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Abstract 
 
The increase in environmental responsibility has led to consider biomass as a renewable counterpart to the use of 
fossil fuels for the production of bioproducts. One possible route within the biorefinery framework is based on 
the use of fermentable sugars that can subsequently be used in the formulation of culture media for microbial 
cultures. Examples of potential raw materials for the production of these sugars are first-generation feedstocks, 
such as sugar and starch crops, and second-generation feedstocks, such as lignocellulose-rich agricultural residues 
and wood from forestry operations. In this sense, agricultural and forestry activities play a key role in the 
environmental sustainability of biotechnological processes. Therefore, the assessment of their environmental 
impacts must be addressed with a view to considering the influence of agricultural and forest management on the 
associated environmental burden of the value chain of the target product. To achieve this goal, a life cycle 
assessment was applied as a decision-making tool to compare the environmental performance of different types 
of feedstocks, such as residual wood chips, maize grain, maize stover, sugar beet, wheat grain and wheat straw. 
Mass and economic allocation methods were applied to assess the environmental profile of agricultural (maize 
stover and wheat straw) and forestry (residual wood chips) residues. The results show that economic allocation 
improves the environmental performance of second-generation feedstocks. Wheat grain showed the worst-case 
scenario regardless of the type of allocation considered, due to the lower grain yield and the lower amount of 
recovered wheat residues.  
Keywords: LCA, first and second-generation feedstocks, allocation, fermentable sugars 
 

1. Introduction 
 
 In recent decades, environmental concerns have increased exploration related to the use of renewable 
biomass for the production of high added value biochemicals. The term lignocellulosic or waste biorefinery is 
intended to be a reality beyond a theoretical concept or approach. The globalization and intensification of 
processes, technological progress, the perspective of circular economy and changes in legislation schemes for 
environmental protection are some of the factors that are favouring the paradigm shift towards a greater 
implementation of biotechnological processes. One of the strategies considered by a biorefinery scheme is through 
the production of fermentable sugars, such as glucose. These sugars, in turn, can be produced from first- and 
second-generation feedstocks. First-generation biomass is edible crops, such as starch (e.g. wheat and corn) and 
sugar crops (e.g. sugar beet and sugar cane). On the other hand, second-generation raw materials are considered 
lignocellulosic crops that do not compete with food and feed markets, such as agricultural waste (e.g. maize 
residues and wheat straw) and forest operations (e.g. wood chips). 
 For millennia, the cultivation of wheat and maize have been important crops for many civilizations. Both 
crops are considered starch cultures because of their high carbohydrate content in the cereal grain. Sugar beet is a 
relatively new crop from the 19th century, named for its high sucrose content [1]. Sugar beet is an important crop 
in Europe, which accounts for up to one third of the world production [2]. Maize, wheat and sugar beet are 
produced mainly for human and animal feed, such as flour and sweeteners. In addition to edible products, these 
starch and sugar crops are also considered for the biotechnological production of biofuels (e.g. ethanol) and 
bioproducts (e.g. bioplastics) in widely recognized and mature technological processes [3, 4].  
 As regards second generation feedstocks, the use of wood and residues from forestry and agricultural 
activities as resources or feedstocks for the exploitation of specialty chemicals and final products such as 
bioplastics stems from the need to avoid the use of crops, which may intensify the debate on the disadvantage of 
diverting arable land from food and feed production to the production of fuels and/or chemicals [5]. 
Lignocellulosic materials are largely available at relatively low prices [6]. The potential for forest biomass in 
Europe is expected to be concentrated with the highest density in Northern and Central European countries by 
2020. Europe's growing bio-economy is conditioned on the viability of a secure resource supply chain. In this 
context, forestry activities are considered to be one of the essential pillars to be exploited to ensure the availability 
of biomass [7]. 
 In general, the intention in implementing systems for the exploitation of second-generation feedstock is to 
shift away from first generation feedstocks into less controversial resources, such as residual wood chips. The 
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downside to the use of lignocellulosic biomass is the low yield of production and low optimization of involved 
processes [8]. Wood and other lignocellulosic biomass have to undergo the necessary transformations to become 
valuable fractions. For this purpose, lignocellulosic crops need to be broken down into their main components: 
lignin, cellulose and hemicellulose. The fractionation of lignocellulosic biomass is one of the most complex 
operations in the biorefinery processes, mainly due to the structure of solid and interconnected cell walls of 
biomass [9]. In short, it is essential to develop effective and efficient pre-treatment stages to reduce the size of 
material particles and alter their structure by breaking the chemical bonds. It should be borne in mind that 
agricultural and forestry activities play a key role in the environmental sustainability of biotechnological 
processes. Therefore, the assessment of their environmental impacts must be addressed with a view to considering 
improving agricultural and forest management and achieving a significant reduction in the associated 
environmental burden of the value chain of the target product. 
 The life cycle assessment (LCA) tool is an interesting method for accounting the environmental impacts 
of processes and products from a holistic point of view. Most LCA studies on starch and sugar crops focus on the 
analysis of the environmental impact of these crops for food purposes [10]–[14]. For wood, LCA studies focus 
mainly on wood for building materials [15]; pulp and paper industry[16]; and the production of pellets for fuels 
[17]. However, LCA research on the cultivation of raw materials for the production of fermentable sugars on the 
route to bioproducts is less common [18], [19]. It should be noted that cultivation activities may have different 
profiles for each region, depending on many variables, such as geoclimatic and economic conditions. Bearing in 
mind that bioproduct producers are not responsible for previous activities, understanding the impacts of the 
production of raw materials allows them to choose raw materials that represent less environmental impact and 
therefore, a better option on the road towards the concept of biorefinery.  
 

2. Material and methods  
 

2.1 Goal and scope definition 
 
 This study applies LCA methodology with a cradle to farm approach. 1 kg of feedstock at the farm gate 
has been chosen as functional unit for accounting the environmental outcomes. The feedstocks under investigation 
are residual wood chips, maize grain, maize stover, sugar beet, wheat grain, and wheat straw. Fig.1 shows the 
system boundaries and the processes involved in the production system being evaluated. A more detailed 
explanation of the system boundaries is explained in the following sections.  
 

 
Fig.1. Flowchart of agricultural and forestry activities, including the following case studies. Scenario 1) Wood 
waste chips (FR); Scenario 2) Maize grain (US); Scenario 3) maize stover (US); Scenario 4) maize grain (IT); 
Scenario 5) maize stover (IT); Scenario 6) sugar beet (UK); Scenario 7) wheat grain (FR) and Scenario 8) wheat 
straw (FR). Acronym: FR – France; US – United States; IT – Italy; UK – United Kingdom 
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2.1.1 System boundaries – Forestry  
 
 The production system was assessed from a cradle-to-gate perspective, considering input and output flows 
from the production of raw materials and resources up to the sawmill gate to produce sawn timber, bark chips and 
wood waste, mainly in the form of chips. Further processing of sawn timber or bark were not considered in this 
study, focusing on residual wood chips. The value chain, including silviculture and sawmilling activities, 
comprised an additional step for shredding wood waste. The evaluated system consisted of three main subsystems, 
each of which included activities related to the same processing category: forestry and forestry activities, sawmill 
and mechanical pre-treatment of residual wood.  
 
 Subsystem 1 – Forest activities (SS1). This subsystem included all forestry operations carried out on 
hardwood stands from field preparation up to roundwood logging. This involves site preparation activities such 
as soil scarification to improve natural regeneration, cut-over clearing, disking, planting, draining, nitrogen 
mineral fertilization (with ammonium nitrate and dolomite with an average composition of 27%N), thinning, 
harvesting, forwarding and loading onto trucks. The production of all inputs necessary for the forest subsystem, 
such as fossil fuels (diesel) and mineral nitrogen, was also included within the system boundaries. In this 
subsystem, all the environmental burdens derived from forestry activities were allocated entirely to the 
roundwood. Branches, leaves and other residual fractions derived from pruning, thinning and logging activities 
are left in the forest in order to improve the soil quality and were assigned no environmental impacts [20]. The 
secondary transport of hardwood biomass from the forest to the wood preparation site was not considered, mainly 
because the transport routes are very different depending on the final use of biomass (energy production, 
manufacture of furniture, boards, etc.).  
 Subsystem 2 – Sawmill (SS2). This subsystem comprises the activities carried out in the sawmill where 
roundwood is received and transformed into sawn timber, bark chips and residual wood. The activities at the 
sawmill are grouped into two main sections: debarking and sawing. For this purpose, a representative sawmill 
located in Northern Europe that processes softwood logs as raw material was considered. According to the 
standards for LCA studies, it was necessary to assign the environmental burdens of this subsystem to the outflows: 
wood waste, bark and sawn wood, based on two criteria: mass and economic allocation. 
 Subsystem 3 – Chipping (SS3). This stage is focused on the chopping process starting from industrial 
residual wood (sidings and shavings) in the sawmill and includes chopping of industrial residual wood in a 
stationary electric chopper. Information corresponds to a Swiss company, which is assumed representative for a 
facility in Central Europe with an annual production of 5000 m3. According to the dataset, an average production 
yield of 100% has been assumed, which does not entail production of internal waste [17]. 
 

2.1.2 System boundaries – Agriculture  
 
 As far as agricultural activities are concerned, the boundaries of the system comprise the main materials 
and energy needed for the production of wheat grain, maize grain, maize grain and sugar beet at farm gate. Storage 
and transportation of these feedstocks are not considered in this study. The system boundaries are common for all 
the agricultural crops in this study, with some small differences that will be explained later. It is divided into three 
main subsystems: field preparation, crop growth and biomass harvesting. Precise information on the inputs and 
outputs of materials for each crop will be further detailed in the inventory.  
 
 Subsystem 1 – Field preparation (SS1). The subsystem (SS1) includes previous activities carried out to 
prepare the land for cultivation. These processes entail ploughing, harrowing and finally sowing. Ploughing is 
considered as a deeper tillage, which involves turning up the soil with a plough tool. Harrowing, on the other 
hand, is used to smooth the soil surface, just before sowing. The inputs needed for this SS1 subsystem only involve 
the use of agricultural machinery and energy to carry out agricultural operations. However, in the case of maize 
in Italy (Scenarios 4 and 5), organic fertilisation is already applied in this subsystem just before the sowing 
process.  
 Subsystem 2 – Crop growth (SS2). These feedstocks are arable crops that take less than a year to mature 
from sowing to harvesting. At this stage, agrochemicals and irrigation are applied. However, as agriculture 
depends on geoclimatic conditions, not all crops need irrigation, as in the case of maize in the United States 
(Scenarios 2 and 3), and wheat in France (Scenarios 7 and 8). The amount of fertilizers and pesticides depends on 
each case study. Some farmers do not use chemical fertilizers, but solid manure, as is the case of maize in Italy 
(Scenarios 4 and 5).  
 Subsystem 3 – Biomass harvesting (SS3). This last stage involves harvesting the main agricultural product 
(e.g. wheat grain) and the bailing of the residual crops (e.g. maize stover and wheat straw). The harvesting process 
is carried out using a combine harvester, where the machine separates the grain from the remains (stems, leaves, 
etc.). In the case of sugar beet, the machine cuts the beet leaves and only the beet root is harvested. The weight of 
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sugar beet leaves represents approximately 30% of the sugar beet mass [21]. The sugar beet leaves in Scenario 6 
were not harvested but left in the field as soil conditioner. Maize stover (i.e. cobs, leaves and stalks) accounts for 
approximately the same weight as the maize grain. As for wheat, less than half of the whole wheat plant can be 
rescued as straw [22]. In the case of maize in the US (Scenarios 2 and 3), 50% of the stover was harvested, so the 
remaining stover will be left on the field as soil amendment. On the other hand, maize stover in Italy (Scenarios 
4 and 5) was 100% harvested [23] while 30% of the wheat grain weight is harvested as straw from the wheat 
cultivation in France (Scenarios 7 and 8).  
 
 2.2 Inventory data collection 
 
 In this study, data for forest operations on hardwood stands have been obtained from the literature [20]. 
With regard to sawing activities, the Ecoinvent® database was managed in order to obtain representative results 
for the processes within SS2 [24]. These inventory data include consumption of electricity of the machinery, 
lubricant oil for maintenance activities, plastic and steel for packaging steps and chemicals for sawn timber 
finishing operations and pre-treatment of roundwood. As far as emissions are concerned, heat emission (from 
debarking machines and sawmills) is not recovered and is considered as direct discharge. Chipping activities were 
considered through inventory data from a bibliographic study [17], considering the pre-processing of residual 
wood. Table 1 presents a summary of the most relevant inventory data of forest and sawmill activities. 
 

Table 1. Summarized inventory data detailed for forest activities (per kg of woodchips) 

Inputs to SS1 - Forest activities  Amount Unit 

Diesel 4.49∙10-3 kg 

N-mineral fertilizer 0.66∙10-3 kg 

Outputs from SS1  Amount Unit 

Product  

Hardwood roundwood to SS2 3.08∙10-3 m3 

Emissions to air  

N2 58.88∙10-3 g 

NH3 8.04∙10-3 g 

NOx 10.86∙10-3 g 

Inputs to SS2 - Sawmill   

Hardwood roundwood (from SS1)  3.08∙10-3 m3 

Water (debarking) 1.06∙10-3 m3 

Lubricating oil (machinery) 0.39∙10-3 kg 

Solvent (finishing steps) 2.88∙10-3 g 

Chemicals inorganic (roundwood pretreatment) 96.13∙10-3 g 

Steel (packaging) 0.48∙10-3 kg 

HDPE (packaging) 0.71∙10-3 kg 

Electricity (machinery) 83.38∙10-3 kWh 
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Table 1 (cont). Summarized inventory data detailed for forest activities (per kg of 
woodchips) 

Outputs from SS2   

Product and co-products   

Sawn timber  1.80∙10-3 m3 

Bark chips  0.45∙10-3 m3 

Residual wood to SS3 1.28∙10-3 m3 

Emissions into air   

Heat (to be recovered in further subsystems) 1.84 MJ 

CO2  0.13 kg 

CO  68.13∙10-3 g 

NOx  0.15 g 

Particulates 65.13∙10-3 g 

SO2 3.55∙10-3 g 

Waste to treatment   

Municipal solid waste to sanitary landfill 6.50∙10-3 kg 

Inputs to SS3 - Chipping    

Residual wood from SS2 1.28∙10-3 m3 

Electricity 2.3∙10-3 kWh 

Outputs from SS3   

Residual wood chips  1 kg 

 
 Table 2 summarizes inventory data for agricultural activities. Data for maize, wheat and sugar beet crops 
were gathered from bibliography [19], [22], [23], [25]. The fertilization process makes an important contribution 
to the categories of climate change, eutrophication and the impact of acidification. However, the emission rate 
depends considerably on geoclimatic conditions and agricultural practices. In this study, the assessment of field 
emissions applied methodological guidelines to calculate the emission factors recommended by several authors 
[24]. The environmental burdens of machinery, agrochemical and seed production were also included in this study. 
 
 

2.3. Allocation methods 
 

 In this assessment, the valuable fractions that must be further processed to obtain biochemicals are 
woodchip residues, maize grain, maize stover, sugar beet, wheat grain and sugar beet. The aim is to compare first- 
and second-generation raw materials from agricultural and forestry activities as raw materials to produce valuable 
chemicals. Since first-generation raw materials face competition between food and feed, it is interesting to find a 
viable application for the residual wood fraction of a sawmill and agricultural residues, such as wheat straw and 
maize straw. Although these residues play a less important role among the products obtained in a sawmill and in 
agricultural cultivation, this study explores a viable solution for their transformation into valuable chemical 
products. 
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                Table 2. Summarized inventory data detailed for agricultural activities (per kg of feedstocks) 

 Maize 
(US) 

Maize 
(IT) 

Sugar beet 
(UK) 

Wheat 
(FR) 

Agricultural inputs     

Occupation (m2) 0.75 1.5 0.1 1.33 

Irrigation (m3) - 0.12 8.10-4 - 

Seed (g) 1.95 1.64 0.02 14.1 

Machinery (g) 3.8 1.35 1.07 3.22 

Diesel (g) 13.9 10.5 3.76 13.71 

Urea, as N (g) - 4 - - 

Nitrogen, as N (g) 19.06 - 2.25 10.81 

P, as P2O (g) 7.87 - 0.83 24.75 

K, as K2O (g) 13.36 - 1.23 11.35 

Pesticides (g) 0.30 0.4 0.17 1.77 

Plant regulator (g) - - - 0.27 

Solid manure (g) - 5.75 - - 

Lime (g) 37.03 - 22.17 - 

Sodium (g) - - 1.81 - 

Magnesium (g) - - 0.76 - 

Agricultural outputs 

Maize grain (kg) 1 1 - - 

Maize stover (kg) 0.5 1.2 - - 

Beet root (kg) - 1 1 - 

Wheat grain (kg) - - - 1 

Wheat straw (kg) - - - 0.3 

Emissions to air 

NH3 (g) 0.85 5.02 0.10 1.08 

N2O (g) 0.63 0.89 0.13 0.44 

NO2 (g) 1.62 3.12 0.19 0.92 

Emissions to water 

NO3
- (g) 5.34 7.91 1.35 1.08 

PO4
3- leaching (g) 0.007 0.006 0.001 0.009 

PO4
3- runoff (g) 0.019 0.023 0.003 0.030 

 
 In conducting the LCA of the systems presented above, the impacts obtained include all products leaving 
each of the subsystems (e.g., sawn timber, bark chips and wood chips). To estimate the percentage of impacts for 
which wood chips, maize straw and wheat straw are responsible, a volumetric, mass or economic allocation must 
be considered. Tables 3 and 4 show the allocation factors calculated on the basis of the quantity of co-products 
leaving the system, as well as their market prices [23], [26]–[28]. 
 For forestry activities, mass allocation and economic factors were applied to subsystem SS2, which is the 
subsystem that deals with co-products within the boundaries included in the study. The impacts related to the SS3 
subsystem were entirely assigned to the residual wood, since its function derives from the need to mechanically 
pre-treat it as a previous step to its subsequent exploitation in a biorefinery.  
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Table 3. Mass and economic allocation factors for wood chips 

 Volume 
(m3) 

Volumetric allocation 
factor (%) 

Market price 
(SEK m-3) 

Economic 
allocation factor 

(%) 
Sawn timber  1.8 51.0 246.7 72.9 

Bark chips  0.45 12.8 130 9.5 

Residual wood chips 1.28 36.2 90 18.6 
 
 

Table 4. Mass and economic allocation factors for agricultural feedstocks 

Case studies 
Feedstock 

yield 
(t ha-1) 

Mass allocation 
factor 
(%) 

Feedstock 
price 

(€ kg-1) 

Economic 
allocation factor 

(%) 
Maize grain (US)  9.10 67 0.120 87 

Maize Stover (US) 4.55 33 0.036 13 

Maize grain (IT) 14.78 45 0.178 75 

Maize stover (IT) 17.67 55 0.051 25 

Wheat grain (FR) 7.40 79 0.189 95 

Wheat straw (FR) 2.00 21 0.033 5 
     
           

3. Results and discussion 
 
 The impact assessment phase was undertaken using the ReCiPe 1.1 hierarchist method [29] at midpoint 
level and software SimaPro 9.1. The chosen impact categories are climate change (CC - kg CO2-eq), particulate 
matter (PM - kg PM2.5-eq), acidification (AC - kg SO2-eq), freshwater eutrophication (FE - kg P-eq), human 
toxicity (HT - kg 1,4-DCB ), land use (LU - m2a crop-eq) and fossil depletion (FD). To translate the inventories, 
only the classification and characterization phases were selected, and normalization was not taken into 
consideration. The comparative environmental profile is displayed in Fig.2 and Fig.3 for mass and economic 
allocation, respectively.  
 

 
Fig.2. Comparative profiles for 1 kg of feedstock (mass allocation) 
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 The environmental outcomes in Fig.2 (mass allocation) show that the production of 1 kg of residual wood 
chips (Scenario 1) is the best scenario, with the lowest contribution for CC, PM, AC and LU. On the other hand, 
Scenario 4 has the lowest values for FE, HT and FD. Scenario 7 performs the worst for almost all environmental 
impact categories, except for AC, with Scenario 5 representing the worst scenario for AC. Despite the fact that 
maize stover is a residue of agricultural activities, in Scenario 5 stover is 100% removed and shows a higher yield 
than maize grain. Since the outcomes in Fig.2 are based on a mass allocation, it is not surprising that the 
environmental impact is greater for the stover than for the maize grain.  
 Scenario 7 presents the worst environmental profile because wheat grain has a high allocation factor (95%), 
due to low residual straw yields compared to other residues, such as maize stover. In addition, the wheat grain has 
a lower yield when related to the scenarios for maize and sugar beet. Sugar beet (Scenario 6) does not show very 
high impacts, because sugar beet yield can be particularly high, around 40 t per hectare, compared to 9.1 t per 
hectare for maize grain. Since the functional unit is per kg of raw materials, higher yielding crops will benefit 
from the environmental results. 
 

 
Fig.3. Comparative profiles for 1 kg of feedstock (economic allocation) 

 
 As regards the environmental results for the production of 1 kg of raw material, it is clear that the economic 
allocation benefits second-generation feedstocks, reducing their environmental impact. This is due to the low 
value of forest and agricultural residues on the market. First-generation raw materials (grain maize, grain wheat 
and sugar beet) have the worst environmental profiles. When making the economic allocation, Scenario 8 now 
shows the lowest values for FD, HT, FE and CC, while Scenario 1 performs better for PM, AC and LU.  
 Comparison with other studies is not straightforward, as many differ in terms of system boundaries, impact 
assessment methods and type of indicators, as well as the methodology used to calculate emissions on the field. 
In the study by Achten and Van Acker (2016) on European wheat grain production, it was concluded that the 
production of 1 kg of wheat grain in Europe varies between 0.30-1.07 kg CO2-eq and 1.95-6.35 g SO2-eq for CC 
and AC, respectively. Without performing allocation, this present study accounts for 0.54 kg CO2-eq and 4.83 g 
SO2-eq for CC and AC per kg of wheat gain, being in the range of the study mentioned above.  
 Results for sugar beet can vary considerably from one bibliographical reference to another. That is, 1 kg 
of sugar beet in the report of Garcia et al. (2016) [30] presents a range of 0.196 – 0.234 kg CO2-eq, while the 
present study considers a value of 0.11 kg CO2-eq. In the work of Alexiades et al. (2018) [31], the results showed 
0.023 kg CO2-eq per kg of sugar beet. As aforementioned, the yield of sugar beet is especially high compared to 
starch crops. In addition, the yields may vary from about 40 t ha-1 up to 90 t ha-1. Therefore, the results per kg of 
feedstocks are very sensitive for sugar beet.  
 In the research of Murphy and Kendall (2013)[32], the functional unit is 1 hectare of maize grain and stover 
production, which makes comparison with the present study difficult. However, they used different allocation 
methods (economic, energy and subdivision) to compare these two raw materials, demonstrating that the 
subdivision and economic allocation benefit the stover results, as compared to the energy allocation. The 
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economic allocation also benefits the second-generation feedstocks in this present study, due to the low market 
value. However, it must be borne in mind that the prices of such residues (wheat straw, maize stover and forest 
residues) are not well established in the market, thus, economic allocation presents considerable uncertainty. 
 Linking the results of forest residues with other studies is even more difficult, as most focus on the 
evaluation of residues for bioenergy systems. Therefore, most functional units are in terms of energy, such as kWh 
or MJ [33]–[35]. However, the research developed by Moon et al. (2015) [36] assessed GHG emissions from 
forest residues from logging and milling operations in Japan using mass as a functional unit. The results showed 
a range of 28.7 to 47.5 g CO2-eq per kg of forest residues using the economic allocation method. In the present 
study, when considering price allocation, the results show 46.5 g CO2-eq per kg of residual wood chips. It is 
important to understand that geoclimatic conditions, tree type and forest management affect environmental 
outcomes. 
 This present study assumes that about 50% of residues are disposed of in Scenarios 2 and 3 for maize in 
the United States and in Scenarios 7 and 8 for wheat in France [37]. However, for Scenarios 4 and 5, which is 
maize cultivation in Italy, 100% manure removal was considered [23]. Residues disposal also involves additional 
fertilization, as they are natural soil conditioners. It should be borne in mind that enough field residues must be 
left in the field to present soil erosion and not endanger soil quality. In addition, the disposal of agricultural 
residues affects soil carbon stocks. More research in this field is advisable to assess whether the disposal of such 
waste on a large scale would not lead to a rebound effect, which may damage soil quality.  
 

4. Conclusions 
 
The comparison of different case studies makes it possible to assess the environmental advantages and 
disadvantages of using first and second generation feedstocks as biomass for the production of bioproducts. The 
results of this study show that, when mass assignment is performed, Scenario 1 for residual wood chips has the 
lowest environmental values for CC, PM, AC and LU, while Scenario 4 has the best results for FD, HT and FE. 
If an economic allocation is applied, Scenario 8 (wheat straw) has the lowest environmental loads for FD, HT, FE 
and CC and Scenario 1 (residual wood chips) is the best scenario for PM, AC and LU. The use of the economic 
allocation benefits the environmental profile of second-generation raw materials. In general, it can be observed 
that wheat grain in France (Scenario 7) has worse environmental performance, regardless economic or mass 
allocation. This is due to the low yield of the straw being removed, and therefore almost all the impact is allocated 
to the wheat grain. In addition, wheat grain has more commercial value than straw. The future trend is an increase 
in second-generation feedstocks as possible substitutes for fossil fuels to produce bioproducts from fermentable 
sugars. It is therefore interesting to compare different farming systems in order to understand which raw materials 
to use and/or which process should be improved to reduce (in the production process) the environmental impacts 
of the whole life cycle of a bioproduct.  
 

Acknowledgements 
 
This contribution was supported by the European projects STARProBio (Grant Agreement Number 727740) and 
iFermenter (Grant Agreement 790507). The authors belong to the Galician Competitive Research Group 
GRC2013-032 and to the CRETUS Strategic Partnership (AGRUP2015/02), co-funded by Xunta de Galicia and 
FEDER (EU). 
 

References 
 
[1] A. P. Draycott, Sugar Beet. Blackwell Publishing, 2006. 
[2] FAOSTAT, “Crop statistics,” 2017. [Online]. Available: http://www.fao.org/faostat/en/#data. 

[Accessed: 10-Jan-2019]. 
[3] J. Kathage, M. Gómez-barbero, and E. Rodríguez-cerezo, “Framework for assessing the socio-economic 

impacts of Bt maize cultivation,” 2016. 
[4] The German Federal Government, “Biorefineries Roadmap,” Berlin, 2012. 
[5] E4tech, Re-Cord, and Wur, “From the Sugar Platform to biofuels and biochemicals,” 2015. 
[6] A. Singh, D. Pant, N. E. Korres, A. Nizami, S. Prasad, and J. D. Murphy, “Key issues in life cycle 

assessment of ethanol production from lignocellulosic biomass : Challenges and perspectives,” 
Bioresource Technology, vol. 101, no. 13, pp. 5003–5012, 2010. 

[7] P. J. Verkerk et al., “Spatial distribution of the potential forest biomass availability in Europe,” Forest 
Ecosystems, vol. 6:5, pp. 1–11, 2019. 

[8] V. Menon and M. Rao, “Trends in bioconversion of lignocellulose : Biofuels , platform chemicals & 
biorefinery concept,” Progress in Energy and Combustion Science, vol. 38, no. 4, pp. 522–550, 2012. 

[9] B. Kamm and P. R. Gruber, Handbook of Fuels Beyond Oil and Gas : The Methanol Economy Bailey ’ s 



 
 

10 
 

Industrial Oil and Fat Products Oil Refineries in the 21st Century. 2006. 
[10] A. Avadí, L. Nitschelm, M. Corson, and F. Vertès, “Data strategy for environmental assessment of 

agricultural regions via LCA: case study of a French catchment,” International Journal of Life Cycle 
Assessment, vol. 21, no. 4, pp. 476–491, 2016. 

[11] K. Benis and P. Ferrão, “Potential mitigation of the environmental impacts of food systems through 
urban and peri-urban agriculture (UPA) – a life cycle assessment approach,” Journal of Cleaner 
Production, vol. 140, pp. 784–795, 2017. 

[12] G. A. Blengini and M. Busto, “The life cycle of rice: LCA of alternative agri-food chain management 
systems in Vercelli (Italy),” Journal of Environmental Management, vol. 90, no. 3, pp. 1512–1522, 
2009. 

[13] V. Fantin, S. Righi, I. Rondini, and P. Masoni, “Environmental assessment of wheat and maize 
production in an Italian farmers’ cooperative,” Journal of Cleaner Production, vol. 140, pp. 631–643, 
2017. 

[14] F. Soheili-Fard and H. Kouchaki-Penchah, “Assessing environmental burdens of sugar beet production 
in East Azerbaijan province of I.R. Iran based on farms size levels,” International Journal of Farming 
and Allied Sciences, vol. 4, no. 5, pp. 489–495, 2015. 

[15] R. Sathre and S. González-García, “Life cycle assessment (LCA) of wood-based building materials,” in 
Eco-efficient Construction and Building Materials, 2014, pp. 311–337. 

[16] X. Ma, X. Shen, C. Qi, L. Ye, D. Yang, and J. Hong, “Energy and carbon coupled water footprint 
analysis for Kraft wood pulp paper production,” Renewable and Sustainable Energy Reviews, vol. 96, 
no. December 2017, pp. 253–261, 2018. 

[17] A. Laschi, E. Marchi, and S. González-García, “Environmental performance of wood pellets’ production 
through life cycle analysis,” Energy, vol. 103, pp. 469–480, 2016. 

[18] J. Moncada, I. Vural Gursel, W. J. J. Huijgen, J. W. Dijkstra, and A. Ramírez, “Techno-economic and 
ex-ante environmental assessment of C6 sugars production from spruce and corn. Comparison of 
organosolv and wet milling technologies,” Journal of Cleaner Production, vol. 170, pp. 610–624, 2018. 

[19] M. A. Renouf, M. K. Wegener, and L. K. Nielsen, “An environmental life cycle assessment comparing 
Australian sugarcane with US corn and UK sugar beet as producers of sugars for fermentation,” 
Biomass and Bioenergy, vol. 32, no. 12, pp. 1144–1155, 2008. 

[20] S. González-García, V. Bonnesoeur, A. Pizzi, G. Feijoo, and M. T. Moreira, “Comparing environmental 
impacts of different forest management scenarios for maritime pine biomass production in France,” 
Journal of Cleaner Production, vol. 64, pp. 356–367, 2014. 

[21] A. T. Tenorio, “Sugar Beet Leaves For Functional Ingredients,” Wageningen University, 2017. 
[22] D. Cambria, I. Vazquez-Rowe, S. Gonzalez-Garcia, M. Teresa Moreira, G. Feijoo, and D. Pierangeli, 

“Comparative Life Cycle Assessment Study of Three Winter Wheat Production Systems in the 
European Union,” Environmental Engineering and Management Journal, vol. 15, no. 8, pp. 1755–1766, 
2016. 

[23] I. Noya, S. González-García, J. Bacenetti, L. Arroja, and M. T. Moreira, “Comparative life cycle 
assessment of three representative feed cereals production in the Po Valley (Italy),” Journal of Cleaner 
Production, vol. 99, pp. 250–265, 2015. 

[24] F. Werner, H. J. Althaus, T. Künniger, K. Richter, and N. Jungbluth, “Life inventories of wood as fuel 
and construction material. Final report ecoinvent data v2.0 No.9,” Dübendorf, CH, 2007. 

[25] W. M. J. Achten and K. Van Acker, “EU-Average Impacts of Wheat Production: A Meta-Analysis of 
Life Cycle Assessments,” Journal of Industrial Ecology, vol. 20, no. 1, pp. 132–144, 2016. 

[26] R. Lundmark, “Consequence Analysis of Changing Market Conditions for the Swedish Sawmill 
Industry,” 2006. 

[27] USDA, “United States Department of Agriculture. National Agricultural Statistics Service. Prices 
Received for Corn by month - United States.,” 2019. [Online]. Available: 
https://www.nass.usda.gov/Charts_and_Maps/Agricultural_Prices/pricecn.php#skipnav. [Accessed: 04-
Apr-2019]. 

[28] EUROSTAT, “Agricultural markets. Market data on national and European agriculture,” 2019. 
[Online]. Available: https://agridata.ec.europa.eu/extensions/DataPortal/agricultural_markets.html. 
[Accessed: 18-Feb-2019]. 

[29] M. A. J. Huijbregts, Z. J. N. Steinmann, P. M. F. Elshout, G. Stam, and R. Van Zelm, “ReCiPe2016 : a 
harmonised life cycle impact assessment method at midpoint and endpoint level,” The International 
Journal of Life Cycle Assessment, vol. 22, pp. 138–147, 2017. 

[30] J. C. Garcia, C. T. De Matos, and J.-P. Aurambout, “Environmental Sustainability Assessment of 
Bioeconomy Products and Processes – Progress Report 2,” 2016. 

[31] A. Alexiades, A. Kendall, K. S. Winans, and S. R. Kaffka, “Sugar beet ethanol (Beta vulgaris L.): A 
promising low-carbon pathway for ethanol production in California,” Journal of Cleaner Production, 



 
 

11 
 

vol. 172, pp. 3907–3917, 2018. 
[32] C. W. Murphy and A. Kendall, “Life cycle inventory development for corn and stover production 

systems under different allocation methods,” Biomass and Bioenergy, vol. 58, pp. 67–75, 2013. 
[33] S. González-garcía and J. Bacenetti, “Exploring the production of bio-energy from wood biomass. 

Italian case study,” Science of the Total Environment, vol. 647, pp. 158–168, 2019. 
[34] F. Fantozzi and C. Buratti, “Life cycle assessment of biomass chains : Wood pellet from short rotation 

coppice using data measured on a real plant,” Biomass and Bioenergy, vol. 34, no. 12, pp. 1796–1804, 
2010. 

[35] M. Röder, C. Whittaker, and P. Thornley, “How certain are greenhouse gas reductions from bioenergy ? 
Life cycle assessment and uncertainty analysis of wood pellet-to-electricity supply chains from forest 
residues,” Biomass and Bioenergy, vol. 79, pp. 50–63, 2015. 

[36] D. Moon, N. Kitagawa, and Y. Genchi, “CO2 emissions and economic impacts of using logging 
residues and mill residues in Maniwa Japan,” Forest Policy and Economics, vol. 50, pp. 163–171, 2015. 

[37] A. Prasad, M. Sotenko, T. Blenkinsopp, and S. R. Coles, “Life cycle assessment of lignocellulosic 
biomass pretreatment methods in biofuel production,” International Journal of Life Cycle Assessment, 
vol. 21, no. 1, pp. 44–50, 2016. 

 
 
 
 


