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[bookmark: _Toc313894952][bookmark: _Toc348340947]General activities
[bookmark: _Toc313894953][bookmark: _Toc348340948]Electricity mixes in different countries
We model processes taking place in the following countries/regions: Canada, China, Europe and India. Also, chitosan production affects animal feed production systems, which are considered to take place in Brazil, Malaysia and Indonesia. For China, Europe, India, Brazil, Indonesia and Malaysia we used the electricity mixes as defined by Muñoz et al. (2015), which are based on national forecasts for the period 2008/2012 to 2020. These mixes are shown in Table 1. Muñoz et al. (2015) do not provide an electricity mix for Canada. For this country as well as any country in the world, we rely on the country/region electricity mixes in ecoinvent.
For all industrial processes in the foreground system, electricity is assumed to be supplied at medium voltage, implying that conversion to low voltage is performed in the factories.

[bookmark: _Ref294191244]Table 1. Electricity profiles used in the LCI for China, Europe and India (Muñoz et al. 2015).
	Energy source
	China
	EU
	India
	Brazil
	Indonesia
	Malaysia
	Canada

	Coal
	53%
	0%
	57%
	8%
	57%
	61%
	0%

	Oil
	0%
	0%
	0%
	0%
	0%
	0%
	0%

	Natural gas
	8%
	13%
	15%
	35%
	15%
	35%
	38%

	Biomass
	1%
	12%
	2%
	5%
	2%
	0%
	12%

	Nuclear
	13%
	0%
	6%
	6%
	6%
	0%
	0%

	Hydropower
	15%
	7%
	14%
	41%
	14%
	5%
	28%

	Wind
	9%
	58%
	5%
	5%
	5%
	0%
	22%

	Geothermal
	0%
	1%
	0%
	0%
	0%
	0%
	0%

	Solar
	0%
	9%
	1%
	1%
	1%
	0%
	1%

	Marine
	0%
	0%
	0%
	0%
	0%
	0%
	0%

	Total
	100%
	100%
	100%
	100%
	100%
	100%
	100%






The reason why these consequential electricity profiles are preferred to the default consequential profiles in ecoinvent is explained in Bauer (2013), where it is stated that current implementation in the database can lead to unrealistic consequential electricity profiles in some regions, and it is recommended for users to create their own datasets according to more specific information concerning constrained/unconstrained power generation in specific geographical regions.
[bookmark: _Ref294259004][bookmark: _Toc313894954][bookmark: _Toc348340949]Animal feed
Several materials and by-products involved in the chitosan supply chain affect the markets for animal feed. According to Schmidt and Dalgaard (2012, section 7.2), the marginal source of animal feed can be broken down to one market for feed protein and one market for feed energy. Animal producers will typically ensure to optimise the content of these two feed components in the feed scheme. Hence, when a material is supplied to the animal feed market, it will substitute the same quantity of the two components feed protein and feed energy as contained in the meal.
The most likely sources of feed protein and feed energy to be affected have been identified as soybean meal from Brazil and barley from Ukraine (Schmidt 2015). When modelling feed protein and feed energy this is done as separate market-activities. Soybean meal and barley as well as almost all other feedstuff contain both protein and feed energy. So in reality, the effect will never be isolated to only one of the feed protein or feed energy activities.
Inventory data for soybean meal and barley systems are obtained from the study by Schmidt (2015) and not shown in detail here, due to the large amount of information involved. However in order to maximize  transparency and reproducibility we show this information in Appendix 1. LCI data for animal feed energy and protein.





[bookmark: _Ref294193486]Table 2. LCI data for feed protein from soybean meal and feed energy from barley. Feed property data are obtained from Møller et al. (2005).
	Exchanges
	Unit
	Soybean meal as feed protein 
	Barley as feed energy 
	LCI data

	Unit of reference flow:
	
	kg protein
	MJ
	

	Reference flow
	
	0.468
	7.38
	Reference flow

	By-product outputs:
	 
	
	
	 

	Soybean meal as feed protein [kg protein]
	kg protein
	0
	-0.0918
	

	Barley as feed energy [MJ]
	MJ
	-9.57
	0
	 

	Material inputs:
	 
	
	
	 

	Soybean meal, BR
	kg
	1
	0
	See Appendix 1. LCI data for animal feed energy and protein.

	Barley, UA
	kg
	0
	1
	



In Table 2 the first column shows that 1 kg of soybean meal equals 0.468 kg of feed protein, which is the reference flow in this process. Also, because soybean meal contains carbohydrates as well, the 0.468 kg protein co-produces 9.57 MJ of feed energy, contained in the meal. The latter is modelled as a credit, since it displaces the marginal supply of feed energy, namely barley. The second column shows the equivalence between barley and animal feed energy. It can be seen that 1 kg barley contains 7.38 MJ feed energy, but given that barley also contains protein, these 7.38 MJ co-produce 0.0918 kg of protein, that displace the supply of the corresponding amount of soybean meal.
[bookmark: _Toc348340950]Indirect land use change
Indirect land use change is assessed with the model by Schmidt et al. (2015). This requires quantifying the potential production capacity, measured as productivity weighted hectare years (ha*year-eq.) of each land-using activity. This unit measures potential net primary production (NPP0) in the considered region relative to the global average. Ha*year-eqs were defined for each of the crops involved in the product system, namely barley in Ukraine, soybean in Brazil and Palm fruit in Malaysia/Indonesia (see the appendix). Based on Haberl et al. (2007), the global average NPP0 for arable land is 6.11 tonne C/ha/year and the average Ha*year-eqs for the mentioned crop-country location combinations were estimated as 0.82, 1.47 and 2.0 Ha*year-eqs, respectively.
[bookmark: _Toc313894955][bookmark: _Toc348340951]CO2 stored in chitosan
Chitosan is a bio-based product and its carbon content can be traced back to CO2 absorbed in the recent past by living organisms. From the harvesting of these organisms to the production of chitosan part of this carbon is again released to the atmosphere. Whatever carbon remains stored in the product can be considered as a carbon credit, measured in the inventory as a CO2 emission of negative sign.
The empirical formulas for chitosan isC6H11NO4, which corresponds to a carbon content of 0.447 kg per kg chitosan. Based on stoichiometrical calculations, 1 kg chitosan stores 1.639 kg CO2. 
[bookmark: _Toc313894956][bookmark: _Toc348340952]Background system
For the modelling of all other activities in the background (provision of energy, chemicals, etc.) we relied on the ecoinvent database v.3.1, namely on its ‘Substitution, consequential, long-term’ version. In order to keep full transparency, whenever we use an ecoinvent dataset we provide its name, as implemented in the Simapro software.
[bookmark: _Toc313894957][bookmark: _Toc348340953]European chitosan supply chain
[bookmark: _Ref294541424][bookmark: _Toc313894958][bookmark: _Toc348340954]Supply of crab waste in Canada
The diversion of crab waste to chitosan production displaces its current use (or disposal method), namely composting and the subsequent use of compost as fertilizer. We can summarize crab waste supply as in Table 3. 

[bookmark: _Ref293921591]Table 3. LCI of crab waste supply.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products/services:
	
	
	

	Snow crab waste, fresh
	kg
	1
	Reference flow

	Input of products/services:
	
	
	

	Snow crab waste composting and soil application
	kg
	-1
	Table 5



We lack primary data from actual composting sites managing crab waste, and for this reason we have to rely on published data and estimates. We can split this process into the following steps:
· Transport to composting plant
· Composting energy use and equipment
· Composting emissions
· Emissions derived from the application of crab shell compost in soil
· Avoided use of fertilizer due to crab shell compost use
Based on GAMS (2010) an estimated distance of 25 km by truck has been assumed to transport crab waste to the composting plant.
Composting energy and equipment use, including plant buildings, etc. were obtained from the ecoinvent database, which provides data for windrow composting in Switzerland, referring to a plant processing 10,000 tonnes of biowaste per year.
As for emissions associated to the composting process, we covered the following emissions to air: CO2, N2O, CH4, NH3, NOx, and H2S. No emissions to water were considered. Typically, composting plants re-circulate leachate as a source of nutrients (Grup de Recerca en ACV 2002). Whenever possible or reasonable, emissions were attributed to snow crab waste based on physical relationships, where the starting point was the composition of crab waste, as shown in Table 4.

[bookmark: _Ref293922646]Table 4. Snow crab waste composition considered (GAMS 2010).
	Dry matter
(kg/kg crab waste)
	Protein
(kg/kg dm)
	Fat
(kg/kg dm)
	Chitin
(kg/kg dm)
	CaCO3
(kg/kg dm)
	Other minerals 
(kg/kg dm)

	0.6
	0.42
	0.15
	0.16
	0.23
	0.03


dm: dry matter.

In order to carry out organic carbon and nitrogen balances, the following composition was considered for degradable organic fractions in crab waste:
· Protein: 47% carbon, 15% nitrogen (Muñoz et al. 2008).
· Fat: 77% carbon (Muñoz et al. 2008).
· Chitin: 47% carbon, 7% nitrogen, based on empirical formula C8H13O5N.
Emissions were estimated as follows:
· N2O emissions were attributed based on IPCC (2006), which suggests an emission factor of 0,0006 kg N2O per kg of waste in dry matter.
· CH4 emissions were also attributed based on emission factors by the IPCC (2006), namely 0.01 kg CH4 per kg of waste in dry matter. 
· CO2 was estimated assuming that 50% of the carbon in the waste is converted to CO2 (Smith et al. 2001). For this calculation only the organic carbon (protein, fat and chitin) was considered. Carbon in CH4 was deducted from this 50% in order to keep the mass balance.
· It was considered that 25% of the nitrogen in waste is volatilised (Soliva 2001). It is assumed to be volatilised in the form of NH3.Part of the nitrogen volatilised as NH3 is converted to NOx. Based on FAO and IFA (2001) this is estimated as 15% of the volatilised nitrogen.
· H2S emissions per kg waste input were considered as included in the ecoinvent dataset for composting, namely 5.28E-04 kg H2S per kg fresh waste.
The amount of resulting crab compost was estimated assuming that 60% of the degradable mass of waste (protein, chitin, fat) is lost (Smith et al. 2001, p. 138), and that the final crab compost has a moisture of 60% (Mathur et al. 1988).
When applied to soil, compost is expected to slowly degrade, resulting in additional emissions of pollutants. The same type of emissions are considered as in the composting process, with the exception of CH4 and H2S. Nitrogen-related emissions are estimated based on the Tier 1 IPCC methods for greenhouse-gas emission inventories (IPCC 2006), however no nitrate or phosphorus losses due to leaching are considered, since this is considered a nutrient management issue. Emissions were estimated as follows:
· 1% of the nitrogen in compost is lost as N2O (IPCC 2006, table 11.1)
· 20% of the nitrogen in compost is volatilised as NH3 (IPCC 2006, table 11.3). Part of the nitrogenvolatilised as NH3 is converted to NOx. Based on FAO and IFA (2001) this is estimated as 15% of the volatilised nitrogen.
· CO2 emissions are estimated assuming that all organic carbon in the compost, i.e. excluding carbonates, is mineralized to CO2.
The use of compost from crab waste displaces the use of mineral fertilizers as well as lime. The amount of these displaced materials is calculated based on the compost composition, and the equivalency between nutrients in organic and mineral fertilizers. This equivalency is established as follows:
· 1:1 for lime, i.e. calcium carbonate in compost replaces an equal amount of calcium carbonate from mineral sources.
· 1:0.4 for nitrogen, i.e. 1 kg nitrogen in compost replaces 0.4 kg nitrogen in mineral fertilizers (Boldrin et al. 2009).
· 1:0.95 for phosphorus,i.e. 1 kg phosphorus in compost replaces 0.4 kg phosphorus in mineral fertilizers (Boldrin et al. 2009).
Based on the amount of nutrients present in the compost when applied and these equivalencies, the amount of nitrogen, phosphorus (as P) and lime displaced are estimated as 0.013 kg, 0.015 kg and 0.014 kg, respectively. The application of mineral nitrogen fertilizer also leads to similar emissions to those from the application of compost. In this way, by applying compost we not only avoid the production of mineral fertilizers, but also these emissions. In order to assess the magnitude of these emissions, they were calculated based on the same assumptions as for compost, with the exception of the volatilized fraction of nitrogen, which is considered of lower magnitude for mineral fertilizers, namely 10% instead of 20% (IPCC 2006, table 11.3).
The detailed calculations for the composting process are available in the excel file attached below:
[image: ]
The resulting inventory table for composting of snow crab waste is shown in Table 5, whereas in Table 6 we show the avoided burdens from the application of crab compost, namely the substituted N, P and limestone fertilizers due to the nutrient content in compost.

[bookmark: _Ref294169952]Table 5. LCI data for snow crab waste composting and application of compost in agriculture.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products/services:
	
	
	

	Snow crab waste composting and soil application
	kg
	1
	Reference flow

	Output of by-products:
	
	
	

	Crab compost fertilizer
	kg
	0.843
	Table 6

	Input of products/services:
	
	
	

	Transport of waste to composting plant
	kgkm
	25
	25 km. Ecoinvent dataset: Transport, freight, lorry 16-32 metric ton, EURO3 {GLO}| market for | Conseq, U

	Diesel fuel
	MJ
	0.0657
	Calorific value of 45.4 MJ/kg. Ecoinvent dataset: Diesel, burned in building machine {GLO}| market for | Conseq, U

	Electricity, CA
	kWh
	6.37E-03
	Electricity, medium voltage {CA-NT}| market for | Conseq, U

	Composting plant building
	unit
	4.0E-09
	Composting facility, open {GLO}| market for | Conseq, U

	Emissions to air:
	
	
	

	Methane, fossil
	kg
	6.0E-03
	From composting process

	Hydrogen sulfide
	kg
	2.9E-04
	From composting process

	Ammonia
	kg
	0.0181
	From composting process and soil application

	Dinitrogen monoxide
	kg
	7.0E-04
	From composting process and soil application

	Carbon dioxide, biogenic
	kg
	0.86
	From composting process and soil application

	Nitrogen oxides
	kg
	8.71E-03
	From composting process and soil application










[bookmark: _Ref294523006]Table 6. LCI data for snow crab compost fertilizer. Avoided mineral fertilizer production and application.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products/services:
	
	
	

	Crab compost fertilizer
	kg
	0.843
	Reference flow

	Input of products/services:
	
	
	

	N fertilizer
	kg
	-0.0134
	Nitrogen fertiliser, as N {GLO} | market for | Conseq

	P fertilizer, as P2O5
	kg
	-0.0128
	Phosphate fertiliser, as P2O5 {GLO} | market for | Conseq

	Limestone
	kg
	-0.138
	Limestone, crushed, washed {GLO} | market for | Conseq

	Emissions to air:
	
	
	

	Ammonia
	kg
	-2.1E-04
	From mineral N application

	Dinitrogen monoxide
	kg
	-1.4E-03
	From mineral N application

	Nitrogen oxides
	kg
	-6.6E-04
	From mineral N application



[bookmark: _Toc313894959][bookmark: _Toc348340955]Transport to crab processor in Canada
It has not been possible to identify the location of the particular crab waste processor involved in the European supply chain. Based on GAMs (2010) an estimated distance of 25 km by truck has been assumed. The LCI data for transport are displayed in Table 7, together with data for crab waste processing.
[bookmark: _Toc313894960][bookmark: _Toc348340956]Crab processing (drying) in Canada
According to the European producer, raw crab waste is not subject to any separation of different fractions such as shell and meal. Although we were not able to access detailed data about the processing, it probably involves some kind of grinding and drying. In terms of LCI, we have only been able to model the drying process, based on an estimate of the amount of water to be evaporated, and the energy required to evaporate water. It is likely that drying is much more energy-consuming than grinding. According to GAMS (2010), drying represents 60% of the running costs for waste crab processors.
The initial moisture content of crab waste is 40% (Table 4), and drying reduces this to 10% according to the chitosan producer. From this we can conclude that 0.33 kg water need be evaporated per kg crab waste. We lack specific data on energy consumption for this process in this industrial sector. As an approximation, we have used data from the ecoinvent database, related to drying feed grain. Although the data refer to a different product, it is also based on the reference flow of evaporating water, which can be tailored to the needs of waste crab processing. The resulting LCI for this process, including transport, is shown in Table 7.

[bookmark: _Ref294171143]Table 7. LCI data for snow crab waste processing (drying).
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Snow crab waste, dry
	kg
	0.67
	Reference flow

	Input of products/services:
	
	
	

	Transport to processor
	kgkm
	25
	25 km. Ecoinvent dataset: Transport, freight, lorry 16-32 metric ton, EURO3 {GLO}| market for | Conseq, U

	Snow crab waste, fresh
	kg
	1
	Table 3

	Water evaporation
	kg
	0.33
	Drying of feed grain {GLO}| market for | Conseq



[bookmark: _Toc313894961][bookmark: _Toc348340957]Transport of crab waste to China
Dry crab waste is shipped from New Foundland, Canada, to Qingdao, China. From there it is transported by truck to the chitin producer, which is located at an approximate distance of between 50 and 200 km. An average distance of 100 km is assumed for the road transport, whereas for the shipping we used a port distance calculator (http://ports.com/sea-route/), assuming that the outbound port is Newmans Cove Harbour, in the Labrador sea. The resulting distance is 13,722 nautical miles, or 25,413 km.
To model both sea and land transport of crab waste we used ecoinvent datasets. The LCI data used are shown in Table 8, together with those related to chitin production.
[bookmark: _Toc313894962][bookmark: _Toc348340958]Chitin production in China
Data for chitin production have been collected by the chitosan producer from a supplier in China. The actual data collected included:
· Chitin yield: 10 kg dry crab waste per kg chitin.
· Freshwater input: 300L per kg chitin.
· Electricity and fuel used: 1.2 kWh and 6 kg coal per kg chitin
· Chemicals use: 9 kg HCl (6%) and 8 kg NaOH (4%) per kg chitin.
· Fate of protein sludge as animal feed.
· Area of production plant: 7000 m2
· Annual production capacity: 100 tonnes chitin.
The main data gaps in the process refer to the amount, composition and treatment of wastewater, as well as the composition of the protein-rich sludge produced. We also lack data on land use by the factory, as well as on CO2 emissions from the acid treatment of shells. The supplier states the use of solar energy for drying during summer, resulting in a lower fossil energy use during that season, however no data reflecting the summer season was provided. Finally, data on infrastructure was not available either.
The volume of wastewater generated was assumed equal to the water input, plus the water embedded in the dilute chemicals used (assuming for this calculation a density of 1 kg/L for both diluted solutions).Thus the overall amount of wastewater produced per kg chitin is:
· 300 L from freshwater use
· 9 - (9×0.06)= 8.46 L from HCl solution
· 8 - (8 ×0.04) = 7.68 L from NaOH solution
The total wastewater production is 316.14 L per kg chitin. This has been modelled as conventional urban wastewater treatment as included in the ecoinvent database for Switzerland. It is not possible to know with the current data how much this differs with the actual situation for the Chinese chitin producer.
The amount of protein recovered from wastewater has been estimated based on the crab waste composition, assuming recovery of 75% of the protein fraction. This percentage assumes that the Chinese chitin producer has the same protein recovery efficiency as Mahtani Chitosan. Based on the composition in Table 4, the amount of protein recovered is calculated as:
	0.42 kg protein
	×
	0.9 kg dm
	×
	10 kg crab waste
	×
	0.75 kg protein rec.
	=
	2.84 kg protein rec.

	kg dm
	
	kg crab waste
	
	kg chitin
	
	kg protein
	
	kg chitin



The amount of coal used to heat water was converted to heat by means of a calorific value of 28.9MJ/kg coal, as considered in the ecoinvent dataset for heat production from coal (see Table 8),which was used in the LCI. The amount of heat used by the process is therefore 173.4 MJ/kg chitin.
The CO2 released by the acid treatment of shells was estimated based on the crab waste composition, and assuming that all CaCO3 in the shells is released as CO2. Based on the composition in Table 4, the CO2 emissions are calculated as:
	0.23 kg CaCO3
	×
	0.9 kg dm
	×
	10 kg crab waste
	×
	0.12 kg C
	×
	44 kg CO2
	=
	0.91 kg CO2

	kg dm
	
	kg crab waste
	
	kg chitin
	
	kg CaCO3
	
	kg C
	
	kg chitin



In order to include production of infrastructure (buildings) in the inventory, as an approximation the data for organic chemical factories, as included in ecoinvent for the rest of the world (RoW) region was used. We took the same assumption as in the ecoinvent database, where this factory is assumed to produce 50,000 tonnes/year and has a life span of 50 years.












[bookmark: _Ref294172824]Table 8. LCI data for chitin production in China.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Chitin
	kg
	1
	Reference flow

	Output of by-products:
	
	
	

	Protein sludge, as feed protein
	kg
	2.84
	Displaces soybean meal as feed protein, see Table 2

	Input of products/services:
	
	
	

	Occupation,built up
	m2yr
	0.07
	7000 m2, 100,000 kg chitin/year

	Input of products/services:
	
	
	

	Transport, sea
	kgkm
	2.54E+05
	Transport from Canada to China. Ecoinvent dataset: Transport, freight, sea, transoceanic ship {GLO}| market for | Conseq, U

	Transport, road 
	kgkm
	1.8E+04
	Includes transport of chitin plus chemicals. Ecoinvent dataset: Transport, freight, lorry 16-32 metric ton, EURO3 {GLO}| market for | Conseq, U

	Snow crab waste, dry
	kg
	10
	Table 7

	Water
	L
	316.14
	Includes process water plus water in chemical solutions. Ecoinvent dataset: Tap water, at user {RoW}| market for | Conseq, U

	Electricity, CN
	kWh
	1.2
	Table 1

	Heat
	MJ
	173.4
	Heat, district or industrial, other than natural gas {RoW}| heat production, at hard coal industrial furnace 1-10MW | Conseq, U

	HCl (pure)
	Kg
	0.54
	Hydrochloric acid, without water, in 30% solution state {RoW}| market for | Conseq, U

	NaOH (pure)
	kg
	0.32
	Sodium hydroxide, without water, in 50% solution state {GLO}| market for | Conseq, U

	Wastewater treatment
	L
	316.14
	Wastewater, average (waste treatment) {RoW}| treatment of, capacity 5E9l/year | Conseq, U

	Chitin factory buildings
	p
	4.0E-10
	Chemical factory, organics {RoW}| market for | Conseq, U

	Emissions to air:
	
	
	

	CO2 fossil
	kg
	0.91
	From acid treatment



[bookmark: _Toc313894963][bookmark: _Toc348340959]Transport of chitin to Europe
Chitin is shipped from China to Europe, from where it is transported by truck to the producer. For maritime transport we used Rotterdam as destination. The resulting distance from Qingdao to Rotterdam is 12,351 nautical miles (22,874 km).From Rotterdam to the chitosan producer we added 500 km of road transport as an average.
To model both sea and land transport of chitin we used ecoinvent datasets. The LCI data used are shown in Table 9, together with those related to chitosan production.
[bookmark: _Toc313894964][bookmark: _Toc348340960]Chitosan productionin Europe
The data for this process were collected by the producer from its own process and represents an average for production in 2014. The data collected includesthe chitin-to-chitosan yield, freshwater input, use of chemicals (NaOH), electricity use, land occupation and production of wastewater and waste NaOH for disposal. Unfortunately the primary data are confidential and the figures cannot be disclosed in this publication.For this reason we provide an inventory table (Table 9) where figures are not shown but where the background data sets used can be seen.
There was no information on the composition of the wastewater produced. In the model, as an approximation we consider the composition and type of wastewater treatment for Switzerland’s typical urban wastewater.
In order to include production of infrastructure (buildings) in the inventory, as an approximation the data for organic chemical factories in Europe, as included in ecoinvent, was used. We took the same assumption as in the ecoinvent database, where this factory is assumed to produce 50,000 tonnes/year and has a life span of 50 years. We modified this data set by removing land use flows, given that land occupation is already accounted for based on real data from the manufacturer.








[bookmark: _Ref294179672]Table 9. LCI data for chitosan production in Europe.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Chitosan
	kg
	1
	Reference flow

	Input of products/services:
	
	
	

	Occupation, built up
	m2yr
	Confidential
	

	Input of products/services:
	
	
	

	Transport, sea
	kgkm
	Confidential
	Transport, freight, sea, transoceanic ship {GLO}| market for | Conseq, U

	Transport, road 
	kgkm
	Confidential
	Transport, freight, lorry 16-32 metric ton, EURO3 {GLO}| market for | Conseq, U

	Chitin
	kg
	Confidential
	Table 8

	Distilled water
	L
	Confidential
	Water, deionised, from tap water, at user {GLO}| market for | Conseq, U

	Electricity, EU
	kWh
	Confidential
	Table 1

	NaOH (pure)
	kg
	Confidential
	Sodium hydroxide, without water, in 50% solution state {GLO}| market for | Conseq, U

	Wastewater treatment
	L
	Confidential
	Wastewater, average (waste treatment) {CH}| treatment of, capacity 5E9l/year | Conseq, U

	NaOH waste disposal
	L
	Confidential
	Table 10

	Chitosan factory buildings
	p
	4.0E-10
	Chemical factory, organics {RER}| market for | Conseq, U. Data set modified by removing land occupation and transformation flows



Waste NaOH is managed by a specialized company. No other information was available on this process. In order to model this process in the LCI we assumed the NaOH solution is transported to a waste management facility, taking a distance of 100 km and neutralized with HCl. The resulting NaCl solution is assumed to be disposed of by conventional wastewater treatment. As in the chitosan production process, we consider the composition and type of wastewater treatment for Switzerland’s typical urban wastewater. The inventory for this process is shown in Table 10.

[bookmark: _Ref294354816]Table 10. LCI data for disposal of waste NaOH.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Waste NaOH disposal
	L
	10
	Reference flow

	Input of products/services
	
	
	

	Transport, road
	kgkm
	1,529
	100 km, 10 L x 1.529 kg/L. Ecoinvent dataset used: Transport, freight, sea, transoceanic ship {GLO}| market for | Conseq, U

	HCl (pure)
	kg
	6.98
	Stoichiometrical relationship 1 mol HCl: 1 mol NaOH. Ecoinvent dataset used: Hydrochloric acid, without water, in 30% solution state {RoW}| market for | Conseq, U

	Wastewater treatment
	L
	10
	Wastewater, average (waste treatment) {CH}| treatment of, capacity 5E9l/year | Conseq, U



[bookmark: _Toc313894965][bookmark: _Toc348340961]Indian Chitosan supply chain
[bookmark: _Toc313894966][bookmark: _Toc348340962]Shrimp waste supply
The diversion of shrimp shell waste to chitosan production displaces its current use, namely as raw material for fishmeal production (Table 11).

[bookmark: _Ref294359865]Table 11. LCI of shrimp waste supply.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Shrimp waste, fresh
	kg
	1
	Reference flow

	Input of products:
	
	
	

	Use of shrimp waste as animal feed
	kg
	-1
	Table 13



The inventory for use of shrimp waste as animal feed has been defined based on the nutritional profile of shrimp waste. As presented in section 1.1.2, animal feed equivalency is defined in terms of feed protein and feed energy content. Protein equivalents have been estimated based on the composition of shrimp waste, as received by Mahtani (Table 12).


[bookmark: _Ref294196307]Table 12. Composition of shrimp shells according to Mahtani Chitosan.
	Dry matter
(kg/kg shrimp waste)
	Protein
(kg/kg dm)
	Chitin
(kg/kg dm)
	CaCO3
(kg/kg dm)

	0.25
	0.65
	0.15
	0.20


dm: dry matter.

The gross energy content in shrimp waste has been obtained from the Feedipedia database (INRA, CIRAD, AFZ and FAO 2015), which reports 17.5 MJ/kg for a shrimp waste with 90.5% dry mass. The feed energy content (the part that is actually used by the fed animal) has been estimated as 43% of the gross energy content. This percentage has been obtained as the arithmetic average from 18 different feeds (grains, meals, grass, etc.) included in Møller et al. (2005).
Table 13 shows the inventory for use of shrimp waste as animal feed. This animal feed displaces the marginal supply of animal feed, namely soybean meal and barley, and for this reason they are shown in the table with a negative sign.

[bookmark: _Ref295139908]Table 13. LCI of shrimp waste supply.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Use of shrimp waste as animal feed
	kg
	1
	Reference flow

	Input of products:
	
	
	

	Feed energy equivalents
	MJ
	-2.083
	Table 2

	Feed protein equivalents
	kg protein
	-0.163
	Table 2



[bookmark: _Toc313894967][bookmark: _Toc348340963]Transport of shrimp shell
Shrimp waste is transported from local shrimp processing plants by two tractors with open trailers. A tractor transports 5 tonnes of waste per trip. Mahtani Chitosan reports a diesel consumption of 7 litres diesel fuel per tractor trip, which means 1.4 L diesel per tonne shrimp waste.
We have modelled this activity by means of the ecoinvent dataset for use of tractor in agricultural operations, which includes not only the fuel used but also production of the tractor and trailer. This is a more complete modelling than just considering the amount of fuel alone. However, the ecoinvent dataset uses as reference flow 1 tonne*km, which involves the use of 0.0436 kg diesel, or 0.0484 L diesel (assuming a density of 0.9 kg/L). Thus the transport process at Veraval can be modelled as the equivalent of 1.4/0.0484 = 28.9 tkm per tonne shrimp waste. The data for this process is incorporated in Table 14.
[bookmark: _Toc313894968][bookmark: _Toc348340964]Chitin production
Although taking place in the same plant, Mahtani Chitosan has been able to split the process of chitosan production in two steps, chitin production and chitosan production. The data provided for the chitin production step are summarized in Table 14.
A bulldozer is used to store excess shrimp waste around 5 days per year, with an overall diesel use of 100 litres, or 0.02 L per kg chitin. Assuming a density of 0.9 kg/L diesel and a calorific value of 45.4 MJ/kg diesel, this leads to 0.91 MJ/kg chitin. This process is modelled by means of an ecoinvent dataset for building machinery.
The main consumables in chitin production are HCl and NaOH. Mahtani chitosan consumes 8 kg HCl (in 32% solution) and 1.3 kg NaOH per kg chitin. The NaOH used is a by-product of the chitosan production step, which is recirculated to the chitin production step. In the inventory it is counted as a net consumption of chitin production, and deducted from chitosan production (see next section).
Land occupation was determined based on a detailed description of the plant’s layout and quantified as0.045 m2yr/kg chitin. This was the only information available about the plant’s infrastructure. In order to include in the inventory the production of buildings, etc., as an approximation the data for organic chemical factories, as included in ecoinvent for the rest of the world (RoW) region was used. However, given that chitin and chitosan are produced at the same site, this input of infrastructure is accounted for in the inventory for chitosan production (following section), in order not to count infrastructure twice.
A waste stream from chitin production is calcium waste, resulting from the demineralization process. According to Mahtani Chitosan, currently there is no market for this material and it has to be disposed of. This is done in two ways: using it as road filling material within Mahtani’s facilities, and by means of controlled landfilling. It has been considered that only landfilling is a flexible disposal option, thus only landfilling has been considered in the inventory. It must be highlighted that we did not have any further information about the landfilling process in India, including its location. In the inventory we consider landfilling of inert waste according to conditions in Switzerland, which may be completely different to those in India.

[bookmark: _Ref294359638]Table 14. LCI of chitin production at Mahtani Chitosan.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Determining product:
	
	
	

	Chitin
	kg
	1
	Reference flow

	By-products:
	
	
	

	Protein sludge fertilizer, dm
	kg
	4
	Table 15

	Calcium waste
	kg
	1.5
	Inert waste, for final disposal {RoW}| treatment of inert waste, inert material landfill | Conseq, U

	Input of Resources:
	
	
	

	Occupation, built up
	m2yr
	0.045
	Occupied by plant

	Water, IN
	L
	167
	

	Input of products:
	
	
	

	Transport
	kgkm
	954
	28.9 kgkm per kg shrimp waste, 33 kg waste per kg chitin. Ecoinvent dataset used: transport, tractor and trailer, agricultural {GLO}| market for | Conseq

	Shrimp waste, fresh
	kg
	33
	Table 11

	HCl (pure)
	kg
	2.56
	Hydrochloric acid, without water, in 30% solution state {RoW}| market for | Conseq, U

	Distilled water
	L
	5.44
	Water, deionised, from tap water, at user {GLO}| market for | Conseq, U

	NaOH (pure)
	kg
	1.3
	Sodium hydroxide, without water, in 50% solution state {GLO}| market for | Conseq, U

	Electricity, IN
	kWh
	1.3
	Table 1

	Diesel (bulldozer)
	MJ
	0.91
	0.02 L/kg chitin. Diesel’s density is 0.9 kg/L and the calorific value is 45.4 MJ/kg. Ecoinvent dataset used: Diesel, burned in building machine {GLO}| processing | Conseq, U

	Emissions:
	
	
	

	CO2 fossil
	kg
	0.7
	From acid treatment

	Wastewater, treated
	kg
	167
	No environmental burdens considered. Disposed to sea



The process co-produces a protein sludge that is used as fertilizer. Based on Mahtani Chitosan information, the composition is taken as pure protein, which has 15% nitrogen and 47% carbon (Muñoz et al. 2008). On the one hand, this fertilizer will lead to certain emissions when applied to soil, but on the other hand it will also displace a certain amount of nitrogen fertilizer as well as the emissions derived from its application. Both the impacts from application as well as from substitution have been estimated in the same way as it has been done for the compost from crab shells (see section 1.2.1):
· 1% of the nitrogen in the protein sludge is lost as N2O (IPCC 2006, table 11.1)
· 20% of the nitrogen in protein sludge is volatilised as NH3.(IPCC 2006, table 11.3). Part of the nitrogen volatilised as NH3 is converted to NOx. Based on FAO and IFA (2001) this is estimated as 15% of the volatilised nitrogen.
· CO2 emissions are estimated assuming that all organic carbon in the protein sludge is mineralized to CO2.
The use of protein sludge displaces the use of mineral N fertilizers. The equivalency between nitrogen in organic and mineral fertilizers is established as 1:0.4, i.e. 1 kg nitrogen in sludge replaces 0.4 kg nitrogen in mineral fertilizers (Boldrin et al. 2009).
The resulting inventory per kg protein sludge is displayed in Table 15. The detailed calculations for these emissions and substitutions are available in the excel file attached below:
[image: ]




[bookmark: _Ref295057714]Table 15. LCI data for protein sludge fertilizer. Avoided mineral fertilizer production and application.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products/services:
	
	
	

	Protein sludge fertilizer, dry mass
	kg
	1
	Reference flow

	Input of products/services:
	
	
	

	N fertilizer
	kg
	-0.06
	Nitrogen fertiliser, as N {GLO} | market for | Conseq

	Emissions to air:
	
	
	

	Ammonia
	kg
	0.03059
	Induced emissions from sludge application minus avoided emissions from from mineral N application

	Dinitrogen monoxide
	kg
	0.00144
	

	Nitrogen oxides
	kg
	0.01461
	

	CO2 biogenic
	kg
	1.72
	From protein sludge mineralization



[bookmark: _Toc313894969][bookmark: _Toc348340965]Chitosan production
The chitosan yield is 0.71 kg per kg chitin input to the process. The main consumable in chitosan production is caustic soda (NaOH). According to Mahtani, 5 kg NaOH are used per kg chitin input to the chitosan production process. Part of this NaOH is then recovered and used to neutralize effluents, as well as in the chitin production process. As seen in Table 14, 1 kg chitin uses 1.3 kg NaOH. In order not to double-count NaOH used two times, we subtract these 1.3 kg from the amount used in the chitosan production step. Thus, per kg chitin input the NaOH used is 5 - 1.3 = 3.7 kg, or 5.18 kg per kg chitosan.
The only fuel used in the chitosan production process is wood, namely 2 kg per kg chitosan. This has been converted to energy units assuming a calorific value of 15 MJ/kg for this fuel.
In order to include production of infrastructure (buildings) in the inventory, as an approximation the data for organic chemical factories, as included in ecoinvent for the rest of the world (RoW) region was used. We took the same assumption as in the ecoinvent database, where this factory is assumed to produce 50,000 tonnes/year and has a life span of 50 years. We modified this data set by removing land use flows, given that land occupation is already accounted for based on real data from the manufacturer.

[bookmark: _Ref295141391]Table 16. LCI of chitosan production at Mahtani Chitosan.
	Exchanges
	Unit
	Amount
	LCI data

	Output of products:
	
	
	

	Determining product:
	
	
	

	Chitosan
	kg
	1
	Reference flow

	Input of Resources:
	
	
	

	Occupation, built up
	m2yr
	0.043
	Occupied by plant

	Water, IN
	L
	250
	

	Input of products:
	
	
	

	Chitin
	kg
	1.4
	Table 14

	NaOH (pure)
	kg
	5.18
	Sodium hydroxide, without water, in 50% solution state {GLO}| market for | Conseq, U

	Heat from biomass
	MJ
	31.3
	Heat, central or small-scale, other than natural gas {RoW}| heat production, softwood chips from forest, at furnace 50kW | Conseq, U

	Electricity, IN
	kWh
	1.06
	Table 1

	Chitosan factory buildings
	p
	4.0E-10
	Chemical factory, organics {RER}| market for | Conseq, U. Data set modified by removing land occupation and transformation flows

	Emissions:
	
	
	

	Wastewater, treated
	kg
	250
	No environmental burdens considered. Disposed to sea
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[bookmark: _Toc313894970][bookmark: _Toc348340966]Impact assessment results

[bookmark: _Ref310498128][bookmark: _Ref310498097]Table 17. Impact assessment results for 1 kg chitin, Indian supply chain.
	Impact category
	Unit
	Total
	Other*
	Transport
	NaOH production
	HCl production
	Protein sludge
	Diesel use
	Electricity
	Shrimp shells as animal feed
	Calcium waste disposal
	iLUC

	Climate change
	kg CO2 eq
	6.82E+00
	7.26E-01
	3.77E-01
	2.58E-01
	7.03E+00
	4.57E+00
	8.18E-02
	1.54E+00
	-1.38E+01
	7.21E-03
	6.08E+00

	Ozone depletion
	kg CFC-11 eq
	4.78E-06
	0.00E+00
	4.25E-08
	7.85E-08
	4.40E-06
	-2.01E-07
	1.57E-08
	2.31E-08
	3.15E-07
	2.95E-09
	1.01E-07

	Human toxicity, cancer effects
	CTUh
	3.48E-07
	0.00E+00
	4.08E-08
	6.43E-08
	3.97E-07
	-1.07E-07
	1.37E-09
	6.55E-08
	-1.39E-07
	2.05E-10
	2.39E-08

	Human toxicity, non-cancer effects
	CTUh
	3.07E-06
	0.00E+00
	9.95E-07
	1.01E-06
	1.75E-06
	-1.23E-06
	3.63E-09
	2.69E-07
	-1.15E-08
	1.08E-09
	2.83E-07

	Particulate matter
	kg PM2.5 eq
	1.41E-02
	0.00E+00
	4.03E-04
	7.71E-04
	6.41E-03
	6.89E-03
	1.09E-04
	1.22E-03
	-5.16E-03
	8.89E-06
	3.43E-03

	Ionizing radiation HH
	kBq U235 eq
	2.05E+00
	0.00E+00
	2.04E-02
	-4.68E-02
	1.97E+00
	-2.05E-02
	4.98E-03
	1.33E-01
	-2.86E-02
	1.08E-03
	1.14E-02

	Ionizing radiation E (interim)
	CTUe
	4.21E-06
	0.00E+00
	1.02E-07
	-1.12E-07
	4.14E-06
	-3.30E-07
	3.61E-08
	2.42E-07
	-1.54E-08
	7.06E-09
	1.40E-07

	Photochemical ozone formation
	kg NMVOC eq
	6.72E-02
	0.00E+00
	2.97E-03
	3.12E-03
	1.82E-02
	4.98E-02
	1.15E-03
	4.67E-03
	-1.65E-02
	8.45E-05
	3.73E-03

	Acidification
	molc H+ eq
	4.38E-01
	0.00E+00
	3.40E-03
	1.40E-02
	3.09E-02
	3.98E-01
	8.91E-04
	1.23E-02
	-1.23E-01
	7.99E-05
	1.02E-01

	Terrestrial eutrophication
	molc N eq
	1.82E+00
	0.00E+00
	9.95E-03
	6.11E-02
	-3.76E-02
	1.86E+00
	4.23E-03
	1.70E-02
	-5.38E-01
	2.94E-04
	4.43E-01

	Freshwater eutrophication
	kg P eq
	-8.78E-04
	0.00E+00
	1.12E-04
	4.98E-04
	3.81E-03
	-6.71E-04
	2.60E-06
	6.54E-04
	-5.41E-03
	6.59E-07
	1.23E-04

	Marine eutrophication
	kg N eq
	-7.10E-02
	0.00E+00
	9.18E-04
	1.48E-03
	6.23E-03
	3.08E-02
	3.85E-04
	1.66E-03
	-1.17E-01
	2.66E-05
	4.23E-03

	Freshwater ecotoxicity
	CTUe
	6.62E+01
	0.00E+00
	4.51E+00
	2.32E+01
	7.61E+01
	-3.79E+01
	8.57E-02
	1.21E+01
	-2.09E+01
	2.80E-02
	8.92E+00

	Land use
	kg C deficit
	1.88E+02
	6.66E-01
	2.40E+00
	7.59E+00
	-7.13E+00
	-4.15E+00
	2.30E-01
	1.06E+00
	1.85E+02
	2.80E-01
	1.70E+00

	Mineral, fossil & ren resource depletion
	kg Sb eq
	2.67E-04
	0.00E+00
	5.37E-05
	1.51E-04
	2.68E-04
	-2.77E-04
	6.41E-07
	4.81E-07
	6.85E-06
	2.43E-07
	6.35E-05

	Water depletion
	m3
	-8.20E-01
	0.00E+00
	1.22E-02
	2.08E-01
	3.18E-01
	-1.01E-01
	6.34E-04
	8.10E-02
	-1.45E+00
	3.40E-04
	1.09E-01


All impact indicators from the ILCD method, except water depletion, taken from ReCiPe.
* Includes direct CO2 emissions from treatment of shells with acid, water use by Mahtani, and land occupation by Mahtani.





[bookmark: _Ref310498143][bookmark: _Ref310498100]Table 18. Impact assessment results for 1 kg chitosan, Indian supply chain.
	[bookmark: _Toc313894984]Impact category
	Unit
	Total
	Other*
	Chitin production
	NaOH production
	Heat from biomass
	C storage in chitosan
	Electricity
	iLUC
	Chitosan factory infrastructure

	Climate change
	kg CO2 eq
	1.22E+01
	0.00E+00
	1.03E+00
	1.03E+00
	2.98E-01
	0.00E+00
	1.26E+00
	8.51E+00
	5.78E-02

	Ozone depletion
	kg CFC-11 eq
	7.05E-06
	0.00E+00
	6.55E-06
	3.13E-07
	2.40E-08
	0.00E+00
	1.88E-08
	1.41E-07
	3.59E-09

	Human toxicity, cancer effects
	CTUh
	8.48E-07
	0.00E+00
	4.54E-07
	2.56E-07
	2.94E-08
	0.00E+00
	5.34E-08
	3.35E-08
	2.10E-08

	Human toxicity, non-cancer effects
	CTUh
	1.01E-05
	0.00E+00
	3.90E-06
	4.02E-06
	1.35E-06
	0.00E+00
	2.19E-07
	3.96E-07
	2.44E-07

	Particulate matter
	kg PM2.5 eq
	3.75E-02
	0.00E+00
	1.49E-02
	3.07E-03
	1.36E-02
	0.00E+00
	9.97E-04
	4.80E-03
	6.17E-05

	Ionizing radiation HH
	kBq U235 eq
	2.84E+00
	0.00E+00
	2.85E+00
	-1.87E-01
	4.31E-02
	0.00E+00
	1.09E-01
	1.60E-02
	6.83E-03

	Ionizing radiation E (interim)
	CTUe
	5.77E-06
	0.00E+00
	5.69E-06
	-4.48E-07
	1.17E-07
	0.00E+00
	1.97E-07
	1.96E-07
	1.59E-08

	Photochemical ozone formation
	kg NMVOC eq
	1.17E-01
	0.00E+00
	8.89E-02
	1.24E-02
	6.73E-03
	0.00E+00
	3.81E-03
	5.23E-03
	2.53E-04

	Acidification
	molc H+ eq
	6.84E-01
	0.00E+00
	4.71E-01
	5.57E-02
	5.41E-03
	0.00E+00
	1.00E-02
	1.42E-01
	2.56E-04

	Terrestrial eutrophication
	molc N eq
	2.82E+00
	0.00E+00
	1.92E+00
	2.43E-01
	2.40E-02
	0.00E+00
	1.39E-02
	6.20E-01
	1.01E-03

	Freshwater eutrophication
	kg P eq
	1.65E-03
	0.00E+00
	-1.40E-03
	1.98E-03
	2.23E-04
	0.00E+00
	5.34E-04
	1.72E-04
	1.40E-04

	Marine eutrophication
	kg N eq
	-9.00E-02
	0.00E+00
	-1.05E-01
	5.88E-03
	2.11E-03
	0.00E+00
	1.35E-03
	5.92E-03
	1.01E-04

	Freshwater ecotoxicity
	CTUe
	2.12E+02
	0.00E+00
	8.02E+01
	9.25E+01
	9.67E+00
	0.00E+00
	9.84E+00
	1.25E+01
	7.60E+00

	Land use
	kg C deficit
	3.08E+02
	6.36E-01
	2.61E+02
	3.02E+01
	1.36E+01
	0.00E+00
	8.61E-01
	2.38E+00
	1.81E-01

	Mineral, fossil & ren resource depletion
	kg Sb eq
	1.04E-03
	0.00E+00
	2.85E-04
	6.00E-04
	4.03E-06
	0.00E+00
	3.92E-07
	8.89E-05
	5.78E-05

	Water depletion
	m3
	-2.36E-01
	0.00E+00
	-1.30E+00
	8.30E-01
	1.10E-02
	0.00E+00
	6.60E-02
	1.52E-01
	4.23E-03


All impact indicators from the ILCD method, except water depletion, taken from ReCiPe.
* Includes land occupation by Mahtani.

















Table 19. Impact assessment results for 1 kg chitin, European supply chain.
	Impact category
	Unit
	Total
	Other*
	Transports, sea
	Transports, road
	Crab shells supply
	Electricity
	Heat from coal
	Water production
	HCl production
	NaOH production
	Protein sludge
	Wastewater treatment
	iLUC
	Chitin factory infrastructure

	Climate change
	kg CO2 eq
	4.68E+01
	9.10E-01
	2.76E+00
	2.86E+00
	3.35E-02
	1.00E+00
	2.50E+01
	3.19E-01
	1.48E+00
	6.35E-02
	1.30E+01
	2.37E-01
	-8.70E-01
	5.78E-02

	Ozone depletion
	kg CFC-11 eq
	3.16E-06
	0.00E+00
	4.70E-07
	5.77E-07
	3.08E-07
	2.38E-08
	6.99E-08
	5.75E-07
	9.27E-07
	1.93E-08
	1.78E-07
	1.98E-08
	-1.44E-08
	3.59E-09

	Human toxicity, cancer effects
	CTUh
	1.55E-06
	0.00E+00
	5.08E-08
	7.66E-08
	3.19E-07
	1.72E-08
	6.70E-07
	6.09E-08
	8.36E-08
	1.58E-08
	1.81E-07
	5.49E-08
	-3.42E-09
	2.10E-08

	Human toxicity, non-cancer effects
	CTUh
	8.75E-06
	0.00E+00
	2.12E-07
	9.93E-07
	2.29E-06
	1.07E-07
	2.85E-06
	1.20E-07
	3.68E-07
	2.48E-07
	6.92E-07
	6.68E-07
	-4.05E-08
	2.44E-07

	Particulate matter
	kg PM2.5 eq
	3.81E-02
	0.00E+00
	3.26E-03
	2.19E-03
	-1.18E-02
	2.17E-03
	3.33E-02
	3.58E-04
	1.35E-03
	1.90E-04
	7.33E-03
	2.29E-04
	-4.90E-04
	6.17E-05

	Ionizing radiation HH
	kBq U235 eq
	2.50E+00
	0.00E+00
	2.70E-01
	2.04E-01
	8.92E-01
	1.82E-01
	2.70E-01
	4.73E-02
	4.16E-01
	-1.15E-02
	2.05E-01
	2.07E-02
	-1.63E-03
	6.83E-03

	Ionizing radiation E (interim)
	CTUe
	7.21E-06
	0.00E+00
	1.30E-06
	1.35E-06
	1.87E-06
	2.07E-07
	5.63E-07
	1.02E-07
	8.72E-07
	-2.77E-08
	9.29E-07
	5.36E-08
	-2.01E-08
	1.59E-08

	Photochemical ozone formation
	kg NMVOC eq
	6.77E-02
	0.00E+00
	4.28E-02
	2.41E-02
	-1.05E-01
	3.69E-03
	6.42E-02
	1.14E-03
	3.84E-03
	7.68E-04
	3.14E-02
	1.10E-03
	-5.35E-04
	2.53E-04

	Acidification
	molc H+ eq
	-3.35E-01
	0.00E+00
	7.42E-02
	2.11E-02
	-8.02E-01
	1.10E-02
	2.09E-01
	2.42E-03
	6.51E-03
	3.44E-03
	1.52E-01
	2.17E-03
	-1.46E-02
	2.56E-04

	Terrestrial eutrophication
	molc N eq
	-2.73E+00
	0.00E+00
	1.62E-01
	8.82E-02
	-3.81E+00
	1.29E-02
	2.18E-01
	3.73E-03
	-7.94E-03
	1.50E-02
	6.46E-01
	5.19E-03
	-6.34E-02
	1.01E-03

	Freshwater eutrophication
	kg P eq
	2.02E-02
	0.00E+00
	3.06E-04
	2.15E-04
	2.55E-03
	1.32E-04
	7.38E-03
	1.18E-04
	8.03E-04
	1.23E-04
	8.07E-03
	3.77E-04
	-1.76E-05
	1.40E-04

	Marine eutrophication
	kg N eq
	1.37E-01
	0.00E+00
	1.45E-02
	8.02E-03
	-6.42E-02
	1.20E-03
	2.10E-02
	3.71E-04
	1.31E-03
	3.63E-04
	1.49E-01
	6.58E-03
	-6.05E-04
	1.01E-04

	Freshwater ecotoxicity
	CTUe
	2.66E+02
	0.00E+00
	6.19E+00
	2.75E+01
	8.84E+01
	4.77E+00
	6.17E+01
	9.02E+00
	1.60E+01
	5.71E+00
	3.44E+01
	6.40E+00
	-1.28E+00
	7.60E+00

	Land use
	kg C deficit
	2.48E+02
	1.04E+00
	6.94E+00
	1.22E+01
	7.13E+01
	5.07E-01
	1.11E+01
	2.98E-01
	-1.51E+00
	1.87E+00
	1.43E+02
	7.70E-01
	-2.43E-01
	3.21E-01

	Mineral, fossil & ren resource depletion
	kg Sb eq
	1.19E-03
	0.00E+00
	1.41E-05
	6.97E-05
	7.92E-04
	2.20E-06
	1.30E-05
	1.61E-05
	5.64E-05
	3.71E-05
	1.26E-04
	1.56E-05
	-9.09E-06
	5.78E-05

	Water depletion
	m3
	2.20E+00
	0.00E+00
	4.44E-02
	3.14E-02
	3.41E-01
	5.26E-02
	9.18E-02
	3.85E-01
	6.55E-02
	5.13E-02
	1.14E+00
	1.46E-02
	-1.56E-02
	4.23E-03


All impact indicators from the ILCD method, except water depletion, taken from ReCiPe.
* Includes direct CO2 emissions from treatment of shells with acid, water use and land occupation by the chitin producer.








Table 20. Impact assessment results for 1 kg chitosan, European supply chain.
	Impact category
	Unit
	Total
	Other*
	Transports, sea
	Transports, road
	Chitin production
	Electricity
	Water production
	NaOH production
	NaOH waste disposal {DE}| CLCA
	C storage in chitosan
	Wastewater treatment
	iLUC
	Chitosan factory infrastructure

	Climate change
	kg CO2 eq
	7.71E+01
	0.00E+00
	3.23E-01
	2.25E-01
	6.20E+01
	8.15E+00
	3.92E-01
	1.52E+00
	5.51E+00
	0.00E+00
	8.62E-02
	-1.13E+00
	5.78E-02

	Ozone depletion
	kg CFC-11 eq
	1.23E-05
	0.00E+00
	5.49E-08
	4.53E-08
	4.12E-06
	1.12E-06
	3.67E-07
	4.62E-07
	6.16E-06
	0.00E+00
	8.99E-09
	-1.88E-08
	3.59E-09

	Human toxicity, cancer effects
	CTUh
	3.79E-06
	0.00E+00
	5.94E-09
	6.02E-09
	1.99E-06
	6.44E-07
	5.34E-08
	3.79E-07
	6.65E-07
	0.00E+00
	2.61E-08
	-4.45E-09
	2.10E-08

	Human toxicity, non-cancer effects
	CTUh
	2.74E-05
	0.00E+00
	2.48E-08
	7.80E-08
	1.11E-05
	4.08E-06
	1.47E-07
	5.94E-06
	5.42E-06
	0.00E+00
	4.10E-07
	-5.27E-08
	2.44E-07

	Particulate matter
	kg PM2.5 eq
	6.63E-02
	0.00E+00
	3.81E-04
	1.72E-04
	5.01E-02
	5.79E-03
	3.99E-04
	4.54E-03
	5.35E-03
	0.00E+00
	8.25E-05
	-6.37E-04
	6.17E-05

	Ionizing radiation HH
	kBq U235 eq
	4.81E+00
	0.00E+00
	3.16E-02
	1.60E-02
	3.24E+00
	4.38E-01
	8.00E-02
	-2.76E-01
	1.26E+00
	0.00E+00
	3.88E-03
	-2.13E-03
	6.83E-03

	Ionizing radiation E (interim)
	CTUe
	1.32E-05
	0.00E+00
	1.52E-07
	1.06E-07
	9.38E-06
	1.13E-06
	1.69E-07
	-6.61E-07
	2.89E-06
	0.00E+00
	1.27E-08
	-2.61E-08
	1.59E-08

	Photochemical ozone formation
	kg NMVOC eq
	1.66E-01
	0.00E+00
	5.01E-03
	1.90E-03
	8.84E-02
	2.55E-02
	1.29E-03
	1.84E-02
	2.51E-02
	0.00E+00
	4.68E-04
	-6.95E-04
	2.53E-04

	Acidification
	molc H+ eq
	-2.61E-01
	0.00E+00
	8.68E-03
	1.66E-03
	-4.16E-01
	3.15E-02
	2.73E-03
	8.22E-02
	4.57E-02
	0.00E+00
	9.68E-04
	-1.89E-02
	2.56E-04

	Terrestrial eutrophication
	molc N eq
	-3.12E+00
	0.00E+00
	1.89E-02
	6.94E-03
	-3.47E+00
	8.58E-02
	3.32E-03
	3.59E-01
	-4.60E-02
	0.00E+00
	2.59E-03
	-8.24E-02
	1.01E-03

	Freshwater eutrophication
	kg P eq
	3.70E-02
	0.00E+00
	3.58E-05
	1.69E-05
	2.61E-02
	2.41E-03
	1.88E-04
	2.93E-03
	4.94E-03
	0.00E+00
	2.16E-04
	-2.28E-05
	1.40E-04

	Marine eutrophication
	kg N eq
	2.11E-01
	0.00E+00
	1.70E-03
	6.31E-04
	1.79E-01
	8.02E-03
	4.36E-04
	8.69E-03
	8.65E-03
	0.00E+00
	4.10E-03
	-7.87E-04
	1.01E-04

	Freshwater ecotoxicity
	CTUe
	1.08E+03
	0.00E+00
	7.25E-01
	2.16E+00
	3.38E+02
	3.80E+02
	8.66E+00
	1.37E+02
	2.05E+02
	0.00E+00
	3.41E+00
	-1.66E+00
	7.60E+00

	Land use
	kg C deficit
	4.09E+02
	1.48E+01
	8.12E-01
	9.58E-01
	3.22E+02
	2.03E+01
	2.56E-01
	4.46E+01
	4.83E+00
	0.00E+00
	3.98E-01
	-3.17E-01
	1.81E-01

	Mineral, fossil & ren resource depletion
	kg Sb eq
	4.07E-03
	0.00E+00
	1.65E-06
	5.48E-06
	1.49E-03
	5.44E-04
	2.10E-05
	8.87E-04
	1.08E-03
	0.00E+00
	4.09E-06
	-1.18E-05
	5.78E-05

	Water depletion
	m3
	5.87E+00
	0.00E+00
	5.19E-03
	2.47E-03
	2.88E+00
	6.94E-01
	3.07E-01
	1.23E+00
	7.68E-01
	0.00E+00
	4.72E-03
	-2.02E-02
	4.23E-03


All impact indicators from the ILCD method, except water depletion, taken from ReCiPe.
* Includes land occupation by the European chitosan producer.
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[bookmark: _Ref294258660][bookmark: _Toc313894985][bookmark: _Toc348340968]Appendix 1. LCI data for animal feed energy and protein

The marginal suppliers to the animal feed market are :
· For feed energy: barley from Ukraine
· For feed protein : soybean meal from Brazil
In Table 21 it can be seen how these two raw materials are expressed as feed energy and feed protein equivalents in the inventory.

[bookmark: _Ref294337251]Table 21. LCI data for feed protein from soybean meal and feed energy from barley. Feed property data are obtained from Møller et al. (2005).
	Exchanges
	Unit
	Soybean meal as feed protein 
	Barley as feed energy 
	LCI data

	Unit of reference flow:
	
	kg protein
	MJ
	

	Reference flow
	
	0.468
	7.38
	Reference flow

	By-product outputs:
	 
	
	
	 

	Soybean meal as feed protein [kg protein]
	kg protein
	0
	0.0918
	

	Barley as feed energy [MJ]
	MJ
	9.57
	0
	 

	Material inputs:
	 
	
	
	 

	Soybean meal, BR
	kg
	1
	0
	This appendix

	Barley, UA
	kg
	0
	1
	



In this appendix we provide the detailed inventory data associated to producing 1 kg barley in Ukraine, as well as 1kg soybean meal in Brazil.
Besides barley and soybean meal,in this appendix we also provide the detailed inventory of refined palm oil production. This is due to the fact that soybean meal production co-produces refined soybean oil. This oil is assumed to replace palm oil in the market, as this has been identified as the marginal oil.
[bookmark: _Toc313894986][bookmark: _Toc348340969]A.1.1 Barley
In this section the inventory for cultivation of barley is presented. Besides inputs from technosphere, yields, etc., this section also presents a detailed description of the methodology employed to quantify emissions in the cultivation fields. All this information is based on the study by Schmidt (2015).
[bookmark: _Toc313894987][bookmark: _Toc348340970]A.1.1.1 Yield and inputs to cultivation
The yield, measured in kg/ha/yr for 2011 were calculated by linear regression over the period 2001-2011. Data on yield were obtained from FAOSTAT (2013a). Yields for the specific year 2011 were not used because yields vary considerably annually due to drought, diseases etc.
Land occupation flows, measured in ha·year, are obtained as the inverse of the yield. Occupation of arable land is considered.
In line with consequential LCI, modelling, all nutrient inputs are assumed to originate from mineral fertilisers. The amounts of fertiliser applied were obtained from FAO (2005, p 40). The distribution of N fertiliser between different fertiliser types in Ukraine is based on IFA (2013), as presented in Table 22. It must be highlighted that this distribution between different fertilizers is not crop-specific, but country-specific.

[bookmark: _Ref260311279][bookmark: _Ref318375004][bookmark: _Ref318374998]Table 22. Distribution of N between different types of mineral N fertiliser in 2005 (IFA 2013).
	Fertiliser types
	Ukraine

	N-fert: Ammonia
	0%

	N-fert: Urea
	14.6%

	N-fert: AN
	82.5%

	N-fert: CAN
	0%

	N-fert: AS
	2.89%

	Total
	100%



The amount of diesel fuel per ha yr for field operations were obtained from Cederberg et al. (2009 p 66).With regard to light fuel oil for drying of crops, the data were obtained from Cederberg et al. (2009, p 19) and equals 0.15 litres oil per kg water dried.
Water use was obtained from the WFN database for crops (Mekonnen and Hoekstra 2010), taking average country values, namely 19 m3/tonne for barley in Ukraine. These values, given per tonne in the original source, are converted into per ha yr basis using the yield.
[bookmark: _Toc313894988][bookmark: _Toc348340971]A.1.1.2 Pesticide use and emissions
Pesticide use and emissions were not included in the calculations by Schmidt (2015), due to the fact that they were expected to involve minor contributions to the impact categories assessed in that study (climate change, land use, water use).For barley, it was not possible to find crop-specific data in Ukraine. The closest data set available is the country’s inventory of pesticide application (GFA Terra Systems 2004), which reports pesticide use in 2001. It must be highlighted that there is little control by the authorities on pesticide trade, and that the figures provided by this inventory are probably incomplete. Also, these figures are provided in kg/year. In order to get a figure per ha, the total agricultural harvested area in the country was used, as provided by FAOSTAT for year 2001, namely 20,770,618 ha.

[bookmark: _Ref276133239]Table 23. LCI data for pesticide use and pesticide emissions in barley cultivation.
	Exchanges
	Unit
	Barley cultivation {UA}
	LCI data

	Output of products:
	
	
	

	Pesticide use
	ha yr
	1
	Reference flow

	Input of products:
	
	
	

	Pesticide production
	kg
	0.039
	Pesticide unspecified {GLO}| market for | Conseq

	Emissions to agricultural soil:
	
	

	2,4-D
	kg
	1.29E-03
	

	Acetochlor
	kg
	1.20E-02
	

	Carbendazim
	kg
	4.16E-04
	

	Carbofuran
	kg
	4.36E-04
	

	Chloridazon
	kg
	2.19E-04
	

	Cypermethrin
	kg
	3.34E-04
	

	Diazinon
	kg
	2.66E-04
	

	Difenoconazole
	kg
	3.73E-04
	

	Dimethenamid
	kg
	1.52E-03
	

	Dimethoate
	kg
	2.67E-03
	

	Dimethomorph
	kg
	4.95E-04
	

	Dipropylthiocarbamic acid S-ethyl ester
	kg
	1.93E-03
	

	Diquat
	kg
	2.59E-04
	

	DNOC
	kg
	6.09E-04
	

	Fluazifop-P-butyl
	kg
	4.55E-04
	

	Haloxyfop-ethoxyethyl
	kg
	4.39E-03
	

	Lambda-cyhalothrin
	kg
	8.11E-04
	

	Malathion
	kg
	7.14E-04
	

	Mancozeb
	kg
	7.24E-04
	

	Mcpa - sodium salt
	kg
	5.01E-03
	

	Metalaxil
	kg
	4.72E-04
	

	Metolachlor
	kg
	3.82E-04
	

	Molinate
	kg
	1.97E-03
	

	Pendimethalin
	kg
	2.22E-04
	

	Propamocarb
	kg
	3.24E-04
	

	Thiophanate-methyl
	kg
	2.11E-04
	



[bookmark: _Toc313894989][bookmark: _Toc348340972]A.1.1.3 Nitrogen balance
A field-emission model is established in order to enable calculating the emissions relating to the nitrogen cycle from one hectare of crop field and year. The relevant emissions include N2O, NH3, NOX and NO3-. Change of carbon content in mineral soils is not included because it is argued that the changes only occur in a limited period after establishment of a certain crop. In the following, the methodology of the modelling of each emission is described.
On the basis of the inputs (e.g. mineral fertiliser) to the field and outputs (e.g. harvested crop) from the field, the surplus of N is calculated: 
[bookmark: _Ref260670407]Equation 1
Nsurplus=Ninput – Noutput

The surplus of N is lost to the environment through different environmental pathways. The losses of N2O, NH3, NOX, NO3- and N2 are quantified and subtracted from the N-surplus. The residual is assumed equal to N2.
[bookmark: _Ref276359955]Equation 2
Nsurplus = NH3-N + NOx-N + N2O-N (direct) + N2 + NO3-N
[bookmark: _Ref267645170]Equation 3
N2 = Nsurplus – (NH3-N + NOx-N + N2O-N (direct) + NO3-N)

The emissions of N2O are divided into direct and indirect emissions for which each type is specifically inventoried. The method used for the calculation of N2O emissions is the method described in IPCC (2006, chapter 11). This method is applicable to annual crops, perennial crops, grassland and managed forests. 

According to IPCC (2006, p 11.7), direct N2O-N can be calculated as:
[bookmark: _Ref283151804]Equation 4
	

Where:
	
	
	

Where:

N2O-NDirect = annual direct N2O–N emissions produced from managed soils, kg N2O–N yr-1.
N2O-NN inputs = annual direct N2O–N emissions from N inputs to managed soils, kg N2O–N yr-1.
N2O-NOS = annual direct N2O–N emissions from managed organic soils, kg N2O–N yr-1.
N2O-NPRP = annual direct N2O–N emissions from urine and dung inputs to grazed soils, kg N2O–N yr-1.
FSN = annual amount of synthetic fertiliser N applied to soils, kg N yr-1.
FON= annual amount of animal manure, compost, sewage sludge and other organic N additions applied 
to soils, kg N yr-1.
FCR = annual amount of N in crop residues (above-ground and below-ground), including N-fixing crops,
and from forage/pasture renewal, returned to soils, kg N yr-1. If specific calculations or data are not available, then this parameter is calculated from (IPCC 2006, equation 11.7A and Table 11.2):
[bookmark: _Ref267644923]Equation 5
Fcr = [Crop Slope + Intercept]  [ NAG (1-FRACRemove) + (RBG-BIO NBG) ]


Where:

Crop Slope + Intercept = AGDM= Aboveground residue dry matter (Mg/ha). Crop is the dry matter 
yield, 1000 kg/ha yr, and slope and intercept are constants which are obtained from IPCC (2006, Table 11.2).
NAG = N content of above ground residues for crop, kg N (kg dm-1). Data obtained from IPCC (2006, Table 11.2).
FracRemove = Fraction of above ground residues of crop removed annually for purposes such as feed, bedding and construction, kg N (kg crop-N)-1. This parameter is assumed to be zero.
RBG-BIO = Ratio of below-ground residues to above-ground residues[footnoteRef:1], kg dm (kg dm)-1. Data obtained from IPCC (2006, Table 11.2). [1: Notice that RBG-BIO in IPCC (2006, table 11.2) is defined as “Ratio of below-ground residues to above-ground biomass”. This cannot be correct since IPCC (2006, equation 11.7A) would then calculate N in above-ground residues + N in more than below-ground residues, i.e. more than 100% of N in crop residues.] 

NBG = N content of below ground residues for crop, kg N (kg dm)-1. Data obtained from IPCC (2006, Table 11.2).
FSOM = annual amount of N in mineral soils that is mineralised, in association with loss of soil C fromsoilorganic matter as a result of changes to land use or management, kg N yr-1. This parameter is assumed to be FSOM = 0. This is in line with the assumption for changes of carbon on mineral soils: Change of carbon content in mineral soils is not included because it is argued that the changes only occur in a limited period after establishment of a certain crop.
FOS = annual area of managed/drained organic soils, ha (Note: the subscripts CG, F, Temp, Trop, NR andNP refer to Cropland and Grassland, Forest Land, Temperate, Tropical, Nutrient Rich, and Nutrient Poor, respectively. In our study only the CG subscript is applicable).
FPRP = annual amount of urine and dung N deposited by grazing animals on pasture, range and paddock, kg N yr-1. This parameter is linked to the cattle system, i.e. there is established a relation between the farmers land (and thereby crops) and the amount of urine/dung deposited by grazing animals. In our study we do not consider grazing in cropland, therefore a value of zero is used.
EF1= emission factor for N2O emissions from N inputs, kg N2O–N (kg N input)-1. Data for this parameter are obtained from IPCC (2006, table 11.1).
EF2CG = emission factor for N2O emissions from drained/managed organic soils, kg N2O–N ha-1 yr-1(Note: the subscripts CG, F, Temp, Trop, NR and NP refer to Cropland and Grassland, Forest Land, Temperate, Tropical, Nutrient Rich, and Nutrient Poor, respectively. In our study only the CG subscript is applicable).
EF3PRP = emission factor for N2O emissions from urine and dung N deposited on pasture, range and paddock by grazing animals, kg N2O–N (kg N input)-1 (Note: the subscripts CPP and SO refer to Cattle, Poultry and Pigs, and Sheep and Other animals, respectively). In our study we do not consider grazing in cropland, therefore a value of zero is used.

N2O-N (indirect) is calculated from the N volatilised and leached from the field. According to IPCC (2006, equation 11.9 and 11.10), the indirect N2O-N can be calculated as:
[bookmark: _Ref283209088]Equation 6

+ 
	
Where:

The first row relates to annual amount of N2O–N produced from atmospheric deposition of N volatilised from managed soils, kg N2O–N yr-1.
The second row refers to annual amount of N2O–N produced from leaching and runoff of N additions to managed soils in regions where leaching/runoff occurs, kg N2O–N yr-1.
FracGASF= fraction of synthetic fertiliser N that volatilises as NH3 and NOx, kg N volatilised (kg of N applied)-1. Data for this parameter are obtained from IPCC (2006, table 11.3).
FracGASM= fraction of applied organic N fertiliser materials (FON) and of urine and dung N deposited by grazing animals (FPRP) that volatilises as NH3 and NOx, kg N volatilised (kg of N applied or deposited)-1. Data for this parameter are obtained from IPCC (2006, table 11.3).
FracLEACH= fraction of all N added to/mineralised in managed soils in regions where leaching/runoff occurs that is lost through leaching and runoff, kg N (kg of N additions)-1. Data for this parameter are obtained from IPCC (2006, table 11.3).
EF4 = emission factor for N2O emissions from atmospheric deposition of N on soils and water surfaces [kg N–N2O (kg NH3–N + NOx–N volatilised)-1]. Data for this parameter are obtained from IPCC (2006, table 11.3).
EF5 = emission factor for N2O emissions from N leaching and runoff, kg N2O–N (kg N leached and runoff)-1. Data for this parameter are obtained from IPCC (2006, table 11.3).
The remaining parameters in Equation 6 are described under Equation 4.
The sum of nitrogen in ammonia and nitrogen oxides (NH3-N + NOX-N) is calculated according to IPCC (2006, chapter 11), based on FracGASF and FracGASM which specify the proportion of the N in synthetic fertiliser and organic fertiliser respectively that is volatilised as ammonia and NOX (see first row of of Equation 6). The emissions of the two substances are determined using a generalised relationship between NH3 and NOX. This relationship is obtained from FAO and IFA (2001), which estimates the global sources of NH3, NOX and N2O in 1995. Based on the global figures provided in FAO and IFA (2001, table 10 and 13) on emissions of NH3-N and NO-N from fertilised cultivation of crops it can be estimated that the sum (NH3-N + NO-N) is distributed on NH3-N and NOX-N as 88% and 12%, respectively. It is assumed the share of NO2 in NOx is negligible. 
NO3-N is calculated according to IPCC (2006, chapter 11), based on FracLEACH which specifies the proportion of the N added to soils that is lost through leaching and runoff (see second row of Equation 6).
[bookmark: _Ref318458788][bookmark: _Ref318458768]The parameters used for calculation of emissions from crop cultivation are presented in Table 24. Dry matter and protein contents are from Møller et al. (2005). FracRemove is 0 for all the considered cultivation activities. FSOM is assumed to be FSOM = 0. This is in line with the assumption for changes of carbon on mineral soils: Change of carbon content in mineral soils is not included, because it is argued that the changes only occur in a limited period after establishment of a certain crop. FOS (annual area of managed/drained organic soils) is assumed to be 0 (except for oil palm), because only minor areas are both drained and organic.

[bookmark: _Ref261097621][bookmark: _Ref266617770]Table 24. Parameters used for calculation of emissions from cultivation of barley in Ukraine.
	Parameter
	Unit
	Barley cultivation {UA}
	Source

	N2O-Ndirect
	kg N2O–N ha-1yr-1
	0.849
	Equation 4

	N2O-Nindirect
	kg N2O–N ha-1yr-1
	0.251
	Equation 6

	N2O-NN input
	kg N2O–N ha-1yr-1
	0.849
	Equation 4

	N2O-NOS
	kg N2O–N ha-1yr-1
	0
	Equation 4

	N2O-NPRP
	kg N2O–N ha-1yr-1
	0
	Equation 4 (no grazing assumed)

	FSN
	kg N ha-1 yr-1
	60.0
	Table 27

	FON
	kg N ha-1 yr-1
	0
	Table 27

	FCR
	kg N ha-1yr-1
	24.9
	Equation 5

	Crop
	kg DM ha-1 yr-1
	1,914
	Based on yields and DM content from Møller et al. (2005).

	Slope
	Dim. Less
	0.980
	Table 11.2 (*)

	Intercept
	Dim. Less
	0.590
	Table 11.2 (*)

	AGDM
	kg dm ha-1 yr-1
	2,466
	Table 11.2 (*)

	NAG
	kg N kg dm-1
	0.007
	Table 11.2 (*)

	FracRemove
	kg N kg crop-N-1
	0
	Assumed as zero (see descriptions for equation 5)

	RBG-BIO
	kg dm kg dm-1
	0.220
	Table 11.2 (*)

	NBG
	kg N kg dm-1
	0.014
	Table 11.2 (*)

	FSOM
	kg N yr-1
	0
	Assumed as zero (see descriptions for equation 4)

	FOS
	kg N yr-1
	0
	No organic soils considered for barley cultivation.

	FPRP
	kg N yr-1
	0
	Equation 4 (no grazing assumed)

	EF1
	kg N2O–N kg N-1
	0.01
	Table 11.1 (*)

	EF2CG
	kg N2O–N ha-1 yr-1
	0
	Table 11.1 (*)

	EF3PRP
	kg N2O–N kg N-1
	0
	Table 11.1 (*)

	FracGASF
	kg N kg N-1
	0.10
	Table 11.3 (*)

	FracGASM
	kg N kg N-1
	0.20
	Table 11.3 (*)

	FracEACH
	kg N kg N-1
	0.30
	Table 11.3 (*)

	EF4
	kg N2O–N kg N-1
	0.01
	Table 11.3 (*)

	EF5
	kg N2O–N kg N-1
	0.0075
	Table 11.3 (*)


* Values are obtained from the specified tables in IPCC (2006).

The overall N balance related to crop cultivation presented in Table 25. There are negative N2 emissions according to the results. This is because N2 is calculated as the residual (Nsurplus minus all other emissions). It must be stressed that the negative N2 emission does not have environmental effects. Nevertheless, N2 cannot become negative, but the reasons for becoming negative are presumably some of the following:
· Atmospheric N deposition is not included in the model, because it is not a consequence of crop cultivation and it would have been there, had the areas not been cultivated. If atmospheric N deposition was part of the model, this would increase Nsurplus. 
· IPCC (2006) does not consider N-fixing crops, such as soybean. This means we are omitting a relevant N input in the calculations of emissions.
· According to IPCC (2006) 10% and 30% of the N inputs to the fields is evaporated/leached as ammonia and nitrate respectively. These values are high, and will in reality differ amongst cultivation systems. If lower values are used, the N2 residual will be smaller. 

[bookmark: _Ref260660841][bookmark: _Ref318875981]Table 25. N balances and emissions related to cultivation of barley in Ukraine. Unit: kg N ha-1 yr-1.
	Parameter
	Barley cultivation {UA}
	Source

	N inputs (A):
	
	

	Ninput
	60.0
	Equation 7.1(*)

	N-fert: Ammonia
	0
	Table 27

	N-fert: Urea
	8.76
	Table 27

	N-fert: AN
	49.5
	Table 27

	N-fert: CAN
	0
	Table 27

	N-fert: AS
	1.74
	Table 27

	N-fert: Organic
	0
	Table 27

	N fixation
	0
	

	N outputs (B):
	 
	

	Noutput (harvested crop)
	33.1
	Equation 1

	N inputs – N outputs:
	

	Nsurplus (A – B)
	26.9
	Equation 1

	N emissions:
	 
	

	NH3-N to air
	5.10
	See ‘NH3-N and NOx-N’

	NOx-N to air
	0.90
	See ‘NH3-N and NOx-N’

	N2O-Ndirectto air
	0.85
	Equation 4

	N2-N to air
	-5.38
	Equation 3

	NO3-N to water
	25.5
	See ‘NO3-N’

	N balance:
	 
	

	A –B – C
	0
	


* Values are obtained from the specified tables in IPCC (2006).
[bookmark: _Toc313894990][bookmark: _Toc348340973]A.1.1.4 Phosphorus balance
Phosphate is applied as fertiliser and the part which is not removed with the crop by harvesting is either adsorbed to soil particles or leached as phosphate. It is assumed 2.9% of the P surplus is leached as phosphate (Dalgaard 2007, p 21). The remaining 97.1% is assumed to be adsorbed to soil particles.

[bookmark: _Ref267645220]Equation 7
P leached = (Pinput – Poutput) * 0.029

Where P input is the total P input in fertilizers and P output is the P extracted in the crop harvested. All parameters are measured in kg/ha/year. In Table 26 the P balance to calculate P-PO4 emissions is detailed.

[bookmark: _Ref267216396]Table 26. Calculation of phosphate-P leached from soil in cultivation of barley in Ukraine.
	Parameter
	Barley 
cultivation {UA}
	Source

	P fertilizer input (kg P2O5/ha/year)
	137
	Table 27

	P fertilizer input (kg P/ha/year) (A)
	59.8
	Stoichiometry: 2.29 kg P2O5 per kg P

	Yield (kg/ha/year) (B)
	2252
	Table 27

	Dry matter in harvested crop (kg dm/kg wm) (C)
	0.85
	Møller et al. (2005)

	P content in crop (kg P/kg crop dm) (D)
	3.8E-03
	Møller et al. (2005)

	P output in harvested crop (kg P/ha/year) (E=*B*C*D)
	7.3
	

	P surplus (kg P/ha/year) (F=A-E)
	52.5
	Pinput - Poutput as in Equation 7

	P emitted (kg P/ha/year)
	1.52
	Equation 7


[bookmark: _Toc261258439][bookmark: _Toc271358186]
[bookmark: _Toc313894991][bookmark: _Toc348340974]A.1.1.5 Summary table for barley cultivation
Table 27 shows a summary of inputs and outputs associated with cultivation of barley.








[bookmark: _Ref260319669][bookmark: _Ref357515585][bookmark: _Ref266608004][bookmark: _Ref267639964][bookmark: _Ref260320926]Table 27. LCI data for cultivation of barley in Ukraine.
	Exchanges
	Unit
	Barley cultivation {UA}
	LCI data

	Output of products:
	
	
	

	Barley
	kg
	2,252
	Reference flow

	Input of resources:
	
	
	

	Occupation arable
	ha yr
	1
	

	Freshwater, UA
	m3
	42.7
	

	Input of products/services:
	
	
	

	N-fert: Urea
	kg N
	8.8
	Urea, as N {GLO}| market for | Conseq

	N-fert: AN
	kg N
	49.5
	Ammonium nitrate, as N {GLO}| market for | Conseq

	N-fert: AS
	kg N
	1.74
	Ammonium sulfate, as N {GLO}| market for | Conseq

	N-fert: Organic
	kg N
	0
	Modelled as 93% Ammonium sulfate, as N {GLO}| market for | Conseq and 7% Urea, as N {GLO}| market for | Conseq

	P fert: TSP
	kg P2O5
	137
	Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq

	P fert: unspecified
	kg P2O5
	0
	Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq

	P fert: Rock phosphate
	kg P2O5
	0
	Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq

	K fert: KCl
	kg K2O
	72.3
	Potassium chloride, as K2O {GLO}| market for | Conseq

	K fert: unspecified
	kg K2O
	0
	Potassium fertliser, as K2O {GLO}| market for | Conseq

	Quicklime
	kg
	0
	Quicklime, milled, packed {GLO}| market for | Conseq

	Lorry
	tkm
	119
	Transport, freight, lorry 16-32 metric ton, EURO3 {GLO}| market for | Conseq

	Diesel
	MJ
	3,046
	Diesel, burned in building machine {GLO}| market for | Conseq

	Light fuel oil
	MJ
	2,477
	Heat, central or small-scale, other natural gas {Europe without Switzerland} | heat production, light fuel oil, at boiler 100 kW condensing, non-modulating | Conseq

	Pesticide use
	ha yr
	1
	Table 23

	Emissions to air:
	
	
	

	N2O (direct)
	kg N2O
	1.33
	Table 25

	N2O (indirect)
	kg N2O
	0.394
	Table 25

	Ammonia
	kg NH3
	6.19
	Table 25

	Nitrogen oxides
	kg NOx
	1.93
	Table 25

	Emissions to water:
	
	
	

	Nitrate
	kg NO3
	113
	Table 25

	PO4-P
	kg P
	1.52
	Table 26



[bookmark: _Toc313894992][bookmark: _Toc348340975]A.1.2 Soybean meal
In this section the inventory for cultivation of soybean in Brazil is presented, along with the processing to soybean meal and refined soybean oil. All this information is based on the study by Schmidt (2015).
[bookmark: _Toc313894993][bookmark: _Toc348340976]A.1.2.1 Yield and inputs to cultivation
The yield, measured in kg/ha/yr for 2011 were calculated by linear regression over the period 2001-2011. Data on yield were obtained from FAOSTAT (2013a). Yields for the specific year 2011 were not used because yields vary considerably annually due to drought, diseases etc.
Land occupation flows, measured in ha·year, are obtained as the inverse of the yield. Occupation of arable land is considered.
In line with consequential LCI modelling, all nutrient inputs are assumed to originate from mineral fertilisers. Application rates in Brazil were obtained from Dalgaard et al. (2008). The distribution of N input in different types of fertilizers are crop-specific: 93% AN and 7% urea.
The amount of fuel used was also taken from Dalgaard et al. (2008).With regard to light fuel oil for drying of crops, the were obtained from Cederberg et al. (2009, p 19) and equals 0.15 litres oil per kg water dried.
Water use was obtained from the WFN database for crops (Mekonnen and Hoekstra 2010), taking average country values, namely 0.832 m3/tonne for soybean in Brazil. These values, given per tonne in the original source, are converted into per ha yr basis using the yield.
[bookmark: _Toc313894994][bookmark: _Toc348340977]A.1.2.2 Pesticide use and emissions
Data for pesticides used in Brazil were obtained from Nordborg et al. (2014), where data for conventional and GM-soybean are available. GM-soybean data were preferred, due to the fact that GM-soybean cultivation in Brazil has vastly increased in recent years, representing in 2011 83% of the total occupied area by this crop (James 2011). It must be highlighted that the data from Nordborg et al. (2014) was obtained from a survey in a single Brazilian farm. As a consequence, these data must be used with care, as they do not represent a national average, even though they represent a realistic scenario.
[bookmark: _Ref294266349]Table 28. LCI data for pesticide use and pesticide emissions in soybean cultivation in Brazil.
	Exchanges
	Unit
	Soybean cultivation {BR}
	LCI data

	Output of products:
	
	
	

	Pesticide use
	ha yr
	1
	Reference flow

	Input of products:
	
	
	

	Pesticide production
	kg
	3.75
	Pesticide unspecified {GLO}| market for | Conseq

	Emissions to agricultural soil:
	
	

	Alpha-cypermethrin
	kg
	3.00E-02
	

	Chlorantraniliprole
	kg
	2.00E-02
	

	Epoxiconazole
	kg
	5.00E-02
	

	Glyphosate
	kg
	2.59E+00
	

	Lambda-cyhalothrin
	kg
	3.20E-02
	

	Methomyl
	kg
	1.51E-01
	

	Paraquat
	kg
	6.00E-01
	

	Pyraclostrobin (prop)
	kg
	2.09E-01
	

	Teflubenzuron
	kg
	2.30E-02
	

	Thiamethoxam
	kg
	4.20E-02
	



[bookmark: _Toc313894995][bookmark: _Toc348340978]A.1.2.3 Nitrogen balance
The calculation of the N balance was carried out following the same methods as explained for barley. Table 29 shows the specific values used for Brazilian soybean in the calculations, whereas Table 30 shows the resulting N balance.

[bookmark: _Ref294264925]Table 29. Parameters used for calculation of emissions from cultivation of soybean in Brazil.
	Parameter
	Unit
	Soybean cultivation {BR}
	Source

	N2O-Ndirect
	kg N2O–N ha-1yr-1
	0.358
	Equation 4

	N2O-Nindirect
	kg N2O–N ha-1yr-1
	0.080
	Equation 6

	N2O-NN input
	kg N2O–N ha-1yr-1
	0.358
	Equation 4

	N2O-NOS
	kg N2O–N ha-1yr-1
	0
	Equation 4

	N2O-NPRP
	kg N2O–N ha-1yr-1
	0
	Equation 4 (no grazing assumed)

	FSN
	kg N ha-1 yr-1
	0
	Table 32

	FON
	kg N ha-1 yr-1
	0
	Table 32

	FCR
	kg N ha-1yr-1
	35.8
	Equation 5

	Crop
	kg DM ha-1 yr-1
	2,588
	Based on yields and DM content from Møller et al. (2005) and table 11.2 (*)

	Slope
	Dim. Less
	0.930
	Table 11.2 (*)

	Intercept
	Dim. Less
	1.35
	Table 11.2 (*)

	AGDM
	kg dm ha-1 yr-1
	3,757
	Based on table 11.2 (*)

	NAG
	kg N kg dm-1
	0.008
	Table 11.2 (*)

	FracRemove
	kg N kg crop-N-1
	0
	Assumed as zero (see descriptions for equation 5)

	RBG-BIO
	kg dm kg dm-1
	0.190
	Table 11.2 (*)

	NBG
	kg N kg dm-1
	0.008
	Table 11.2 (*)

	FSOM
	kg N yr-1
	0
	Assumed as zero (see descriptions for equation 4)

	FOS
	kg N yr-1
	0
	Only mineral soils

	FPRP
	kg N yr-1
	0
	Equation 4 (no grazing assumed)

	EF1
	kg N2O–N kg N-1
	0.01
	Table 11.1 (*)

	EF2CG
	kg N2O–N ha-1 yr-1
	8.00
	Table 11.1 (*)

	EF3PRP
	kg N2O–N kg N-1
	0.02
	Table 11.1 (*)

	FracGASF
	kg N kg N-1
	0.10
	Table 11.3 (*)

	FracGASM
	kg N kg N-1
	0.20
	Table 11.3 (*)

	FracEACH
	kg N kg N-1
	0.30
	Table 11.3 (*)

	EF4
	kg N2O–N kg N-1
	0.01
	Table 11.3 (*)

	EF5
	kg N2O–N kg N-1
	0.0075
	Table 11.3 (*)

	Prot_cont
	Kg protein kg-1 dm crop
	0.41
	Møller et al. (2005)








[bookmark: _Ref294263641]Table 30. N balances and emissions related to cultivation of soybean in Brazil. Unit: kg N ha-1 yr-1.
	Parameter
	Soybean cultivation {BR}
	Source

	N inputs (A):
	
	

	Ninput
	132
	Equation 7.1(*)

	N-fert: Ammonia
	0
	Table 32

	N-fert: Urea
	0
	Table 32

	N-fert: AN
	0
	Table 32

	N-fert: CAN
	0
	Table 32

	N-fert: AS
	0
	Table 32

	N-fert: Organic
	0
	Table 32

	N fixation
	132
	Peoples et al. (1995)

	N outputs (B):
	 
	

	Noutput (harvested crop)
	170
	Equation 1

	N inputs – N outputs:
	 
	

	Nsurplus (A – B)
	-38.2
	Equation 1

	N emissions:
	 
	

	NH3-N to air
	0
	See ‘NH3-N and NOx-N’

	NOx-N to air
	0
	See ‘NH3-N and NOx-N’

	N2O-Ndirectto air
	0.36
	Equation 4

	N2-N to air
	-49.3
	Equation 3

	NO3-N to water
	10.7
	See ‘NO3-N’

	N balance:
	 
	

	A –B – C
	0
	


* Values are obtained from the specified tables in IPCC (2006).

As in the case of barley it can be seen that soybean present negative N2 emissions according to the results. This is because N2 is calculated as the residual (Nsurplus minus all other emissions). It must be stressed that the negative N2 emission do not have environmental effects. Nevertheless, in reality N2 cannot become negative, but the reasons for becoming negative are presumably some of the following:
· FSOM  is assumed to be 0, but might be higher, which will result in an increased Nsurplus. In particular soil used for soybean cultivation is impoverished due to overuse. 
· Atmospheric N deposition is not included in the model, because it is not a consequence of crop cultivation and it would have been there, had the areas not been cultivated. If atmospheric N deposition was part of the model, this would increase Nsurplus. 
· IPCC (2006) does not consider N-fixing crops, such as soybean. This means we are omitting a relevant N input in the calculations of emissions.
· According to IPCC (2006) 10% and 30% of the N inputs to the fields is evaporated/leached as ammonia and nitrate respectively. These values are high, and will in reality differ amongst cultivation systems. If lower values are used, the N2 residual will be smaller. 
[bookmark: _Toc313894996][bookmark: _Toc348340979]A.1.2.4 Phosphorus balance
Phosphorus emissions are calculated for soybean using the same methods as explained for barley, i.e. with Equation 7. The result of the P balance is shown in Table 31.

[bookmark: _Ref294265478]Table 31. Calculation of phosphate-P leached from soil in cultivation of soybean in Brazil.
	Parameter
	Soybean cultivation {BR}
	Source

	P fertilizer input (kg P2O5/ha/year)
	36.6
	Table 32

	P fertilizer input (kg P/ha/year) (A)
	16.0
	Stoichiometry: 2.29 kg P2O5 per kg P

	Yield (kg/ha/year) (B)
	2863
	Table 32

	Dry matter in harvested crop (kg dm/kg wm) (C)
	0.904
	Møller et al. (2005)

	P content in crop (kg P/kg crop dm) (D)
	5.5E-03
	Møller et al. (2005)

	P output in harvested crop (kg P/ha/year) (E=*B*C*D)
	14.2
	

	P surplus (kg P/ha/year) (F=A-E)
	1.7
	Pinput - Poutput as in Equation 7

	P emitted (kg P/ha/year)
	0.05
	Equation 7



[bookmark: _Toc313894997][bookmark: _Toc348340980]A.1.2.5 Summary table for soybean cultivation
Table 27 shows a summary of inputs and outputs associated with cultivation of soybean in Brazil.

[bookmark: _Ref294266531][bookmark: _Ref294267314]Table 32. LCI data for cultivation of soybean in Brazil. 
	Exchanges
	Unit
	Soybean cultivation {BR}
	LCI data

	Output of products:
	
	
	

	Soybeans
	kg
	2,863
	Reference flow

	Input of resources:
	
	
	

	Occupation arable
	ha yr
	1
	

	Water, BR
	m3
	2.38
	

	Input of products/services:
	
	
	

	P fert: TSP
	kg P2O5
	36.6
	Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq

	Lorry
	tkm
	17.4
	Transport, freight, lorry 16-32 metric ton, EURO3 {GLO}| market for | Conseq

	Diesel
	MJ
	1,709
	Diesel, burned in building machine {GLO}| market for | Conseq

	Light fuel oil
	MJ
	3,149
	Heat, central or small-scale, other than natural gas {Europe without Switzerland} | heat production, light fuel oil, at boiler 100 kW condensing, non-modulating | Conseq

	Pesticide use
	ha yr
	1
	Table 28

	Emissions to air:
	
	
	

	N2O (direct)
	kg N2O
	0.562
	Table 30

	N2O (indirect)
	kg N2O
	0.126
	Table 30

	Emissions to water:
	
	
	

	Nitrate
	kg NO3
	47.5
	Table 30

	PO4-P
	kg P
	0.05
	Table 31



[bookmark: _Toc313894998][bookmark: _Toc348340981]A.1.2.6 Soybean oil mill and refinery
The inventory for soybean meal production in Brazil, is based on Dalgaard et al. (2008). The raw material inputs are assumed to be transported 200 km by lorry. The use of water mainly refers to use for steam, and the presented figures represent consumptive figures, i.e. net uses by the oil mills. For solvent extraction, the use of hexane has not been included in the inventory.

[bookmark: _Ref357504237][bookmark: _Ref261165544][bookmark: _Ref261614564]Table 33. LCI data for soybean meal production in Brazil. 
	Exchanges
	Unit
	Soybean oil mill {BR}
	LCI data

	Output of products:
	
	
	

	Determining product: 
	
	
	

	Soybean meal
	kg
	0.773
	Reference flow

	By-product:
	
	
	

	Crude soybean oil for treatment
	kg
	0.192
	Table 34

	Input of resources:
	
	
	

	Water, BR
	kg
	0.104
	Table 32

	Input of products/services:
	
	
	

	Soybean cultivation {BR}
	kg
	1
	Table 32

	Transport, lorry
	tkm
	0.200
	Transport, freight, lorry 16-32t, EURO3 {GLO}| market for | Conseq

	Electricity, BR
	kWh
	0.0122
	Electricity, medium voltage {BR}| market for | Conseq 

	Natural gas
	MJ
	0.28
	Heat, district or industrial, natural gas {RoW}| heat production, natural gas, at boiler condensing modulating >100 kW | Conseq

	Light fuel oil
	MJ
	0.15
	Heat, central or small-scale, other natural gaa {Europe without Switzerland} | heat production, light fuel oil, at boiler 100 kW condensing, non-modulating | Conseq

	Chemical plant
	p
	1.1E-10
	Chemical factory, organics {GLO}| market for | Conseq 



The co-product soybean oil is sent for refining. The LCI for this process is shown in Table 34. This process co-produces refined soybean oil and fresh fatty acids (FFA). The former replaces palm oil in the market, whereas FFA are used as animal feed. FFA have a feed energy value of 18 MJ/kg. 



[bookmark: _Ref357519524][bookmark: _Ref261621410]Table 34. LCI data for soybean oil refining.
	Exchanges
	Unit
	Soybean oil refinery {BR}
	LCI data

	Output of products:
	

	Determining product:
	
	
	

	Crude soybean oil for treatment
	kg
	1.000
	Reference flow

	By-products:
	
	
	

	Refined soybean oil
	kg
	0.983
	Displaces NBD palm oil (Table 42)

	FFA for treatment
	kg
	0.012
	Displaces barley (Table 22). 18 MJ barley/kg FFA.

	Input of resources:
	

	Water, BR
	kg
	2.7E-02
	

	Input of products/services:
	

	Transport, lorry
	tkm
	0.203
	Transport, freight, lorry 16-32t, EURO3 {GLO}| market for | Conseq

	Electricity, BR
	kWh
	0.029
	Electricity, medium voltage {BR}| market for | Conseq 

	Light fuel oil
	MJ
	0.247
	Heat, central or small-scale, other natural gaa {Europe without Switzerland} | heat production, light fuel oil, at boiler 100 kW condensing, non-modulating | Conseq

	Phosphoric acid
	kg
	8.0E-04
	Phosphoric acid, industrial grade, without water, in 85% solution state {GLO}| market for| Conseq

	Sodium hydroxide
	kg
	2.1E-03
	Sodium hydroxide, without water, in 50% solution state {GLO}| market for | Conseq

	Sulphuric acid
	kg
	1.9E-03
	Sulfuric acid {GLO}| market for | Conseq

	Bentonite
	kg
	9.0E-03
	Bentonite {GLO}| market for | Conseq

	Chemical plant
	p
	1.1E-10
	Chemical factory, organics {GLO}| market for | Conseq 



[bookmark: _Toc313894999][bookmark: _Toc348340982]A.1.3 Palm oil
[bookmark: _Toc313895000][bookmark: _Toc348340983]A.1.3.1 Yield and inputs to cultivation
For palm fruit bunches the yield was taken from Schmidt (2014), where they were obtained by linear regression over the period 2001-2011. Based on FAOSTAT data (FAOSTAT 2013a). For oil palm a weighted average of Malaysia and Indonesia was applied, based on area cultivated with oil palm in Malaysia and Indonesia in 2011, namely 40% MY and 60% ID. It must be highlighted that oil palm is a perennial crop, whereby yields change with the age of the plantation. Data from FAOSTAT reflect the average age of oil palm plantations in Malaysia and Indonesia.
The input of fertilizers is based on Schmidt (2007). The input of organic fertiliser (N-fert: Organic) is specifically calculated from crop residues (e.g. FFB), based on detailed mass balances for oil palm plantations. All nutrient inputs are modelled as originated from mineral fertilisers. In a consequential model this is an appropriate assumption, given that organic waste materials are assumed to be constrained.
The amount of diesel fuel per ha·yr for field operations were obtained from Schmidt (2011, p 42). With regard to drying of crops, there is no fuel use for this purpose, as fresh fruit bunches are dried in the sun.
Concerning water use, oil palm is not irrigated (Schmidt 2015) and for this reason water use is set to zero.
[bookmark: _Toc313895001][bookmark: _Toc348340984]A.1.3.2 Pesticide use and emissions
Pesticide use data for oil palm cultivation is rather scarce. Pleanjai et al. (2007) report on the use of glyphosate and paraquat only, whereas Schmidt (2007) reports data from a palm oil producer, where the use of generic classes of pesticides is shown for different stages of crop development (nursery, immature plant, mature plant), however the list of active substances is not properly disaggregated. In the present study we have used data compiled by Tenaganita (2002) where a list of active substances used in Malaysia are reported, along with the area cultivated in the country. In this report, some active substances are reported in volume (litres). It has been assumed in the calculations that 1 L equals 1 kg of active substance.







[bookmark: _Ref294349030]Table 35. LCI data for pesticide use and pesticide emissions in oil palm cultivation.
	Exchanges
	Unit
	Oil palm cultivation {MY&ID}
	LCI data

	Output of products:
	
	
	

	Pesticide use
	ha yr
	1
	Reference flow

	Input of products:
	
	
	

	Pesticide production
	kg
	6.16
	Pesticide unspecified {GLO}| market for | Conseq

	Emissions to agricultural soil:
	
	

	2,4-D, dimethylamine salt
	kg
	3.65E-01
	

	Benomyl
	kg
	9.30E-04
	

	Bromadioline
	kg
	1.82E-04
	

	Carbofuran
	kg
	5.10E-01
	

	Cypermethrin
	kg
	7.20E-01
	

	Glyphosate
	kg
	2.81E+00
	

	Paraquat
	kg
	1.75E+00
	

	Thiram
	kg
	1.65E-03
	

	Warfarin
	kg
	1.02E-03
	



[bookmark: _Toc261258433][bookmark: _Toc280283000][bookmark: _Toc313895002][bookmark: _Toc348340985]A.1.3.3 Share of peat soils and CO2 emissions
For oil palm, a considerable share in Malaysia and Indonesia is grown on drained peat soils. Based on a recent study (Agus et al. 2013a), which report cultivated peat soils with oil palm in 2010, 18% of the cultivated oil palms in Malaysia and Indonesia are assumed to be grown on peat. This is distributed as 11% in Malaysia and 22% in Indonesia. It should be noticed that this proportion might not reflect the marginal producers of palm oil. However, due to lack of information on the share of peat under new plantations (now and in the future), the current national average shares are used.
In Schmidt (2015) an extensive literature review was carried out on CO2 emissions from oil palm cultivated on peat. Based on this review, an emission factor of 43 tonne CO2 per ha per yr was chosen, and used also in the present study. This figure represents an average drainage depth at around 75 cm.
[bookmark: _Toc313895003][bookmark: _Toc348340986]A.1.3.4 Nitrogen balance
The calculation of the N balance was carried out following the same methods as explained for barley. Table 36 shows the specific values used for Brazilian soybean in the calculations, whereas Table 37 shows the resulting N balance.



[bookmark: _Ref294346019]Table 36. Parameters used for calculation of emissions from cultivation of oil palm.
	Parameter
	Unit
	Oil palm cultivation {MY/ID}
	Source

	N2O-Ndirect
	kg N2O–N ha-1yr-1
	6.49
	Equation 4

	N2O-Nindirect
	kg N2O–N ha-1yr-1
	0.974
	Equation 6

	N2O-NN input
	kg N2O–N ha-1yr-1
	3.61
	Equation 4

	N2O-NOS
	kg N2O–N ha-1yr-1
	2.88
	Equation 4

	N2O-NPRP
	kg N2O–N ha-1yr-1
	0
	Equation 4 (no grazing assumed)

	FSN
	kg N ha-1 yr-1
	162
	Table 32

	FON
	kg N ha-1 yr-1
	0
	Table 32

	FCR
	kg N ha-1yr-1
	199
	Equation 5

	Crop
	kg DM ha-1 yr-1
	8,112
	Based on yields and DM content from Møller et al. (2005) and table 11.2 (*)

	Slope
	Dim. Less
	-
	Table 11.2 (*)

	Intercept
	Dim. Less
	-
	Table 11.2 (*)

	AGDM
	kg dm ha-1 yr-1
	15,113
	Based on table 11.2 (*)

	NAG
	kg N kg dm-1
	0
	Table 11.2 (*)

	FracRemove
	kg N kg crop-N-1
	0
	Assumed as zero (see descriptions for equation 5)

	RBG-BIO
	kg dm kg dm-1
	0
	Table 11.2 (*)

	NBG
	kg N kg dm-1
	0
	Table 11.2 (*)

	FSOM
	kg N yr-1
	0
	Assumed as zero (see descriptions for equation 4)

	FOS
	kg N yr-1
	0.18
	18% of oil palms cultivated on peat soil

	FPRP
	kg N yr-1
	0
	Equation 4 (no grazing assumed)

	EF1
	kg N2O–N kg N-1
	0.01
	Table 11.1 (*)

	EF2CG
	kg N2O–N ha-1 yr-1
	16.00
	Table 11.1 (*)

	EF3PRP
	kg N2O–N kg N-1
	0.02
	Table 11.1 (*)

	FracGASF
	kg N kg N-1
	0.10
	Table 11.3 (*)

	FracGASM
	kg N kg N-1
	0.20
	Table 11.3 (*)

	FracEACH
	kg N kg N-1
	0.30
	Table 11.3 (*)

	EF4
	kg N2O–N kg N-1
	0.01
	Table 11.3 (*)

	EF5
	kg N2O–N kg N-1
	0.0075
	Table 11.3 (*)

	Prot_cont
	Kg protein kg-1 dm crop
	0.034
	Møller et al. (2005)



[bookmark: _Ref294346047]Table 37. N balances and emissions related to cultivation of oil palm. Unit: kg N ha-1 yr-1.
	Parameter
	Soybean cultivation {BR}
	Source

	N inputs (A):
	
	

	Ninput
	162
	Equation 7.1(*)

	N-fert: Ammonia
	0
	Table 39

	N-fert: Urea
	151
	Table 39

	N-fert: AN
	10.8
	Table 39

	N-fert: CAN
	0
	Table 39

	N-fert: AS
	0
	Table 39

	N-fert: Organic
	0.581
	Table 39

	N fixation
	0
	Table 39

	N outputs (B):
	 
	

	Noutput (harvested crop)
	44.6
	Equation 1

	N inputs – N outputs:
	 
	

	Nsurplus (A – B)
	118
	Equation 1

	N emissions:
	 
	

	NH3-N to air
	13.8
	See ‘NH3-N and NOx-N’

	NOx-N to air
	2.43
	See ‘NH3-N and NOx-N’

	N2O-Ndirectto air
	6.49
	Equation 4

	N2-N to air
	-13.8
	Equation 3

	NO3-N to water
	108
	See ‘NO3-N’

	N balance:
	 
	

	A –B – C
	0
	


* Values are obtained from the specified tables in IPCC (2006).

As in the case of barley and soybean it can be seen that soybean present negative N2 emissions according to the results. The same arguments used for these two crops apply here.
[bookmark: _Toc313895004][bookmark: _Toc348340987]A.1.3.5 Phosphorus balance
Phosphorus emissions are calculated for soybean using the same methods as explained for barley, i.e. with Equation 7. The result of the P balance is shown in Table 38.

[bookmark: _Ref294348742]Table 38. Calculation of phosphate-P leached from soil in cultivation of soybean in Brazil.
	Parameter
	Soybean cultivation {BR}
	Source

	P fertilizer input (kg P2O5/ha/year)
	36.6
	Table 39

	P fertilizer input (kg P/ha/year) (A)
	16.0
	Stoichiometry: 2.29 kg P2O5 per kg P

	Yield (kg/ha/year) (B)
	2863
	Table 39

	Dry matter in harvested crop (kg dm/kg wm) (C)
	0.904
	Møller et al. (2005)

	P content in crop (kg P/kg crop dm) (D)
	5.5E-03
	Møller et al. (2005)

	P output in harvested crop (kg P/ha/year) (E=*B*C*D)
	14.2
	

	P surplus (kg P/ha/year) (F=A-E)
	1.7
	Pinput - Poutput as in Equation 7

	P emitted (kg P/ha/year)
	0.05
	Equation 7



[bookmark: _Toc313895005][bookmark: _Toc348340988]A.1.3.6 Summary table for oil palm cultivation
Table 39 shows a summary of inputs and outputs associated with cultivation of oil palm.

[bookmark: _Ref294348803]Table 39. LCI data for cultivation of oil palm. 
	Exchanges
	Unit
	Oil palm cultivation {MY&ID}
	LCI data

	Output of products:
	
	
	

	Fresh fruit bunches
	kg
	17,260
	Reference flow

	Input of resources:
	
	
	

	Occupation permanent
	ha yr
	1
	

	Input of products/services:
	
	
	

	N-fert: Urea
	kg N
	151
	Urea, as N {GLO}| market for | Conseq

	N-fert: AN
	kg N
	10.8
	Ammonium nitrate, as N {GLO}| market for | Conseq

	N-fert: Organic
	kg N
	0.58
	Modelled as 93% Ammonium sulfate, as N {GLO}| market for | Conseq and 7% Urea, as N {GLO}| market for | Conseq

	P fert: Rock phosphate
	kg P2O5
	81.3
	Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq

	K fert: KCl
	kg K2O
	268
	Potassium chloride, as K2O {GLO}| market for | Conseq

	Lorry
	tkm
	199
	Transport, freight, lorry 16-32 metric ton, EURO3 {GLO}| market for | Conseq

	Diesel
	MJ
	1,710
	Diesel, burned in building machine {GLO}| market for | Conseq

	Pesticide use
	ha yr
	1
	Table 35

	Emissions to air:
	
	
	

	N2O (direct)
	kg N2O
	10.2
	Table 37

	N2O (indirect)
	kg N2O
	1.53
	Table 37

	CO2 from peat soils
	kg CO2
	7,740
	See section on peat soils

	Ammonia
	kg NH3
	16.7
	Table 37

	Nitrogen oxides
	kg NOx
	5.20
	Table 37

	Emissions to water:
	
	
	

	Nitrate
	kg NO3
	480
	Table 37

	PO4-P
	kg P
	0.82
	Table 38



[bookmark: _Toc313895006][bookmark: _Toc348340989]A.1.3.6 Palm oil mill, palm kernel oil mill, and refining
Palm fruit bunches are crushed in the palm oil mill, which co-produces crude palm oil and palm kernels. The latter are processed in the palm kernel oil mill, which co-produces crude palm kernel oil and palm kernel meal. These two processing units are modelled in this section
The inventory is based on Schmidt (2015). The raw material inputs are assumed to be transported 200 km by lorry. The use of water mainly refers to use for steam, and the presented figures represent consumptive figures, i.e. net uses by the oil mills. For solvent extraction, the use of hexane has not been included in the inventory.
Emissions of methane from palm oil mill effluent (POME) are taken into account. As an average, in Malaysia and Indonesia 5% of oil mills have methane capture, whereas the remaining 95% do not. The emissions in kg methane per kg POME are 9.83E-03 kg and 1.97E-3 kg for mills without and with methane capture, respectively. 0.016 kWh of electricity are exported to the grid due to energy recovery in those mills where methane is captured.

[bookmark: _Ref294351751]Table 40. LCI data for the palm oil mill and palm kernel oil mills.
	Exchanges
	Unit
	Palm oil mill {MY&ID}
	Palm kernel oil mill {MY&ID}
	LCI data

	Output of products:
	
	
	
	

	Determining product: 
	
	
	
	

	Crude palm oil
	kg
	0.203
	0
	Reference flow

	Crude palm kernel oil
	kg
	0
	0.449
	

	By-product:
	
	
	
	

	Kernel for treatment
	kg
	0.052
	0
	This table, column ‘Palm kernel oil mill {MY&ID}

	Palm kernel meal for treatment
	kg
	0
	0.521
	Table 41

	POME for treatment
	kg
	0.700
	0
	Table 41

	EFB for treatment
	kg
	0.220
	0
	Table 41

	Input of resources:

	Water, MY
	kg
	69.9
	0.104
	

	Input of products/services:

	Oil palm cultivation {MY&ID}
	kg
	1
	0
	Table 39

	Kernel for treatment
	kg
	0
	1
	From palm oil mill {MY&ID) (see column)

	Transport, lorry
	tkm
	0.200
	0.200
	Transport, freight, lorry 16-32t, EURO3 {GLO}| market for | Conseq

	Electricity, MY
	kWh
	-0.0049
	0.094
	Electricity, medium voltage {MY}| market for | Conseq 

	Diesel
	MJ
	0.0216
	0
	Diesel, burned in building machine {GLO} | market for | Conseq

	Chemical plant
	p
	2.2E-11
	1.1E-10
	Chemical factory, organics {GLO}| market for | Conseq 

	Emissions:

	Methane
	kg
	0.0066
	0
	From POME



The oil mills produce several by-products, which are used as fertilizers or animal feed. The inventories for these by-products is shown in Table 41.

[bookmark: _Ref294350892]Table 41. LCI data for the utilisation of by-products from palm oil and palm kernel oil mills. 
	Exchanges
	Unit
	Utilisation of POME as fertiliser {MY&ID}
	Utilisation of EFB as fertiliser {MY&ID}
	Utilisation of palm kernel meal as feed {GLO}
	LCI data

	Reference flow:
	
	
	
	 
	

	Material for treatment
	kg
	1.00
	1.00
	1.00
	Reference flow

	By-product output:
	
	
	
	
	

	Soybean meal as feed protein
	kg protein
	0
	0
	0.154
	Table 21

	Barley as feed energy
	MJ
	0
	0
	5.88
	Table 21

	N-fert: Urea
	kg N
	9.5E-04
	1.3E-03
	0
	Urea, as N {GLO}| market for | Conseq

	P-fert: Rock phosphate
	kg P2O5
	3.4E-04
	3.6E-04
	0
	Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq

	K-fert: KCl
	kg K2O
	2.1E-03
	5.8E-03
	0
	Potassium chloride, as K2O {GLO}| market for | Conseq



Crude palm oil and palm kernel oils are sent for refining. The inventories for oil refining are based on Schmidt (2015). Oilseed inputs are assumed to be transported 200 km by lorry to the crushing facility. Oil refineries supply refined oils and FFA. The latter are used for livestock feeding, thereby substituting feed energy on the market (18 MJ feed energy per kg FFA).





[bookmark: _Ref294353239]Table 42. LCI data for palm oil and palm kernel oil refining.
	Exchanges
	Unit
	Palm oil refinery {MY&ID}
	Palm kernel oil refinery {MY&ID}
	LCI data

	Output of products:
	
	
	
	

	Determining product:
	
	
	
	

	NBD palm oil
	kg
	0.953
	0
	Reference flow

	Crude palm kernel oil for treatment
	kg
	0
	1.000
	

	By-products:
	
	
	
	

	Refined palm kernel oil
	kg
	0
	0.953
	Displaces NBD palm oil, LCI data in this table

	FFA for treatment
	kg
	0.046
	0.046
	18 MJ feed energy per kg FFA. Feed energy LCI in Table 21

	Input of resources:
	
	
	

	Water, MY
	kg
	7.0E-01
	7.0E-01
	

	Input of products/services:
	
	
	

	Crude palm oil
	kg
	1
	0
	Table 40

	Transport, lorry
	tkm
	0.204
	0.204
	Transport, freight, lorry 16-32t, EURO3 {GLO}| market for | Conseq

	Electricity, MY
	kWh
	0.026
	0.026
	Electricity, medium voltage {MY}| market for | Conseq 

	Diesel
	MJ
	0.331
	0.331
	Diesel, burned in building machine {GLO} | market for | Conseq

	Light fuel oil
	MJ
	0.304
	0.304
	Heat, central or small-scale, other natural gaa {Europe without Switzerland} | heat production, light fuel oil, at boiler 100 kW condensing, non-modulating | Conseq

	Phosphoric acid
	kg
	2.5E-04
	2.5E-04
	Phosphoric acid, industrial grade, without water, in 85% solution state {GLO}| market for| Conseq

	Sodium hydroxide
	kg
	2.90-03
	2.9E-03
	Sodium hydroxide, without water, in 50% solution state {GLO}| market for | Conseq

	Bentonite
	kg
	4.5E-03
	4.5E-03
	Bentonite {GLO}| market for | Conseq

	Chemical plant
	p
	1.1E-10
	1.1E-10
	Chemical factory, organics {GLO}| market for | Conseq 
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