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1. Context

This supplementary information document is intended to provide additional data that will aid readers in understanding the findings of the main article entitled “Selection of Sustainable Food Waste Valorisation Routes: A Case Study with Barley Field Residue”. The main aim of this supplementary information is to describe in detail the process for data collection, analysis and processing in Stage 4 of the case study, in in order to arrive at the normalised weighted values for each scenario as presented in the main article. Tables containing the full outputs from Stage 5 (the sensitivity analysis) are also provided because they were deemed too large for the main article.
[bookmark: _Hlk185542]2. Supplementary Information Regarding SWaVI Stage 4: Data Collection and Evaluation

[bookmark: _Hlk532575427][bookmark: _Hlk532575632]As described in the main article, data was collected to help evaluate two scenarios for dealing with unavoidable in-field barley straw waste (IFBSW) as part of Molson Coors UK brewing operations. The first scenario is the current valorisation approach involving the use of barley residue as animal feed supplement. The second concerns the hypothetical extraction of wax, similar in properties to carnauba wax via sCO2 extraction, with the pelletised residue being used as animal feed. A range of evaluation criteria were selected in order to evaluate each scenario and this supplementary document concerns how data for each criterion and for each scenario were collected and analysed to arrive at the final values shown in Table 1. 


Table 1: Completed evaluation matrix for bedding and sCO2 extraction of IFBSW
	[bookmark: _Hlk2262415]Evaluation Criteria
	Sub-Criteria
	Unit
	Feed Supplement
	SCO2 Extraction

	Economic
	Net Present Value
	£
	95,385,353.6217
	89,085,090.0347

	Environmental
	Climate Change Potential
	kg CO2-eq
	0
	324

	
	Human Toxicity Potential
	CTUh
	0
	0.0001

	
	Photochemical Ozone Formation Potential 
	kg NMVOC eq
	0
	0.5100

	
	Acidification Potential
	molecular H+ eq
	0
	1.4000

	
	Freshwater Eutrophication Potential
	kg P eq.
	0
	0.0774

	
	Ozone Depletion Potential (ODP)
	kg CFC-11-eq
	0
	0

	
	Ecotoxicity Potential
	CTUe
	0
	828

	Social
	Social Acceptability
	+/++
	++
	++

	
	Odor Generation
	+/++
	++
	+

	
	Noise Creation
	dB within 15 m
	80
	85

	
	Job Creation
	Total jobs created
	0
	6

	
	Traffic
	No. of vehicles
	10
	25

	Technological Maturity
	Technology Readiness
	TRL Scale (1-9)
	9
	9

	
	Integration Readiness
	IRL Scale (1-7)
	1
	7

	
	Demand Readiness
	DRL Scale (1-7)
	9
	9

	Alignment with Company Goals
	Strategy Fit
	Likert Scale (1-5)
	3
	5

	
	Brand Fit
	Likert Scale (1-5)
	3
	1

	
	Expertise Fit
	Likert Scale (1-5)
	3
	1




For the collection of data relating to the sCO2 extraction process, experimental work  was used to model the valorisation process and provide the data on process inputs and outputs [26]. Subsequent work by Garcia-Garcia et al (2018) in combination with ecoinvent data, enabled the calculation of cost and benefits through Cost-Benefit Analysis (CBA) and of environmental impact through the International Reference Life Cycle Data System ILCD 2011 Midpoint+ V.1.10 impact assessment method. Consultation with Molson Coors provided the values for social impact, technological readiness and company goal alignment of extraction of wax via sCO2 extraction. 
[bookmark: _Hlk2355776][bookmark: _Hlk188994][bookmark: _Hlk2355895]Moving from left to right, starting with economic criteria, we begin with how the sub-criterion of ‘Net Present Value’ was calculated. A detailed CBA of set-up and running costs associated with each valorisation scenario was performed using the methodology outlined by Snell (2011) [27]. In this CBA, only costs associated with equipment purchasing, water, electricity, CO2 (used in the extraction process as a consumable) and staff salaries were considered for each scenario. Building costs and transport costs (as well as associated environmental and social impacts) were excluded due to difficulties in obtaining reliable data. In line with CBA best practice, it was assumed each scenario ran on a 20-year basis at which point equipment would either be replaced and the project would restart, or the project would be discontinued [27–29]. However, when calculating a projects’ potential payback period this far into the future, it must be considered that benefits are effectively worth less in the future than they are immediately because those funds could have been put to other uses. For this reason, returns beyond year zero were discounted using the Bank of England’s current long term interest rate which was 1.5% as of January 2019 to provide the Net Present Values shown in Table 2 [30]. 
[bookmark: _Hlk175458]There were a number of assumptions used in the generation of set-up and running costs for each scenario respectively and these will now be discussed in detail, beginning with set-up costs. Set-up costs involved equipment required to handle waste in each scenario. As animal bedding is currently the employed strategy, and bailing/drying is part of the existing process, there are no additional set-up costs. However, in order to extract wax using sCO2, milling, pelleting and extracting machinery would need to be purchased. The University of York were able to supply estimates based on the cost of the equipment that they used to process industrial scale batches of 90 kg IFBSW yielding a return of 1.35 kg wax and 90.82 kg pelleted straw for animal feed. For this equipment to be able to process 75,000 tonnes of IFBSW per year, it was assumed that there would be three production lines operating 12 hours a day and 342 days per year. This would require two technicians per line, which were estimated to fall within the £25,000 salary range each. Based on the water, electricity and CO2 use measured by colleagues at the University of York, and scaled up to process 75,000 tonnes annually, the consumables costs in Table 3 were generated. The inclusion of CO2 as a consumable may seem strange as it is commonly recirculated, however, it was found that in practice, a 10% loss was expected each time the extraction process ran, hence its inclusion.

[bookmark: _Hlk189355]Table 2: Costs and benefits analyzed to generate the NPV for each scenario.
	sCO2 extraction Scenario
	Animal Bedding Scenario

	Project Stage
	Cost Sources
	Benefit Sources
	Cost Sources
	Benefit Sources

	Set-up (Year 0)
	1. Milling Machine (Swiss Combi 44K) £ 36,000.00
2. Pelletisation Machine (CLM 935LG, La Meccanica 935) 
£ 60,000.00
3. 200 L sCO2 extractors 
£ 150,000.00

	1. Revenue from animal feed supplement. 
£ 5,250,000.00



	N/A
	1. Revenue from animal feed supplement.
£ 5,250,000.00



	Operational (for each year: 1-19)
	1. Energy Costs. £ 385,581.15
2. Water Costs. £ 173.31
3. CO2 Costs. £ 2,249.99
4. Staff cost. £ 150,000.00
	1. Revenue from animal feed supplement.
£ 5,297,833.33

2. Revenue from Barley Straw Wax.
£ 134,749.99
	N/A
	1. Revenue from animal feed supplement.

£ 5,250,000.00

	Project Total
	£ 98,000,998.62				

	£ 105,000,000.00			

	Net Present Value (discounted at 1.5% per year)
	£ 89,037,256.70
	£ 95,385,353.62									



It is also appreciated that there would likely be a cost for building the facility to house this equipment but the authors were unable to source this information and Molson Coors were unable to provide an estimate hence this value was excluded. For the feed supplement, scenario none of the running costs associated with sCO2 are applicable. The only extra cost would be in terms of transport from the farms to the buyers. However, these were located all around the UK and Molson Coors were unable to supply data on transport type, staff costs and distance. For fairness (and because it was unknown where potential buyers of wax would be located), transport costs were assumed to be similar in both scenarios and therefore also excluded from the sCO2 scenario.
In terms of economic benefits, it was assumed that in year 0, the facilities for sCO2 extraction would not be ready and so benefits would be limited to the as-is animal bedding sales. It goes without saying that this is the same for year 0 of the animal bedding scenario. Molson Coors informed us that their farmers currently receive, on average, £50/tonne for bedding straw and this was used to provide the economic benefits values shown in Table 3. With regard to benefits during years 1-19, for the outputs of the sCO2 process, economic value was generated from the wax, and from the sale of pelletised straw residue as animal feed (not bedding as the unavoidable pelletisation may make it less suitable). 
[bookmark: _GoBack]The global value of Carnauba Wax is $14/kg [31] for Extra Light Fatty Grey Type 3 (PHC 2485) wax which is suitable for technical and food applications and which is comparable to the wax extracted from barley straw by researchers at the University of York [32]. For the sale of pelletised residue as animal feed, the current market value is £70/tonne [33]. Scaling these economic returns up to meet the scale of 75,000 tonnes of input IFBSW each year provided the final lifetime scenario values in Table 3. 
[bookmark: _Hlk2356810][bookmark: _Hlk270883][bookmark: _Hlk452940][bookmark: _Hlk2356669][bookmark: _Hlk453089][bookmark: _Hlk2356840][bookmark: _Hlk791050]Moving on to the environmental criteria Climate Change Potential (CCP) (kg CO2-eq), Human Toxicity Potential (Cancer and Non-Cancer) (HTP) (CTUh), Photochemical Ozone Formation Potential (POFP) (kg NMVOC eq), Acidification Potential (AP) (molc H+ eq), Eutrophication Potential (EP) (freshwater, kg P eq), Ozone Depletion Potential (ODP) (Kg CFC-11-eq) and Ecotoxicity Potential (EP) (CTUe) were recorded for aspects of each scenario. For the sCO2 extraction process, measurements were made for the energy and water consumed at each step of the process of extracting wax from a 90 kg batch of barley straw residue. This included, milling, pelletisation, cooling and drying, sCO2 extraction, 2nd pelletisation and final separation. These were then scaled up to represent processing of the entire 75,000 t load of IFBSW and it is in this form that the results are presented in Table 2. Results were calculated using the life-cycle impact assessment method ILCD 2011 Midpoint+ V1.10/EC-JRC Global, equal weighting/Characterisation/Excluding infrastructure processes. For the same reason that transport and building costs could not be calculated for NPV, it was difficult to include transport and building related impacts in the calculation of environmental impact and these were therefore excluded from consideration in either scenario. 
[bookmark: _Hlk795082][bookmark: _Hlk2357925]For the feed supplement scenario, it is appreciated that there will be some environmental impact from the baling and drying process as well as from the end use of the straw as it is consumed by livestock (or uneaten feed decomposes). These environmental burdens are assumed to be the same as those of sending the post-sCO2 extraction barley residue as animal feed supplement because the volumes are virtually the same (i.e. 90 kg of IFBSW compared to 90.82 kg of post-sCO2 extraction barley residue). The difference in volume is simply caused by a higher moisture level. This means that, in practical terms, an environmental impact of zero could be attributed to the use of IFBSW for animal feeding.
[bookmark: _Hlk14807387]As for the social, technological and company fit criteria, these required significantly less analysis and were recorded by Molson Coors staff as shown in Table 5. Measurements were recorded for the entire annual complement of 75,000 t. Where possible, these were recorded in quantitative units such as decibels for noise, number of jobs created or number of vehicles for traffic creation, although for certain criteria, such as odor generation a mark of ++ was recorded for the perceived most positive scenario and + for the least. Equally criteria of fit with strategy, fit with brand and fit with company expertise were recorded on a Likert scale of 1-5 with 1 equalling poor, 3 equalling average and 5 equalling excellent. Technological maturity criteria are scored using established technological, integration and demand readiness levels respectively (see Hjorth and Brem 2016 [21]). 
[bookmark: _Hlk280903][bookmark: _Hlk2265014]To overcome the significant difference in scales of the evaluation criteria, the weighted summation method (WSM), as described by Herwijnen (2006) was applied to all of the economic, environmental, social, technological and company fit values obtained via the processes described above [25]. In the weighted summation approach, each of the evaluation criteria and their sub-criteria have their units removed and are standarised based upon their position in relation to the highest and lowest recorded values for that criteria which is expressed on a scale of 0-1. This is described in Equation 1 used for non-beneficial criteria (e.g. environmental pollution) and Equation 2 for beneficial criteria (e.g. job creation). In both equations, Vi = the standardized value for a given evaluation criterion (i) and Sij = the original score for evaluation criterion i under valorisation option j. 
	Equation 1.
     Equation 2.
The standardized values for each evaluation criterion and sub-criterion are then assigned a weight. As all of the evaluation criteria are equally essential in enabling sustainable valorisation of food waste, unless there is very good reason, an equal weighting method must be used (as is shown in Table 3 below). 
Table 3: Assigned weighting for each criterion
	Criteria
	Weighting
	Sub-Criteria
	Weighting
	Individual Weighting

	Economic
	1/5
	Net Present Value
	1
	20%

	Environmental
	1/5
	Climate Change Potential
	1/7
	2.85%

	
	
	Photochemical Ozone Formation Potential
	1/7
	2.85%

	
	
	Human Toxicity Potential
	1/7
	2.85%

	
	
	Acidification Potential
	1/7
	2.85%

	
	
	Eutrophication Potential
	1/7
	2.85%

	
	
	Ozone Depletion Potential
	1/7
	2.85%

	
	
		Ecotoxicity Potential
	1/7
	2.85%

	Social
	1/5
	Social Acceptability
	1/5
	4%

	
	
	Odor Generation
	1/5
	4%

	
	
	Noise
	1/5
	4%

	
	
	Job Creation
	1/5
	4%

	
	
	Traffic
	1/5
	4%

	Technology
	1/5
	Technological Readiness Level
	1/3
	6.66%

	
	
	Integration Readiness Level
	1/3
	6.66%

	
	
	Demand Readiness Level
	1/3
	6.66%

	Company fit
	1/5
	Fit with brand image
	1/3
	6.66%

	
	
	Fit with company strategy
	1/3
	6.66%

	
	
	Fit with company expertise
	1/3
	6.66%



In this way, the standardized values for each of the evaluation sub-criteria can then be multiplied by their respective weightings and summed to give a total value for valorisation scenario as shown in Equation 3, resulting in the final values shown in Figure 1.
 Equation 3
Stage 5: Sensitivity Analysis
A full sensitivity analysis was performed for all of the set-up and running costs modelled for each scenario. This was performed as a what-if analysis data table where the costs for electricity, CO2, water and staff salaries and the benefits received from the sale of wax and animal feed were incrementally increased and decreased by 5% up to a maximum of 50% increase and decrease from their current value.  The purpose is to identify key costs or benefits that need the most management attention in order to retain a positive NPV. These can then be cross referenced with market analysis to determine potential levels of risk, in this case, the price of animal feed on the spot market was identified as a key variable in both scenarios. The results are shown in Table 4.

[image: ]
Figure 1: Normalized, weighted and summed results for the sCO2 extraction and bedding scenarios










Table 5: Sensitivity analysis for both IFBSW valorisation scenarios
[image: ]
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-50% 47,692,677 92,395,042 89,086,578 89,104,405 90,372,738 87,958,398 43,606,797 89,085,090

-45% 52,461,944 92,064,047 89,086,429 89,102,473 90,243,973 88,077,076 48,154,626 89,085,090

-40% 57,231,212 91,733,051 89,086,280 89,100,542 90,115,208 88,195,755 52,702,455 89,085,090

-35% 62,000,480 91,402,056 89,086,131 89,098,610 89,986,444 88,314,433 57,250,285 89,085,090

-30% 66,769,748 91,071,061 89,085,983 89,096,679 89,857,679 88,433,111 61,798,114 89,085,090

-25% 71,539,015 90,740,066 89,085,834 89,094,747 89,728,914 88,551,789 66,345,943 89,085,090

-20% 76,308,283 90,409,071 89,085,685 89,092,816 89,600,149 88,670,467 70,893,773 89,085,090

-15% 81,077,551 90,078,076 89,085,536 89,090,884 89,471,384 88,789,146 75,441,602 89,085,090

-10% 85,846,818 89,747,080 89,085,388 89,088,953 89,342,620 88,907,824 79,989,431 89,085,090

-5% 90,616,086 89,416,085 89,085,239 89,087,022 89,213,855 89,026,502 84,537,261 89,085,090

0% 95,385,354 89,085,090 89,085,090 89,085,090 89,085,090 89,145,180 89,085,090 89,085,090

5% 100,154,621 88,754,095 89,084,941 89,083,159 88,956,325 89,263,858 93,632,919 89,085,090

10% 104,923,889 88,423,100 89,084,793 89,081,227 88,827,560 89,382,537 98,180,749 89,085,090

15% 109,693,157 88,092,105 89,084,644 89,079,296 88,698,796 89,501,215 102,728,578 89,085,090

20% 114,462,424 87,761,110 89,084,495 89,077,364 88,570,031 89,619,893 107,276,407 89,085,090

25% 119,231,692 87,430,114 89,084,346 89,075,433 88,441,266 89,738,571 111,824,237 89,085,090

30% 124,000,960 87,099,119 89,084,197 89,073,501 88,312,501 89,857,250 116,372,066 89,085,090

35% 128,770,227 86,768,124 89,084,049 89,071,570 88,183,736 89,975,928 120,919,895 89,085,090

40% 133,539,495 86,437,129 89,083,900 89,069,638 88,054,972 90,094,606 125,467,725 89,085,090

45% 138,308,763 86,106,134 89,083,751 89,067,707 87,926,207 90,213,284 130,015,554 89,085,090

50% 143,078,030 85,775,139 89,083,602 89,065,775 87,797,442 90,331,962 134,563,383 89,085,090
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