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1 Executive Summary

The dynamics surrounding the mushroom production value chains in the MUSHNOMICS
consortium countries (Denmark, Hungary, Ireland, and Romania) have been detailed in
Deliverable 1.1: Mushroom Value Chain Analysis. Beyond mushroom production, there are
important aspects that should also be considered, such as the availability of waste inputs from
other activities for use as mushroom production substrate inputs, and the status quo cost and
use-pathways associated with their disposal, such as deposition into landfills or incineration.
The connection between these two areas—the production of mushrooms and the generation of
usable ‘waste’ components in other sectors of the economy, such as agriculture—is the primary
focus of Deliverable 1.3: Gap Analysis. We have shown here that there are potential synergies that
exist between these different sectors of the economy that can provide benefits in both
directions; for instance, if crop residues from the agricultural sector are valorized into
mushroom substrate instead of being burned in situ or incinerated in a facility, this can localize
production and reduce greenhouse gas emissions, with the spent mushroom substrate which is
left over after production having a variety of agricultural uses, such as animal feed components
or soil amendment. Therefore, this deliverable is focused on tabulating the availability of
different sources of ‘waste’ that can be used for different types of mushroom
production—primary and secondary decomposers—in the four consortium countries, and
collecting data where available about the costs and use-pathways of these waste sources to
understand the extant context. We expand on this further by estimating associated greenhouse
gas emissions of these ‘waste’ source degradations as well. We then connect the generation of
this waste to the potential value generation of utilizing a circular waste valorization intervention
via mushroom production. We also investigate the potential downstream applications to discuss
whether the ‘waste’ products of mushroom production can also be used in different economic
sectors as well. We have shown here in Deliverable 1.3: Gap Analysis that there are potential
value-creating interventions that can be utilized via existing waste streams in different sectors of
the economy to create synergies and utilize circular economic principles in all four consortium

countries.



2 Introduction

Mushrooms are the common name for the fruiting bodies of different types of edible fungi.
There are two main types of cultivated mushrooms: primary decomposers, also known as white
rot fungi, such as Shiitake (Lentinula edodes), Oyster (Pleurotus spp.), Enoki (Flammulina
velutipes) or Reishi (Ganoderma lucidum), to name a few commonly cultivated varieties [1]-[6];
and secondary decomposing fungi, such as Agaricus bisporus, or button mushroom, which
requires compost as well as a layer of casing for production [7]-[10]. The casing layer should
have a high-water holding capacity, good air pore ratio, and low bulk density [11]. Globally,
production of mushrooms has increased 70-fold from 1961 to 2013, from 0.5 million to 34.8
million tonnes, with China producing 30.4 out of 34.8 million tonnes of production in 2013 [12].
The production of mushrooms worldwide was estimated to be worth approximately 42 to 63
billion USD during 2013 [12], [13], with this activity subsequently generating 170-204 million
tonnes of spent mushroom substrate (SMS) in 2013 [12], [14]. The production of mushrooms
has continued to increase over time, although contemporary accurate data on Chinese
production, which is the majority of the world’s production, is lacking, which makes accurate
tabulation on contemporary global production trends difficult.

As a result of the wide availability and the relatively inexpensive costs for acquiring suitable
raw materials for substrate inputs, such as those produced from household or industrial waste,
mushroom farming is increasing in popularity and scope, especially in urban and peri-urban
environments [15], [16]. For secondary decomposers such as Agaricus bisporus (button
mushroom), these suitable raw input materials derived from waste include certain types of food
waste or animal manure which are composted. Furthermore, for primary decomposers such as
Pleurotus ostreatus (oyster), or Lentinula edodes (shiitake), research has shown that coffee
grounds, garden waste, agricultural by-products such as wheat straw, rice husk, corncobs, and
cotton waste, as well as paper and cardboard, discarded plant-based textiles, and woody
products such as sawdust can all be successfully used as substrate inputs [17]-[24].

With this potential synergy in mind, Deliverable 1.3: Gap Analysis (D1.3) is focused on the
link between activities in different areas of the economy beyond just mushroom production,
distribution, and sales. This macro perspective of D1.3 shows that the potential circularity flows
both directions: for instance, the agricultural waste products, such as barley or wheat crop
residues, produced in agricultural activities can be used as substrate inputs in mushroom
production; furthermore, the spent mushroom substrate (SMS) can then be used as a ‘soil
amendment’'—which has a separate legal classification differentiated from fertilizer, which is

regulated in Denmark, for example—in agricultural activities. There are therefore positive,



synergistic feedback loops that can be postulated and exploited between these different
economic activities. Therefore, the point of novel value creation in this deliverable connects
these two activities that can utilize ‘waste’ sources as synergistic inputs for other value-creating
activities; this perspective utilizes a Gap Analysis of current activities via a lens of ‘circularity’
within the mushroom production context, while also including a broader economy-wide analysis
to determine points, or ‘Gaps’, of potential intervention.

This deliverable therefore looks at each of the four MUSHNOMICS consortium countries
(Denmark, Hungary, Ireland, and Romania) and tabulates the amount of specific types of waste
produced in each country that are relevant for mushroom production, while contextualizing this
within logistical and economical perspectives that discuss value-creation and likelihood of
success, both quantitatively and qualitatively. We also detail the amount of estimated greenhouse
gas emissions that are associated with status quo usage and degradation of these waste streams.
We therefore have information on the amount of waste, and the associated GHG emissions as
indicators of potential gap-exploiting scenarios that can be compared. Where they are available,
we also have information on the cost to the user of disposing of waste. Finally, we then take the
market price of mushrooms as sold to the consumer, and where available calculate costs to the
producers to broadly estimate how much value is generated via mushroom production activities.
This then allows us to compare different scenarios for exploiting the existing gaps in mushroom
production in these different countries. This deliverable derives much background information
from Deliverable 1.1: Mushroom Value Chain Analysis, which can be used as a reference for

Deliverable 1.3: Gap Analysis (D1.3).

2.1 Overview of Mushroom Production in EU and Consortium Countries

In the European Union (EU) 1.06 million tonnes of mushrooms were produced in 2020, with
the UK producing 0.1 million tonnes [25]. From 2015 to 2020, the top seven mushroom
producers were the same, in descending order: Netherlands, Poland, Spain, United Kingdom,
France, Germany, and Ireland. The consortium countries of the MUSHNOMICS project are
Denmark, Romania, Ireland, and Hungary, which are significant producers of mushrooms with a
combined 9.3% and 12% share of total mushroom production in Europe in 2016 and 2020,
respectively. The last year of data for Denmark was in 2016, which showed a production value of
3,930 tonnes; Hungary produced 24,650 tonnes in 2016, and 39,400 tonnes in 2020; Ireland
produced 70,020 tonnes in 2016, and 69,260 tonnes in 2020; and Romania produced 14,520
tonnes in 2016 and 14,320 in 2020. In total, these four countries produced 127,662 tonnes in
2020.

Given the standard substrate conversion ratio of 20-25% (average 22.5%), combined with

water loss and degradation estimates (45% loss of initial substrate), it can be estimated that the



entire EU produced 2,598,444 tonnes of spent mushroom substrate (SMS) in 2020; the four
consortium countries together produced 312,062 tonnes. Managing this waste stream is an
important contemporary issue with a wide variety of posited solutions, such as using the SMS as
insect feed via vermicomposting, ruminant feed, compost input, soil amendment, agricultural
fertilizer pellets, or anaerobically digesting it for the production of biogas [26]. Foregoing this
valorization process will require concomitant disposal costs, with different sources putting the
cost, based on general waste disposal metrics, at an average of 55.23 Euros/tonne of SMS
[27]-[29]. Therefore, the costs of processing this waste stream in Europe can be estimated at
143,512,073 Euros per year; for the four consortium countries, it would cost 17,235,170 Euros
per year. Furthermore, these estimates rely purely on the direct monetary costs associated with
disposing the waste, without considering the value of valorizing the waste into novel value
streams, or even the associated greenhouse gas emissions of waste processing, deposition and
transport. This ‘processing’ often takes the form of burning the waste in Denmark to generate
electricity, so the associated emissions of this pathway should also be considered as well.
Although SMS as a waste stream has many potential uses, it is still not being used to its fullest; in
Denmark, many producers deliver their SMS to municipal waste services, where most of it is
likely burned. Therefore, emphasizing more circular use of SMS could theoretically reduce costs
associated with disposing it, lower GHG emissions, and potentially create value downstream

through valorization schemes such as vermicomposting or biogas generation.

2.2 Waste Production and Associated Emissions in the EU and Consortium

Countries

Concerning a parallel related material stream, during 2018 the EU produced 2,619,880,000
tonnes of waste [30]. In this year, Denmark produced 21,445,206 tonnes of waste, Ireland
produced 13,986,757 tonnes, Hungary produced 18,369,585 tonnes, and Romania produced
203,017,193 tonnes of waste [30]. Households in the EU produced a total of 218,390,000 tonnes
of waste in 2018, which is only 8.3% of the total waste generated in the EU in 2018, with
Industry being responsible for the remaining 91.7%. More specifically, Denmark produced
3,517,972 tonnes of household waste in 2018; Ireland produced 1,591,220 tonnes; Hungary
produced 2,742,656 tonnes; and Romania produced 4,178,208 tonnes [31]. In relation to this,
the EU emitted 136,038,270 tonnes of CO2e in 2018 that were directly linked to waste
management practices; Denmark emitted 1,214,950 tonnes; Hungary emitted 3,435,260 tonnes;
Ireland emitted 908,850 tonnes; Romania emitted 5,891,790 tonnes CO2e in 2018 [31].
Furthermore, in 2018, the EU emitted 4,230,955,884 tonnes of CO2e across all industries,
households, and activities. Denmark emitted 49,621,299 tonnes; Ireland emitted 62,526,014



tonnes; Hungary emitted 64,735,401 tonnes; and Romania emitted 115,090,959 tonnes of CO2e
[32].

EU waste generation and associated activity emissions (3.3% of the EU’s total emissions)
are an essential point of intervention that can be addressed via many possible avenues,
especially as waste generation is paired with GDP growth in a 1:1 correlation. Based on previous
empirical research which has shown that there has been no decoupling of material footprint
(including waste) with GDP growth, it is clear that circular economic principles, including waste
valorization, are an essential point of intervention to reduce waste generation in the larger
economy, by connecting different industries using reverse logistics and creative synergistic
interactions. [33]-[37]. Many existing optimistic assumptions about decoupling resource use
with growth rely on ignoring ‘indirect’ inputs, such as the resource inputs embedded in
imported products [38], or they rely on technological solutions that have not been invented yet,
and cannot be expected to solve these issues, such as IPCC models relying heavily on BECCS
(bioenergy with carbon capture and storage) [36], [38], [39]. The World Bank also echoes these
claims, stating that there is a “frequent misconception that technology is the solution to the
problem of unmanaged and increasing waste” [40]. With this context in mind, D1.3 undertakes
its Gap Analysis using a different focus by investigating the potential of connecting disparate
streams associated with economic activities that can produce novel waste valorization options
while also creating synergies and benefits such as increasing localized production, thereby
reducing logistical problems such as high transport monetary and GHG emissions costs. Positing
novel interventions can also hopefully replace existing polluting activities, such as waste
incineration for energy, in situ field burning, or dumping waste in landfills.

Considering the abovementioned related activities of mushroom production and waste
generation in Europe, this deliverable is focused on investigating the potential contributions of
novel value streams via economic sector circularity to reduce overall waste production and
refine mushroom production practices and improve connections and synergies across the supply
chain. The primary methodological lens used in this deliverable is a Gap Analysis, which
observes and tabulates flows of resources and relationships between components of the
mushroom production value chain, while also connecting with other sectors of the economy that
can form synergistic relationships. Across these different components of the mushroom
production value chain, points of intervention are identified with the purpose of refining existing
design flaws, of which waste generation and disposal is a primary concern. The three theoretical
pathways to address these design flaws in mushroom production are ‘process upgrading’, where
efficiency of production is the focus; ‘product upgrading’, where improvements to the product
are made; and ‘functional upgrading’, where the activities of each actor are evaluated. For our

Gap Analysis, the primary focus is on “closing the loop” [41]-[43] by focusing not only on



forward logistics, but also reverse logistics, which uses the ‘functional upgrading’ lens to
determine how activities between different actors can be improved or utilized to create

synergies.

3 Methodology

Deliverable 1.3: Gap Analysis continues work conducted for our Value Chain Analysis (VCA) in
Deliverable 1.1, which consisted of four key general steps. Firstly, systematically mapping actors
across the value chain from production, distribution, markets, to disposal [44]-[49]. Secondly,
identifying the distribution of benefits across actors; because of the competitiveness of the
mushroom production market, this information is private and difficult to acquire. Thirdly,
highlighting the function of governance structures or current events on production activities to
help explain their operations and distribution of benefits. Finally, examining the role of
upgrading or improving the production process via quality or design features; this is the focus of
our continued work here in D1.3. In this regard, we conducted an extensive literature review on
mushroom production and statistics in a variety of contexts to collect relevant historical and
contemporary data. We used the Royal Danish Library’s online database and Google Scholar for
the majority of our literature review [50]. Our key search terms used were, for example,
“mushroom + Europe, substrate, value chain analysis; spent mushroom substrate + valorization,
downstream, uses, applications, etc.”

Quantitative data for this VCA were derived from a variety of sources. General statistical
information was obtained from the FAO, World Bank, IPCC, EUROSTAT, and OECD resources. For
Denmark-related statistics, we obtained much of our data from the publicly funded Statbank
[51], which is a publicly accessible repository of a wide variety of statistics that are gathered for
the entirety of Denmark. Additional Danish information was obtained from the Ministry of
Environment publications [52]. For Hungary, statistical information was derived from the
Hungarian Statistical Office (KSH) and National Environmental Protection Information System
(Orszagos Kornyezetvédelmi Informaciés Rendszer, OKIR).

Beyond our literature review and use of databases, we used field visits, surveys, and
interviews to map out the existing network of mushroom activities in consortium countries
where possible. We organized our Gap Analysis approach by tracking the activities and material
flows along the mushroom value chain, from ‘cradle to grave’, although many studies utilize
‘cradle to gate’, which implies inputs to point of sale. Many perspectives ignore end of life
activities, which is one reason we have emphasized that approach here. Based on our materials,
we identified and classified the different inputs, activities, outputs, actors, and challenges

associated with some selected steps in the mushroom production chain. The process of



undertaking our Gap Analysis also defined the different actors for our stakeholder network,

which is seen in Deliverable 1.2: List of Stakeholders.

4 Mushroom Value Chain Gap Analysis

4.1 Mushroom Production Supply and Demand in Denmark

Table 1 expands on the Danish VCA conducted in Deliverable 1.1 by showing averaged
macro trend data for imports, exports, difference/local demand gap, local production, local
consumption, and demand gaps for Denmark. For instance, Denmark imported 10,053
tonnes/year of mushrooms and exported 2,359 tonnes/year on average from 1991-2020; this
created a negative trade balance of -7,694 tonnes, which had a cost to purchasers (retailers,
grocery stores, and consumers, for example) of approximately -13,972,750 Euros/year on
average from 1991-2020. To better contextualize the Gap Analysis conducted here, a production
assessment is essential. For instance, from 1991-2017, Denmark produced on average 7,564
tonnes of mushrooms per year, at a cost of around 1,931 Euros/tonne, for a total cost of
14,604,227 Euros/year. Finally, it is worth noting the local demand gap, which tabulates the
difference between production and consumption. For instance, Denmark has a negative demand
gap of -6,226 tonnes (7,564-13,790 tonnes) of mushrooms per year on average from 1996-2020,
which means it consumed 6,226 tonnes more mushrooms per year than it produced. Another
way to put this is that Denmark only produced 55% of its national consumption of mushrooms
per year on average from 1996-2020. Of the four partner countries, only Denmark had a negative
demand gap, which is unexpected considering Denmark is an agriculturally focused export
economy. However, as noted previously, Denmark did export around 5,000 tonnes of mushrooms
per year around 2004-2007, which fell 80% in 2017 where Denmark exported less than 1,000
tonnes. Table 1 demonstrates that there is a large gap that can be filled by increasing local
incorporation of Danish waste into the domestic production of mushrooms in Denmark. It is also
worth noting that the high amount of imports in Denmark indicates an unmet consumption
differential that can be amended through local production. For instance, Denmark has a
relatively high consumption of mushrooms: in 2020, Denmark’s population was 5.81 million,
and mushroom consumption was 14,000 tonnes. That's 2.41 kg/person/year of mushrooms
consumed in Denmark.

Table 1. Comparison of available data on import, export, production, consumption, and corresponding

supply/demand gaps in Denmark. Values are averages of the listed years in the ‘Data Range’ rows above their
corresponding activities.

LOCAL DEMAND LocaL LocaL
COUNTRY CATEGORIES IMPORT ExpoRrT DEMAND GAP
GAP PRODUCTION CONSUMPTION




Data Range (Average for = (Average for ‘Average for [Average for [Average for (Average for

Mushroom 10,053 2,359 -7,694 7,564 13,790 -6,226
(tonnes/year)

DENMARK
Monetary value | yg 697367 | 4124611 = -13972750 = 14,604,227 149,469,810
(Euros/year)
Price per tonne 1,800 1,748 1,931 10,839

(Euros/tonne)

Furthermore, beyond mushroom production, it is worth considering the major input to
mushroom production: substrate. Denmark currently has no industrial scale domestic
production of substrate, imports most of its substrate, and also imports the majority of its
substrate input materials from other countries when it does make its own. Some companies do
make their own substrate, for instance from wheat straw, imported wood products, or domestic
manure. However, many companies import the majority of these input materials, or the
substrate entirely, from places like Sweden, Poland, Germany, the Baltic states, or the
Netherlands, to name a few examples. Based on the amount of mushrooms produced on average
per year domestically (7,564 tonnes/year) we can estimate the amount of substrate used, given
the common conversion ratio of around 20-25% (average 22.5%) of gross substrate. Therefore,
the amount of substrate that was consumed in Denmark was around 33,618 tonnes per year on
average from 1996-2020, with an estimated cost of 55,832,388 Euros. Denmark could therefore
benefit by producing their own substrate domestically by connecting with available substrate
input sources generated in other sectors of economic activity. This is another gap that can be

addressed via our analysis here.

4.2 Relevant Waste Sourcing for Mushroom Production in Denmark

The world bank notes that 1.6 billion tonnes of carbon dioxide equivalent (CO2e) were
generated globally from solid waste treatment and disposal in 2016, which was 3.2% of the total
global emissions (49.4 Gt CO2e). Furthermore, the world bank estimated that in 2016,
approximately 2 billion tonnes of municipal solid waste were generated, which is only expected
to increase over time [29]. The amount of generated municipal solid waste is expected to
increase to 2.38 billion tonnes by 2050. It is worth noting that only around 20% of these waste
streams are recycled or valorized [53]. In Denmark, all waste disposal methods, including
recycling, have stayed relatively stable since 2015, with around 46% of waste being collected for
recycling, 25% collected for final recovery, 25% being incinerated, and 4% deposited in landfills
[54]-[56]. Therefore, there is an evident need to capitalize on these existing waste streams, as

the production of waste is a design flaw with the majority of these discarded materials having



various potential downstream uses. This design flaw demands addressing, not only through

theoretical ‘design improvement’ solutions, but through connections and synergies between
different existing parts of the economy that already operate at scale. For instance, the World

Bank notes that in 2016, food and garden waste accounted for 44% of total solid waste, paper
and cardboard accounted for 17%, and wood accounted for 2% [29]. These three categories are
all usable substrate input sources for mushroom production, although they do require
processing into usable form. Therefore, valorization of a mere 10% of these three waste streams
(which combined constitute 63% of the total solid waste), could reduce emissions by 101 million
tonnes of COZ2e globally, which is nearly the entire emissions of Denmark in 2018. There are of
course material inputs and emissions associated with transporting, treating, and building up
mushroom production infrastructure, but the potential for emissions reductions is possible via
valorization schemes.

In 2020, Denmark produced 21,801,478 tonnes of total waste, including soil [57]. In 2018,
where Denmark produced 17,885,912 tonnes of waste (including soil), the greenhouse gas
(GHG) emissions of waste disposal were 4,397,000 tonnes CO2e [57]. This means that, for every
tonne of waste produced, around 0.25 tonnes of CO2e emissions are associated with disposal.
The total direct GHG emissions in Denmark in 2018 were 106,212,000 tonnes COZ2e, for all
industries, households, and activities [57]. With a population of 5,794,000 in 2018 in Denmark,
this means per capita emissions of the entire economy were 18.33 tonnes per person. This is
higher than other statistics, given that it includes industry actions that may be associated with
export-oriented activities, such as pig farming, which is ultimately accounted for in other
countries. More traditional accounting methods from the World Bank state that per capita
emissions in 2018 were 5.761 tonnes per person, which is consumption-focused [58]. This
effectively means that 12.57 tonnes of CO2e per person are embedded in exported materials or
processes that are not included in the domestic consumption-based per capita emissions value.
The Danish Environmental Agency [54]-[56] has also published data on the waste generation
dynamics in Denmark. For instance, they note that the amount of generated municipal waste
increased from 799 kg/person to 842 kg/person from 2018 to 2019. Comparatively, Denmark
had the highest municipal waste intensity value of all other OECD nations, at around 790 kg of
waste per capita in 2017, with a greater value than the United States [59].

As Figure 1 shows, the total industry generation of lignocellulosic waste (LCW)—paper,
cardboard, and woody material—in Denmark was 710,483 tonnes, while for households it was
478,124 tonnes in 2020. The total waste generation for these two categories in 2020 was
therefore 1,188,607 tonnes. Figure 1 shows the specific LCW fractions that can potentially be
utilized via waste valorization interventions, such as cardboard waste whose production rose

from 244,463 tonnes in 2015 to 325,396 tonnes in 2019 for industry, and from 33,993 to 84,053



tonnes for households over the same period. Figure 1 also shows that for industry, the largest
(by weight) waste generation category was paper and cardboard; for household, it was woody
material. In general, over this time period, households generated only 58% of the amount of

industry waste.

Figure 1. Industry and Household Waste Components over time from 2012-2020 in Denmark. For each year, industry is on
the left (in red/orange), with household values on the right (blue/green).
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In Denmark, because of the tabulation practices, there is another large LCW category that is
not included under ‘industry’ in these estimates: crop residues. In 2019, Denmark produced
20,974,513 tonnes of crop residues (Table 2), which is almost as much as the entire ‘total waste,
including soil’ category for all of Denmark in 2019. This is a result of Denmark’s large agriculture
export-oriented economy, where 61% of the land in 2018 was cultivated for arable production,
which is very high compared to the EU average of 24.7% [60]. For some context, in 2019, Ireland
produced 28,919,568 tonnes of crop residue; Hungary produced 18,505,826 tonnes; and
Romania produced 28,472,086 tonnes [61]. The industry and household LCW, including the crop
residues, are a huge potential input material for mushroom substrate, especially for primary
decomposers such as Pleurotus spp., which can grow on LCW with limited preparation required,
depending on the quality and status of the material, and the genetics of the fungi. This is
discussed in greater detail in Section 4.3. Table 2 also shows the waste intensity metric, which
details the cost (in million Danish Kroners (DKK)) associated with each tonne of waste
produced; in 2020, for instance, generating 0.52 tonnes of waste would cost 1 million DKK.
Overall, the general trend shows a 15% improvement in waste intensity over time, which is likely

the result of improved efficiency of collection, disposal, or recycling methods.



Table 2. Lignocellulosic and Crop Residue Waste Generation in Denmark from 2012 to 2020.

Waste Industr: and

Intensity Y Crop Residue
Year Household

(tonnes  per Total (tonnes) total (tonnes)

mil DKK)
2012 | 0.61 942,434 20,768,446
2013 | 0.57 897,269 19,136,184
2014 | 0.58 953,271 19,964,308
2015 | 0.64 1,090,416 18,374,888
2016 | 0.57 1,092,806 19,865,461
2017 | 0.57 1,119,745 19,366,755
2018 | 0.52 1,095,000 16,790,616
2019 | 0.50 1,106,917 20,974,513
2020 | 0.52 1,188,607 No Data

Table 3 expands on the general ‘crop residue’ information in Table 2 by showing in detail the

different types of crop residues that are estimated to have been generated in Denmark from

2010 to 2016. This information is derived from a paper by Bedoic, Cosic, and Duic (2019) [62],

who used different models to calculate the amount of crop residues that were generated in each

year for all the countries in the EU. They also have data on Fruit, Vegetable, and Animal products

as well; for the purposes of this deliverable, we have only used the Cereal category, as this is of

the highest relevance for use as inputs for mushroom production substrate. The highest

production values for Denmark are Barley Straw (with an average of 4.41 million tonnes

generated per year) and Wheat straw (with an average of 6.82 million tonnes generated per

year), both of which are usable substrate inputs.

Table 3. Lignocellulosic and Crop Residue Waste Generation for Cereals in Denmark from 2010 to 2016. Data derived
from Bedoic, Cosic, and Duic (2019 [62]. All values in tonnes.

WASTE  SOURCE 2010 2011 2012 2013 2014 2015 2016 MIN MAX AVG
TYPE
BARLEY STRAW 3,594,88 3,918,65 4,894,04  4,762,84  4,277,74 @ 4,649,61 4,762,47 3,594,88 4,894,04  4,408,60
9 2 2 3 7 5 7 9 2 9
BARLEY BRAN 740,478 783,166 976,967 1,034,37 866,626 936,887 1,038,92 740,478 1,038,92 911,060
3 1 1
BarLEY HuLL 624,778 660,796 824,316 872,753 731,215 790,498 876,590 624,778 876,590 768,707




CoRN STALK 107,956 130,637 177,410 178,820 172,200 125,188 103,463 103,463 178,820
Corn Husk 11,293 13,665 18,558 18,705 18,013 13,095 10,823 10,823 18,705
Corn CoB 23,037 27,877 37,857 38,158 36,746 26,714 22,078 22,078 38,158
CoRrN Bran 12,140 10,683 23,872 38,830 17,491 15,707 17,956 10,683 38,830
TRITICALE 438,350 341,000 283,175 183,825 236,950 202,625 138,875 138,875 438,350
STRAW
TriTicALE BRAN 28,111 21,839 20,126 14,994 16,402 17,064 11,597 11,597 28,111
OAT STRAW 270,841 276,536 359,053 369,116 244,885 273,896 367,924 244,885 369,116
Oar Bran 31,891 31,409 40,939 41,751 29,708 34,873 42,721 29,708 42,721
Oar HuLL 61,656 60,723 79,149 80,719 57,435 67,420 82,594 57,435 82,594
RicE STRAW 0 0 0 0 0 0 0 0 0
Rice BraN 429 821 296 36 660 0 371 0 821
Rice Husk 1,115 2,133 770 94 1,716 0 963 0 2,133
RoTTEN RicE 7,771 7,807 7,835 7,866 7,901 7,946 8,013 7,771 8,013
RYE STRAW 358,281 0 0 0 0 1,106,37 827,211 0 1,106,37
9 9
RYE Bran 27,785 0 0 10,867 7,325 98,531 74,335 0 98,531
WHEAT STRAW 7,201,52 = 687631  6,440,37 5899,68 733446  7,15897 @ 5,979,381 5,899,68  7,334,46
6 7 1 0 7 4 6 0 7
WHEAT BraN 654,180 721,283 712,319 612,300 753,709 687,305 583,029 583,029 753,709

Furthermore, another waste category apart from industry and household LCW and crop
residues with applications for mushroom production concerns biowaste: food waste, garden
waste, and miscellaneous biodegradable waste, which does not include sewage. This biowaste
can be a useful input for secondary decomposers, such as Agaricus bisporus, once it has been
composted, which is itself a sanitation process if heated high enough (generally past 60 degrees
Celsius at a minimum). Figure 2 shows that, in 2019, Danish households produced 928,805
tonnes of biowaste, with approximately 51,497 tonnes of said waste (5.5% of total biowaste)
being used for energy generation via incineration. This percentage is likely higher than listed, as
much of the 877,036 tonnes of biowaste which is collected curbside by waste management
companies with the purpose of recovery ends up incinerated. It has been noted by an
interviewee that this ‘recovered materials’ value does not reflect materials actually recovered for
recycling, but in fact just tabulates the gross amount that is intended for recovery. The actual
recovery value is much lower, and an exact value is not available. For instance, only 14,139
tonnes of ‘recovered materials’ are listed as being intended for incineration in 2019, which is a

very low percentage of the total (1.6%). However, a publication by the Ministry of Environment
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(MST.dk) stated that from 2018-2019, the rate of collecting materials for recycling increased
from 45 to 47% of total collected waste, with the rate of incineration staying the same at 25%.
Therefore, we can assume that a similar proportion (25%) of biowaste was therefore likely
incinerated. This rate can also be estimated for LCW; the amount is likely even higher than 25%
for crop residues, as 7% of Denmark’s total renewable energy comes from burning straw [63].
Overall, household generation of biowaste has been steadily increasing from 2011 to 2019, with
an increase of 55%. The only year with a drop was 2018, which interestingly corresponded with
a massive increase in industry generation of biowaste, up from around 400,000 tonnes up to
810,000 tonnes, more than doubling their share.

Figure 2. Household and Industry biowaste generation and lifecycle as generated from household and industry in
Denmark from 2011-2019, shown in tonnes.

Household and Industry Biowaste Generation and Lifecycle in
Denmark (Tonnes)
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Figure 2 also shows that industry in Denmark generated 901,660 tonnes of biodegradable
waste in 2019 with 823,421 tonnes of this being listed as recovered. As previously mentioned,
much of this latter value is likely incinerated. In 2019, only 75,838 tonnes (9.2% of recovered
materials) of industry biowaste were listed as expressly collected for the purposes of
incineration. Furthermore, about 2,400 tonnes of biodegradable waste was deposited in landfills
in 2019. More specifically, the category of ‘agriculture and horticulture’, a subset of the total
‘Industry’ category, has important contextual information as well, with around 275,103 tonnes of
biodegradable waste (31% of total industry biowaste production) generated in 2019. The
recovered materials were listed as 251,121 tonnes, with around 23,894 tonnes intended for
incineration in 2019. For agriculture, and industry at large, we can also assume a similar real

rate of incineration around 25%, according to the MST. This large pool of biowaste material has



high potential for valorization, as it is unlikely to be highly processed, unlike components of the
LCW waste generation category, such as cardboard and paper. This primes the utilization of the
biowaste from agriculture and horticulture as a high priority for potential valorization schemes.
Overall, industry generation of biowaste has been going through different stages of decreasing
from 2011 to 2013, and increasing generally from 2014 to 2018, past which a massive doubling
of waste generation occurred. This is likely due to differences in tabulation methodology utilized
by Statbank.

Interestingly, Danish households deposited (in landfills) 10,028 tonnes of biowaste in 2011,
with only 273 tonnes being deposited in 2019; for industry, only 87 tonnes were deposited in
landfills in 2019. Current practices therefore show an intent towards circularity, but much of the
existing waste streams are instead incinerated for energy production, which is nonetheless
arguably an improvement over open decay via deposition in landfills, which saw much more
activity in 2011. However, the reliance on incineration is not an ideal practice, especially
considering the availability of utilizing existing wind sources for energy production in Denmark,
and considering the embedded value of biomass intended for incineration, which can be
transformed into downstream products such as mushrooms. Correspondence with Kobenhavn
Kommune (Copenhagen Municipality) noted that all waste streams have lower CO2e emissions
via recycling instead of incinerating, which supports the suggested valorization scheme of
utilizing these waste streams as recycled substrate inputs. This indicates an existing need to
improve the rates of recycling and waste valorization of these value streams, instead of relying
on incineration. This would improve both the CO2e emissions of these activities, but would also
create novel value streams as well, such as utilizing the waste as an input for mushroom
production. Ultimately, reducing the amount of waste incinerated would also hopefully result in
downstream increases in renewable sources of energy production, such as increasing wind and
solar utilization.

Beyond accounting for waste generation amounts, it is also useful to consider the
practicalities of cost that current waste management schemes incur. For instance, an interview
with Kobenhavn Kommune (KK) offered insight into these costs: they state that the cost of
composting garden waste is approximately 225 DKK/tonne; larger branches are separated and
sent for incineration, which costs 900 DKK/tonne. They note that cardboard is sold for 500
DKK/tonne, but it costs 2,500 DKK to collect, with a net cost of 2,000 DKK/tonne. Paper is sold
for 600 DKK/tonne, but costs 1,000 DKK/tonne to collect, with a net cost of 400 DKK/tonne.
Food waste costs approximately 300 DKK/tonne, which includes transportation and labor costs
of loading/unloading material. Using these values, we created Figure 3, which shows the costs of
waste management for both industry and households in Denmark over time for both LCW and

biowaste categories using these price metrics. This is a good way to compare price outcomes



when determining whether mushroom substrate interventions are justified; for instance, in
2020, there was an estimated cost of 1,755,810,125 DKK (235,995,008 Euros) for all LCW and
biowaste disposal activities. Considering that this value is a net cost, which includes the sale
price of at least some components of the waste, it is a good threshold for comparing the cost of
making mushroom substrate; the net cost should also be considered for mushrooms, as there is
a large amount of value created via mushroom cultivation and sales. For instance, a threshold
metric could be made based on the value that mushrooms generate per tonne of waste, and
compare these to the current prices listed above. If mushrooms generate more value, then they
are a justifiable intervention. Section 4.3 goes into more detail on this value generation
comparison.

Figure 3. Copenhagen Price Indices for Danish Waste Management Costs (DKK). Values derived from Copenhagen
Municipality prices for waste management into total national waste values. Industry values are red/orange/brown tones,
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and household are shown blue/green/purple tones.

Table 4 further expands on the costs of current waste management pathways by showing the
different supplies of waste available in Denmark for the production of mushrooms, with the
further context of CO2e emissions embedded within the materials, and those associated with
incineration estimations. The total average values from 2012-2020 for industry and household
categories have been shown for each specific LCW, crop residue, and biowaste category (e.g.
Figures 1 and 2, and Tables 2 and 3). We have taken this analysis one step further by looking at
the research that analyzes the life cycle and embedded COZ2e of these materials; this was done

using a ‘cradle to grave’ assessment, where the cradle to gate values were combined with CO2e



emissions associated with incineration. To indicate some of the physical embedded value of
these waste streams, we have also taken values from the literature on the lignocellulosic content
as well, as this is the primary mushroom feed source. Overall, the waste with potential use for
mushroom production in Denmark has the potential to emit 33,032,335 tonnes of CO2e via
cradle to grave estimations; if we assume a consistent value of 25% of waste in Denmark being
incinerated, we can estimate that 8,258,084 tonnes of CO2e emissions will be released via
burning these specific materials; replacing this with wind energy, and instead using the waste as
mushroom substrate can replace these emissions or reduce their rate of release, as incineration
has immediate emissions consequences. It is likely that the potential emissions are much higher
than 8.3 million tonnes COZe, as Denmark obtains 7% of its renewable energy from burning
straw which amounts to 17.22 Petajoules [64].

Crop residues, including straw, are not calculated as ‘waste, which means that the 25%
incineration value does not account for crop residues being burned. In line with this, crop
residues alone have the potential to emit 26,454,968 tonnes CO2e (80% of the total), due to the
incredibly large amount of residues generated via agricultural activities. Therefore, by classifying
burnable crop residues as ‘non-waste’ Denmark can claim to recycle a much larger proportion of
their waste than they do in reality. Because crop residues are so widely available in Denmark,
and because they are a reliable and common input for mushroom production, a deeper focus on
mitigation activities is warranted that can incorporate them into mushroom production
activities. For instance, we can estimate some reductions in CO2e emissions by valorizing
agricultural waste: crop burning alone was responsible for 3.5% of total global CO2e emissions
in 2016 [29]. This translates to 1.73 billion tonnes of CO2e that are emitted from burning crop
residues. In Denmark, over 10 million tonnes of CO2e were emitted in 2016 directly from
agriculture alone. The next largest portion of the total CO2e emissions is biodegradable waste,
which has the potential to emit 4,649,381 tonnes of CO2e. Wood, cardboard, and paper are the
next greatest potential emitters, in descending order. Overall, Table 4 details the connection
between waste generation and CO2 emissions to help contextualize the argument for justifying
utilization of these wastes in mushroom production valorization schemes instead of incinerating

or depositing them in landfills.

Table 4. Supply of waste available for mushroom production and associated greenhouse gas emissions in Denmark.

Waste Source Paper Cardboard Wood Crop residues = Biodegradabl Total Proportional
(average from e waste Incineration
2012-2020) (25%)
Industry  (tonnes 140,847 281,751 193,765 20,349,975 901,660 21,867,997

waste)

Household (tonnes 321,824 341,771 332,408 0 928,805 1,924,807

waste)




GHG emissions = 0.94 [65] 0.96 [66] 1.65-1.8 1.30 [68] 2.54 [69]
(tonnes [67]
CO2e/tonne waste)

Potential GHG 434911 598,581 894,494 26,454,968 4,649,381 33,032,335 8,258,084
emissions

Lignocellulosic 87.25% 83.8 % [70] 95.00% 97.5% [72] 35.83%

content (%) [70] [71]

4.3 Connection Between Waste Generation and Mushroom Production
Contexts in Denmark

The previous two sections (4.1 and 4.2) detailed two separate but related material flow
dynamics in Denmark, both of which directly inform our Gap Analysis. The first section reviewed
the production of mushrooms in Denmark (with a more in-depth focus available in Deliverable
1.1: Mushroom Value Chain Analysis), while the second section discussed the statistics on waste
generation, including cost and GHG emission estimations. Based on the life history traits of
mushrooms, such as Pleurotus spp. or Agaricus bisporus, our Gap Analysis shows that there are
large interventions and valorization pathways that exist in the waste generation sector of our
economy. These two sections are crucial aspects of the Gap Analysis, as they identify issues in the
mushroom production value chain and allow us to posit synergistic interactions that exist across
different dimensions of the economy. We see the connection between these two sections as
utilizing interventions that valorize waste products through different value-generating activities
as the primary novel value generation capacity of this Gap Analysis in Denmark. That is, given
the large waste-to-product ratio (around 5 to 1 for substrate to mushrooms) of mushroom
production, and the incredibly large waste generation of society, finding synergistic solutions to
the large waste generation capacities of both society and mushroom production is a means to
begin to ‘close the loop’ of productive and consumptive activities. Although processing waste
into substrate and growing mushrooms requires significant capital and infrastructure, it should
be considered as a competitive option for at least a portion of waste utilization, especially in
relation to existing strategies which rely primarily on incineration of waste. Emphasizing these
suggested interventions can also have downstream consequences for the distribution of value
associated with mushroom production, as it utilizes localized production and distribution
networks.

One of the most important considerations for mushroom production, given contemporary
issues of global climate change, which has anthropogenic causes directly associated with
society’s metabolism of the earth and its ecosystems, is the narrative concerning waste
generation and disposal for society at large, and more specifically mushroom waste generation

and the potential for waste incorporation from other economic activities during the mushroom



production process. In this regard, there are many entry points for interventions to reduce the
material footprint, the associated CO2e emissions, incorporating waste streams from other
production endeavors, and reducing the downstream waste generation of mushroom
production. These interventions operate around the context of continuing to produce
high-quality mushrooms, but doing so using available waste sources from other economic
activities, such as food production, shipping and packaging, and household and industry
practices. The narrative of this Gap Analysis, which focuses on mushroom production, discusses
using circular economic principles to produce high quality products while envisioning
production activities that minimize waste generation and even go so far as to posit utilization of
other waste streams generated in other economic activities.

For instance, Table 5 illustrates some points of entry for planned interventions as they are
shown by the available data. Table 5 shows the amount of waste generated in three categories:
industry and household LCW, crop residues from farming, and biowaste from industry and
households (all values derived from Figures 1 and 2, and Tables 2 and 3; they are given as a 10%
availability scenario). These existing waste flows are connected to substrate generation via a
known industrial conversion ratio, which states that the initial quantity of waste has water and
supplementation added to give a conversion ratio of around 2.25 kg of substrate per kg of waste
input. In general, there is about a 20-25% (average 22.5%) conversion ratio of substrate
material to mushrooms; we therefore incorporated this in our calculations, while only assuming
a 10% uptake of existing waste streams, given the exigent competing uses, such as incineration,
or animal feed for crop residues. These calculations were done for two types of mushrooms,
primary decomposers such as oyster or shiitake, and secondary decomposers such as button
mushrooms; the latter using composted biowaste as a substrate input, and the former using
LCW, including crop residues, as their substrate input. Using just 10% of the existing waste
streams from industry and household LCW and biowaste in Denmark produces a theoretical
total of 515,250 tonnes of substrate; 10% of crop residues would produce 4,366,158 tonnes of
substrate. The former would have a potential export value of 412,200,000 Euros, which includes
the cost of producing it, with the later having a value of 3,493,800,000 Euros, which also
includes the cost of production.

Table 5. Valorization potential of available waste as mushroom substrate source in Denmark. All values are in 1000
tonnes or 1000 Euros.

Waste |Substrate |Substrate| Substrate | Mush. |Agaricus|Agaricus| Oyster Oyster | Shiitake | Shiitake Total SMS SMS to
(tonnes) | Amount cost Export Prod. Cost value Cost Value Cost Value Value Resid. | Compost
(tonnes) | (Euros) Value |(tonnes) | (Euros) | (Euros) | (Euros) | (Euros) (Euros) (Euros) (Euros) | (tonnes) | (tonnes)
(Euros)
Industry +
:’gv‘;semm 105 236 | -47,432 | 189,000 | 53 -64,034 | 947,574 | -80,042 | 613,939 [1561,513| 101 23
(2012-2020)




Farming

g(:;?due 1,941 4,366 -873,450 | 3,493,800 982 -1,178,863|1,7516,581|-1,473,57811,349,096|28,865,677| 1,862 419
(2012-2019)

Biowaste

Total 124 279 -55,800 | 223,200 63 -100,499| 736,539 736,539 119 27

(2011-2019)

From this 10% total waste incorporation of Industry and Household LCW and biowaste
waste conversion into substrate, approximately 116,000 tonnes of mushrooms could be
produced. However, it should be mentioned that this value is 11.6 times the peak value of Danish
domestic mushroom production in 2009. It is 29 times higher than Danish domestic production
in 2017; furthermore, it is 11.5% of the total EU mushroom production from 2018. Using 10% of
Danish-generated crop residues would allow for the production of 982,386 tonnes of
mushrooms, which is around 95% of EU production. Therefore, this illustrates the massive
production potential, but it is only given as a demonstration, as it would require massive
additional infrastructure necessary for logistics around delivery; timely year-round supply of
inputs; sanitation and treatment; production; and distribution. Furthermore, existing demand
trends—currently around 12,000 tonnes a year in Denmark (Table 1)—shows that incorporating
only around 1% of total Industry and Household LCW and biowaste in Denmark (around 23,000
tonnes of waste) would produce enough mushrooms to satisfy extant demands. Given that
existing demand for mushroom consumption globally is increasing around 7% per year [73], and
assuming that the infrastructure could be developed, the large potential for production could be
used beyond this 1% for the export market.

Having done these production estimations for both mushroom types, we then used final
market prices, averaged across the major four grocery stores in Denmark (Fotex, Netto, Rema
1000, and Lidl), and then subtracted a fixed estimate of general costs of production, to illustrate
the potential value generation: we calculated that using 10% of industry and household LCW
and biowaste would generate a total value of around 2,298,051,759 Euros. There are other
distributional factors within this value to be considered, such as transportation, processing, and
market capital depreciations, all of which would receive portions of this total value; however, we
were not able to obtain this economic information from other stakeholders, given the highly
competitive nature of the market. This value is therefore only a gross estimate of the entire
economic activity and its valuation, and does not demonstrate the distribution of value to
specific actors within the mushroom production value chain.

Table 5 also shows the associated waste generation of mushroom production in the form of
SMS to demonstrate how many thousands of tonnes of soil amendment, for instance, could be

used in place of fertilizer on agricultural fields or backyard gardens: we calculated that 220,000




tonnes of SMS from household and industrial biowaste and LCW waste, and 1,861,540 tonnes of
SMS from crop residues were generated; this is only from 10% total uptake of the suggested
waste streams. Tailoring production based on demand needs in Denmark (12,000 tonnes per
year consumed) necessitates 1% utilization of LCW and biowaste, which would produce around
22,000 tonnes of SMS for soil amendment purposes. It should be noted that SMS is in some ways
more advantageous in agriculture compared to conventional fossil-fuel based fertilizers, as its
slow rate of release of latent nutrients avoids the major issues of eutrophication, while also
being more advantageous to plants, who benefit from slower uptake [74]-[77]. Finally, we have
calculated the ratio of SMS to compost in the last column of Table 5, which demonstrates that
around 49,000 tonnes of compost can be produced from the input of 220,000 tonnes of SMS
from our initial 10% uptake scenario of LCW and biowaste utilization. Overall, Table 5
demonstrates the connection between waste production in Denmark and potential utilization by
using the lens of value generation. We have done this with an initial illustration scenario of 10%
uptake, but 1% uptake is much more plausible; even just 1% uptake of LCW and biowaste
streams would meet existing Danish demands for mushroom production. In the context of
substrate import-reliant extant strategies in Denmark, this Gap Analysis has shown that there
are areas of intervention that can create value with little diversion of waste streams to meet
existing mushroom consumption needs in Denmark.

To compare this to Figure 3, which shows costs associated with waste disposal in
Copenhagen, Denmark, Table 5 demonstrates that 1 tonne of incorporated LCW waste, for
example, can be transformed into 2.25 tonnes of substrate; this can produce around 0.5 tonnes
of Oyster mushrooms, which sells for around 13,000 Euros on average (26,000 Euros per tonne
in Denmark on average). The costs associated with this value can only be estimated, and this
value has embedded value distributions for processing, transport, refrigeration, marketing, and
point of sale upkeep, just to name a few examples. This can be compared to the 765 DKK/tonne
of waste (102 Euros/tonne), which is the average net cost per tonne of waste collected by the
municipality seen in Figure 3. To be competitive, the price paid by substrate producers in
Denmark would have to mirror the prices currently paid: 225 DKK/tonne for garden waste, 900
DKK/tonne for woody material, 2,500 DKK/tonne for cardboard, 300 DKK/tonne for food waste,
and 1,000 DKK/tonne for paper. These values are more than what current users are charged
(500 DKK/tonne for cardboard and 600 DKK/tonne for paper), as the municipality sells at a loss.
The downstream value of these products is not known, as they are recycled into various
products such as new boxes and packaging, or incinerated (as woody material is), or made into
compost; however, it is clear that the embedded value of a tonne of waste has much potential as

mushroom substrate, and eventually mushrooms, as the price of the final product is high. This



also assumes a wide distribution of value as well, as there are many moving sectors of activity in
the mushroom production value chain.

It is also worth considering the mushroom production value chain as it extends beyond Table
5: namely, the downstream uses of spent mushroom substrate (SMS). We have already connected
the generation of waste from sectors of the Danish economy at large and posited uses for these
materials in mushroom production; however, it is also worth considering that this synergy is
bi-directional. That is, only about 25% of the substrate for growing mushrooms is used in
production. The remaining material (around 46%, given the degradation and loss of water),
which is known as spent mushroom substrate (SMS) can be used as a soil amendment. Table 5
also shows the associated waste generation of mushroom production in the form of SMS to
demonstrate how many thousands of tonnes of soil amendment, for instance, could be used in
place of fertilizer on agricultural fields or backyard gardens. This intervention has been
corroborated by our interviews; in one instance, an interviewee pointed out that they sent their
SMS out as a soil amendment to organic farmers. SMS has been noted to be a very effective soil
amendment that provides natural fertilizer at a very slow pace of release, which is critical for
appropriate soil nutrient dynamics. Using more SMS would help reduce fertilizer pollution,
downstream eutrophication, and would buffer against the rising price of natural gas (the
primary input component for fertilizer creation) which is currently causing a global-scale crisis,
with prices of fertilizer upwards of 1,000 USD per tonne which has caused some countries such
as Brazil to struggle to fill orders [78]. Furthermore, current environmental regulations in
Denmark, which aim to restrict the amount of fertilizer used on farmland to control the
aforementioned issues, allow for much more extensive, almost unlimited, use of the legal
category ‘soil amendment’. SMS is a valuable soil amendment because it has a lot of carbon in it,
mostly in the form of cellulose, which is degraded primarily after hemicellulose and lignin by
mushrooms. The high level of carbon is compatible with the humus layer of the soil, as it
improves soil moisture retention, rates of organic carbon, and retention of nutrients via steady
state dynamics. In our interview, the participant noted that the only cost to the farmer is
transportation, as the producer does not sell the SMS, but donates it. Another producer noted a
similar pattern, but also stated that they saw the value of this fertilizer-replacement, and
therefore intended to sell it in the future to farmers. There are other applications of SMS as well,
such as turning it into compost, or using it for animal feed, as primary decomposers selectively
degrade lignin and hemicellulose, often leaving cellulose which can be used by ruminants, or
even other fungi, downstream [79], [80]. In summation, there are many novel points of
intervention that are being investigated in Denmark that aim to connect the waste production of
economic activities, such as agriculture, with mushroom production, whose waste in turn can be

effectively cycled back to different agricultural applications, from animal feed to soil amendment.



These interventions are already being utilized by some value chain actors in Denmark, but their
uptake is mostly occurring in small-scale producers, and there can be much benefit from

discussing wider adoption of these practices.

4.4 Mushroom Production Supply and Demand in Ireland

Table 6 demonstrates a summary of the mushroom production environment in Ireland. A
more thorough description and accounting can be seen in Deliverable 1.1: Mushroom Value Chain
Analysis. In general, from 1991-2019, Ireland produced on average 59,690 tonnes of mushrooms
per year, at a cost of 1,755 Euros/tonne, for a total cost of 104,742,029 Euros/year. Ireland had a
positive demand gap, as they produced more than they consumed with a value of 20,741 tonnes
(59,690-38,949 tonnes). Ireland had a positive trade balance, importing only 11,479
tonnes/year, and exporting 32,220 tonnes/year, leaving a positive balance of 20,741 tonnes/year
on average for 2010-2019. This was sold on the market for approximately 74,298,506
Euros/year.

Table 6. Comparison of available data on import, export, production, consumption, and corresponding

supply/demand gaps in Ireland. Values are averages of the listed years in the ‘Data Range’ rows above their
corresponding activities.

LOCAL DEMAND LocaL LocaL
COUNTRY CATEGORIES IMPORT ExpoRrT DEMAND GAP
GAP PRODUCTION CONSUMPTION

Data Range (Average for = (Average for (Average for [Average for [Average for (Average for
Latd hange 2005-2019) = 2005-2019) 2005-2019) 2005-2019) 2005-2019) 2005-2019)

o 11,479 32,220 20,741 59,690 38,949 20,741
(tonnes/year)

IRELAND
Monetary value 1 964 900 | 96263406 = 74298506 = 104,742,029 346,642,141
(Euros/year)

Price per tonne

(Euros/tonne) L8 3474 1,755 8,900

4.5 Relevant Waste Sourcing for Mushroom Production in Ireland

Table 7 demonstrates the different types of crop residues that are estimated to have been
generated in Ireland from 2010 to 2016. This information is derived from a paper by Bedoic,
Cosic, and Duic (2019) [62], who used different models to calculate the amount of crop residues
that were generated in each year for all the countries in the EU. They also have data on Fruit,
Vegetable, and Animal products as well; for the purposes of this deliverable, we have only used
the Cereal category, as this is of the highest relevance for use as inputs for mushroom production

substrate. Similar to Denmark, Ireland’s highest sources of crop residues comes from Barley



straw (with an average of 1.75 million tonnes) and Wheat straw (with an average of 966,000

tonnes).

Table 7. Lignocellulosic and Crop Residue Waste Generation for Cereals in Ireland from 2010 to 2016. Data derived from
Bedoic, Cosic, and Duic (2019) [62]. All values in tonnes.

2010 2011 2012 2013 2014 2015 2016 MIN MAX AVG

BARLEY STRAW 1,431,48 1,648,20 1,454,15 1,951,13 = 2,036,05 2,019,90 1,708,14 @ 1,431,48  2,036,05 1,749,87

7 8 5 4 8 5 6 7 8 0
BARLEY BRAN 464,189 442,506 422,646 578,581 537,460 517,220 467,545 422,646 578,581 490,021
BarLey HuLL 391,660 373,365 356,608 488,178 453,482 436,404 394,491 356,608 488,178 413,455
CoRN STALK 0 0 0 0 0 0 0 0 0 0
Corn Husk 0 0 0 0 0 0 0 0 0 0
Corn CoB 0 0 0 0 0 0 0 0 0 0
Corn Bran 47,297 36,849 57,672 102,638 121,741 121,558 127,759 36,849 127,759 87,931
TRITICALE STRAW 0 0 0 0 0 0 0 0 0 0
TriTIcALE BRAN 12 45 5 0 0 12 4 0 45 11
OAT STRAW 189,436 214,346 198,079 247,726 193,067 253,059 233,093 189,436 253,059 218,401
0At Bran 18,621 15,047 15,647 24,645 17,383 16,297 21,564 15,047 24,645 18,458
Oar HuLL 36,001 29,091 30,252 47,646 33,608 31,507 41,690 29,091 47,646 35,685
RicE STRAW 0 0 0 0 0 0 0 0 0 0
Rice BrAN 434 159 212 148 481 770 770 148 770 425
Rice Husk 1,129 412 552 386 1,251 2,003 2,002 386 2,003 1,105
RotTEN RICE 4,299 4,319 4,331 4,339 4,352 4,374 4,466 4,299 4,466 4,354
RYE STRAW 0 0 0 0 0 0 0 0 0 0
RYE Bran 754 187 116 4 5 10 35 4 754 158
WHEAT STRAW 922,219 1,255,76 944,957 755,770 977,112 940,910 878,760 755,770 1,255,76 966,122

6 6

WHEAT BraN 149,471 164,787 154,719 119,841 147,333 130,513 143,316 119,841 164,787 144,283

4.6

Mushroom Production Supply and Demand in Hungary

Table 8 demonstrates a summary of the mushroom production environment in Hungary. A

more thorough description and accounting can be seen in Deliverable 1.1: Mushroom Value Chain

Analysis. From 2010-2020, Hungary produced on average 21,997 tonnes of mushrooms per year,

at a cost of 1,200 Euros/tonne, for a total cost of 26,396,400 Euros/year. Hungary had a positive

demand gap, as they produced more than they consumed with a value of 13,155 tonnes/year

(21,997-8,842 tonnes). For Hungary, data exist only for the volumes of imports and exports, not



the prices; this showed that Hungary also had a positive trade balance of 13,155 tonnes/year on

average from 2010-2020.

Table 8. Comparison of available data on import, export, production, consumption, and corresponding
supply/demand gaps in Hungary. Values are averages of the listed years in the ‘Data Range’ rows above their
corresponding activities.

LOCAL DEMAND LocaL LocaL
COUNTRY CATEGORIES ImMPORT ExpoRrT DEMAND GAP
GAP PRODUCTION CONSUMPTION

Data Range (Average for = (Average for (Average for (Average for (Average for
2010-2020 2010-2020 2010-2020) 2010-2020) 2010-2020)

Mushroom

2,334 15,489 13,155 21,997 8,842 13,155
(tonnes/year)
HuNnGARY
WS TS ND ND ND 26,396,400 18,213,513
(Euros/year)
(e [P Ee ND ND ND 1,200 2,060

(Euros/tonne)

4.7 Relevant Waste Sourcing for Mushroom Production in Hungary

Figure 4 shows the Industry and Household Waste Components over time from
2012-2020 for Hungary. For each year, industry is on the left (in red/orange), with household
values on the right (blue/green). Industry wood category includes the industrial wooden
packaging plus wastes of wood processing, furniture manufacturing and pulp & paper industries.
These values were derived from the “Hungarian Statistical Office” (KSH) and “National
Environmental Protection Information System” (Orszagos Kornyezetvédelmi Informacios
Rendszer, OKIR). Overall, they show that Industry produces around 14 times more waste than

households in Hungary over the time period of 2012 to 2020.

Figure 4. Industry and Household Waste Components over time from 2012-2020 in Hungary. For each year, industry is
on the left (in red/orange), with household values on the right (blue/green).
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Figure 5 shows biowaste production from household and industry in Hungary from
2011-2020 in tonnes. Biowaste from industry includes the wastes of aquaculture, agriculture,
horticulture, forestry and food processing. In the statistical categorization biodegradation is not
an aspect, thus biodegradability and applicability from the point of oyster mushroom production
are sole assumptions. Some specific examples of the materials otherwise considered unsuitable
for consumption or processing are plant-tissue waste, wastes from forestry, wastes from spirits
distillation, and wastes not otherwise specified. These values were derived from the “Hungarian
Statistical Office” (KSH) and “National Environmental Protection Information System” (Orszagos
Koérnyezetvédelmi Informaciés Rendszer, OKIR). Unlike Figure 4, Figure 5 has a much closer ratio

of waste produced by industry compared to households in Hungary.

Figure 5. Biowaste production and lifecycle as generated from household and industry in Hungary from 2011-2019 in
tonnes.

Household and Industry Biowaste Generation and Lifecycle in
Hungary (Tonnes)
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Table 9 details information about the amount of cereal waste component generation in
Hungary. The values in Table 9 were derived from a paper by Bedoic, Cosic, and Duic (2019) [62].
These materials have high usability for valorization via use as mushroom substrate. Their
changes over time can be seen as useful indicators detailing the availability of substrate input
materials for downstream mushroom production. Unlike Ireland and Denmark, the top crop
residue source stems from Corn Stalks in Hungary, at around 17.3 million tonnes per year on
average. Consistent with Denmark and Ireland, however, the second highest was Wheat Straw, at
around 6.6 million tonnes on average.

Table 9. Lignocellulosic and Crop Residue Waste Generation for Cereals in Hungary from 2010 to 2016. Data derived from
Bedoic, Cosic, and Duic (2019) [62]. All values in tonnes.



2010 2011 2012 2013 2014 2015 2016 MIN MAX AVG
SB:::;Y 1,144,763 1,197,918 1,208,190 1,288,100 1,555,146 1,718,443 1,944,961 1,144,763 1,944,961 1,436,789
Bariey Bran| 209,614 168,893 243,036 208,827 271,216 205614 316,378 168893 316,378 231,940
Bariey Hui.| 176,862 142,504 205,061 176,197 228,839 173,487 266,944 142,504 266,944 195,699
Corn STALK | 16,499,724 18,879,829 11,250,519 15,960,109 22,133,671 15,760,186 20,743,192 11,250,519 22,133,671 17,318,176
CorvHusk | 1,725,913 1,974,878 1,176,833 1,669,468 2,315238 1,648555 2,169,790 1,176,833 2,315238 1,811,525
Corn CoB 3,520,862 4,028,750 2,400,738 3,405,714 4,723,085 3,363,052 4,426,372 2,400,738 4,723,085 3,695,510
CorN BRAN 401,590 566,456 63,952 605105 916,140 318926 812,221 63,952 916,140 526,341
TRITICALE
S 911,725 859,300 857,725 1,140,950 1,216,125 1,255,775 1,201,075 857,725 1,255,775 1,063,239
gmms 56,503 53,740 52,424 70,239 74,762 75,312 71,395 52,424 75,312 64,911
OAT STRAW 157,035 172,043 182,709 175312 181,744 172,418 138,878 138878 182,709 168,591
0aT BRAN 16,725 18,546 19,816 19,103 19,642 18,152 14,746 14,746 19,816 18,104
0Oat HurL 32,334 35,855 38,311 36,933 37,975 35,094 28,509 28,509 38,311 35,002
RicE STRAW 7,598 11,365 14,216 10,888 10,217 12,139 13,893 7,598 14,216 11,070
Ric Bran 1,153 1,868 1,306 362 704 2,662 2,880 362 2,880 1,562
Rice Husk 2,997 4,858 3,395 940 1,831 6,922 7,489 940 7,489 4,062
RotTen Rick 5,137 5,123 5,095 5,083 5,067 5,056 5,043 5,043 5,137 5,086
RYE STRAW 114,463 104,516 0 0 139,113 150,728 121,902 0 150,728 90,103
RyE Bran 8,939 8,275 0 0 9,601 11,735 9,805 0 11,735 6,908
;’Zﬁf 5361,710 5,879,174 5,742,245 7,241,602 7,577,122 7,677,259 8,068,579 5361,710 7,677,259 6,579,852
Wheat Bran | 287,307 493,543 463,773 457,334 535896 629,365 554,756 287,307 629,365 488,853

For Hungary, detailed information about waste collection costs was not available.
However, general costs for disposal of non-hazardous municipal waste were shown to be around
23,749 HUF per tonne of waste. For disposal of biowaste (in general for composting), the cost
was 12,700 HUF per tonne of waste. These values are derived from the FKF, which is the Waste
Management Utility of
(https://www.fkfhu/dijszabasok /hulladek-artalmatlanitasi-dijak). Currently, there is a bag

based system for biowaste collection. Using special bags provided by FKE biowaste can be

Budapest Municipality

placed next to the bins and taken by FKFE. These services are free for households with a valid
contract for waste management. Dedicated bins for paper are also available for households and

emptied with weekly frequency for free. It was noted that different fees apply for industry, but


https://www.fkf.hu/dijszabasok/hulladek-artalmatlanitasi-dijak

details were not collected. They are noted to be set by participating companies on the market,

and not by utility.

Table 10 details the connection between the amount of waste generation in Hungary, and

the potential greenhouse gas emissions associated with its disposal or degradation. These values

were estimated using the resources listed in the bottom of the table.

Table 10. Supply of waste available for mushroom production and associated greenhouse gas emissions in Hungary.

Waste Source Paper Wood Crop Biodegrada Total Proportional
(average from Residues ble waste Incineration
2012-2020) (25%)
Industry  (tonnes | 4 ¢ 997 394,141 33,966,403 293,864 35,722,405

waste)

somEiedl (@S | geoms 2,591 0 188,840 281,187

waste)

GHG emissions 0.94 [65],

(tonnes CO2e/tonne [66] 1.65-1.8 [67] 1.30 [68] 2.54 [69]

waste)

Potential GHG 4 0gg 288 684,364 44,156,324 1,226,067 47,155,042 11,788,761
emissions

Lignocellulosic 87.25 % 2 o 9

content (%) [70] 95.00% [71] = 97.5% [72] 35.83%

4.8 Mushroom Production Supply and Demand in Romania

Table 11 demonstrates a summary of the mushroom production environment in Romania. A

more thorough description and accounting can be seen in Deliverable 1.1: Mushroom Value Chain

Analysis. From 2012-2020, Romania produced on average 12,460 tonnes of mushrooms per year,

at a cost of 1,250 Euros/tonne, for a total cost of 15,582,500 Euros/year. Romania had a positive

demand gap, as they produced more than they consumed with a value of 5,423 tonnes/year

(12,466-7,043 tonnes). Romania also had a positive trade balance, with 4,493 tonnes/year more

mushrooms being exported than were imported on average from 2013-2020.

Table 11. Comparison of available data on import, export, production, consumption, and corresponding supply/demand
gaps in Romania. Values are averages of the listed years in the ‘Data Range’ rows above their corresponding activities.

LOCAL DEMAND LocaL LocaL
COUNTRY CATEGORIES IMPORT ExpoRrT DEMAND GAP
GAP PRODUCTION CONSUMPTION
Data Range (Average for = (Average for (Average for [Average for [Average for (Average for
Mushroom
2,464 6,957 4,493 12,466 7,043 5,423
RomMANIA (tonnes/year)
Monetary value | 5 404000 | 8,695,825 5,615,825 15,582,500 8,803,365

(Euros/year)




Price per tonne

(Euros/tonne) 1,250 1,250 1,250 1,250

WASTE IN TONNES

4.9 Relevant Waste Sourcing for Mushroom Production in Romania

As you can see in Figure 6, the total industry generation of lignocellulosic waste
(LCW)—paper, cardboard, and woody material—in 2020 in Romania was 748,973 tonnes, while
for households it was 1,285,801 tonnes. The total waste generation for these two categories in
2020 was therefore 2,034,774 tonnes. This figure also shows that for industry, the largest (by
weight) waste generation category was cardboard; for household, it was all 3 categories. In
general, in Romania, over this time period, industry generated only 62% of the amount of

household waste.

INDUSTRY AND HOUSEHOLD WASTE COMPONENTS IN ROMANIA

1,200,000
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1,000,000 299,876 435,675
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404,213 360438 Rl 388,827
306,224 B : 342,390 ’
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Figure 6. Industry and Household Waste Components over time from 2012-2020 in Romania. For each year, industry
is on the left (in red/orange), with household values on the right (blue/green).

Figure 7 shows that, in 2018, Romanian industry produced 466,465 tonnes of biowaste, with
approximately 370,062 tonnes of saved waste (46.28% of total biowaste) being used for energy
generation via incineration. The figure also shows that in the industry it is a fairly high

incineration ratio.
Figure 7. Biowaste production and lifecycle as generated from household and industry in Romania from
2011-2019 in metric tonnes.
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Table 12 demonstrates the different types of crop residues that are estimated to have been

generated in Romania from 2010 to 2016. This information is derived from a paper by Bedoic,

Cosic, and Duic (2019) [62], who used different models to calculate the amount of crop residues

that were generated in each year for all the countries in the EU. They also have data on Fruit,

Vegetable, and Animal products as well; for the purposes of this deliverable, we have only used

the Cereal category, as this is of the highest relevance for use as inputs for mushroom production

substrate. Similar to Hungary, the highest source of crop residue was Corn Stalks, with an

average value of around 23.8 million tonnes; the second highest is Wheat Straw, which is

consistent with the other three countries at 9.87 million tonnes on average.

Table 12. Lignocellulosic and Crop Residue Waste Generation for Cereals in Romania from 2010 to 2016. Data derived
from Bedoic, Cosic, and Duic (2019) [62]. All values in tonnes.

2010 2011 2012 2013 2014 2015 2016 MIN MAX AVG

BARLEY 1,599,469 1,622,222 1,203,359 1,881,545 2,089,262 1,984,123 2,217,069 1,203,359 2,217,069 1,799,578
STRAW

BARLEY 201,613 240,934 139,619 202,262 143,307 127,027 315,746 127,027 315,746 195,787
Bran

BARLEY 170,111 203,288 117,803 170,659 120,915 107,179 266,410 107,179 266,410 165,195
HuLL

CoRN STALK | 21,610,452 28,005,040 @ 14,228,507 27,019,189 28,652,635 21,561,146 25,683,872 14,228,507 @ 28,652,635 23,822,977
Corn Husk 2,260,508 2,929,398 1,488,338 2,826,275 2,997,138 2,255,350 2,686,598 1,488,338 2,997,138 2,491,943
Corn CoB | 4,611,435 5,975,971 3,036,209 5,765,601 6,114,161 4,600,914 5,480,659 3,036,209 6,114,161 5,083,564
Corn Bran 964,352 1,271,505 569,165 1,086,269 1,137,604 612,216 1,025,777 569,165 1,271,505 952,412
TRITICALE 307,800 362,000 334,825 612,575 688,050 662,725 718,325 307,800 718,325 526,614
STRAW

TRITICALE 19,935 22,794 19,784 36,007 40,486 41,063 43,567 19,784 43,567 31,948
Bran

OAT STRAW | 407,976 503,652 454,260 500,865 511,384 466,293 511,022 407,976 511,384 479,351
0t Bran | 45,613 56,176 50,591 55,835 57,074 52,166 56,889 45,613 57,074 53,478
Oar HuLL | 88,186 108,607 97,809 107,948 110,342 100,854 109,985 88,186 110,342 103,390
RicE STRAW | 78,535 83,218 64,861 69,686 57,586 63,468 55,638 57,586 83,218 69,559
Rice Bran | 1,161 5,149 986 2,195 2,517 3,646 2,520 986 5,149 2,596
Rice Husk | 3,018 13,387 2,562 5,707 6,544 9,480 6,552 2,562 13,387 6,750
RotTEN RicE | 15,891 15,816 15,735 15,676 15,619 15,559 15,472 15,472 15,891 15,681
RYE STRAW 49,706 45,501 26,448 34,525 35,322 35,264 37,599 26,448 49,706 37,766
RYE Bran | 4,381 3,948 2,203 3,034 3,208 3,265 3,471 2,203 4,381 3,359
WHEAT 8,369,006 = 10,269,490 7,628,760 = 10,506,773 = 10,922,126 @ 11,465,885 @ 12,140,827 7,628,760 = 11,465,885 9,860,340
STRAW

WHEAT 688,776 1,040,739 597,505 544,494 559,349 860,099 448,312 448,312 1,040,739 677,039
Bran




Table 13 details the connection between the amount of waste generated and the associated
estimated greenhouse gas emissions. These estimations were derived from the sources listed at
the bottom of the table. The total average values from 2012-2020 for industry and household
categories have been shown for each specific LCW, crop residue, and biowaste category (e.g.
Figures 1 and 2). As is consistent with the other countries, crop residues is far higher than the

other categories.

Table 13. Supply of waste available for mushroom production and associated greenhouse gases in Romania.

Waste Source Paper Cardboard Wood Crop Biodegrada Total Proportional
(average from Residues ble waste Incineration
2012-2020) (25%)
Industry  (tonnes 155,381 340,255 205,515 26,047,968 1,118,058 27,867,177

waste)

Household (tonnes 398,568 383,265 342,550 0 1,047,692 2,172,075

waste)

GHG emissions

(tonnes 0.94 [65] 0.94 [66] 1.65-1.8 [67] 1.30 [68] 2.54 [69]

CO2e/tonne waste)

Potential GHG 520,712 694,579 945,412 33,862,358 5,501,005 41,524,067 10,381,017
emissions

Lignocellulosic 87.25 % % o o @

content (%) [70] 83.8 % [70] 95.00% [71] @ 97.5% [72] 35.83%

5 Conclusions

The MUSHNOMICS Deliverable 1.3: Gap Analysis has tabulated and demonstrated the
amount of different waste sources in the four consortium countries (Denmark, Hungary, Ireland,
and Romania) that are potentially useful as mushroom production inputs. Namely,
Lignocellulosic Waste (LCW) such as paper, cardboard, wood, and crop residues, and biowaste
such as garden waste and kitchen scraps. These waste sources have different use-pathways: LCW
is useful for primary decomposers such as Oyster mushrooms, while biowaste must first be
composted and prepared before use for substrate for secondary decomposers such as Button
Mushrooms. We have shown here, where data were available, the amount of waste generated in
each country per category per year, as well as the cost of disposing the waste, and the associated
greenhouse gas emissions of their disposal. Knowing this information has allowed us to
hypothesize potential interventions involving the use of these different ‘waste’ streams for
valorization into mushroom products. We have also taken market information, where available,
and used this to show how much value there is per tonne of mushroom produced, and compared
this to the cost of disposing a tonne of different ‘waste’ sources. In summation, we have shown

that there is much room for synergies across economic sectors in all four countries that can



valorize ‘waste’ into useful mushroom substrate inputs. This can be done, for example, via the
agricultural sector supplying widely available crop residues, such as Wheat Straw, for mushroom
substrate inputs; downstream, the agricultural sector can in turn benefit from spent mushroom
substrate being used as a returned product in the form of soil amendment or crop feed
component. The Deliverable 1.3: Gap Analysis has demonstrated and discussed the value of these
different interventions and connections between different sectors of the economy within the
context of mushroom production. This is of crucial importance for countries such as Denmark,
which doesn’t have any industrial producers of mushroom substrate: both complete substrate
products, and many substrate components are imported from other countries, even for those
who assemble the substrate domestically (wood pellets, saw dust, etc.). Furthermore, Denmark
imports around 45% of the mushrooms that are consumed domestically. Using domestic sources
of substrate inputs can reduce greenhouse gas emissions associated with transport and
hopefully also increase localized production of mushrooms as well. Ideally, considering that all
four countries produce over 20 million tonnes of crop residues, there is room for extant waste
streams to be incorporated and valorized into mushroom production activities and improve

respective overall waste generation and disposal dynamics.
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