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A B S T R A C T   

Straw is an interesting renewable feedstock for various high-value products, such as textile fibers. However, 
straw encompass to soils maintains a good soil structure, fertility, and carbon storage. Despite the availability of 
previous research on this topic, uncertainties remain regarding the climate and soil impacts of straw collection. 
This study aims to show the carbon footprint (CF) of straw collection compared with that of soil encompass. The 
goal is to demonstrate uncertainties related to initial data and methodological assumptions on whether straw is 
regarded as a waste or a coproduct and illustrate where more measured data is needed. Life cycle assessment 
method was used to conduct this study and the data therein were gotten from literature. The results show that 
straw removal can lead to reduced greenhouse gas emissions in comparison to soil encompass because of reduced 
nitrogen fertilizing needs and subsequent N2O emissions. However, there is high uncertainty related to soil 
organic carbon (SOC) and N2O emission changes because of straw removal. It is also possible that greenhouse gas 
emissions increase due to straw removal. Straw seems to have a relatively low CF, especially when it is regarded 
as a waste. Coproduct interpretation significantly increases the emissions allocated for straw. Straw also stores 
carbon, and its total CF can be negative. The life cycle length of the straw-based end products determines how 
long carbon can be stored before it is released back into the atmosphere. Total greenhouse gas emission balance 
at a system level can be defined only when also straw refining and manufacturing of replaced final products are 
considered. Additional information is needed, especially on soil emissions (N2O and CH4) and impacts on SOC 
storage, to ensure the sustainability of straw-based products.   

1. Introduction 

In response to climate change, nations have agreed to limit global 
warming to below 2 degrees Celsius and, if possible, to below 1.5 de-
grees Celsius compared with pre-industrial levels (United Nations, 
2021). The textile production and consumption chains require primary 
resources and causes environmental impacts at different life cycle stages 
of textile production (Dahlbo et al., 2017). It is estimated that the 
clothing and footwear industry contributes to 6 %–10 % of the global 
climate impacts (Niinimäki et al., 2020). Approximately 50 % of these 
impacts are caused by fiber and yarn production and almost the same 
high impact is caused by dyeing and finishing processes (Quantis, 2018). 
These environmental impacts depend on the types and combinations of 
fibers used, the thickness of the yarn, the associated production, use and 
disposal methods applied (van der Velden et al., 2014). In terms of 
textile fiber production, the most significant environmental impacts are 

related to climate change, excessive water use, toxicity of pesticides 
used, as well as to land use, as it competes with food production uses 
(Roos et al., 2018; Aktar et al., 2009; Wang et al., 2013). 

Global textile fiber production is dominated by polyester and cotton 
fiber production; the total production of textiles has nearly tripled since 
1975. It is expected to reach 145 million tons by 2030 (TextileExchange, 
2019). Regarding the full life cycle of textiles, the increasing raw ma-
terial requirements result indirectly from short life cycles and the 
prevalent lack of recycling. Cotton production has also been criticized 
for its water, land use and biodiversity impacts, whereas polyester is a 
fossil synthetic fiber and may have similar environmental impacts as 
plastics (Kooistra et al., 2006). This has led researchers and the industry 
to study new, renewable, and more sustainable fiber materials. 

Given the increasing use of textiles and particularly the short life 
cycles of textile products, the supply of traditional fibers cannot meet the 
increased fiber demand (Muthu & Gardetti, 2020). Natural fibers have 
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been substituted by synthetic staple and filament fibers. Approximately 
60 % of the world fiber production being currently covered by synthetic 
fibers (EEA (European Environment Agency), 2019). Because of 
increasing resource constraints and environmental concerns, the pres-
sure for producing textiles from alternative and renewable raw materials 
is growing. Natural fibers have lower carbon emissions compared to 
synthetic fibers. An alternative way to decrease emissions is to substitute 
the use of synthetic polymer-based fibers with natural fibers. In fact, the 
carbon emissions will considerably decrease because of the ability of 
natural fibers to act as carbon sinks (Niinimäki et al., 2020). In partic-
ular, straw has been considered an interesting renewable raw material 
for fiber production. Straw is typically considered a side flow from crop 
production and, depending on geographical location, is either left 
(chopped) to cover the fields, encompassed to soils by ploughing or 
burned on the fields (Shan & Yan, 2013). Straw is also used for other 
applications, such as litter for cattle (Weiser et al., 2014) and as energy 
sources (Gupta and Verma, 2015). 

Straw removal from the field has a large variety of intertwined im-
pacts. The main concerns are changes in soil quality and crop yields 
(Gabrielle & Gagnaire, 2008). Straw removal may affect soil organic 
carbon (SOC) content, which is critical to soil productivity (Lal, 2008). 
Removal may also reduce nutrient incorporation into soil, affect soil 
nutrient cycles, reduce the water content of soil, increase soil erosion 
and compaction, and decrease soil temperature (Lal, 2008; Wilhelm 
et al., 2010). Changes in SOC content affect soil CO2 emissions (Gabrielle 
& Gagnaire, 2008), and changes in nutrient cycles may affect ammonia 
emissions and N2O emissions (Gabrielle & Gagnaire, 2008). These 
emissions also depend on soil properties, microbial activity, and envi-
ronmental factors (Shan & Yan, 2013; Laurila & Saarinen, 2014). 
Decreased microbial activity and nitrification–denitrification reactions 
may reduce N2O emissions (Shan & Yan, 2013). The anaerobic condi-
tions in the soil caused by compaction may increase methane emissions 
(Heinonsalo et al., 2020). Compaction may further affect tillage energy 
requirements and thus emissions from machinery, soil structure, runoff, 
fertilizer use efficiency, and plant growth. Lower soil temperature de-
creases microbial and earthworm activity, deteriorating soil structure 
(Wilhelm et al., 2010). Straw collection processes may further cause 
machinery emissions. Various agricultural practices can partly 
compensate for the negative impacts of straw removal, for instance, 
synthetic fertilizers can replace nutrients removed with straw (Rajala, 
2001), and reduced tillage preserves SOC (Wilhelm et al., 2010). How-
ever, both practices may increase N2O emissions from the field (Shan & 
Yan, 2013), and emissions are also produced in the fertilizer production 
chain. Further compensatory practices include irrigation (Wilhelm et al., 
2010) and, to preserve SOC, crop rotation (Wilhelm et al., 2010), cover 
crops, and incorporation of alternative carbon sources, such as manure, 
sludge, or compost (Lal, 2008). Soil quality and other environmental 
impacts cannot be inextricably linked to straw removal because of other 
factors, such as soil texture, climate (Gabrielle & Gagnaire, 2008), 
topography (Shan & Yan, 2013), tillage, draining, and fertilizing prac-
tices (Regina, 2015). 

The current literature offers rather uncertain and inconsistent results 
about the effects of straw removal on field SOC content. Singh et al. 
(2015) found in a 30-year field experiment in Finland that straw 
removal did not impact carbon amounts of topsoil. Sweden has rela-
tively similar climate conditions as Finland, and in a Swedish study 
between 1956 and 2008, straw encompass to topsoil did not remarkably 
increase soil carbon content (Kätterer et al., 2011). According to Lafond 
et al. (2009), the removal of 22 %–40 % straw did not have any impact 
on crop yield or on SOC amount during a 50-year period. On the other 
hand, Powlson et al. (2011) concluded that straw encompass to fields 
leads to increased SOC content. According to Saffih-Hdadi and Mary 
(2008), straw removal every second year led to a 2.5 %–10.9 % reduc-
tion in SOC during a 50-year period depending on climate conditions. In 
Finland common practice is to chop the straw in the soil after harvest 
(Regina, 2015). However, the declining trend in carbon concentration of 

Finnish field soils seem to imply that this practice doesn’t increase the 
SOC in long-term (Heikkinen et al., 2013). A field’s amounts of SOC vary 
depending on factors such as soil type, soil management, and climate 
conditions (Ingram & Fernandes, 2001). In Finland, the SOC amounts 
vary from 54 MgC ha− 1 (mineral soils) to 166 MgC ha− 1 (organic soils) 
(Heikkinen et al., 2013). 

In addition to uncertainties related to the impacts of straw removal 
or encompass, there are also methodological uncertainties in the life 
cycle assessment (LCA) of previous straw-related evaluations. A key 
concern is if straw can be regarded as a waste, thus not allocating 
emissions from crop production. While if it is considered as a coproduct, 
a share of emissions should be allocated from crop production. There are 
differences in how the allocation has been carried out. Tonini et al. 
(2016) considered straw used for bioenergy production as a waste in 
their LCA study. Gabrielle and Gagnaire (2008) assessed ethanol pro-
duction from wheat straw in their LCA and did not allocate environ-
mental impacts from wheat cultivation to straw. In their LCA study of 
district heat production from wheat straw in a combined heat and power 
(CHP) plant, Parajuli et al. (2014) considered the environmental impacts 
to begin from straw removal from the field. Borrion et al. (2012) used 
mass allocation in their LCA of bioethanol production from wheat straw, 
allocating environmental impacts between wheat grain, straw incorpo-
rated into the field, and straw used for feedstock in bioethanol pro-
duction. Parajuli et al. (2017) used economic allocation between wheat 
grain and straw in their LCA study of using wheat straw as a feedstock 
for a biorefinery. Silalertruksa and Gheewala (2013) applied economic 
allocation for distributing the environmental burden of rice cultivation 
between rice straw, which will be used for energy production or as 
fertilizer, and paddy rice. In their LCA study of bioethanol production 
from straw, Wang et al. (2013) allocated the environmental burden of 
wheat cultivation between wheat straw and grain using economic allo-
cation. Lindorfer et al. (2014) concluded from the sensitivity analysis in 
their LCA study of bioethanol production from wheat straw that 
greenhouse gas (GHG) balance results heavily depend on the chosen 
allocation method between grain and straw. They tested the following 
allocation methods: 100 % allocation to grain, mass balance-based 
allocation between grain and straw, allocation based on market value, 
and allocation by calorific value (Lindorfer et al., 2014). 

Despite the availability of previous research on this topic, knowledge 
concerning the global warming impacts of straw and straw-based fibers 
remains inadequate. This is an important concern because the utilization 
of new straw-based textiles should lead to reduced GHG emissions 
compared to the use of cotton or polyester fibers. Therefore, this study 
focuses on providing information on straw-related carbon footprint (CF) 
from the perspective of uncertainties in the initial data and the 
perspective of LCA methodological selection. The focus of the study is on 
straw production on fields and the research is based on literature data. 
The aim of this study is to increase the understanding of the key pa-
rameters and possible risks of straw removal from the fields and find out 
possible knowledge gaps that require further studies or measurements. 
This is the first attempt to assess uncertainties in the climate impact of 
straw removal using LCA. This research contributes both empirically by 
providing information about the climate impacts of using straw as a raw 
material and methodologically by providing new insights about the 
factors influencing straw fiber LCAs. The context of the research is 
Finland, where straw is mainly encompassed to soils. 

2. Life cycle assessment method and data 

This research is based on the LCA methodology. The structure of the 
assessment follows ISO14040 and 14044 standards (ISO, 2006a; ISO, 
2006b). A comparative LCA testing of the effects of methodological 
choices and uncertainties in the initial data on the CF of straw is carried 
out. 
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2.1. Goal and scope definition 

The goal of LCA is to calculate climate change impacts as a CF based 
on the CML 2001–2016 method for a functional unit, which is 1 kg of dry 
oat straw collected from fields in Finland. According to ISO 14067, CF is 
the sum of GHG emissions and removals in a product system, and it is 
expressed as a CO2 equivalents (ISO, 2018). The LCA model also aims to 
show how uncertainty in the initial data related to straw management 
impacts the CF. There are possible differences in the status of straw 
(waste or coproduct), which may affect the CF through methodological 
decisions, especially because of the allocation of environmental burden. 

LCA was carried out for straw production in Finland using GaBi 

9.2.1.68 LCA software and databases.1 The initial data were com-
plemented using literature sources. For major uncertainties or variations 
in the initial data, we first presented a base assumption for the model 
and then provided possible variations that may occur in the parameters. 
Variations in parameters were used in the sensitivity analysis to deter-
mine possible risks and the importance of each parameter. 

From a methodological perspective, alternative possibilities exist in 
the methods used to allocate emissions from crop production for straw 
(Fig. 1). First, if straw is not of economic value, it can be regarded as a 
waste according to ISO 14040 standards (ISO, 2006b) and the Green-
house Gas Protocol (2011). In this case, the life cycle of straw can be 
assumed to begin with straw collection, and no emission burden from 

Fig. 1. Methodological options in the life cycle assessment for straw depending on its status as a waste or a coproduct.  

Fig. 2. Differences in crop production between straw encompass and straw removal and the boundaries of the studied system.  

1 https://gabi.sphera.com/nw-eu-english/index/. 
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crop cultivation is allocated for straw. Second, if straw is of economic 
value, it can no longer be regarded as a waste, so part of the emissions 
from the joint processes of straw and crops must be allocated for straw 
production as well (ISO, 2006b; Greenhouse Gas Protocol, 2011). In this 
case, allocation can be done based on the mass or economic value of 
crops and straw. 

Fig. 2 shows the system boundaries for straw encompass and straw 
removal. As can be seen in the figure, additional process steps are 
required for straw removal, and there can be changes in the existing 
processes. Straw should be dry to be removed from the field and used as 
a raw material (Satafood, 2014). Too moist straw can prevent raw ma-
terial usage due to reduced preservability and quality during storage 
(Satafood, 2014). In this study, the effect of moisture is not studied. 

2.2. Life cycle inventory analysis 

In this section, the values used to build the life cycle model are 
presented. All the values are shown in Table A1 in the Appendix. The 
effects of removing 1 kg of straw are presented separately in Table A2 in 
the Appendix. 

2.2.1. Crop cultivation and harvesting 
If straw is considered a coproduct, the emissions should be allocated 

between crops and straw. The straw amount for oat production is 
approximately 3,000 kg ha− 1, whereas crops amount is slightly higher at 
3,500 kg ha− 1 (Uusitalo & Leino, 2019). With these values, producing 1 
kg of dry straw requires 0.0003 ha of land. In GaBi, most agricultural 
processes are modelled based on land area needed. The life cycle starts 
with ploughing the field, which is modeled with the Gabi process GLO: 
Soil cultivation; ploughing (medium, 83 kW). The ploughed area is the 
basic area defined earlier (0.0003 ha). After ploughing, the seed bed is 
prepared for planting, and it is modeled with the process GLO: Soil 
cultivation; seed bed preparation (medium, 83 kW). Planting the seeds is 
modeled with the process GLO: Sowing; Seeder (67 kW), and fertilizing is 
modeled with the process GLO: Fertilising; Mineral fertilizer. In Finland, 
fertilizing and sowing are done with machinery that combines these two 
processes (Lantmännen Agro, 2020). There was no such process in Gabi, 
so fertilizing and sowing were modeled separately. This may slightly 
increase emissions related to this process step. 

The field is fertilized with nitrogen–phosphorus–potassium (NPK) 
fertilizer, and the basic nitrogen need is 100 kgN ha− 1 (Lantmännen 
Agro, 2020). It is assumed that additional fertilizers are not required 
during the growing season. The cultivation guide from Lantmännen 
Agro (2020) proposes the fertilizer YaraMila (Yara 2021a) or YaraBela 
(Yara 2021b). For this assessment, YaraMila Y1 is the fertilizer used, 
with an NPK ratio of 26.6:1.3:4.3 (Yara 2021c). According to the NPK 
ratio and the basic nitrogen need, the phosphorus and potassium needs 
are 4.9 and 16.2 kg ha− 1, respectively. In GaBi, the production of these 
nutrients is not modeled as elemental nitrogen, phosphorus, and po-
tassium but as ammonia (NH3), raw phosphate (32 % P2O5), and po-
tassium chloride (60 % K2O), with percentages presenting the nutrient 
content of the product. The needed amounts of these chemicals are 
calculated with molar masses and nutrient content of the chemicals. The 
production of such chemicals is modeled with the following GaBi pro-
cesses: DE: Ammonia liquid (NH3) with CO2 recovery, by-product carbon 
dioxide (economic allocation), EU-28: Raw phosphate (32 % P2O5) Fertil-
izers Europe, and EU-28: Potassium chloride (KCl/MOP, 60 % K2O) Fer-
tilizers Europe. 

Liming raises the pH of the field and improves the availability of 
nutrients. The recommended amount of liming is 5 tons of lime every- 
five years (Lantmännen Agro, 2020). Liming the field is modeled with 
the GaBi process GLO: Fertilising; lime. As liming takes place only every- 
five years, the basic cultivated area is divided by five. Agricultural lime 
is finely ground calcite or magnesium-containing limestone. The most 
commonly used liming agents contain calcium carbonate (CaCO3) or 
calcium magnesium carbonate (CaMg(CO3)2) (Nordkalk, 2021). The 

production of agricultural lime is modeled with the Gabi process DE: 
limestone flour (0.5 mm). 

During crop cultivation, certain pesticides are required to kill weeds, 
pests and other diseases. In 2018, the average amount of active sub-
stances used for plant protection in Finland was 0.553 kg ha− 1 (Natural 
Resources Institute Finland, 2018). This value is applied when the pro-
duction of pesticides is modeled. The GaBi process GLO: Pesticide 
(average) is used to model pesticide production. The process models the 
average pesticide production, which includes herbicides, fungicides, 
insecticides, seed treatment, and plant growth regulators. Spraying of 
pesticides is modeled with the GaBi process GLO: Pest management; 
Spraying. 

Crop harvesting is modeled with the GaBi process GLO: Harvest; 
Combine harvesting grain. All the field processes require diesel input. The 
production of diesel is modeled with the Gabi process EU-28: Diesel mix 
at filling station. 

2.2.2. Straw collection 
After combine harvesting, straw is ready to be collected. If the 

weather is dry, tedding the straw is not necessary. Windrowing is carried 
out to combine smaller windrows into larger ones (Laurila & Saarinen, 
2014). In this assessment, it is assumed that straw tedding is not 
required. Windrowing is modeled with the GaBi process GLO: Harvest; 
Swathing straw/hay. However, this process does not accurately represent 
windrowing, as swathing includes cutting the straw down, which is 
already modeled in combine harvesting. Therefore, the fuel consump-
tion parameter of the swathing process is lowered to 2 l ha− 1, which is 
the average fuel consumption value for windrowing, according to 
Ahokas (2013). 

Straw is collected from the field by baling. The most common baler 
types are rectangular and round balers. Round balers are lighter and 
more affordable than rectangular balers, which are more suitable for 
contractors (Laurila & Saarinen, 2014). In this assessment, it is assumed 
that bailing is carried out with round balers. Baling is modeled with the 
GaBi process GLO: Harvest; Pressing round bales. From the field, the bales 
are assumed to be transported to interim storage, which is modeled with 
the process GLO: Transport round bales. The assumed transport distance 
is 3 km. From interim storage, the bales are transported to plants where 
the straw is processed to textile fibers. The assumed transportation 
distance is 50 km (10–100 km). Transportation is modeled with the Gabi 
process GLO: Truck-trailer, Euro 6, 34–40 t gross weight/27 t payload 
capacity. 

If the straw is not collected from fields, it is typically shredded by 
harvesters, which increases these harvesters’ fuel consumption. On the 
other hand, if straws are collected, they are not shredded because the 
collection of longer straws is easier, and diesel consumption can be 
reduced. According to discussions with farmers, it can be roughly 
assumed that a harvester’s fuel consumption increases by 20 % if straw 
is shredded for soil encompass. 

2.2.3. Soil organic carbon changes resulting from straw removal 
In the assessment, we assumed that the SOC content of Finnish fields 

is 100 (54–166) MgC ha− 1 (Heikkinen et al., 2013). The basic assump-
tion in this study is based on previous long-term studies indicating that 
straw removal does not impact SOC (Singh et al., 2015; Kätterer et al., 
2011; Lafond et al., 2009). However, as some studies show results of 
SOC reduction, thus reduction up to 10.9 % during a 50-year period with 
straw removal every second year is applied in sensitivity analysis (Saf-
fih-Hdadi & Mary, 2008). In GaBi, SOC reduction is modeled as CO2 
emissions from the field. Carbon was converted into CO2 by using the 
ratio of their molar masses, 44/12 (IPCC, 2006). 

2.2.4. Changes in soil N2O and CH4 emissions resulting from straw removal 
Straw removal or encompass may also impact direct soil emissions of 

N2O and CH4, which are both stronger GHGs compared to CO2 (Shan & 
Yan, 2013; Laurila & Saarinen, 2014). The typical amount of nitrogen 
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added for crop cultivation in Finland is 100 kg ha− 1 (Lantmännen Agro, 
2020). It is assumed that approximately 1 % of nitrogen input on soil is 
released into the atmosphere as N2O (IPCC, 2006). There is no measured 
information on changes in soil emissions because of straw removal in 
Finland. Therefore, in this study, we considered that the amount of ni-
trogen reacting with N2O does not change, but the possible variation is 
high at 0 % (− 1% to 1 %). In the GaBi model, it is assumed that nitrogen 
inputs originate from fertilizers and straw. When straw is removed from 
the field, only N2O emitter is fertilizers. Because of insufficient data, CH4 
emissions were not included in the model. 

2.2.5. Additional fertilizing 
The straw contains nitrogen, potassium, and phosphorous, so straw 

removal may lead to increased fertilizing requirements (Rajala, 2001). If 
straw is encompassed to soil, its decaying is likely to consume soil ni-
trogen reservoirs because of the low C/N relation in straw (Laurila & 
Saarinen, 2014). Therefore, it can be assumed that straw removal 
actually reduces nitrogen fertilizer needs but increases phosphorous and 
potassium fertilizer requirements. Straw removal has been observed to 
affect the need for phosphorous and potassium (Laurila & Saarinen, 

2014; Powlson et al., 2011). In Finland’s operational environment, the 
removal of 1 kg straw leads to the removal of 5 g (4–6 g) of nitrogen, 1 g 
(0.8–1 g) of phosphorous, and 15 g (12–17 g) of potassium (Rajala, 
2001; Yara, 2020). In the LCA, we assumed that straw removal reduces 
nitrogen fertilizer needs but increases phosphorous and potassium 
fertilizing. Changes in fertilizing were modeled similarly, as explained in 
Section 2.2.1. 

2.2.6. Additional ploughing 
Straw removal can increase soil compaction (Silalertruksa & Ghee-

wala, 2013). The additional ploughing can affect the growth start of 
crops, the volume of roots, the effectiveness of fertilizers, and it can 
increase the energy consumption of agricultural machinery (Wilhelm 
et al., 2010). It is assumed that additional ploughing is done every-five 
years to reduce soil compaction due to straw removal. In GaBi, addi-
tional ploughing is modeled by multiplying the basic area in the 
ploughing process by 1.2. 

2.2.7. Allocation between straw and crops 
The producer prices of crops in Finland in 2020 were 170 € t− 1 

Fig. 3. Carbon footprint (CF) comparison of the systems in which straw is encompassed and straw is removed from the field. No allocation applied.  

Fig. 4. CF comparison of straw removal when economic allocation is applied and when straw is regarded as a waste.  
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(154–181) € t− 1. This is the basic price paid to farmers, and it includes 
transport to the first customer. The value-added tax is 0 %, and com-
missions and other fees are deducted from the price (Official Statistics of 
Finland, 2021). The price for straw at fields in Finland is estimated to 
vary from 15 € to 28 € t− 1 (Silpola, 2015; Lötjonen & Kässi, 2013). The 
straw and crop price data are from different years which might cause 
some uncertainties. The availability of straw price data seems to imply 
that straw cannot be regarded as a waste, as it has some economic value, 
especially in Finland. 

3. Results and discussion 

Fig. 3 presents the CF of producing 1 kg of dry straw in two scenarios, 
in which straw is either encompassed in soil or removed from the field. 
The figure shows that most GHG emissions originate from the soil’s N2O 
emissions related to used nitrogen fertilizers and fertilizer production. 
Emissions are also caused by the use of agricultural machinery, espe-
cially that of equipment related to harvesting and ploughing. The GHG 
emissions in agricultural processes and transportation include those 
from the production and combustion of diesel. 

According to the results in Fig. 3, the CF of encompassing 1 kg of 
straw is 35 gCO2eq (11.9 %) higher than removing 1 kg of straw. The 
difference is mainly caused by the lower N2O emissions from the field if 
straw is removed. It was assumed that straw removal reduces the need 
for nitrogen fertilizer, which, together with reduced nitrogen in straw, 
further reduces the amount of nitrogen in the field that could react to 
N2O. However, there is rather high uncertainty related to the amount of 
nitrogen that reacts to N2O. Reduced nitrogen fertilizer use reduces the 
CF of fertilizer production even though the use of phosphorus and po-
tassium fertilizer is increased. 

Fig. 4 presents the effects of methodological choices in the CF of 
straw, which relate to the status of straw—whether it is regarded as a 
waste from crop production or as a coproduct. If straw is regarded as a 
waste, then no environmental burden from crop cultivation is allocated 
to straw, and if it is regarded as a coproduct, then economic allocation is 
carried out to share the burden between straw and crops. When straw is 
regarded as a waste, the CF of 1 kg of straw is only 0.014 kgCO2eq, 
whereas when economic allocation is applied, the CF rises to 0.040 
kgCO2eq. The figure demonstrates that the CF is more than doubled 
when economic allocation is applied. Therefore, if straw is used as a raw 

Fig. 5. Changes in the results of the straw removal system when upper (orange bar) and lower values (blue bar) of the parameters are applied. No allocation 
is applied. 

Fig. 6. Comparison of the straw encompass and straw removal systems and of the effects of the sensitivity analysis. The red bar shows the effects of applying all the 
high parameters or low parameters from the sensitivity analysis. 
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material in textile fiber production, it should be carefully considered 
whether straw can be regarded as a waste or a coproduct, as this may 
also have a high impact on the CF of the end products. In Finland, straw 
typically has an economic value, as it is used as bedding, feed, or soil 
conditioner, and it can therefore be regarded as a coproduct. However, 
globally, this would be dependent on geographical location and local 
circumstances. It is also possible that if straw use increases, it will have 
economic value. In turn, this will increase the GHG emissions allocated 
for straw. It should be noted that economic value is not necessarily the 
only factor defining the status of straw. For example, if the crop pro-
duction system also aims for the production of straw due to various 
straw uses, straw can be regarded as a coproduct. However, if the main 
aim is to produce food, then straw can be regarded as a waste. 

Economic allocation is only one of the methods that can be used to 
allocate the impacts between product and coproducts. The impacts 
allocated for straw can vary greatly depending on the method used. In a 
study by Brankatschk and Finkbeiner (2014), the effects of four different 
allocation methods between wheat grains and straw were tested. Ac-
cording to the results, the share of impacts allocated for straw are 
smallest with economic allocation (23 %), whereas mass, energy, and 
cereal unit allocations allocate 44 %, 45 %, and 25 % of the impacts for 
straw, respectively (Brankatschk & Finkbeiner, 2014). Thus, changing 
the allocation method for energy or mass could significantly increase the 
climate impacts of straw production. This would follow the hierarchy 
presented in ISO 14044, in which allocation should be avoided, and, if 
not possible, physical allocation should be used (ISO, 2006a). Economic 
allocation should be used if physical allocation is not possible (ISO, 
2006a). However, in the case of straw, physical allocation might be too 
disconnected from the business reality, as crops and straw have signif-
icantly different economic values. Production is often guided by the 
value of the product and so it can be fair that the most value adding 
product has the highest burden. 

Fig. 5 shows the uncertainty related to initial data assumptions for a 
case in which straw is considered a waste and when no allocation has 
been performed. As can be seen in the figure, the highest uncertainties 
are related to N2O emissions and the possible SOC reduction over a long 
period. Additional quantitative data are therefore needed for N2O and 
CH4 emissions and for SOC changes because of straw removal. Other 
parameters did not seem to have a significant impact on the CF of straw. 

When the results from sensitivity analysis are presented together 
with the results in Fig. 6, it can be seen that in the worst-case scenario, in 
which all parameters are set to high, the CF of straw removal is tripled at 

0.939 kgCO2eq kg− 1 of straw. Furthermore, some changes occur in 
transportation, fertilizer production and ploughing, but these changes 
are minuscule compared with the effects of N2O and SOC, as seen in 
Fig. 5. 

The results show that if SOC changes are not considered, straw 
removal may lead to a lower overall CF compared with that of soil 
encompass because of reduced nitrogen fertilizing and related N2O 
emissions. However, there is relatively high uncertainty related to SOC 
changes and soil emissions (N2O, CH4) changes because of straw 
removal. More quantitative data are thus needed to accurately assess the 
impacts of straw removal on CF. SOC changes might also vary depending 
on the field type as different soil types contain varying amounts of 
carbon. More data are also needed on the crop yield changes caused by 
straw removal. If straw removal weakens soil fertility and crops, this 
may have a significant impact on the total climate impacts because of 
the increased land use needed for crop production. More quantitative 
data would be important to assess the impacts of straw removal on crops. 
This study did not find similar uncertainty in initial data related to other 
parameters that could lead to significant uncertainty in the CF. 

Fig. 4 shows that the CF of straw is positive. However, during its 
growth, the straw uses photosynthesis to fix atmospheric CO2, which is 
then stored as organic carbon in plant biomass. If this carbon is not 
released into the atmosphere, the overall CF of the straw product can be 
highly negative, as shown in Fig. 7. The carbon content of straw is 
approximately 46 % (Alakangas et al., 2016), which means that 1 kg of 
dry straw can store 1.69 kg worth of CO2. This is over 40 times more 
than the economically allocated CF of straw. Most of this carbon will 
eventually be released if the straw or the product made from straw is 
incinerated or decomposed. Therefore, it would be better from a climate 
point of view if long-lasting products, such as textiles, are produced from 
straw. However, according to Laitala and Klepp (2015), the average life 
span of clothing is 5.4 years, which implies that the carbon in straw 
textiles might not be stored for a long time. New business models and 
more efficient consumption patterns should be developed, and the 
recycling of textiles should be conducted to achieve longer life spans and 
thus longer carbon storage (Levänen et al., 2021). Extending the life 
span of textiles would also reduce the GHG emissions of the entire textile 
industry and decrease textile waste. From a systemic perspective, straw 
based fibers may replace fibers, for instance, with fossil origin thus 
leading to additional GHG emission reductions as natural fibers tend to 
have smaller carbon footprint when compared with synthetic fibers 
(Rana et al., 2015). 

Fig. 7. Comparison of the CF of carbon stored in straw and that of the straw removal system.  
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The sustainably collectable straw potential significantly varies 
regionally and is subject to various environmental, technical, and eco-
nomic constraints, as well as to other competing uses (Scarlat et al., 
2010). Many aspects that affect soil fertility and crop yields favor using 
straw for soil improvement in the field instead of collecting it. Main-
taining SOC is usually regarded as one of the most significant limiting 
factors for straw collection. The share of straw required for maintaining 
SOC depends on other local agricultural activities. For instance, if live-
stock manure is available for maintaining the SOC balance instead of 
straw (Lindorfer et al., 2014). Furthermore, straw left in the field im-
proves soil structure, nutrient cycle and water balance in the soil 
(Johnson et al., 2010). 

Using straw as a material for textile production is one alternative 
among several competing uses. Animal farming locally limits the sus-
tainably collectable straw potential because of the straw requirement for 
livestock bedding (Weiser et al., 2014). Monforti et al. (2013) estimated 
that approximately 16 % of the collectable cereal crop residues are 
required for livestock bedding in Europe; however, the share varies 
across countries. Some straw is also used for animal feed (Scarlat et al., 
2010; Yuan & Sun, 2010; Hakala et al., 2016). Livestock manure then 
compensates for the organic carbon lost from fields because of straw 
collection (Lindorfer et al., 2014). In agriculture, straw is further used as 
a material for mushroom production (Scarlat et al., 2010; Yuan & Sun, 
2010; Hakala et al., 2016) and soil cover in horticulture (Scarlat et al., 
2010; Hakala et al., 2016). Biorefining processes enable straw to be 
processed to various biofuels or biomaterials (Yuan & Sun, 2010). In 
general, EU renewable energy targets strongly promote using agricul-
tural residues for energy and biofuel production (Monforti et al., 2013). 
As for biofuel applications, straw is commonly used for producing bio-
ethanol (Lal, 2008; Ekman et al., 2013; Wang et al., 2013; Gupta & 
Verma, 2015). It is also suitable for small- or large-scale combustion 
plants to produce heating, district heat, or combined heat and power 
(Voytenko & Peck, 2012). Other potential energy applications include 
pyrolysis, gasification, liquefaction, and digestion to produce biogas 
(Yuan & Sun, 2010). A marginal competitive use of straw is the pro-
duction of pulp and paper (Scarlat et al., 2010; Yuan & Sun, 2010), in 
which straw is globally the most common non-wood fiber material 
(Yuan & Sun, 2010). Straw can also be used in producing insulation 
material for buildings (Scarlat et al., 2010), biodegradable plastics, or 
adsorbents (Yuan & Sun, 2010). 

4. Conclusions 

An LCA for the climate impacts of straw encompass and removal was 
carried out in the Finnish operational environment with the goal of 
studying the effects of uncertainties in the initial data and the different 
methodological choices regarding the status of straw. Straw removal 
possibly reduces crop cultivation–related GHG emissions because of 
reduced nitrogen fertilizer needs and subsequent N2O emissions. How-
ever, the situation may change if the amount of SOC is reduced because 
of continuous straw removal in the long term as carbon is removed from 
the soil and returned to the atmosphere. In addition, there is high un-
certainty related to changes in N2O emissions. From a methodological 
perspective, the decisive factor is whether straw can be considered a 
waste or a coproduct of crop cultivation. This assumption has a high 
impact on the calculated CF of straw, and it should be carefully 
considered when straw is used as a raw material for high-value products, 
such as textile fibers. If straw is considered a coproduct, part of the 
emissions related to crop cultivation is allocated to straw. However, if it 
is considered a waste, it will carry no upstream environmental burden 
from crop cultivation. Straw has multiple uses globally and depending 
on spatial and cultural factors. For instance, it can be considered a waste 
or an important economic product. To assess the total GHG emission 
balance at a system level also straw refining and manufacturing of 
replaced final products should be considered. Defining the assumptions 
for future LCA calculations of textiles in complex global textile supply 

chains can be tricky and will require information on the origins of straw 
and thus the transparency of the supply chain. This issue should be 
considered when setting up novel supply chains. Additional quantitative 
information will be needed for accurate LCAs, especially those related to 
SOC, N2O, and CH4 changes between straw management practices, as 
well as information on the impacts of straw removal on crop yields. 
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Table 1 
Basic values used in the modeling.  

Parameter Value Unit Reference/comment 

Oat straw yield 3,000 kg ha− 1 Natural Resources 
Institute Finland, 2014 

Oat crop yield 3,500 kg ha− 1 Natural Resources 
Institute Finland, 2014 

SOC 100,000 kg ha− 1 Heikkinen et al., 2013 
Basic nitrogen fertilizer 

need 
100 kgN ha− 1 Lantmännen agro, 

2020; Elosato, 2015 
Phosphorus input 

calculated from the 
NPK value 

4.9 kg ha− 1 Yara, 2021c 
NPK 26.6:1.3:4.3 

Potassium input 
calculated from the 
NPK value 

16.2 kg ha− 1 Yara, 2021c 
NPK 26.6:1.3:4.3 

Amount of nitrogen 
reacting to N2O 

1 % IPCC, 2006 

Straw moisture content 12 % Gabi 
Straw carbon content 46 % Alakangas et al., 2016 
Area producing 1 kg of 

straw 
0.0003 ha kg(straw) 

-1 
Calculated from straw 
yield 

Limestone input 5 000 kg ha− 1 

every 5 
years 

Lantmännen agro, 
2020; Nordkalk, 2021 

Pesticide input 0.553 kg ha− 1 Natural Resources 
Institute Finland, 2018 

Bale transport (field to 
storage) 

3 km Assumption 

Price of crop 170 
(154–181) 

€ t− 1 Official Statistics of 
Finland, 2021 

Price of straw 15–28 € t− 1 Silpola, 2015; Lötjonen 
& Kässi, 2013  

Table 2 
Effects of 1 kg of removed straw. Basic assumptions are presented first, and the 
range of variation is indicated within brackets.  

Parameter Value Reference 

Reduced nitrogen fertilizer need 5 g (4–6 g) Laurila & Saarinen, 2014; 
Rajala, 2001; Yara, 2020 

Removed nitrogen 5 g (4–6 g) Rajala, 2001; Yara, 2020 
Removed phosphorus 1 g (0.8–1 g) Rajala, 2001; Yara, 2020 
Removed potassium 15 g (12–17 g) Rajala, 2001; Yara, 2020 
Changes in N2O emissions 0 % (− 1 to 1 

%) 
Assumption 

Methane emissions Not 
announced 

– 

Additional ploughing Every 5 years Assumption 
SOC reduction in 50 years when 

straw is removed every 2 years 
0 % (0 %–10.9 
%) 

Saffih-Hdadi & Mary, 2008 

Harvester fuel consumption − 20 % Assumption 
Bale transport (storage to facility) 50 km 

(10–100 km) 
Assumption 

Windrowing Additional 
process 

Laurila & Saarinen, 2014 

Bailing Additional 
process 

Laurila & Saarinen, 2014  
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