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Abstract
Purpose It is increasingly accepted in the food and drink manufacturing sector that there is a need to manage unavoidable 
food waste more sustainably. Yet to do so requires careful balancing of environmental, social and economic performance of 
any given treatment method alongside its technological maturity and alignment with that company’s wider business goals. 
The purpose of this article is to apply a novel Sustainable Waste Valorisation Identification (SWaVI) framework which 
considers these criteria to a case study with Molson Coors to identify whether the current strategy of using In Field Barley 
Straw Residue as animal feed is the most sustainable.
Methods Data was collected via a series of interviews with Molson Coors in spring 2017. Data analysis used a hybrid 
approach combining Cost–Benefit Analysis and Life-Cycle Assessment with a weighted summation variant of Multi-Criteria 
Decision Analysis to facilitate comparison of supercritical  CO2 extraction of wax from straw, with the current strategy of 
selling that straw as animal feed.
Results Application of the SWaVI framework suggests that supercritical  CO2 extraction of wax from straw offers a slightly 
worse Net Present Value compared to sale as animal feed (£89.1 million compared to £95.3 million) but superior social 
impacts, technological maturity and alignment with company goals making it superior overall.
Conclusions Whilst the supercritical  CO2 extraction of wax offers the best sustainability and business case performance for 
Molson Coors, a range of other factors such as long-term market demand, alignment with relevant legislation, and displace-
ment effects on supply chain stakeholders must be considered.
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Statement of Novelty

This article presents a novel framework designed to facili-
tate the initial identification of the most sustainable food 
waste valorisation options available to companies in the 
food manufacturing sector.

Introduction

It is a well-known fact that approximately one third of all 
food produced globally for human consumption is lost or 
wasted. This is not just a developing world problem. For 
instance in the UK approximately 10 million tonnes (Mt) 
of food and drink, with a value of £17 billion, is wasted 
each year post-farm-gate across the supply chain [1]. In 
addition to being financially damaging, this waste can 
lead to significant, yet ultimately needless, environmental 
impact through emissions to air, land and water as well as 
biodiversity loss at all stages of production [2]. The issue 
is so significant globally, that the United Nations Sustain-
able Development Goal 12.3 calls for the halving of per 
capita global food waste at the retail and consumer levels 
and a reduction of food losses along production and sup-
ply chains [3].

The significance of food waste is not only a challenge at 
a national level, but also at an individual company level. In 
the UK food and drink sector whilst there were 6700 micro, 
small and medium sized enterprises (SMEs) in 2017, 97% of 
these accounted for just 19% of the sector’s turnover, indi-
cating the tight profit margins faced in a supply network 
dominated by a small number of large manufacturers (and 
of course, the large retailers they supply) [4]. The majority 
of these SMEs are specifically involved in the food and drink 
manufacturing sector, which in 2015 accounted for 2.4 Mt 
of food waste and surplus (including both unavoidable and 
avoidable waste/surplus) [5]. This represents a significant 
economic loss (4.2% of sales for the sector) to these compa-
nies, so much so, that the UK based charity, Waste Resource 
Action Plan (WRAP), in a study spanning 700 companies 
across 17 countries, found that 99% of companies gained at 
least a £14 return for every £1 invested in food waste pre-
vention and management [6]. It is easy to understand then 
why a number of companies have signed up to the volun-
tary Courtauld Commitments organized by WRAP with the 
aim of reducing food waste in the UK supply chain via a 
combination of techniques such as measuring waste, train-
ing staff, improving inventory management and changing 
packaging [7].

As successful as such waste reduction goals can be, it 
must be kept in mind that 1.34 Mt of the food and drink 

manufacturing waste is not practically avoidable [5]. With 
disposal methods such as landfill being costly and even 
the current widespread use of anaerobic digestion being 
unfavorable according to the food waste hierarchy, it is 
unsurprising that ways of recovering energy, nutrients 
and other high value compounds from food waste, ideally 
for human consumption, are a major area of contempo-
rary interest, under the label of ‘food waste valorisation’ 
[8–11]. However, for most food waste streams, there will 
be more than one possible valorisation option, and each 
will likely have a plethora of possible economic, social 
and environmental impacts in addition to varying levels 
of technologically maturity and alignment with company 
strategic goals/image [12, 13]. Impacts in these areas will 
determine how appealing, and ultimately sustainable, each 
possible valorisation is to a given company and therefore 
need to be assessed, albeit with the sometimes-limited 
expertise, time and resources available to smaller food and 
drink manufacturers.

As identified by Stone et al. [14], existing research in 
food waste valorisation has not covered all of the afore-
mentioned areas and tends to focus on single criteria, for 
example, environmental impact via Life-Cycle Assessment 
(LCA), or cost via Life-Cycle Costing (LCC) and Cost–Ben-
efit Analysis (CBA). Multi-Criteria Decision Analysis 
(MCDA) approaches have been shown by some authors to 
enable comparison of a broad range of similar criteria to 
those outlined above, without the need for high levels of 
technical expertise, provided the user is guided closely in 
the parameters they can select [15, 16]. Therefore, using a 
weighted summation MCDA approach, the aforementioned 
authors developed the ‘Sustainable Waste Valorisation Iden-
tification’ (SWaVI) framework which characterises a com-
pany’s food waste, suggests appropriate valorisation tech-
niques, guides the selection of appropriate evaluation criteria 
and facilitates the collection and analysis of data on these 
criteria so as to make a recommendation on which valorisa-
tion approach is best suited to the company at hand. Whilst 
the framework was successfully demonstrated in one food 
and drink manufacturing sector, there is significant scope 
to apply this framework in different industrial contexts and 
particularly to explore systemic barriers and potential unin-
tended consequences at a supply chain level and this is the 
aim of this paper.

This paper presents the application of the SWaVI frame-
work in assessing the most sustainable valorisation options 
for the management of in-field barley straw waste (IFBSW) 
in the UK. This is a significant waste stream from a UK 
perspective with barley being the second largest cereal crop 
behind wheat, with 6.5–7.5 million tonnes produced annu-
ally for human consumption, including brewing and distill-
ing and also as animal feed [17]. Whilst this paper focuses 
on the UK, it should be noted that, globally, 140 million 



Waste and Biomass Valorization 

1 3

tonnes of barley are produced annually, making it one of the 
most widely produced grains and as such, the understanding 
of how IFBSW waste is generated and how it can be valor-
ized is relevant worldwide [18]. This paper begins by outlin-
ing the methodology behind data collection and application 
of the SWaVI framework, before presenting the case study 
context and findings, discussing the ramifications of the find-
ings at a company and supply chain level and culminating in 
concluding remarks.

Methodology

This research project consisted of the application of the 
SWaVI framework via a case study with Molson Coors 
Brewing Co. (UK), referred to from now on as Molson 
Coors, who are one of the biggest users of barley in the UK 
and are associated with significant IFBSW. For conciseness, 
only an outline of the framework stages and a description 
of how it was applied to Molson Coors is provided in this 
methodology. Full details, including the literature review, 
the rationale behind the SWaVI framework that stemmed 
from this review, and a full guide to the application of this 
framework can be found in Stone, Garcia and Rahimifard 
(2019) [14]. The SWaVI framework consists of five stages 
as outlined in Fig. 1.

The goal of the framework is to enable companies of any 
size to identify and compare different strategies for valor-
ising food waste, based on economic, social and environ-
mental impact, technological maturity and alignment with 
company goals. The first stage concerns the modelling of 
where in a company’s operations food waste is created, to 
what volumes and timescales it is created and what relevant 

legislation and wider stakeholder interests are involved. The 
second stage involves the identification of potential valorisa-
tion scenarios by comparing the characteristics of the waste 
stream identified in Stage 1 with a taxonomy of valorisation 
possibilities based upon the AgroCycle database [19]. In 
Stage 3, the economic, social, environmental, technological 
maturity and company goal alignment indicators to evaluate 
each of the previously selected possible valorisation scenar-
ios are selected. Stage 4 consists of the collection of data for 
each of the evaluation criterion selected and the processing 
of these data using a weighted summation variant of Multi-
Criteria Decision Analysis to facilitate comparison of each 
valorisation scenario according to which performs best for 
the company at the present snap shot in time. For a descrip-
tion of why this methodology was chosen, please refer to 
Stone et al. (Sects. 3.6 and 3.7) [14] and for guidance on 
its application, please refer to the supplementary informa-
tion document. The final section of the SWaVI framework 
describes the process for applying sensitivity analysis to 
explore how minor variations in the values of each of the 
evaluation criteria, for example, changes in energy price and 
value of the end-product, over time, may lead to different 
valorisation scenarios being preferred.

Data were collected from Molson Coors mainly through 
site visits in spring 2017. In these visits, staff with an under-
standing of the creation and management of IFBSW were 
interviewed, using a questionnaire for guidance, to identify 
sources, volumes and timings of waste, current food waste 
management strategies and logistics associated with these 
practices, as well as linked value chain stakeholders and leg-
islation. The guiding questionnaire included basic questions 
to guide the conversation around the areas described above, 
but additional questions were asked during this interview to 
explore some of these aspects in more detail.

Additional, mostly quantitative, data were collected at 
later stages by email communication. This procedure ena-
bled the generation of a precise definition of the industrial 
problem to be tackled and the proposition of two different 
valorisation scenarios to be considered and appropriate eval-
uation metrics for each. The data pertaining to each of the 
chosen evaluation criterion was then collected in an evalua-
tion matrix and augmented/analyzed as outlined in the sup-
plementary information document (Sect. 2).

Therefore, all information presented in this paper can 
be considered to have been provided (or calculated from 
data provided) by Molson Coors, unless another reference is 
given. Molson Coors’ data on sources, volumes and timings 
of waste, food waste management strategies and logistics, 
stakeholders and legislation, remained reasonably constant 
for several years, with only the actual volumes of waste 
increasing or decreasing on a monthly basis (mostly due 
to different production levels driven by consumer demand). 
The proportions of different waste streams, raw materials 

Fig. 1  ‘Sustainable Waste Valorisation Identification’ framework 
overview



 Waste and Biomass Valorization

1 3

and final products remained constant and thus, the data and 
results presented in this paper are representative of Molson 
Coors’ current and near past/future activities. To overcome 
the significant difference in scales of the evaluation criteria, 
the weighted summation method (WSM), as described by 
Herwijnen, was applied to the values recorded in the evalu-
ation matrix (please see the supplementary information 
document for guidelines on the use of this technique in this 
paper) [20]. In this way, the different environmental, social, 
economic, technological maturity and company goal align-
ment indicators for each valorisation scenario are standard-
ized based upon their position in relation to the highest and 
lowest recorded values for that criterion which is expressed 
on a scale of 0–1. The standardized values for each evalua-
tion criterion and sub-criterion are then assigned an equal 
weight and summed to give a final score for each valorisa-
tion strategy being compared. As a final step, sensitivity 
analysis was then carried out to explore the stability of all 
key inputs to each scenario over their projected lifespan to 
inform a final recommendation for which valorisation sce-
nario to implement.

Case Study Results

A case study with Molson Coors, a multinational brewing 
company that produces beer brands such as Carling, Coors 
Light and Cobra Beer, is presented in this section. This case 
study focuses upon their main manufacturing site in Burton 
upon Trent in Staffordshire, which produces approximately 
6.5 Mhl of beer per year, representing around 75% of their 
total beer production in the UK. Currently, around 75,000 
tonnes of IFBSW per year could be allocated to Molson 
Coors’ manufacturing activities in Burton upon Trent, rep-
resenting one of the biggest single sources of such waste in 
the UK [21]. As outlined in the Methodology Section, the 

case study proceeded in the form of a step-wise application 
of each of the SWaVI stages, beginning with conceptual 
modelling of the target food waste.

SWaVI Stage 1: Conceptual Modelling of Target Food 
Waste

The first step in the conceptual modelling was to identify 
where in their value chain Molson Coors had influence over 
waste generation and which of these areas should be the 
focus of valorisation efforts. The case study process identi-
fied that through their relations with supply chain partners, 
Molson Coors had influence over waste arising in-field post-
harvest, in the malting process and within the various brew-
ing steps at Molson Coors’ Burton upon Trent facility as 
outlined in Fig. 2.

Beginning by analysing waste arising at a farm level, 
much of the barley grown for Molson Coors is produced 
in the eastern counties of Lincolnshire and Yorkshire. The 
barley plant can typically be divided into three roughly 
equal components: grain, straw and roots. Grain is the only 
part that is of value in the brewing process, with Molson 
Coors receiving 75,000 ton annually. Being of much less 
value, typically, the root is ploughed back into the soil on 
site and the straw is shipped to farms in the east for use as 
feed supplement material at a profit of about £50/t of straw 
for Molson Coors [21]. Moving on to the malting stage, here 
typically 4000 tons annually are lost as waste, with a further 
volume of approximately 4000 tons of water being lost in the 
process and this small volume of malt waste is typically sent 
for animal feed. Once on site at Molson Coors, the malt goes 
through the process of mashing, cooling, fermentation, mat-
uration and final packaging to produce saleable beer. During 
this process, by far the largest source of waste is the spent 
grain left at the end of the mashing process which totals 
around 76,000 ton annually. However, 7700 tons of trub and 

Fig. 2  Breakdown of waste arising in the Molson Coors supply chain. Data from Garcia et al. [21]
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conditioning bottom, and 11,000 tons of spent yeast are also 
produced during the fermentation/maturation process.

Trub and conditioning bottom are sent for animal feed, 
filter waste is sent to sewage and compost and spent yeast is 
marketed for human consumption under the popular brand 
of  Marmite®. The output for this process is approximately 
6.5 Mhl of beer for sale to Molson Coors customers. Clearly, 
there are a number of waste streams arising from Molson 
Coors’ supply chain, with some currently treated in a more 
profitable and sustainable way than others, for example, the 
use of spent grain for Marmite® production represents rela-
tively high economic return and sustainability, albeit for a 
relatively low volume waste stream, whilst the sale of the 
much higher volume IFBSW for animal feed represents 
poorer economic return/sustainability.

With this in mind, this case study focused on the larg-
est volume waste streams that were currently generating 
minimal economic return for Molson Coors and these were 
IFBSW and spent grain from the brewing process, together 
accounting for 80% of Molson Coors supply chain waste. 
Upon discussion with Molson Coors, they expressed a pref-
erence in exploring IFBSW. Furthermore, analysis of the 
yearly generation of IFBSW revealed that whilst this waste 
source was higher from June to December, it was still avail-
able in substantial quantities all year round, thus making 
it a reliable feedstock for valorisation (see Fig. 3). Having 
identified IFBSW as a prime candidate for valorisation from 
Molson Coors perspective, the next step was to explore how 
changing the way this waste is managed would impact exist-
ing supply chain stakeholders and whether there were any 

legal considerations such as environmental permitting, taxes 
or subsidies that a change in management of IFBSW would 
affect. In terms of stakeholder analysis with regard to the 
effects of potentially removing IFBSW from the market, it 
was identified that farmers currently receiving IFBSW as 
feed supplement would likely be able to find alternatives 
(such as different types of straw) at comparable prices [22, 
23]. It is also unlikely that removing IFBSW from its current 
use as a feed supplement would impact on existing environ-
mental emissions permits as no new generation of waste to 
land would be involved. Currently, under Common Agricul-
tural Policy (CAP) guidelines, a change in how IFBSW was 
used would not affect incentives delivered [24]. However, 
it is possible that any equipment required for valorisation 
would benefit from capital allowances on energy efficient 
appliances and furthermore, could be eligible for various 
incentives under a new post-Brexit UK Agriculture Bill cur-
rently being debated in parliament [25, 26].

SWaVI Stage 2: Identification of Possible 
Valorisation Scenarios

The first step in identifying possible valorisation scenarios 
for Molson Coors’ IFBSW was to explore current perfor-
mance. From an environmental perspective, treatment of 
IFBSW as animal feed supplement is mid-way up the food 
waste hierarchy, with low economic return for Molson Coors .  
With this in mind, a number of valorisation options were 
considered based upon the SWaVI framework taxonomy (see 

Fig. 3  Seasonal generation of In Field Barley Straw Waste
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excerpt in Table 1) which categorizes possible valorisation 
options according to one of three levels:

(A) Low value, to be used when either: (i) ability to invest 
in valorisation is low or (ii) the goal is sustainable dis-
posal rather than profit.

(B) Bioethanol has the potential for high value returns but 
requires year-round reliably high feedstock volumes, 
and the ability to offset potential transport costs and 
environmental impacts.

(C) Highest value but requires high volumes, stable annual 
production and significant capital investment.

Based upon this, anaerobic digestion was discounted 
because the economic returns were unlikely to be better 
than what was already achieved through sale as animal feed 
supplement and also because other alternatives such as wax 
extraction can be used for food purposes which is more valu-
able according to the food waste hierarchy. Conversion to 
fuel via bioethanol was also considered but rejected when 
it was identified that extraction of high value compounds, 
in the form of wax, could potentially offer higher economic 
returns and higher ranking on the food waste hierarchy [27]. 
In terms of why wax was selected, it is important to consider 
the composition of IFBSW. IFBSW consists primarily of 
cellulose (56.2 wt%), lignin (up to 23 wt%) and hemicel-
lulose (7 wt%) with much smaller volumes of waxes, pro-
tein, sugars, salts and ash making up the remainder [19]. 
With this composition, straw is relatively high in terms of 
calorific energy and is typically used as feed for ruminants 
or bedding, but can also be used in a range of industrial 
applications, including production of bio-based building 
materials [28] and production of xylooligosaccharides [29]. 
However, in all cases the value derived is still relatively low. 
Another alternative would be to focus on the extraction of 

cellulose, which in its microcrystalline form has a global 
market value of USD 9.27 billion in 2018. However, whilst 
cellulose extraction effectively prevents all other uses for the 
IFBSW, it is possible to extract the wax using a novel super-
critical  CO2  (sCO2) extraction process, whilst still leaving a 
dried straw suitable for animal feed [30]. Extraction of wax, 
on the other hand, has an additional advantage of being very 
valuable as a component in plastic, rubber, use in cosmetic 
and toiletries and even for human consumption in the form 
of varieties such as carnauba wax (Type 3 grade) [31].

It is little surprise then that the global market for wax 
was valued at $9,322 million in 2016, and it is anticipated 
to increase to $11,780 million by 2023 [32, 33]. The wax 
obtained from valorisation of barley straw following this 
process would be apt for human consumption, just like car-
nauba wax, thus making this the most optimal valorisation 
approach according to the food waste hierarchy.  sCO2 wax 
extraction is also relatively straightforward, consisting of 
sequential stages of milling, pelletisation, cooling and dry-
ing,  sCO2 extraction and separations followed by a final pel-
letisation stage meaning that, although some capital costs 
and staff training would be involved, it is feasible that a com-
pany could perform the process in house without reliance on 
an 3rd party biorefinery operation [30]. As a result, the val-
orisation scenarios selected for comparison in this case study 
were sale of all 75,000 ton of IFBWS for feed supplement 
(i.e. current treatment option) and  sCO2 extraction of wax 
followed by sale for animal feed of the remaining IFBWS.

SWaVI Stage 3: Selection of Evaluation Criteria

The SWaVI framework contains a purpose-built taxonomy 
of evaluation criteria, from which a user can choose, to 
enable comparison of different valorisation scenarios based 
upon their economic, social, environmental, and brand 
image impact, as well as their technological suitability (see 
Table 2) based upon a detailed review carried out by Stone 
et al. [14]. The first step was to identify the scope and bound-
aries within which selected criteria would be applied. Only 
impacts directly associated with either the  sCO2 extraction 
of wax or the sale of IFBSW as a feed supplement were 
considered. Specifically, this included all economic costs, 
environmental and social performance, technological suit-
ability of associated processes and fit with brand strategy of 
each scenario at set up (including the cost of  sCO2 extrac-
tion equipment and other capital expenses) and day-to-day 
running (processing and staff costs). More details of the 
definition of the scope and assumptions made to model 
these processes, particularly for the environmental impact 
assessment, can be found in a previous study by Garcia 
and Rahimifard [54]. Within these boundaries, the selected 
evaluation criteria were refined as follows. With regard to 
the economic criteria, the  sCO2 extraction scenario would 

Table 1  Possible valorization 
routes for barley straw 
(compiled using data from the 
AgroCycle database, 2016 [19])

Barley

Husk/bran
 Drying for ruminant feed A
 Extraction of valuable 

components (e.g. cel-
lulose, protein, starch)

C

 Production of bioethanol B
 Anaerobic digestion A

Straw
 Drying for ruminant feed A
 Extraction of valuable 

components (e.g. cel-
lulose, protein, starch)

C

 Production of bioethanol B
 Anaerobic digestion A
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involve significant capital investment to purchase equipment 
as well as lifespan running costs. Therefore, Raw Material 
Cost (RMC), Capital Costs (CC), Operational & Mainte-
nance Costs (OMC), Sales Revenue (SR), Utilities Cost 
(UC), and Government Subsidies/Incentives (GSI) were 
selected for inclusion. Additionally, a Cost–Benefit Analy-
sis was performed on these criteria so as to generate a dis-
counted Net Present Value which took into account the fact 
that returns in the present are generally preferred over those 
that would take a long time to be realized. Whilst it is clear 
that set-up costs for the feed supplement scenario are much 
lower, there are still set-up and running costs associated and 
so these criteria were deemed suitable for both scenarios. In 
terms of environmental evaluation criteria, it was identified 
that both the feed supplement and  sCO2 extraction process 

had the potential to result in emissions to air, water and land 
for which Molson Coors would be responsible. Therefore, 
Climate Change Potential (CCP), Human Toxicity Potential 
(HTP), Photochemical Ozone Formation Potential (POFP), 
Acidification Potential (AP), Eutrophication Potential (EP), 
Ozone Depletion Potential (ODP), and Ecotoxicity Potential 
(EP) were identified for inclusion. Land Use Change (LUC) 
was not included as neither the  sCO2 extraction or feed sup-
plement scenarios, within the boundaries set, were felt to 
drive this indicator. Additionally, whilst Energy, Water and 
Mineral Efficiency (EWME) was identified as being rel-
evant, it was not included due to challenges in obtaining 
suitable data from Molson Coors. In terms of social evalu-
ation criteria, Social Acceptability (SA), Odor Generation 
(OG), Noise Creation (NC), Job Creation (JC) and Traffic 

Table 2  Evaluation criteria taxonomy

Type of criteria Sub-criteria Units References

Economic Viability Raw Material Cost (RMC) £/ton [30, 34]
Capital Costs (e.g. land/equipment) (CC) £/item [30, 34, 35]
Operational & Maintenance Costs (e.g. depre-

ciation, repairs, labor) (OMC)
£/hour [30, 34, 35]

Sales Revenue (both primary and by/co-prod-
ucts) (SR)

£/item or ton [30, 34–36]

Utilities Cost (e.g. energy and water) (UC) £/unit [30, 34]
Government Subsidies/Incentives (GSI) £/unit of capacity [30, 34]
Net Present Value (sum of all of the 

above + discounting) (NPV)
£ [30, 34]

Environmental Sustainability Energy, Water and Mineral Efficiency (EWME) Volume consumed/ton product [35, 37, 39]
Climate Change Potential (CCP) kg  CO2-eq [37, 38, 40]
Human Toxicity Potential (HTP) CTUh/mPE year [37, 38, 40]
Photochemical Ozone Formation Potential 

(POFP)
kg NMVOC eq [37, 38, 40]

Acidification Potential (AP) AE/mPE year [37, 38, 40]
Eutrophication Potential (EP) kg N eq./mPE year [37, 38, 40]
Ozone Depletion Potential (ODP) kg CFC-11-eq./mPE year [37, 38]
Ecotoxicity Potential (EP) CTUe/mPE year [37, 38]
Land Use Change (LUC) m2a [37, 38]

Social Sustainability Social Acceptability (SA) ++/− [41, 42]
Odors Generation (OG) ++/− [42]
Noise Creation (NC) dB [42–45]
Job Creation (JC) Number of people benefitted/ton [42–46]
Traffic Generation (TG) Number of vehicles/ton of FW [42, 47, 48]

Technological Maturity Technology Readiness Level (TRL) 1–9 (1 = basic principles observed, 9 = actual 
system proven)

[49, 50]

Integration Readiness Level (IRL) 1–7 (1 = technologies can connect but not 
integrate, 7 = seamless integration)

[50, 51]

Demand Readiness Level (DRL) 1–9 (1 = feeling something is missing, 9 = com-
pleted answer to actual need of market)

[50, 52]

Alignment with Company Goals Fit with Strategy (FS) 1–5 (1 = poor, 3 = moderate, 5 = strong) [53]
Fit with Brand Image (FBI) 1–5 (1 = poor, 3 = moderate, 5 = strong) [53]
Fit with Company Expertise (FCE) 1–5 (1 = poor, 3 = moderate, 5 = strong) [53]
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Generation (TG) were identified as being relevant to the 
 sCO2 and feed supplement sale scenarios alike. Likewise, 
with regard to technological fit of each scenario, Technology 
Readiness Level (TRL), Integration Readiness Level (IRL) 
and Demand Readiness Level (DRL) were all identified as 
being appropriate due to the fact that  sCO2 extraction, as a 
new process, involved not only the use of new technologies, 
but also their integration with broader value chains and fit 
with market demand for a new product. Finally, in order to 
establish how well the  sCO2 extraction scenario aligned with 
Molson Coors long-term company vision, Fit with Strategy 
(FS), Fit with Brand Image (FBI) and Fit with Company 
Expertise (FCE) were selected.

SWaVI Stage 4: Data Collection and Evaluation

This stage concerned the generation of values for each evalu-
ation criterion selected in Stage 3 under the  sCO2 extraction 
of wax scenario and the current scenario of sale as animal 
feed supplement. Results are shown in Table 2, in both 
cases, referring to valorisation of all 75,000 tons of IFBSW 
generated from Molson Coors’ activities annually, which is 
the functional unit for all five criteria. These results were 
scaled up from data obtained for 90-kg batches of IFBSW, 
as reported by Sin et al. [29]. Three parallel lines processing 
90-kg batches are needed to valorise 75,000 tons of IFBSW 
per year. In order to arrive at the values provided in Table 3, 
a significant amount of data conversion and processing was 
required, and for conciseness, details on these steps are 

described in full in Sect. 2 of the Supplementary Informa-
tion document. Only the actual results described in Table 3 
are discussed here. Moving from left to right, starting with 
economic criteria, we begin with the sub-criterion of ‘Net 
Present Value’. A detailed CBA of set-up and running costs 
associated with each valorisation scenario was performed 
considering costs associated with equipment purchasing, 
consumables and staff salaries against revenue from the 
sale of wax and animal bedding based upon current market 
values. Building costs and transport costs were excluded due 
to difficulties in obtaining reliable data. In this way, the Net 
Present Value returned for the feed supplement scenario is 
slightly higher at almost £93.5 million as opposed to £89.1 
million for the  sCO2 extraction scenario. This is predomi-
nantly because, whilst the  sCO2 extraction scenario gener-
ated significant extra revenue from the sale of wax, it also 
required substantial set-up and salary costs which were not 
faced by the comparatively simpler process of baling and 
selling IFBSW as feed supplement.

Life-Cycle Assessment was performed for both scenar-
ios using the life-cycle impact assessment method ILCD 
2011 Midpoint + V1.10/EC-JRC Global, equal weight-
ing/Characterisation/Excluding infrastructure processes, 
as explained in detail by Garcia and Rahimifard [54]. 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 resi-
due. For the same reason that transport and building costs 
could not be calculated for NPV, it was difficult to include 

Table 3  Completed evaluation matrix for feed supplement and  sCO2 extraction of IFBSW

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 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
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transport and building related impacts in the calculation of 
environmental impact and these were therefore excluded 
from consideration in either scenario. For the feed sup-
plement stage of each scenario, a score of zero environ-
mental impact with regards to livestock consumption and 
decomposition of uneaten straw was recorded as Molson 
Coors were unable to supply the required data due to this 
impact occurring off-site. However, the authors feel that it 
is reasonable to assume that the environmental burdens for 
the two feeding scenarios would be equivalent because the 
volumes are virtually the same (i.e. 90 kg of IFBSW com-
pared to 90.82 kg of post-sCO2 extraction barley residue). 
The difference in volume is simply caused by a higher 
moisture level in the post-sCO2 extraction barley residue. 
Also, the environmental impact associated with transporta-
tion of this feed would be virtually the same in both sce-
narios (e.g. same supplier, processing and customers, and 
since the volume of wax generated is very low compared 
to the volume of feed, environmental impacts associated 
to transportation of wax would be minimal, supporting the 
simplification made in this study of excluding the impacts 
and costs of transportation. This means that, the IFBSW 
animal feed scenario effectively achieved an environmental 
impact of zero, whilst the environmental impact is higher 
for the  sCO2 extraction scenario (0.2 once weighted appro-
priately) because of the energy use and emissions associ-
ated with the process itself.

From a social impact perspective, Molson Coors identi-
fied that both scenarios had a high social acceptability as 
they produced useful products from by-products that would 
otherwise have gone to waste and with minimal negative 
environmental impact. In terms of odor generation, the 
feed supplement process faired best as whilst it is associ-
ated with some livestock odors that are released into the 
wider environment, the  sCO2 extraction process generates 
some odor during milling and pelletisation, in addition to 
then being used as feed and subsequently generating live-
stock odors too. From a sound perspective, both scenarios 
scored similarly, with the noise from a combine harvester 
equating to 80 dB and the milling/pelleting machinery in 
the  sCO2 extraction process generating an estimated 85 dB. 
Both are just within the legal safe limits. However, the  sCO2 
extraction scenario is superior from a job creation perspec-
tive, employing six new staff members, whereas the feed 
supplement scenario does not require any extra staff than 
would already be employed as part of the harvest process. 
From a traffic generation perspective, whilst we did not 
know the exact length of journeys, based on advice from 
Molson Coors that 6-tonne trucks were most likely to be 
used, we could determine an average number of journeys 
likely required for each scenario. This was 12,500 for the 
feed supplement scenario and 14,696 for the  sCO2 extraction 
scenario, the higher number being because the extracted wax 

and the pelletised barley straw for animal feed would require 
separate journeys to different destinations.

Moving on to the technological impact of each scenario, 
for the feed supplement scenario, Molson Coors identi-
fied that clearly the technology on farm for baling/prepar-
ing IFBSW suitable for feed supplement was completely 
tried and tested and also that demand for IFBSW at present 
was even higher than in previous years, generating a high 
demand readiness score. However, sale as feed supplement 
was very much a peripheral activity, taking place outside 
of Molson Coors’ main facility and thus being poorly inte-
grated.  sCO2 extraction on the other hand would occur at 
their main Burton-upon-Trent site and so would by nature be 
more integrated and could, in future, be adapted to use other 
waste streams occurring from on-site brewing, thus gaining a 
higher integration readiness score. It was also identified that 
demand for carnauba wax, and particularly more sustain-
able replacements was high, thus resulting in a high demand 
readiness level [34]. However, the technology readiness for 
the  sCO2 extraction process scores slightly less as, whilst the 
technology is ready to implement at a small industrial scale 
(as demonstrated by Attard et al. [34]), in order to process 
the full annual quota of IFBSW, the assumption was that 
three such lines would be required to run in parallel. This 
may not be the most efficient way for Molson Coors to run 
the operation but details on a working larger scale set up 
were unavailable, leading to concerns about technological 
readiness.

With regard to alignment with company fit, feed supple-
ment achieved average scores for fit with strategy, brand and 
company expertise. This was because, in terms of strategy, 
disposal of IFBSW via feed supplement is a sustainable use 
of a waste that is fundamental to Molson Coors brewing 
activities. However, its economic returns are relatively low 
and feed supplement ranks lower on the waste hierarchy than 
extraction of wax and possible application in human food 
and for this reason,  sCO2 extraction scored more highly. 
However, in terms of fit with brand image it was noted that 
 sCO2 extraction of wax does not immediately fit within Mol-
son Coors current brand portfolio. Whilst the same is true 
of feed supplement, this is also an external process with an 
established market Molson Coors would be conducting  sCO2 
extraction on site and would need to brand and establish a 
market base accordingly, thus meaning that  sCO2 extraction 
scored very low in this criterion. Similarly, whilst the dry-
ing and baling of IFBSW for feed supplement is a process 
which Molson Coors’ farmers are familiar with, new staff 
and expertise would need to be brought in for  sCO2 extrac-
tion, thus resulting in the later scoring poorly in this area too.

Once scores for all criteria for each scenario were col-
lected in this way they were normalized following the pro-
cedure outlined by Herwijnen [20]. Equal weighting was 
then applied to each of the evaluation criteria and the results 
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summed to provide the results shown in Fig. 4 Please refer 
to the supplementary information document for practical 
guidance on both weighting and normalisation. Overall, 
the  sCO2 extraction scenario performs best, scoring 0.86 
compared to 0.58 for the feed supplement scenario. This is 
despite performing worse than feed supplement in terms of 
company fit (due to poor fit with brand image and company 
expertise) and in terms of economic return, due to the higher 
capital and running costs outweighing the extra benefit of 
generating high value wax in addition to pellets suitable for 
sale as feed. However,  sCO2 extraction performed better than 
feed supplement in terms of technological suitability (par-
ticularly due to its higher integrations score) and in terms 
of social impact (due to enhanced job creation and reduced 
noise pollution). Both scenarios demonstrated low environ-
mental impact, although as described previously, the fact 
that the  sCO2 extraction scenario scored 0.2 and the animal 
feed scenario scored 0 reflects the exclusion of impacts from 
transport, consumption and decomposition in the later (due 
to inability to obtain the underlying data) and not that it 
had a worse environmental impact. If this missing data had 
been included, one would expect to see a higher figure for 
environmental impact for animal feed, representing better 
environmental performance.

SWaVI Stage 5: Sensitivity Analysis, Interpretation 
and Selection of Valorisation Strategy

Whilst the data analysis suggests that the  sCO2 extraction 
scenario currently presents the overall best fit for Molson 

Coors, this conclusion is based upon current financial val-
ues which are liable to change over time. Therefore, it is 
important to analyze the percentage by which all associated 
financial inputs and outputs may rise or fall before a negative 
NPV results. For this reason, 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 
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 cur-
rent value.

Whilst over the course of each scenario’s 20-year life 
span, costs could rise and fall by more than 50%, this would 
be unlikely to happen at once and exploring up to 50% was 
felt to give a more accurate gauge of susceptibility to day-
to-day perturbations. For the feed supplement scenario, the 
value of barley straw as feed supplement was adjusted in 
increments of ± 5% (see Fig. 5). In this way, for the  sCO2 
extraction scenario, we see that because staff salaries and 
consumables such as energy,  CO2 and water make up such 
a small proportion of overall costs, even a 50% increase in 
value would not significantly affect NPV of the scenario (for 
precise values please refer to the supplementary information 
document). Equally, whilst the value of the wax sold per kg 
is high, because the yield is relatively low compared to the 
volumes of straw processed, even a 50% change in value 
has minimal effect on NPV. However, the scenario is much 
more susceptible to fluctuations in the value of the pelletised 
residue sold as animal feed because of the overwhelming 

Fig. 4  Normalized, weighted and summed results for the  sCO2 extraction and feed supplement scenarios
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volumes sold in this way. As such a 50% decrease in the 
value of animal feed could see the NPV of the scenario 
plummet from a baseline of £89,085,090 to £43,606,797 or 
rise to £134,563,383. Additionally, unlike the value of the 
extracted wax whose market equivalent (Carnauba wax Type 

3) has shown a consistent increase in global market value in 
the last six years, the value of barley as animal feed on the 
spot market has fluctuated significantly over the last six years 
(see Fig. 6) [55]. In fact, this variability in animal feed price 
can be seen in AHDB records going back 19 years, the cause 

Fig. 5  sCO2 extraction scenario sensitivity analysis

Fig. 6  Fluctuations in UK barley feed prices on the spot market over time [57]
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of which is inextricably linked to weather, both in the UK 
and abroad from the USA to Ukraine [56]. As this variability 
is unlikely to cease anytime in the near future, reliance on 
animal feed prices must be seen as a high-risk investment.

Turning to the scenario where IFBSW is sold for animal 
feed supplement with no other valorisation steps, a simi-
lar principle applies (see Fig. 7) where a 50% decrease in 
the value of barley straw as feed supplement would reduce 
NPV from a baseline of £95,385,354 to £47,692,677 and an 
increase could see it soar to £143,078,030. In this way, it can 
be seen that there is a risk that a valorisation scenario where 
the profit was based solely on the value of IFBSW as animal 
feed with no alternative income (i.e. wax) could be overly 
exposed to seasonal fluctuations in supply and demand.

Whilst sensitivity analysis has identified the key eco-
nomic vulnerabilities of each scenario, it has not taken into 
account how changing social, environmental and company 
factors can combine to affect not only the NPV, but also 
overall viability of each scenario within a wider system of 
supply chain stakeholders. It is these factors which will now 
be considered in the discussion section.

Discussion

Application of the SWaVI framework suggests that  sCO2 
extraction of wax (with sale of residue as animal feed sup-
plement) appears to offer the most benefits to Molson Coors, 
scoring 0.86 when the scores for environmental, social and 
economic performance were weighted, normalized and com-
bined with scores for technological readiness and company 
fit. In comparison, the existing technique of selling straw as 
animal feed supplement scored 0.58. This is not to say that 
all component scores were higher for the  sCO2 extraction 
scenario as whilst technological readiness and social impact 
did indeed perform better (0.19 and 0.19 respectively in the 
 sCO2 extraction scenario, compared to 0.14 and 0.12 in the 
animal feed scenario), economic performance and company 

fit were slightly worse (0.19 and 0.09 respectively in the 
 sCO2 extraction scenario, compared to 0.20 and 0.12 respec-
tively in the animal feed scenario). Whilst it may seem that 
the  sCO2 extraction scenario performed best (scoring 0.2 
compared to 0 in the animal feed scenario) this is simply 
because data was unavailable for the aspects of the animal 
feed scenario where impact would have been generated (e.g. 
transport, consumption and decomposition).

The advantages for the  sCO2 extraction scenario in terms 
of technological suitability stem from a process that is tech-
nologically proven, produces wax and animal feed for which 
there is high market demand and which has the potential to 
much more closely integrate with Molson Coors operations 
as compared to the current sale as animal feed which occurs 
off-site, so reducing Molson Coors ability to develop the 
technology. Socially, the  sCO2 extraction process results in 
higher job creation and less odor generation, although with 
higher traffic generation. Furthermore, whilst this case study 
assumed three production lines each using lab-scale equip-
ment (see Table 2 in the supplementary information docu-
ment) and requiring two staff members for each, this would 
almost certainly be increased to a single, larger and more 
sophisticated line if Molson Coors decided to implement 
 sCO2 extraction at scale. In this case, the more complex 
equipment, necessitating greater technical know-how and 
potential expanding customer and supply base would almost 
certainly require further highly trained staff, offering further 
boosts to the local economy. Another social consideration 
is that it is likely that the pelletized straw residue which is 
proposed for sale as animal feed, due to its condensed nature, 
will be more easily packaged for transport, thus reducing 
traffic generation (and costs) compared to sale in bales as 
feed supplement.

In terms of environmental performance, relatively low 
levels of environmental impact were recorded for the actual 
 sCO2 extraction process and environmental impacts relating 
to transport, consumption and degradation in both scenarios 
were excluded (although as explained previously, they are 

Fig. 7  Straw for animal feed 
supplement scenario sensitivity 
analysis
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anticipated to be very similar). This is a lower environmen-
tal impact than more conventional methods of wax extrac-
tion [29]. Furthermore, the aforementioned assumption 
that Molson Coors implementing  sCO2 extraction at scale 
would require a larger scale processing line, means that per-
formance in both cases would likely be improved due to 
reduced energy/water/CO2 consumption, decreasing set-up 
costs (currently three small-scale lines are required to man-
age the annual volume of IFBSW) and likely reducing emis-
sions whilst simultaneously increasing wax yield.

In terms of economic performance, the animal feed 
scenario performed slightly better and this was due to the 
absence of major costs involved (0.20 compared to 0.19). 
This is not to say that the profits are particularly high and 
the addition of the revenue from wax sales is significant 
in the  sCO2 extraction scenario (see Table 2 in the supple-
mentary information document). Furthermore, sensitivity 
analysis has indicated that inclusion of revenue from wax 
in the long term is a more secure source of revenue than 
if Molson Coors was to rely on animal feed revenue alone. 
This is primarily because poor weather can significantly 
increase demand for, and thus the price of, straw for feed 
partly because it limits yield and partly because it keeps cat-
tle indoors for longer, requiring more feed when they would 
otherwise be outdoors grazing [36]. On the flip side, in years 
where weather is good, supply from external markets such 
as the USA and Ukraine can flood the market, driving prices 
down. In addition, there is also some evidence that farm-
ers are moving away from reliance on barley straw for feed 
in the long run, partly due to high transport costs and are 
finding alternative feed supplement materials, thus further 
reducing the reliability of this valorisation method for long-
term income [23].

Therefore, if the costs of set up could be absorbed (some-
thing which is feasible for larger companies such as Molson 
Coors), the long-term security of wax extraction suggests 
the  sCO2 extraction scenario may be preferable. This posi-
tion is strengthened if we consider that evidence suggests 
that demand for waxes, particularly of the Type 3 quality 
produced from IFBSW (designating suitability for both 
food and technical processes), is likely to grow as major 
refiners reduce production of the types of petroleum feed-
stocks which are suitable for wax production. As such it is 
likely that we will see the value of wax increase rather than 
decrease in the future [34–36]. Furthermore, as mentioned 
previously, it is likely that if Molson Coors were to build a 
larger scale and more efficient  sCO2 extraction line, a higher 
yield than 1.35 kg per 90 kg could be achieved thus pushing 
up potential revenue from the wax output. Besides process 
improvements, it is also possible that because the residue 
from the  sCO2 extraction process is in pellet form, its nutri-
tional value could easily be supplemented thereby increas-
ing nutrient value and pellet price. Therefore economically, 

whilst the  sCO2 extraction scenario scored slightly worse at 
present, a longer-term analysis suggests it is actually supe-
rior to the simple sale of IFBSW as animal feed.

As a final discussion point, it was identified that the pro-
duction of wax does not closely align with Molson Coors’ 
current product offering and nor does the  sCO2 extraction 
process align with company expertise (leading to a low score 
of just 0.09). However, sale of IFBSW as animal feed did 
not score much better (at 0.12). It is possible that, over time, 
the challenges of poor brand fit and lack of internal expertise 
could be overcome internally by Molson Coors. However, 
an alternative approach could be to make use of the facili-
ties and support offered by the recently formed BioPilots 
UK consortium. Composed of BEACON (Wales), the Bio-
renewables Development Centre (BDC—York), the Centre 
for Process Innovation (CPI—Redcar), IBioIC (Scotland), 
and The Biorefinery Centre (Norwich), the consortium offers 
not only the facilities to process  sCO2 extraction as part of 
a broader biorefinery approach, but also awareness of other 
industrial partners with staff expertise, facilities and experi-
ence in establishing confidential, commercial ventures so 
that Molson Coors might not have to internalize the  sCO2 
extraction themselves [37].

Concluding Remarks

The SWaVI framework was designed to improve the man-
agement of food waste in the food and drink manufacturing 
sector by enabling the comparison of multiple valorisa-
tion strategies to identify the solutions with the best eco-
nomic, social, environmental performance, technological 
maturity and alignment with company goals. The purpose 
of this paper was to test the application of the framework 
via a case study with Molson Coors to identify whether the 
current strategy of using In Field Barley Straw Residue as 
animal feed is the most sustainable. Analysis of the waste 
flows associated with the production of barley for malt in 
the brewing process identified a number of wastes. Of these, 
the low economic returns and environmental performance 
of current methods of managing in-field barley straw waste 
(IFBSW) made it the most promising waste stream for valor-
isation. Assessment of stakeholders suggested that at current 
volumes, farmers receiving this straw for feed supplement 
would be able to find alternative feed at a comparable price. 
From a regulation perspective, removal of IFBSW for valori-
sation was unlikely to conflict with environmental permitting 
or grower subsidies from the Common Agricultural Policy 
and depending on how the straw was valorized, may actu-
ally benefit from government capital allowances on energy 
efficient appliances.
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A number of possible valorisation options were there-
fore considered for comparison with the current method of 
sale as animal feed supplement. Amongst these were the 
extraction of a number of high value compounds but wax 
was identified as being potentially the most valuable (with 
growing market demand), most environmentally friendly 
(when using a novel process of  sCO2 extraction) and the 
most robust in the sense that value was also gained from 
the sale of residual pelletised straw for animal feed. Data 
were collected to assess each scenario based upon economic, 
environmental, social and technological performance as well 
as alignment with company strategy. Overall, results suggest 
that  sCO2 extraction had the potential to be a better fit for 
Molson Coors compared to the current method of selling 
IFBSW as animal feed supplement. This was due to particu-
larly strong performance in terms of social impact such as 
reduced noise/odor levels and job creation as well as a high 
level of technological readiness particularly from a market 
demand and integration potential perspective.  sCO2 extrac-
tion performed comparably with feed supplement on eco-
nomic and environmental grounds although there are some 
important caveats. However, wider analysis of each scenario 
beyond their immediate performance revealed a number of 
factors which are likely to be relevant beyond the food and 
drink manufacturing sector:

1. Novel valorisation strategies that have only been dem-
onstrated at laboratory scale will often generate a poor 
initial NPV, due to initial set-up costs and relative inef-
ficiency (i.e. using laboratory scale equipment to process 
industrial scale volumes), making them seem less com-
petitive. However, if a company were to implement such 
valorisation scenarios at scale, the equipment would 
likely better reflect their scale, with significant benefits 
for efficiency, revenue and environmental impact.

2. Unsurprisingly, novel valorisation scenarios are often 
likely to score poorly from a company fit perspective 
because they often require currently unavailable staff 
expertise, new ways of working and the marketing of a 
new product. Whilst companies would likely overcome 
these factors with time, it was also discussed that help 
from expert bio renewable organisations, such as BioPi-
lots UK may well be key here, being able to offer advice 
to Molson Coors regarding market access and training 
if they decided to go ahead with their own production 
site, or, by linking them with external facilities provid-
ers if they chose to pursue  sCO2 extraction as part of an 
external biorefinery approach.

As discussed at various points throughout the paper, there 
are a number of limitations to this work. First and foremost 
is the assumption, based on the prototype  sCO2 extraction 
system described by Sin, that the entire annual 75,000 ton 

quantity of IFBSW would be processed in 90-kg batches. 
Whilst this assumption was necessary to perform accurate 
Cost–Benefit Analysis and environmental, social and tech-
nological readiness assessment, it is unlikely that Molson 
Coors would use three such systems operating simultane-
ously when they could instead install a larger (and presum-
ably more efficient) system. However, data on a working 
system of this scale were unavailable to the authors. Another 
limitation was the omission of transport data regarding 
where, exactly, feed supplement straw is currently sent and 
where hypothetical yields of wax and pelletized animal feed 
will be sold. This will likely result in significant economic, 
environmental and social impact for each scenario. With 
regards to future work, application of the SWaVI framework 
is currently somewhat restricted by the need for research-
ers to visit companies and administer the framework in the 
form of structured interviews. The process could be expe-
dited if the framework could become digitized and available 
for companies to access online. However, in doing so, new 
problems would have to be overcome, including enabling 
companies to access reputable and up-to-date environmental 
databases to analyze their chosen environmental indicators 
without the need for expert assistance.
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