 

ecotoxicity (computed based on pesticides emissions at farm level) and the potential 
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biodiversity damages showed another picture. Straw turned out with highest PFWTox and 

maize had the highest negative effect to the biodiversity. The results also showed the effect of 

including soil carbon changes to the GWP. On an average about 35% of net GHG emissions 

related to ryegrass and grass-clover were mitigated because of SOC change. 

The study focuses on individual crops, even though the crops in practice are cultivated in a 

complete rotation cycle with other crops, which might affect the performance of the crops. 

The N losses and soil C changes in the current study were estimated and allocated to the 

single crops and uncertainties were discussed. In the current study, the grasses were grown 

for 2 years in a crop rotation, but it might be relevant to study the effect of growing the 

grasses several years or as even as permanent grass, and to study the effect of increased 

harvest frequencies and reduced fertilizer and pesticide use or the demand in biorefinery 

sectors.  

Finally, the study highlights that environmental sustainability assessment of biomass 

production based on a single set of environmental impact category (e.g. GWP) could mislead 

the prioritization of biomass, thus it is relevant to undertake LCAs considering a wider set of 

environmental impact categories.  
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List of Tables:  

Table 1: Input-output for the crop production, per ha per year 

Particulars Unit 

Amount 
Comments/Remark

s 

Maize Grass-

clover 

Ryegrass Winter 

wheat 
  

Inputs       

Seeda kg seed ha-1 13 8 9 179 See footnotes 

Synthetic fertilizer kg ha-1 
   

 

(NaturErhvervstyrel

sen, 2015) 

N 
 

141 193b 279b 144 
 

P 
 

45 33 32 19  

K 
 

137 327 407 71  

Lime  kg ha-1 167 84 84 167 
(Hamelin et al., 

2012) 

Pesticides kg a.is ha-1 0.21 0.03 0.03 1.72  

Lubricant oil,  l ha-1 18 11 11 14 
(Dalgaard et al., 

2001) 

Direct primary 

energy input 

(diesel)d  

MJ ha-1 4955 3644 3794 3126 

Field operations = 

a+b+d.  

See footnotes and 

section 2.4.1 

a. Field 

preparationc 
MJ ha-1 3064 992 992 2135 

Tillage + agro-

chemicals 

applications  

b. Harvesting + 

loading and 

handlingd 

MJ ha-1 

1891 2652 2802 991 
 

c. Transport t km ha-1  
    

CF from Weidema 

et al. (2013) 

- seedse t km ha-1 2.5 1.6 1.8 35.8  

- agro-

chemicalsf 

t km ha-1 95 149 186 89 
 

- biomass (field 

to farm) g 

 

t km ha-1 30 23 26 27  
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d. Drying       
(Kristensen and 

Grundtoft, 2003) 

- Electricity  kWh ha-1 - - - 111 
 

- Heat MJ ha-1 - - - 364 

Output 
     

  

Net biomass yield t DM ha-1 9.91 7.71 8.75 9.1 
 

Net biomass 

yieldh 

GJ ha-1 161 108 121 48*  

a Seed quantity after Hamelin et al. (2012). (DM content based on Thøgersen and Kjeldsen 

(2014)). 

- Maize (kg seed/ha) = 4.4*10-4 kg per kg (wet) primary yield (PY) * kg PY/0.347 kg DM * t 

DM yield * 103 kg DM/ha. 

- Grass-clover: (kg seed/ha) = 3.7*10-4  kg per kg (wet) PY * kg PY/0.35 kg DM * t DM yield * 

103 kg DM/ha. Proportion of grass: clover (80:20) assumed for the seed mass.  

- Ryegrass: similar to grass-clover (100 % of the grass-seed).  

- Winter wheat: 2.6*10-4  kg per kg (wet) PY* kg PY/0.85 kg DM * t DM yield. 
b N-fertilizer: Grass-clover and ryegrass = N-norm – reduced quota (40.5 kg N/ha/y) in the crop 

following the grasses (NaturErhvervstyrelsen, 2015). 
c Includes tillage and application of agro-chemicals. Heating value of diesel= 35.95 MJl-1, 

Density= 0.84 kg/l (Weidema et al., 2013). 
d Calculation for the loading and handling :   

† Baling (straw, grass-clover and ryegrass)= DM/ha * bale/160 kgfw/%DM kg DM *1000 kg/t 

* 0.23 = bales/ha Diesel = 0.743 kg/bale (Hamelin et al., 2012). 
ϼ Bale loading= (Number of bales/ha /0.23) * 0.0811 kg/bale (Hamelin et al., 2012). Diesel = 

3 l/ha (Dalgaard et al., 2001). 
↓ Loading for maize = 0.119 l m-3 fodder (Møller et al., 2000). Fodder (m3) = DM/ha * 

kgfw/DM% * 0.004 m3 fodder loading/kgfw *1000 kg/t  (Hamelin et al., 2012). Loading for 

winter wheat is for the grain only. 
e Mass of seed * distance (= 200 km) (Parajuli et al., 2014). 
f Fertilizer + lime + pesticides) * distance (200 km) 
g t DM * 3 km. Distance assumed, as in Mogensen et al. (2014).  
h Lower heating value (MJ/kg): maize= 19 (FORCE  Technology, 2010), grass-clover=11.8 

(Jørgensen et al., 2008), ryegrass=16 (Fødevareministeriet., 2008) and straw = 15.01(Nielsen, 

2004). *Values represent for straw. 
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Table 2: Carbon sequestration as a result of soil C changes between the reference land use 

and the production of the selected crops 

Parameters/Crop types Unit Maize Grass-

clover 

Ryegrass Winter 

wheat 

Barleya 

Biomass yield t DM/ha/y 9.91 7.71 8.75 5.87 

(grain) 

4.08 

Straw (100% removed, 

excluding barley)a 

t DM/ha/y - - - 3.23 

(straw) 

2.24 

Total available non-harvestable residues 

Rootb t DM/ha/y 2.06 9.02 10.23 4.33 1.77 

Stubble, chaff, straw 

left in the fieldc 

t DM/ha/y 1.75 3.31 3.75 3.91 4.58 

Total plant residuesd t DM/ha/y 3.81 12.32 13.98 8.25 6.36 

Plant residues N to soile kg N/ha/y 34 264 299 75 45 

C input from crop residuef kg C/ha/y 1751 5668 6429 3794 2924 

C input to soil compared to 

reference cropg 

kg C/ha -1173 2744 3505 870 - 

Emissions from soil C 

change 

(100-years)h 

kg 

CO2/ha/y 

417 -976 -1247 -310 - 

Assumptions:  
a Barley represent the reference land use and 100% of the straw from the crops are incorporated 

into the soil. 
b Harvest index (alpha) and root mass (beta) of the selected crops are based on Taghizadeh-Toosi et 

al. (2014). 
c Calculated as: Total plant residues - Root residues. 
d Total Plant residues = Crop yield * Parameter† for stubble+root/(net yield). Parameter†: maize 

(0.384), grass-clover and ryegrass (1.597), winter wheat (1.406) (Mikkelsen et al., 2011). 
e Calculated from the “Total plant residue”, see footnote d). Norms of crude protein (% DM) in 

(stubble/straw, root), respectively = maize (7.8, 3.8); grass-clover and ryegrass (14.7, 12.9); winter 

wheat (3.3, 7.8) and barley (4 and 7.8) (Mikkelsen et al., 2011). 

f Calculated from the total C assimilation (Taghizadeh-Toosi et al., 2014). 
g C input from the selected crops minus C input from the reference crop. 
h 9.7% of the SOC change (Petersen et al., 2013) * mol.weight of CO2 to C (44/12). Negative value 

here indicates the soil C sequestration. 
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Table 3: Emission factors used in the study 

Parameters Pollutants Unit related  Emission 

factors/values  

Reference 

kg NH3-N N-fertilizer 

volatilization 

 kg N/ha/y 0.02  (EEA, 2013; 

Nemecek and 

Kägi, 2007); 

kg NH3-N Plant (crops) kg N/ha 

residuesa 

2 (cereals) 

0.5 (grasses)b 

(Sommer et al., 

2004). 

NOx-N: NH3-Nc   12:88 (Schmidt and 

Dalgaard, 2012) 

N2O-Ndirect Synthetic N 

Crop residuesd 

kg N/ha 

kg N/ha 

0.01  

0.01 
(IPCC, 2006) 

N2O-Nindirect From leaching  

From NH3 

kg NO3-N 

kg NH3-N 

0.0075 

0.01 

(IPCC, 2006) 

P-uptake by 

plante 

Maize 

Winter wheat  

Grass-clover and 

Ryegrass 

g P/kg DM 

g P/kg DM 

g P/kg DM 

2.6  

2.8† and 0.9†† 

4 

(Hamelin, 2011; 

Møller et al., 

2000) 

P lossesf All crops  Surplusf, g P/ha 0.05 (Nielsen and 

Wenzel, 2007) 
a See kg N/ha from residues (Table 2).  
b NH3 emission for grasses: average of summer and spring application for grasses) (Hansen et 

al., 2008). 
c NOx-N = (NO+NO2), where NO2 is assumed to be negligible, and calculated as NOx-N: NH3-

N.  
d fraction of total area under crop that are renewed every 2 years (Fracrenew) = 0.5 (IPCC, 

2006) is multiplied to the N2O-Ndirect emission from the crop residues. 
 e P-uptake by plant in winter wheat are respectively for the † primary and ††secondary yields. 
f P surplus = P-input from fertilizer minus P uptake by plant. 
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Table 4: N balances and emissions, per 1 ha of the crop production 

Particulars Unit 

Amount  

Comments/Remarks 

Maize 

Grass-

clover Ryegrass 

Winter 

wheat 

Total N-inputa kg N ha-1y-1 156 288 294 162 See footnotes 

Outputb kg N ha-1y-1 125 204 231 119 See footnotes 

Field balance kg N ha-1y-1 31 84 63 42 Ninput-Noutput 

N losses kg N ha-1y-1         
 

  NH3-N 
 

4.8 4.4 6.1 4.9 Table 3 

  NOx-N 
 

0.7 0.6 0.8 0.7 Table 3 

  Denitrification  6.2 9.8 13.3 8.1 (Vinther, 2005). 

Soil change, N kg N ha-1y-1 -17 25 33 5 see section 2.4.3 

Potential leaching  kg N ha-1y-1 36 44 9 24 Field balance – N 

losses  

Total N2O-N 

losses  

(direct +indirect) 

kg N ha-1y-1 2.1 3.6 4.4 2.4 Table 3 

P losses kg P ha-1y-11 2.2 1.6 1.6 0.9 Table 3 

Assumptions: 
a Total N-input = FSN + Nfixation

ϼ + Ndeposition† + Nseed±. 
ϼ Nfixation for grass-clover = 80 kg N/ha/y (Høgh-Jensen and Kristensen, 1995).  
†N deposition = 15 kg Nha-1 (Ellermann et al., 2005). 
±Nseed (kg N/ha/y) = 0.16 (maize); 0.17 (grass-clover); 0.19 (ryegrass); 2.8 (winter wheat), based on 

the crude protein content of the respective seeds (9.6, 15, 15 and 11.5% per t DM of seeds 

respectively) (Møller et al., 2005a) . 
b Calculated based on Crude N and the DM yield. Crude N content (% DM)= maize =7.9; grass-

clover and ryegrass = 16.5 (average of 2000-2013, based on (Møller et al., 2005a); Thøgersen and 

Kjeldsen (2015); Winter wheat= 10.9 and straw= 3.3. average of years 2007-2013, based on reports 

(Møller et al., 2012; Møller and Sloth, 2013, 2014; Vils and Sloth, 2003)). 
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Table 5: Environmental impact potentials for the production of the selected biomasses, per 1 

ha  

Environmental impacts  

Units 

Maize 

Grass- 

clover Ryegrass 
Winter 

wheat-straw± 

Net GWP100  

(including soil C change) 

kg CO2 eq/ha 
3119 2728 3588 492 

Gross GWP100  

(excluding soil C change) 

kg CO2 eq/ha 
2701 3704 4835 551 

- GWP100 related to N2O-
N emission 

kg CO2 eq/ha 983 1686 2060 249 

- GWP related to diesel 
consumptiona 

kg CO2 eq/ha 
397 292 304 48 

- GWP related to 
fertilizer production 
(N,P,k)b 

kg CO2 eq/ha 
1177 1614 2236 202 

- GWP related to 
producing N-fertilizer 
only 

kg CO2 eq/ha 

933 1274 1843 181 

EP kg PO4 eq/ha 14 16 15 2.24 

NRE use GJ eq/ha 18 19 25 3.2 

- related to diesel 
consumptiona 

GJ eq/ha 
5.6 4.1 4.3 0.67 

PBD PDF 0.68 0.09 0.12 0.13 

PFWTox CTUe/ha     

- Total   771 609 651 237 

- Related to applied 
pesticides 

 
6 0.16 0.16 31 

± Values for straw allocated (19%) from the total impact calculated for total cereal production. 

a Diesel consumption related to field operations (see Table 1). CF/MJ diesel burnt in 
machineries = GWP100 (0.08 kg CO2 eq); NRE (1.13 MJe) (Agri-footprint, 2014). 

b CFs for the fertilizers, expressed in the order GWP (in kg CO2eq); EP (in kg PO4 eq);  and 
NRE use (in MJ eq) are:  

- 1 kg CAN-N (NPK 26.5 at plant/RER/Economic) = 6.6; 0.021;44 (Agri-footprint, 
2014). 
- 1 kg P (Triple super phosphate/RER/Alloc, Def/U) = 3.3; 0.025;50 (Weidema et al., 
2013). 
- 1 kg K2O-K (Potassium chloride/RER/Alloc, Def/U) = 0.7; 0.002; 8 (Weidema et al., 
2013). 
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Table 6: Environmental impact potentials of the selected biomass feedstocks per t DM and 

per MJ 

Environmental impacts  Unit Maize Grass-clover Ryegrass 

Winter  

wheat-straw 

Net GWP100 

(including soil C change 

kg CO2 eq/t DM 315 354 410 152 

kg CO2 eq/MJ 0.019 0.025 0.029 0.01 

Gross GWP100, 

(excluding soil C 

change) 

kg CO2 eq/t DM 273 480 553 171 

kg CO2 eq/MJ 

0.017 0.034 0.039 0.011 

- SOC change  
kg CO2 eq/t DM 42 -127 -142 -18 

kg CO2 eq/MJ 2.6*10-3 -9.1*10-3 -1*10-2 -1.1*10-3 

EP 
kg PO4 eq/t DM 1.44 2.04 1.76 0.61 

kg PO4 eq/MJ 8.9*10-5 1.5*10-4 1.3*10-4 4.1*10-5 

NRE Use 
MJeq/t DM 1774 2400 2846 849 

MJeq/MJ 0.11 0.17 0.21 0.06 

PBD PDF/t DM 0.07 0.012 0.014 0.04 

 PDF/MJ 4*10-6 8*10-7 10*10-7 3*10-6 

PFWTox (related to  

applied pesticides) 
CTUe/t DM 0.6 0.02 0.02 9.67 

 CTUe/MJ 3.7*10-5 1.5*10-6 1.3*10-6 6.4*10-4 
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Table 7: Sensitivity analysis with respect to the basic scenario 

Scenarios  Maize Grass-clover Ryegrass 

Winter  

wheat-straw 

Basic scenario:     

i. Net GWP100 (including soil C 

change), kg CO2 eq /t DM 
305 354 410 152 

ii. Net GWP100 (kg CO2 eq /t DM)     

a. with iLUC effect     

- iLUC factor (Audsley et al., 2009) 480 578 608 254 

- iLUC factor (Schmidt and Muños, 

2014) 
449 539 574 236 

b. with changed N fertilizer  

(as Potassium Nitrate)a  

332 

(121)† 

400 

(211)† 

459 

(270)† 

168 

(72)† 

c. with changed N fertilizer (as Urea)b 229 220 239 107 

d. using soil C sequestration in 20-

years 437 -38 -41 94 

iii. Impact of removing 1 t DM of straw 

straw removed) 

      (kg CO2 eq/tDM - - - 161 

a. Avoided soil C sequestrationc - - - 139 

b. Fertilizer compensationd, e - - - 22 

- N 

- P 

- K 

   

10 

2 

9 
a “N fertilizer, as N, GLO, potassium nitrate, Alloc Def, U”, CF adapted from Weidema et al. 

(2013). CF = 8.47 kg CO2 eq/kg N. †Values shown in the parenthesis represents the specific 

impact of producing the N-fertilizer only.  
b “Urea, as % CO(NH2)2 (NPK 46.6-0-0) (RER/Economic). CF =  1.24 kg CO2-eq/ kg N (Agri-

footprint, 2014). 
c Soil C sequestration= C content in straw (Taghizadeh-Toosi et al., 2014) * 0.85 * emission 

reduction potential (Petersen et al., 2013)= 0.46*1 t*0.85*9.7%= 38.99 kg C = 139 kg CO2-eq. 
d Compensation based on nutrient content in the removed straw (Møller et al., 2005b):  

- N = 30% * kg N in straw (Nguyen et al., 2013) = 30%* 0.6% * 1 t * 0.85. 

- P = kg P in straw * Ratio of mol. wt = 0.09% * 1 t straw * 0.8. 

- K = kg of K in 1 t of straw (85% DM) * (Ratio of mol. wt) = 1.5% * 1 (kg) * 0.85. 
e Types of fertilizer and CFs are shown in Table 5.  
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Figure captions:  

Figure 1: The farm gate system boundary defined for the biomass production.  

Figure 2: Environmental impact potentials of producing the selected biomass types (GWP100 

includes soil C change).  

Figure 3: Environmental impact potentials in the related biomass production value chains. 
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Figure 1: The farm gate system boundary defined for the biomass production 
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Figure 2: Environmental impact potentials of producing the selected biomass types (GWP100 
includes soil C change). 
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Figure 3: Environmental impact potentials in the related biomass production value chains. 
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Environmental life cycle assessments of producing maize, ryegrass-clover, 

ryegrass and winter wheat straw for biorefinery 
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S1.  Methods and tools used for the simulation  

The Potential Fresh Water Ecotoxicity (PFWTOx) related to the pesticides emissions at the 

farm level was calculated by using: (i) PestLCI 2.0.6,  an inventory model to simulate the 

emission distribution fractions in respective compartment of the technosphere (Dijkman et 

al., 2012) and (ii)  USEtox 2.0,  a characterization model to derive the characterization factors 

in comparative toxic units (CTUe) (Fantke et al., 2015; Rosenbaum et al., 2008). The 

emission distribution fractions to the respective compartments were latter multiplied with 

the respective CTUe. The CTUe is expressed as PAF.m3.day.kg emitted-1) and were simulated 

using the model “USEtox2” (Fantke et al., 2015). 

S2. Data for pesticides active ingredients 

The total amount of active ingredients (a.is) of the pesticides considered in this study (Tables 

S3-S5) was based on the consultation with the experts and checked with the Danish sales 

supported by Ørum and Samsøe-Petersen (2014). Month of application of the respective a.is 

were based on the consultation with experts, and from the review of reports and databases 

(Bøjer and Rydahl, 2013; Planteværn Online, 2015; SEGES, 2015). Of the total mass of a.is 

(Table S3-5), the share of herbicides (H) was 87% in maize, 72% in ryegrasses and 64% in 

winter wheat. Growth regulator (GR) was 16% of the total mass assumed for winter wheat, 

fungicides (F) contributed with 12%, 2% and 19% in maize, ryegrass and grass-clover, and 

winter wheat respectively. About 26% of the total mass was contributed by insecticides in 

ryegrass and grass-clover and 1% in maize and winter wheat. Snail control (S) represented 

mailto:ranjan.parajuli@agro.au.dk
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only 0.2% in winter wheat (Ørum and Samsøe-Petersen, 2014). Crop growth stages at the 

time of application of respective a.is were based on SEGES (2010).  

S3. Pest LCI data:    

The field parameters that were assumed when simulating the emission distribution fractions 

in the PestLCI 2.0.6 are shown in Table S1. The “average” soil profile (Dijkman et al., 2012) 

was assumed. In addition, the “adjustable parameters” (included soil material density, 

fraction of macropores, soil solid matter and water fractions etc.) were the default  values, as 

indicated in the PestLCI2.0 (Dijkman et al., 2012). It should be noted that the model assumes 

the agricultural field down to a depth of 1 m into the soil and 100 m up into the air as the part 

of the technosphere, thus the direct emissions to soil can be excluded (Dijkman et al., 2012; 

Nordborg et al., 2014). Based on this characteristic, we have considered the depth of drainage 

as zero in the calculation (Table S1), also argued in the same line in Nordborg et al. (2014).  

The emission distribution fractions to air (fa), freshwater (fsw), ground water (fgw) and 

fractions taken-up by plants (fuptake) are shown in Tables S2-4. In the case of  pesticides, not 

listed in the PestLCI 2.0.6 model (indicated in Tables S3-5),  the mixing partners based on 

SEGES (2010) (as show in  Tables S3-5) were assumed as alternative. The emission 

distribution fractions of the assumed mixing partners were calculated from their average 

fractions simulated in different field scenarios (e.g. timings of application, stages of crop 

growth, land slope and methods of spraying) (Birkved, 2015, pers. comm.)  (Table S2). Field 

scenarios were constructed considering the uncertainty related to the emission distribution 

fraction, as discussed in Nordborg et al. (2014) and Birkved and Hauschild (2006), and 

elaborated as below. 

With regard to the uncertainties related to emission distribution fractions, it was found that 

fresh water emissions were found dependent on both climatic and soil factors, and with the 

soil parameters explaining most of the variations (Dijkman et al., 2013). The simulation 

showed that the slope of land do not have impact on the emission to air (fa), whereas the 

emission to water (fsw) would increase by a fixed factor of 6 with slope of 6% compared to 1%. 

Similar result were discussed in Nordberg (2013). Furthermore, if the slope was increased to 

7%, the increment in the emission to water was by a factor of 10 compared to the slope of 1%.  

Furthermore, since emissions to air are partially related to the air temperature and thus 

affects the rate of volatilization (Dijkman et al., 2013). This feature was also explained in a 

comparison of emission distribution of a.is., applied in a Danish agro-climatic conditions and 

other countries (Dijkman et al., 2013), which implies that such factor is relevant to consider if 

toxicity impacts of a specific country have to be compared with others. With regard to the 

variations of soil profile, it was found that emissions to surface water in a sandy soil with low 

clay content (>55% sand and <20% clay) can be lower by 3−4 times compared to the soils 
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with clay and sand content >20% and <45%, respectively. This was the case of applying the 

pesticides (atrazine, glyphosate, and metazachlor) (Nordborg et al., 2014).  
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Table S1: Field parameters assumed for modelling the PestLCI2.0.6 

Parameters  Assumption  

Climatea Temperate Maritime –I 

Soil selectionb Average  

Spray equipmentc Varied as per the stage of crops (see Tables S2-4) 

Field Length (m) * width (m) 100*100 

Field slope (%)  1 

Drainage fractiond 0 

Drainage depth (m)d Not applicable  

Irrigation  No  

Tillage Conventional  

Emission compartments used in the 

study 

Air and surface water  

Crop stages See Tables S3-5 
a PestLCI 2.0.6, based on the climate types as used in footprint of EU climatic zones (Centofanti 

et al., 2008). 
b PestLCI 2.0.6, which is based on SPADE database (European Communities, 2010).  
c Nomenclature as used in PestLCI 2.0.6. For Winter wheat = Cereal-I: leaf development; Cereal-

II: tillering; Cereal-III: stem elongation; and Cereal-IV: booting/senescence. For maize = Maize-

I: leaf development; Maize-II: stem elongation; Maize-III: inflorescence emergence/flowering; 

Maize-IV: stem elongation; Maize-V: development of fruit/ripening. For grass-clover and 

ryegrass = Grass I: all phases. Growth stages are based on SEGES (2010). 
d  PestLCI2.0.6 is only modelled down to a depth of 1 m (Dijkman et al., 2012). 
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Table S2: Field scenarios for the uncertainty analysisa 

Simulation 

scenariosb,c 

Maize 

(slope, method, stage of application, 

monthd) 

Winter wheat  

(slope, method of application, stage of 

application, monthd) 

Scenario I See Table S3. See Table S5. 

Scenario-

II 

Slope 1%, Pest LCI field crops, Maize-

II, June 

1%, PestLCI field crops, Cereals II, 

April. 

Scenario-

III 

Slope 1%, Conv. Boom, Maize-I, April  1%, PestLCI field, Conv. Boom; Cereals 

I, October. 
a Uncertainties are related to calculate the average emission distribution fraction to air and 

surface water for the a.is, which were not developed in the PestLCI2.0.6 
b Uncertainty analysis for other different field parameters is additionally discussed in the text 

section S3. 
c In the case of grasses, only one method of application was used in the tool (Dijkman et al., 

2012) , thus variations in the months for the respective crops are shown in Table S4.  
d Months were assumed based on SEGES (2015),  Bøjer and Rydahl (2013) and Planteværn 

Online (2015).  

 

Furthermore, for the months starting from March to November, emission to air and to water 

were found changing by an average factor of 0.99 and 1.32 respectively, the sensitivity was 

mainly for the Prosulfocarb (Nordberg, 2013). In the same study, in the case of comparing 

the results related to the application method (e.g. IMAG conv. Boom cereals and IMAB conv.) 

(see PestLCI 2.0.6) (Dijkman et al., 2012), there were no significant changes in the emission 

to air and water. Additionally, for the variations caused by different crop-stage it was found 

that the emissions to air for prosulfocarb increased by a factor of 2,3,4 in the stages Cereal-II, 

Cereal-III and Cereal-IV respectively, and the emission fraction to water was changed by a 

factor of 0.8, 0.6 and 0.5 respectively, compared to the stage Cereal-I (Nordberg, 2013). In 

the case of maize, compared to the stage “Maize-I”, in the stages “Maize-II”, “Maize-III”, and 

“Maize-IV”, emission to air and water were changed by similar factors as discussed for cereal 

(as above) (see Table S1 for the spray equipment’s’ nomenclature). In addition, tillage types 

and field size (with equal length and width) had no impact on the emission distribution 

fractions.  
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Table S3. Emission distribution of the selected pesticides application for maize crop, calculated based on PestLCI2.0.6 

Pesticide a Types CAS Stage of 

applicationb 

Month c Method of 

applicationd 

Application 

rate a 

(kg/ha/y) 

Emission (kg/ha/y) 

Air 

(fa) 

Surface 

water 

(fsw) 

Ground 

water 

(fgw) 

Degradation and 

uptake 

(fuptake) 

Bentazone H 25057-89-0 

 

Maize I May* Soil 

incorporation 

3.86E-02 1.5E-04 2.7E-06 7.8E-04 3.8E-02 

Fluroxypyr H 69377-81-7 Maize I May* Conv. Boom 3.95E-02 2.3E-04 1.2E-06 3.7E-05 3.9E-02 

Iodosulfuron-

methyl-natrium 

H 144550-36-7 Maize I April† Conv. Boom -

bare soil 

1.81E-02 7.0E-06 1.5E-06 3.6E-04 1.8E-02 

Mesotrionea,1  H 104206-82-8 Maize-II June† Conv. Boom-

cereals 

7.71E-02 4.3E-03 4.6E-06 1.3E-03 7.2E-02 

Pendimethalin H 40487-42-1 Maize I May* Conv. Boom-

bare soil 

8.92E-03 1.4E-03 8.5E-08 4.8E-06 7.5E-03 

Epoxiconazole F 133855-98-8 Maize I April† Conv. Boom –

cereals 

6.48E-03 5.8E-07 2.6E-09 1.6E-05 6.5E-03 

Pyraclostrobin F 175013-18-0 Maize I May† Conv. Boom 1.85E-02 1.6E-04 1.8E-07 3.3E-04 1.8E-02 

Cypermethrin I 52315-07-8 Maize-II June† Conv. Boom 1.87E-03 1.8E-06 2.2E-12 7.6E-10 1.9E-03 
a Type of active ingredients based on (Ørum and Samsøe-Petersen, 2014). 1Emission distribution of mesotrione assumed similar to terbuthylazine, as a mixing 

partner, decided after SEGES (2015). 
b Stages of application, as  in PestLCI 2.0.6, and decided based on season/month of application, for the respective a.is. as suggested in SEGES (2015). 
c Month of application: *per. comm with Per Kudsk, Lise Nistrup Jørgensen and Poul Henning Petersen (2014).  
d Method assumed based on scenarios presented in Birkved and Hauschild (2006) and Nordberg (2013). 
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 †for the mixing partner months decided after SEGES (2015), Bøjer and Rydahl (2013) and Planteværn Online (2015). 
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Table S4. Emission distribution of the selected pesticides application for grass-clover and ryegrass, calculated based on PestLCI2.0.6 

Pesticide a Types CAS 
Stage of 

application b 
Monthc 

Method of 

applicationd 

Application 

ratea 

(kg/ha/y) 

Emission (kg/ha/yr) 

     

 

 

Air 

(fa) 

Surface 

water 

(fsw) 

Ground 

water 

(fgw) 

Degradatio

n and  

uptake 

(fuptake) 

Bentazone H 25057-89-0 Grass I May* Conv. Boom-

bare soil 

8.0E-03 1.9-04 4.5E-07 1.3E-04 7.7E-03 

Fluroxypyr H 69377-81-7 Grass I May* Field crops 2.1E-06 5.4E-08 4.9E-11 1.6E-09 2.0E-06 

MCPA H 94-74-6 Grass I April Field crops 1.2E-02 1.6E-03 1.6E-07 1.9E-05 1.0E-02 

Phenmedipham† H 13684-63-4 Grass I May Field crops 1.6E-03 1.3E-05 2.6E-09 1.7E-07 1.5E-03 

Propiconazole F 60207-90-1 Grass I March Field crops 5.0E-04 1.4E-04 0.0E+00 1.6E-06 3.6E-04 

Dimethoate I 60-51-5 Grass I May Field crops 7.8E-03 2.6E-04 1.2E-07 1.4E-05 7.5E-03 
a Type and doze of active ingredients based on (Ørum and Samsøe-Petersen, 2014). †Includes the mass of thifensulfuron- methyl also. 
b Stages of application, as  in PestLCI 2.0.6, and decided based on season/month of application, for the respective a.is. as suggested in SEGES (2015). 
c Month of application is based on: *per. comm with Per Kudsk, Lise Nistrup Jørgensen and Poul Henning Petersen (2014); and †similar to the  mixing 

partners (SEGES, 2015) and based on: Bøjer and Rydahl (2013), Brüsch et al. (2015) and Planteværn Online (2015).  
d Method assumed based on scenarios presented in Birkved and Hauschild (2006) and Nordberg (2013). 
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Table S5. Emission distribution of the selected pesticides application for winter-wheat, calculated based on PestLCI2.0.6 (H = herbicides; I = 

insecticides; F= fungicides; GR= growth regulator and S= snails stop)  

Pesticide a Types CAS Stage of 

application b 

Month c Method of 

applicationd 

Applicatio

n ratea 

(kg/ha/y) 

Emission (kg/ha/yr) 

Air 

(fa) 

Surface 

water 

(fsw) 

Ground 

water 

(fgw) 

Degradation and 

uptake 

(fuptake) 

2,4-da,1 H 94-75-7 Cereals II April Conv.boom-

cereals 

8.4E-03 3.0E-04 7.9E-08 1.5E-05 8.1E-03 

Bromoxynil 

H 1689-84-5 Cereals II April* Conv.boom-

cereals 

1.6E-02 2.5E-03 8.4E-10 2.2E-06 1.4E-02 

H 1689-84-5 Cereals I Oct* Conv.boom-

cereals 

1.6E-02 9.5E-04 6.7E-09 4.7E-06 1.5E-02 

Clodinafop-

propargyl 

H 105512-06-9 Cereals III May† Conv.boom-

cereals 

4.8E-04 4.9E-06 5.9E-10 2.1E-07 4.7E-04 

Diflufenican a,2 H 83164-33-4 Cereals I October* Conv.boom-

cereals 

2.5E-02 1.9E-04 1.6E-07 6.2E-06 2.5E-02 

Fenoxaprop-p-ethyl H 71283-80-2 Cereals III May Conv.boom-

cereals 

1.6E-03 3.7E-06 6.9E-11 1.9E-08 1.6E-03 

Florasulam H 145701-23-1 Cereals II April† Conv.boom-

cereals 

1.1E-03 5.5E-04 3.1E-10 2.6E-08 5.5E-04 

Fluroxypyr H 69377-81-7 Cereals II May* Conv.boom-

cereals 

2.8E-02 1.6E-04 3.3E-07 1.0E-05 2.8E-02 

Iodosulfuron- H 144550-36-7 Cereals II April Conv.boom- 1.3E-03 7.3E-07 4.9E-09 5.5E-06 1.3E-03 



44 
 

methyl-natrium cereals 

Ioxynil H 1689-83-4 Cereals II October Conv.boom-

cereals 

3.0E-02 3.2E-05 1.5E-07 1.4E-05 3.0E-02 

MCPA H 94-74-6 Cereals III May* Conv.boom-

cereals 

1.5E-01 3.9E-03 2.1E-05 5.3E-04 1.4E-01 

Mesosulfuron H 400852-66-6 Cereals II April† Conv.boom-

cereals 

8.0E-04 1.1E-07 6.3E-10 9.0E-07 8.0E-04 

Metsulfuron-methyl H 74223-64-6 Cereals II April* Conv.boom-

cereals 

5.1E-04 7.1E-08 9.5E-11 5.7E-07 5.1E-04 

Pendimethalin H 40487-42-1 Cereals I Oct* Conv.boom-

cereals 

1.2E-01 8.5E-03 4.3E-07 3.1E-05 1.1E-01 

Prosulfocarb a,3 H 52888-80-9 Cereals I October* Conv.boom-

cereals 

6.9E-01 4.6E-03 6.2E-07 4.1E-05 6.9E-01 

Sulfosulfuron H 141776-32-1 Cereals II April† Conv.boom-

cereals 

2.4E-04 2.4E-06 2.6E-09 1.1E-07 2.4E-04 

Tribenuron-

methyla,4 

H 101200-48-0 Cereals II April Conv.boom-

cereals 

1.2E-03 8.0E-06 1.7E-07 4.2E-06 1.2E-03 

Chlormequat-

chloride a,5 

GR 999-81-5 Cereals III June Conv.boom-

cereals 

2.6E-01 1.3E-04 2.1E-06 1.4E-04 2.6E-01 

Ethephon GR 16672-87-0 Cereals III June Conv.boom-

cereals 

8.2E-03 6.5E-03 1.4E-07 2.0E-06 1.6E-03 

Mepiquat-chloride GR 24307-26-4 Cereals III June Conv.boom-

cereals 

3.6E-03 1.8E-06 1.4E-09 7.8E-08 3.6E-03 
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Trinexapac-ethyl GR 95266-40-3 Cereals III June Conv.boom-

cereals 

4.1E-03 2.8E-03 1.3E-11 1.4E-10 1.3E-03 

Azoxystrobina, F 131860-33-8 Cereals I May Conv.boom-

cereals 

7.1E-04 4.6E-06 1.3E-08 1.1E-07 7.0E-04 

Boscalid F 188425-85-6 Cereals II May† Conv.boom-

cereals 

7.5E-02 5.2E-04 1.2E-07 3.9E-04 7.4E-02 

Cyprodinil a,6 F 121552-61-2 Cereals III June Conv.boom-

cereals 

9.1E-04 3.7E-04 6.6E-11 1.6E-08 5.3E-04 

Difenoconazole F 119446-68-3 Cereals IV May† Conv.boom-

cereals 

5.9E-04 1.5E-05 9.0E-10 6.6E-08 5.7E-04 

Epoxiconazole a,7  F 133855-98-8 Cereals III May*,† Conv.boom-

cereals 

1.0E-01 5.7E-04 5.7E-04 5.2E-04 9.9E-02 

Fludioxonil F 131341-86-1 Cererals III May† Conv.boom-

cereals 

2.5E-03 2.5E-05 3.0E-08 3.3E-07 2.5E-03 

Imazalil F 35554-44-0 Cereals III May† Conv.boom-

cereals 

2.7E-03 1.9E-05 6.3E-09 3.3E-07 2.7E-03 

Metconazole F 125116-23-6 Cereals III May† Conv.boom-

cereals 

1.6E-05 5.6E-06 1.8E-13 1.5E-10 8.5E-06 

Metrafenone F 220899-03-6 Cereals III May† Conv.boom-

cereals 

1.5E-02 9.1E-03 8.0E-09 1.0E-06 8.3E-03 

Propiconazole F 60207-90-1 Cereals III May* Conv.boom-

cereals 

1.4E-02 3.0E-04 0.0E+00 4.7E-05 1.3E-02 

Prothioconazole F 178928-70-6 Cereals III May† Conv.boom-

cereals 

5.1E-02 1.7E-04 7.9E-08 5.8E-06 5.1E-02 
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Prothioconazole F 178928-70-6 Cereals IV June† Conv.boom-

cereals 

4.2E-03 1.0E-05 4.9E-09 1.9E-07 4.1E-03 

Pyraclostrobin F 175013-18-0 Cereals III May*† Conv.boom-

cereals 

3.0E-02 1.4E-02 2.3E-09 7.4E-07 1.6E-02 

Tebuconazole F 107534-96-3 Cereals IV May* Conv.boom-

cereals 

2.5E-02 2.8E-05 5.7E-08 3.0E-06 2.5E-02 

Thiabendazole F 148-79-8 Cereals IV May† Conv.boom-

cereals 

5.2E-04 3.9E-06 1.8E-09 6.8E-08 5.1E-04 

Alpha-

cypermethrina,8 

I 67375-30-8 Cereals IV June Conv.boom-

cereals 

2.5E-03 3.9E-06 1.6E-11 6.5E-09 2.5E-03 

Cypermethrin I 52315-07-8 Cereals IV June Conv.boom-

cereals 

4.4E-03 2.6E-06 1.7E-12 5.9E-10 4.4E-03 

Lambda-

cyhalothrin 

I 91465-08-6 Cereals IV June* Conv.boom-

cereals 

1.5E-04 1.6E-05 3.9E-13 2.0E-11 1.4E-04 

Pirimicarb I 23103-98-2 Cereals IV June Conv.boom-

cereals 

2.6E-03 5.9E-04 4.0E-09 2.7E-07 2.0E-03 

Tau-fluvalinate I 102851-06-9 Cereals IV June Conv.boom-

cereals 

1.2E-02 1.7E-06 2.6E-11 1.0E-08 1.2E-02 

Ferrifosfata,9 S 10045-86-0 Cereals III June† Conv.boom-

cereals 

3.4E-03 5.4E-04 1.4E-07 2.5E-06 2.9E-03 

Ferrifosfat a,9 S 10045-86-0 Cereals II April† Conv.boom-

cereals 

2.9E-04 2.3E-04 8.7E-09 1.1E-07 5.9E-05 
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a Type of active ingredients based on (Ørum and Samsøe-Petersen, 2014). The a.i included the mass of: 1aminopyralid; 2flupyrsulfuron-methyl; 3pyroxsulam; 
4thifensulfuron-methyl and picolinafen; 5prohexadion-calcium; 6picoxystrobin; 7fenpropidin; 8gamma-cyhalothrin, 9assumed as carbofuran, due to data 

unavailability and are decided based on the respective mixing partners (SEGES, 2015).  
b Stages of application, as  in PestLCI 2.0.6, and decided based on the month of application assumed for the respective a.is.   
c Month of application is based on: *per. comm with Per Kudsk, Lise Nistrup Jørgensen and Poul Henning Petersen (2014). See section S3.  
d  Application method assumed based on scenarios presented in Birkved and Hauschild (2006) and Nordberg (2013).  

†Emission distribution fraction assumed after the average of the mixing partners (SEGES, 2015) and based on: Bøjer and Rydahl (2013) and Planteværn Online 

(2015), and thus accordingly the month of application. 
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S4. Characterization factors for freshwater ecotoxicity 

In our study the characterization factors, expressed as CTUe per kg emission are calculated at 

midpoint level (Table S6). The methods on how to apply the model are elaborated on Fantke 

et al. (2015). In the case of mesotrione, which were not in the USEtox 2.0  it was calculated 

based on the recommended procedure (Fantke et al., 2015). The physio-chemical and 

ecotoxic effect data (Table S7) required by the USEtox model are adapted from the sources 

e.g. Footprint PPDB (2011) and EPA (2015a). The required physio-chemical data were also 

derived from the Estimation Program Interface SuiteTM (EPISuite) for Windows v. 4.11 (EPA, 

2015b) and in accordance to as suggested in Nordborg et al. (2014). Due to the lack of 

characterization factor for the Ferrifosfat the comparative toxicity potential for Fe(III) 

(SEGES, 2015) was assumed. This because that the toxicity potential for inorganic pesticides 

depend mainly by the interactions of the ions of the heavy metal (in this case Fe(III)  

presented in the chemical compound with the surrounding environment and the targeted 

pests (Dong et al., 2014).  

S5. Calculation of the PFWTox  

PFWTox, is calculated as in equation-i, where Mi represents the mass emitted in the 

compartment i (emission distributions for different scenarios Tables S3-5) and CFti as the 

related toxicity characterization factor, and summed over all emission compartments i  

(Nordborg et al., 2014; Rosenbaum et al., 2008).  

 

 

………equation i 

In the case of wheat the higher impact are partly because of the following reasons:  (i) for the 

common types of a.is, applied in the both crops (e.g. fluroxypyr, iodosulfuron, pendimethalin, 

epoxiconazole, pyraclostrobin and cypermethrin), the CTUe/ha/y was collectively higher by 

two-fold in winter wheat compared to maize (SI Tables S3-S6). (ii) in addition to the common 

types of a.is, additional a.is considered in winter wheat contributed significantly to the 

impact (see SI, Table S5); (iii) the total a.is per ha in winter wheat is higher than maize, and 

40% of it is covered by the herbicide (Prosulfocarb). Despite the CTUe per kg emission of 

prosulfocarb is only 1.46, the emission distribution fractions of it to air and freshwater is 

higher, (iv) consideration of mesotrione in the maize crop also has significantly lower CTUe 

per kg emissions (SI Table S6), which makes the crop with lower ecotoxicity effect. 

  

)( iMtiCF
i

tIS ×= ∑
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Table S6. Characterization factors to calculate PFWTox, based on USEtox 2.0 model 

Pesticides, a.i. CTUe kg-1 emission 

airC fr.waterC 

2,4-d 3E+01 9E+02 

Alpha-cypermethrin 3E+05 3E+07 

Azoxystrobin 1E+04 8E+04 

Bentazone 3E+00 2E+02 

Boscalid1 4E+02 1E+04 

Bromoxynil 7E+02 2E+04 

Chlormequat-chloride 2E+01 2E+02 

Clodinafop-propargyl 3E+02 3E+04 

Cypermethrin 5E+05 5E+07 

Cyprodinil 7E+01 3E+04 

Difenoconazole 4E+03 1E+05 

Diflufenican 5E+01 2E+03 

Dimethoate 2E+02 2E+04 

Epoxiconazole1 2E+03 1E+05 

Ethephon 1E+02 1E+03 

Fenoxaprop-p-ethyl 5E+02 6E+04 

Ferrifosfat2 7E+04 2E+05 

Fludioxonil 8E+02 1E+05 

Florasulam 2E+03 1E+04 

Fluroxypyr 1E+02 3E+03 

Imazalil 9E+01 2E+04 

Iodosulfuron-methyl-natrium1 2E+03 1E+04 

Ioxynil 7E+02 2E+04 

Lambda-cyhalothrin 8E+05 1E+08 

MCPA 2E+01 9E+01 

Mepiquat-chloride 1E+01 8E+02 

Mesotrione3 3E+01 8E+02 

Metconazole1 3E+02 2E+04 

Metrafenone1 7E+01 3E+04 

Metsulfuron-methyl 1E+03 2E+04 

Pendimethalin 3E+03 4E+05 

Phenmedipham 8E+02 4E+04 

Pirimicarb 8E+00 2E+03 

Propiconazole 4E+02 2E+04 
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Prosulfocarb 3E+02 3E+04 

Prothioconazole1 3E+03 7E+04 

Prothioconazole1 3E+03 7E+04 

Pyraclostrobin1 2E+03 5E+05 

Sulfosulfuron 1E+02 5E+03 

Tau-fluvalinate 5E+03 8E+05 

Tebuconazole 2E+03 7E+04 

Thiabendazole 8E+02 3E+04 

Tribenuron-methyl 3E+01 7E+02 

Trinexapac-ethyl 4E+00 1E+03 
1 CTUe are adapted from Nordborg et al. (2014). 
2 Characterization factors of Jern III (SEGES, 2015) are 

assumed. 
3  CTUe, calculated and parameters are shown in Table 

S7. 
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Table S7. Principal physico-chemical data used in USEtox 2.0 

Parameter Units 

Mesotrion

e 

Values 

Molecular weight (MW)1 (g mol-1) 3,39E+02 

Dissociation constant  (pKa) - 3,12E+00 

Octanol-water partition coefficient (Kwo) 1 Log P 1,10E-01 

Henry law coefficient (at 25˚C) Pa.m3.mol-1 1,23E-05 

Vapour pressure (at 25˚C) Pa 5,70E-06 

Solubility - In water (at 25˚C) mg.L-1 1,58E+02 

Degration rate in air s-1 1,09E-05 

Degration rate in water s-1 1,34E-07 

Degration rate in sediment s-1 1,49E-08 

Degration rate in soil s-1 6,97E-07 

species-specific eco-toxicity data2 log(mg.L-1) 1,54E+00 

Bioaccumulation factor in fish L.kgfish-1 2,33E+00 
1(Footprint PPDB, 2011) 
2 Average of the log-values of the species-specific eco-toxicity data  , after 

Payet (2004) . 
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