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ABSTRACT

Energy security, economics and environmental factors are key drivers toward greater
energy efficiency, decarbonisation and circularisation of the building sector.

Bio-based construction provides a potential low carbon and circular strategy toward
these aims, as these materials can sequester carbon, are derived from renewable and
nontoxic sources and can be re circulated in either technical or bio cycles.

This innovative research undertakes a state of play into select agri-crop biobased
construction materials, products and systems across Europe focusing on their supply
chain types and dynamics.

The research is based on a multi case study applying a range of mainly qualitative
research methods, including desk-based review, semi structured interviews and
supplemental field work facilitating a high-level analysis of this sector and its supply
chain dynamics.

This novel research presents an overview of the sector and examination of supply chain
dynamics in relation to key agricultural, process, manufacture and construction stages.

The findings show an emerging biobased construction sector utilising a range of agri-
crops to produce various materials, products and modular systems within diverse and
innovative supply chains, with common and distinct features and aspects identified
including; crop types and utilisation, processing requirements and methods, transport,
handling and storage, construction application, the centrality of certification and testing
to access markets and growing interest in carbon profiling and benefits.
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1. Introduction

The building and construction sector has a significant environmental impact, consuming approximately 34% of
global energy demand and generating 37% of energy and process-related carbon dioxide emissions [1], with the
sector also producing a considerable amount of construction and demolition waste (CDW), for example
accounting for around 40% of all waste generated in the European Union [2].

Given these environmental impacts and the sector's economic importance, Europe has implemented
substantial policy and legislative measures to improve the sustainability [3] and energy efficiency [4] of its building
stock. Policy initiatives have increasingly focused on transitioning the economy and the building sector towards
more circular practices [5] driven by the construction sector’s high resource intensity and waste production [6, 7].

Notable among Europe's policy and legal initiatives are the Renovation Wave [8] and the EU Green Deal [9],
which aim to decarbonize the existing building stock, improve energy efficiency, promote renewable energy, and
reduce and recover construction waste. Additionally, the Circular Economy Action Plan encourages circularity
principles for the construction sector [10].

In Ireland decarbonisation and circularity are also being promoted through the Irish Climate Action Plan [11],
the introduction of a Circular Economy Act [12], with the Irish Green Building Council developing frameworks and
roadmaps to support decarbonisation and circularity of the building sector in particular [13, 14].

Biobased materials are an important pathway to decarbonising and circularisation of the construction sector
and generally refer to materials that derive from living matter - biomass, occurring naturally or synthesised from
same [15]. Within the construction sector the principle resources for biobased materials derive mainly from
agriculture and wood industry and are used in a diversity of applications including load-bearing and non-load-
bearing construction, cladding, insulating, sheeting and plastering materials. While timber is one of the most
common biobased materials used in construction, there is a diverse range of other resources being utilised, such
as straw, hemp, cork, shells, husks, reeds etc. In addition to a range of potential environmental, (low toxicity,
renewable non virgin sources, biodegradable etc.) and carbon benefits of these materials, there are also claims of
positive thermal and moisture properties, notably combined insulation and thermal inertia with improved
hygroscopicity and moisture buffering [16].

Agricultural crop biobased materials are argued to be low environmental impact across all life cycle stages,
being simple to produce, moisture resistant, potentially long-lasting, locally accessible, have good thermo-physical
properties, are low toxicity, low embodied energy, with high potential for circularity, and minimal ultimate waste
[171.

Importantly the resource availability is substantial with supply of forestry, agriculture and biomass residues
outweighing projected construction demand, and that other applications and end of life pathways, such as energy
recovery, miss out on the carbon capture aspect of these long-life building materials. Notably, compared with
wood-based bio constructions, crop-based bio constructions can result in even lower carbon emissions [18, 19].

While biobased materials provide a potential pathway to sustainable low carbon construction, the sector is
presented with many challenges including, the sheer diversity of resources and variations, technology
development, economic viability and competitiveness, and compliance with regulatory performance standards,
which are often tailored for different material typologies [20].

While the potential adoption of crop-based biomaterials remains relatively untapped [17], this research, on the
emerging commercial applications of argi-crop materials in construction, shows evidence of a diversity of
biobased construction solutions being commercially applied in mainstream construction across a diversity of
supply chains.

Carried out by lIrish research partners of the Circ Reno project, an EU inter-regional initiative promoting
biobased construction supply chains from agricultural crops and demonstrating their application in social housing
retrofits [21], this research aimed to synthesise knowledge on contemporary European commercial applications of
straw, miscanthus, and hemp construction materials, products, and modular systems to support similar solutions
and supply chain developments in Ireland.
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2. Research Approach and Methods

This innovative research was conducted to gain insights and knowledge on the commercial development of key
agricultural crops—straw, miscanthus, and hemp—into biobased construction materials and solutions in Europe
and in particular to examine and determine types of supply chains and their key dynamics and aspects.

The research, based on a multi case study, explored the extent and scope of commercial applications of straw,
miscanthus, and hemp crops in biobased construction across Europe. It investigated which materials, products,
and systems are being produced / manufactured and how they are being applied in construction, with a focus on
their supply chain aspects and dynamics.

The research utilised several approaches and methods, primarily qualitative in nature and drawing from case
study research [22, 23], to gather and analyse the data, as follows.

A scoping literature review was conducted to establish the context, key drivers, and an overview of biobased
construction and supply chain mapping.

A detailed, though non-exhaustive, desk-based review was performed on known suppliers, producers, and
manufacturers with supplemental communications. Data was collected and tabulated regarding material/product
properties, applications, testing, certification and claimed benefits.

A series of semi-structured interviews (supplemented by several field studies and site visits), were carried out
with a representative sample of 13 companies from across the supply chains, including growers, processors, and
manufacturers, which facilitated case study analysis and high-level supply chain mapping. Fig. (1) represents a
schematic overview of the research.

Circ Reno Project
WP 1
Supply Chain
Development

Background Literature
Review

Agri Crop
Biobased Construction
State of Play

¥ “a

Semi Structured

Desk Based Review .
Interviews

) . - ¥
Collation and Review of
Available Data

v

Case Studies

v

Analysis and Synthesis

¥

Findings & Conclusions.

Scope of Research Paper

Figure 1: Schematic of the research scope and stages in undertaking the state of play of commercial application and supply
chain dynamics of agri-crops in biobased construction [Source Authors].
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The study represents research that is in progress and a ‘snapshot’ in time, and as such the representative
companies are not exhaustive and the number of companies and associated solutions examined may expand
over the course of the Circ Reno project and beyond.

The study has focused on dedicated commercial companies actively producing materials, products or systems
for application in construction and ignores the alternative farm direct supply of materials, such as supply of straw
bale, which has significant application in Europe.

The research paper contributes to several UN Sustainable Development Goals including 7, 8,9, 11, 12, 13 and
15.

3. Agricultural Crops in Biobased Construction

This section presents an overview of key agricultural crops, straw, miscanthus and hemp, and their application
and commercial activity in biobased construction in the European context.

3.1. Agri Crop Resources
i) Straw

Straw is the leftover stalk from harvested grains / cereals [24] consisting mainly of cellulose, hemicellulose, and
lignin [25], and is mainly used for livestock bedding or as biomass energy crop [26], or incorporating into soil to
increase soil organic carbon levels [27], but also has construction application as bales, chips or to fabricate boards
and batts.

Straw is abundantly available across Europe, at approximately 50.69 million hectares [28], producing some 270
million tonnes of cereal [29], with an established harvest and processing sector.

ii) Hemp

Hemp (cannabis sativa L.) is a rapidly growing, multi yield industrial crop consisting mainly of cellulose,
hemicellulose and lignin [30], that has a range of applications in a diversity of sectors [31], with processing
separating the fibre from the woody inner part of the stem to shives [32], with both the fibre and shiv having
potential application in construction [33].

The hemp resource in Europe is relatively minor but sufficient to supply hemp on industry scale, with hemp
cultivation at 28,030ha in 2023, producing circa 158,150 tonnes [34] with France being the leading producer [35].

iii) Miscanthus

Miscanthus is a large perennial grass [36], that remains productive for 20-25 years, thrives on marginal lands,
can help remediate soils, and is non-invasive [37]. Consisting of mainly cellulose, hemicellulose and lignin [38],
miscanthus has a wide range of core applications across various sectors, with potential construction uses [37].

Miscanthus is also a relatively minor crop in Europe, with an estimated 20,000 hectares of land under
cultivation in the EU in 2016, however, its cultivation has been decreasing in many regions [39].

3.2. Biobased Solutions Commercial Activity
i) Overview
Some, 57 companies were identified and reviewed in this research, with 46 engaged in the supply and

manufacture of agri-crop biobased materials and products, and 15 incorporating these resources into modular
construction systems. See Appendix 01 for list of companies reviewed.
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Companies involved in supplying straw-based construction materials and products are widespread,
encompassing manufacturers of straw bales, blow-in straw, boards, batts, and various straw based modular
systems. While straw remains the predominant resource, there is a higher numerical presence of companies
manufacturing hemp-based biobased materials and products. A significant cluster of these companies is in
Western Europe, particularly in France, Germany, and the Benelux countries, likely benefiting from proximity to
significant regional resources. However, it was noted that several companies also utilise imported hemp resources

(Fig. 2).

MISCANTHUS
3 Companies
5%

HEMP
35 Companies
— 62%
STRAW '
19 Companies
33%

Figure 2: Companies sourced involved in the manufacture of biobased materials, product and/or modular systems by resource
type, straw, hemp, miscanthus (ignoring farm direct resources) [Source Authors].

ii) Materials and Products

Approximately 46 of these commercial companies were identified as involved in manufacturing biobased
construction materials and products derived from agricultural crops such as straw, miscanthus, and hemp, with
hemp companies being the most numerous. Notably, hemp companies are primarily concentrated in Western
regions, while straw-focused enterprises are more prevalent in Eastern regions, ignoring dispersed farm direct
bale production. The locations and proportion of companies active in supply of materials and manufacturing
products, by resource type could be seen in Fig. (3).

MISCANTHUS
3 Companies
6%

penmark  {® STRAW
11 Companies

24%
Ireland
HEMP
® e 32
O) i _ Companies
’ 0,
{':.l Slovakia 70 A)
®®e
bt ) Hungary
Stovenia
Croatia"”
- Moriaco o AR SO
. Straw Material or Product Companies
Portugal siesicis Pam ? ; o Hemp Material or Product Companies
OFE - , 0 Miscanthus Material or Product Companies

Gibraltar . ’ Vo Malta

Figure 3: Companies active in supply of biobased materials and products across Europe, LHS - location map, RHS proportion of
companies, all by resource type [Source Authors].
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Of the companies reviewed, most of the biobased solutions were non load bearing materials and products
across a of range of technology / complexity levels, mainly applied in timber framed construction, based on both
wet and dry systems and including low technology solutions such as straw bale, low - medium technology level
solutions like wet hempcrete infill and blow in straw, and a range of medium technology level boards, batts and
quilts, and examples of block manufacturers mainly non load bearing. There were also innovative companies
extracting sub materials from these resources for application in other material and products, e.g. cellulose, lignin,
fibres, etc.

Straw is being utilised in a range of ways and technology levels including bales, blow in insulation, and boards /
batts of varying density and thermal performance, all applied in timber frame constructions. Hemp based
companies, were the most dominant of the material and product companies and are producing hempcrete for
timber fame infill and masonry block application but also a significant range of medium tech products such as
boards, batts and quilts for application in timber construction. One example of miscanthus board was found. See
Fig. (4) for an overview of the range and types of agri-crop biobased materials and products by broad technology -
complexity level.

Straw Low Tech Low-Medium Tech Medium Tech Medium-High Tech
» Strawbale * Blow-in + Boards
straw e Batts
* Block
+ Hempecrete * Boards * Additives
* Quilts * Biopolymers
* Batts
Miscanthus
* Miscanthus e Boards * Cellulose
bale * Lignin

Figure 4: A summary chart of the type of application of agri-crop biobased materials and products under broad technology -
complexity levels [Source Authors].

iii) Modular Systems

Fifteen companies were observed to specialise in manufacturing modular systems using these agricultural
crops. While some modular companies operate primarily within their regions, many export across Europe, and
several are planning to expand their manufacturing capacity and establish new plants (Fig. 5).

Straw was found to be the more dominant of the modular systems reviewed, followed by hemp and one
example of miscanthus. Straw panels are mainly dry system based wall and roof panels, employing various
technology levels such as compressed bales or use of loose chopped straw - applied in a range of methods
including blow in, mainly utilising twin stud / structural systems with a diversity of panel sizes in both open and
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MISCANTHUSF\
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7%

HEMP
5
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= 33%

STRAW
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60%

Straw Modular Panel Companies
O Hemp Modular Panel Companies
O Miscanthus Modular Panel Companies

Figure 5: Companies active in supply of biobased modular systems across Europe - LHS location map , RHS % pie chart, all by

resource type, straw, miscanthus, hemp [Source Authors].

closed solutions, being applied mainly in new building but with some retrofit examples. In contrast, hemp modular
panels utilise mainly wet systems with varying dry times depending on the components and build ups. They
primarily employ single stud frames, tending to be larger panels with both open and closed system examples, and
targeting mainly new buildings. The sole miscanthus system was very similar in typology to hemp solutions. See
Fig. (6) for an overview of types and key characteristics of modular systems by resource type.

Technology Wet/Dry Timber Frame
Straw _
Str.awbale D « Single Studs
L ry « Twin Studs
Blow in
Infill + Wet « Single Studs
Infill + Wet « Single Studs

Open/Closed Panels Element Panel Size
« Open Panels * Mainly Walls « Small
* Closed Panels * Roof and Floor Panels
Available
- Open Panels * Mainly Walls * Small &
« Closed Panels * Roof and Floor Large
Available Panels
« Small
. « Walls
Open Panels Panels

Figure 6: A summary chart of the main characteristics of the modular panel system per resource type [Source Authors].

For further detail on these key agri-crop biobased materials, products and modular systems their types,

characteristics, key performances, testing certification

etc., please refer to the precursor paper ‘Biobased

Construction from Agricultural Crops Paper 1 - A State of Play of Commercial Solutions in Europe’ [40].
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4. Supply Chain Case Studies

This section presents an overview of the supply chains of a representative sample of companies derived from
semi structured interviews with a focus on more detailed case studies / supply chain mapping of six companies
representing different; locations, resource use, supply chain stages, processing and material, product and system
outputs and construction applications.

4.1. Supply Chains / Mapping

Supply chains have been broadly defined as a process or flow of goods (and services) wherein they are
transformed and supplied to others for a particular function or utility, typically for financial benefit [41, 42]. Supply
chain models and dynamics have some co-relation to general systems theory [43], and are seen as a particular
form of system, with specific inputs, processes and outputs and distinct boundaries [44]. Mapping or schematic
representation of the system / supply chain is seen as an important tool in the design, understanding and
management of supply chains, with approaches subject to purpose, with differences in level of hierarchy, detail
and functionality [45, 46].

In this research high level supply chain mapping, in line with a meso level perspective from MacCarthy et al.
[46], is utilised to assist in system analysis to help define, characterise and compare a range of agri-crop bio-based
construction supply chains - identifying key supply chain actors, resources, activities, outputs and issues across
four key stages, agriculture, processing, manufacture and construction with transport and storage being a feature
across all four stages, and market and regulatory issues being important contextual factors. Fig. (7) presents a
schematic model and scope of the meso level supply chain mapping undertaken.

SUPPLY CHAIN CASE EXAMPLE

AGRICULTURE PROCESS MANUFACTURE CONSTRUCT

TRANSPOR[T and| STORAGE

MARKET and REGULATORY CONTEXT

Figure 7: Showing schematic of scope and categories of high level supply chain mapping exercise conducted in this research
across four key supply chain stages, agriculture, process, manufacture and construction [Source Authors].

The data sources for these maps were accrued from circa 13 semi structured interview (supplemented with
some site visits), from a representative sample of over 50 reviewed companies across Europe active in processing
and manufacture of bio-based materials, products and systems from straw, hemp and miscanthus.

4.2, Supply Chains - Sample Companies Overview
Table 1 presents an overview of the representative sample companies who engaged in semi structured

interviews showing four identified key supply chain stages, agriculture, processing, manufacture and construction
application, noting companies focus, resource crop and supply chain stage noted with commentary.
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Table 1: Presenting a supply chain overview of representative sample of companies [Source Authors].
INPUT OUTPUT SUPPLY CHAIN STAGES
COMPANY TYPE Modul
Resource Material Product :a:efr Agriculture Process Manufacturer Construction
Extraction of key elements - |Supply to third party
Processor* | Miscanthus Cellulose 50% Cellulose, 25% Hemi |manufacturers. Developing Lignin used in tarmac
and lignin cellulose, 20% Lignin, 2% [possible cellulose insulation :
Phenols. product.
Specialist \
Miscanthus 170ha (20ha own area peéla USSR .
Lo multiple sectors and Supply to diverse range of sectors
chipsin +150ha external . . . . . . . .
Grower & . . ) industries, using range of and industries. Clients include Blow in straw, blocks,
Miscanthus| different contract). Regional . - K .
Processor* . o varietes and processing several biobased construction boards, panels etc.
sizes and resource withing 100 . .
fibres O s techniques. Processing product manufactures.
P gp performance 150m3/h.
Processing straw for animal
Straw Chips, Currently 4,000ha bedding (chips and pellets)
Grower & Straw Straw (25,000 straw tonnes) |- milled, dedusted (5mm
Processor* Pellets, 1,000ha own + sieve), treated with a
Straw Crumb 3,000ha local farmers) |bactericide and mould
inhibitor.
Building straw .
S ly bal d blow-in st
Grower, bales & Blow Straw used circa Customized straw re-baling upplybales an owsn s r_aw Straw bale and blow in
. . . under an ETA, and also provide L
Processor & Straw in straw chips, 1000ha from local or chopped and milled for _ X straw chip infill in timber
e e I S on-site consultancy services to
Manufacturer* Certification farmers blow in insulative infill. s frame.
. certify local resources.
Service
E tati d Manufacturing blow in straw fib
Blow in straw Straw supplied from D?f?g::t?oi Io:):zss through (E?I':l)Jaanch;nrr;i eo(:\; g]oerc?:VarI]dre Straw fibre, boards and
Manufacturer* Straw fiber, Boards & circa 30-40km radius ® g K g . R bats for timber frame
a patent wet technology to |batt straw insulations with CE .
batts (year contract) X A construction.
produce straw fibres. marking.
Small production of 7 to 10,000
Inputs f by- i
nputs rom crop by At the moment UK hemp sgm/year of carbon seque‘stermg )
Hemp and Wall board & products, fibrous waste L . plasterboard, currently using Carbon sequestering
Manufacturer* X provider is supplying the
other crops Plasters from various sources, resources hemp. The technology has been |plasterboard.
and recycled material. ’ designed to be used with any kind
of crop.
Line of hemp based products,
Manufacturer Hempcrete, Hemp sourced from French |hempcrete infill (hemp, lime plus |Hempcrete infill to timber
(Construction)* Hemp boards, block French Hemp industrial processor addition of probiotics to speed up|frame and hempcrete
& batts (+900km) carbonation process) and masonry blocks.
hempcrete masonry blocks.
Manufactured off-site composite
hemp panels make up the
Hemp Block, |Dry Panel superstructure, delivering a
Manufacturer* He
anutacturer mp Boards & Batts| System weathertight building on-site.
Manufactured Hemp Blocks,
Boards and Batts.
Al L ity i ts: It t
nnual capacity Inpu S Structural modular wall panels ce'm be.used b 03
In 200tonnes of hemp shiv . . stories without additional
Wet & interlocking / DfD enabled,
Manufacturer development - (1/3 UK Processed rest structure, 60kgeach
X Hemp Dry Panel|{UK/ French sources composed from a patent hemp .
(Construction)* Hemp Blocks Processed France), 1,800 X Lo . panel - ease of handling
System R R composite and fibre insulation & X
and Boards ma3 of flexible fibre, 56,000 . . . and assisted non powered
N panelinternal partition variation. |
timber panels. lifting.
Open or Closed panel
The decortication process |Structural wall panels of P N P
- . L ready for on-site assembly-
Utilises circa 1000ha  |occurs next to the hempcrete in single stud frame. .
Wet . . L crane required. 2 types of
Manufacturer hemp peryear, manufacturing panel, 8-72h horizontally drying time + .
X Hemp Panel . - S panels, load-bearing up to
(Construction)* supplied from 25km providing a large-scale another 21 days drying time X
System R . . . . 3floors, non-loadbearing
radius supply thatis stored in a before shipment. Production . -
. X B up to 28m with additional
silo on as need basis. capacity 30 panels/week. .
timber structure.
Small open panels -
The f: deliver directl directly to site f
Resources from 10- © a.rmers © |ver_ _|_rec v 2 factories (Lithuania 2008,22 X recty _0 site for
. R to their storage facilities at . ... |installation or to local
30km radius. seeking . people - semi automated, 1 shift, .
Manufacturer Dry Panel winter for 1 -2 years storage . assembly factory halls with
. Straw to promote ) 12,000sgm per year) (Slovakia .
(Construction)* System . / drying. In house local companies (Holland,
carbon/regenerative . . 2024, 5people + Fully Automated ]
X processing - de baling, X Denmark, Finland,
farming . ) ,2shifts, 60,000sgm per year).
cutting, cleaning etc. Sweden) to create larger /
closed panels.
Blowin Third party processor Modular structural wall panelin .
! . Timber frame walls - can
Straw supplies de-dusted single study open panel - closed / .
Manufacturer X L X X be used up to 3 stories,
X Straw Chips chopped straw ready for finished on site. Panel weight - - X
(Construction)* s R with additional timber
Panel blow in insulation about 6% [around 60kg/sqm-crane X
X X structure up to 5 stories.
System moisture control. 15km. required.
Manufacturing Load Bearing
Manufacturer Straw Dry Panel|Straw from local Prefab Straw Bale panels system |Rapid one day structural
(Construction)* System [regional farms in 'Flying' - temporary local build. Crane required.

Factories.

*Showing representative companies for more detailed case study.
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This overview highlights the diversity of the sector with a range of resources being utilised, their various
processing methods and modes (third party or in house), range of material and products being manufactured,
including their integration into modularised systems, and type of construction applications noting bias toward
timber framed structures for most insulative infills, boards, batts and quilts but also some non-load bearing
masonry applications and that multi story and non domestic buildings are also utilising these solutions and
systems.

4.3. Selective Case Studies / High level Mapping

A range of more detailed specific case studies / high-level mapping exercises was undertaking, representing
processing, manufacture and construction stages, to analyse supply chains in more detail - highlighting key
similarities and distinctives as follows;

i) Specialist Miscanthus Processor (Germany)

Description / Context

This case is a specialist miscanthus processor in Germany supplying into several sectors / industries in
Germany and Europe including the construction sector.

Resource

The processor utilises circa 170 ha of miscanthus under contract growing and open market including its own 20
ha farm, which it mainly uses for specialist varieties and trials.

Processing

The processor is highly specialised and utilises specific varieties and processing techniques, primary and
secondary, to supply into to a range of sectors such as pharmacy, paper, plastics, car panels, animal bedding,
biomass and construction sectors. Some of the key element's output from the plant are cellulose, fibre, silicone,
pith, and shiv chips of varies sizes.

Construction Application

In addition to other sectors, they supply a diversity of materials to companies producing a range of
construction products such as, blow in chips for insulation, thatch for roofing, ‘miscrete’ (miscanthus - lime) blocks,
mycelium acoustic boards, construction boards and panels. See Fig. (8) for high level supply chain mapping.

PROCESSOR - Specialist Miscanthus Processor (Germany)

— _—
AGRCULTURE ( PROCESS N MANUFACTURE CONSTRUCTION
(Germany) (Germany) s (Germany / Europe) (Europe)
— —
Non direct

Specialist primary and

Local
Miscanthus

secondary processing,
cutting, chopping,

Supplying to diversity
of sectors / industries

applications
through others
products.

Varieties / cleaning, element — Car, Pharm, Medical, Mi ‘e Blow i
Company extpactions etc Paper, Const etc. Iscrete, blowin
Farm A h Chips, Roofing,

Mycelium Boards,
and Construction
rds / Panels

170 ha

Conventiona Lg:gfau;c/al Diverse ZOStt' Diverse
Harvesting '8 Output production Markets
Drying Storage

Specialist miscanthus sector supplying into diversity of industrial sectors

Figure 8: Presenting a high-level supply chain mapping of specialist miscanthus processor tailoring its processing to supply a
range of sectors / industries with raw materials for third party manufacture including the construction sector [Source Authors].
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This case highlights the following key aspects; an in-depth knowledge of miscanthus agronomy including
diverse varieties with owner trials plantation / farm, highly specialised processing / sub processing - tailored to
multiple client needs - serving a diversity of sectors / industries.

ii) Straw Processor / Construction Material (Austria)

Description / Context

This case is a straw processor / material supplier in Austria, supplying both construction straw bales and blow
in straw chips.

Resource

The company developed out of agricultural straw processing for animal bedding and uses circa 1000 ha of
straw (round bale) from a small number of larger growers in their region, initially focused on supply of straw bales
for bale construction, and later expanding to chopped straw for insulative infill.

Process / Manufacture

They supply two main products i) straw bales either direct from farm or from their plant where they can re-
process straw to particular and consistent sizes and quality to certified standards and ii) a straw chip for blow in
insulation infill, which involves cutting / chipping, dedusting and bagging of the product for storage and
distribution. They also undertake straw construction consultancy and local sample testing for certification of both
bale and blow in chip insulation.

Construction Application

The straw bale product is primarily aimed at new build timber frame housing, mainly walls, and the blow in
straw insulation is being used mainly in new build timber framed buildings for walls and roofs and sometimes in

floors, with potential retrofit application.

The company supplies regionally across central Europe and has European Technical Assessments (ETA) and
associated CE (European Conformity) certifications for both straw bale and blow in infill. See Fig. (9) for high level
supply chain mapping.

PROCESSOR / MATERIAL / PRODUCT - Straw Bale / Blow in Chips (Austria)
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Figure 9: Presenting a high-level supply chain mapping of a straw bale / chip processor supplier for timber frame construction
with either straw bales or a blow in straw chip insulation infill [Source Authors].
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This case highlights the following key aspects; company and product developed / diversified out of existing
knowledge and capacity, expanded from bale construction experience to blow in straw chips, based on large
volume straw resource availability, focused on timber frame construction, outsourcing storage to supplier, have
secured key ETA certifications for trading across Europe, and provides consultancy and testing support.

iii) Straw Based Construction Products (Poland)

Description Context

This case is an innovative Polish company who have developed patented technology for straw fibre extraction
to manufacture a range of straw fibre-based boards, batts and loose fill insulation.

Resource

The small factory has access to a significant straw resource, with direct access to a diversity of cereal farmers /
straw suppliers in their region, utilising some 1000 tonnes of straw directly from farmers within a 30 - 50 km
region on an annual contract basis. Resources are stored on farm (covered) and generally delivered to factory on
an ‘as need' basis into a smaller local storage area, thus reducing need for large scale factory storage at harvest.
Moisture content is typically 15% though less critical as the production process is wet based.

Process / Manufacture

The company is a combined processor / manufacturer, involving a patented wet process for fibre extractions
before manufacture of a range of boards, batts and quilts, via pressing and combining with additives such as
polymers and recycled fibres. They also supply the fibre as a low density (45-75kg/m?3) blow in insulation. Products
are then packed and stored for transport and delivery through direct sales and supplier network.

Construction Application

The materials and products are mainly applied in timber frame construction, mostly walls and roofs, as inner
and outer frame liners, internal insulation fill and an external wall insulation. The products are used in housing
and non-domestic buildings, mainly new build but with potential for retrofit application. They are also being
applied in historic building conservation projects where vapour open (breathable) construction is required.

They supply mainly across continental Europe noting some limitations due to transport costs and some
national and regional certification barriers, despite products having CE marking based on harmonised standards.
See Fig. (10) for high level supply chain mapping.

PROCESS / PRODUCTS - Straw Boards and Batts (Poland)
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Figure 10: Presenting high level mapping of straw-based processor / product manufacturer with patented technology for fibre
extraction of straw, manufacturing and supplying a range of boards and batts for timber frame construction and fibre blow in
insulative infill [Source Authors].
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This case highlights the following key aspects; building supply chains around large available resource,

outsourcing of storage to supplier, manufacturing under patented technology, products that are stackable and

transportable, and have appropriate certification, blow in straw fibre with lower density than straw chip blow in.

iv) Hemp Based Construction Material and Products (Italy)

Description / Context

This case example is of a hempcrete supply and hempcrete block manufacturer, which is a subsidiary of and
integrated into a larger cement construction product company in northern Italy.

Resource / Processing

Hemp shiv, manufactured to the French hemp construction associations, (Construire en Chanvre) quality
standards, is imported by road some 900 km from France to the plant in northern lItaly for application in both
hempcrete infill and masonry block manufacture, where it is bulk stored in covered sheds. (There is openness to
secure a more local or regional hemp resource, subject to equivalence of the French quality standard).

Manufacturing

The hemp shiv is i) supplied in large and small bags for application with their propriety lime / probiotic binder /
water in ‘hempcrete’ mix for infill solutions in timber framed walls, roofs and floors, and ii) for manufacturing of
hemp blocks via an adapted processing line within an existing block making plant, involving mixing the hemp with
water and the proprietary lime binder, pressing into mechanical moulds before later stacking, drying and
wrapping / storing. The company also provides training, installation and consultancy services.

Construction Application

The 'hempcrete’ is mainly used as an insulative infill in new build timber frame walls, roofs and floors with
some retrofit applications. The masonry blockwork is typically nonloadbearing and used within post and beam
structures.

The company is mainly operating across Italy and central Europe but also has some international exports. They
have secured key thermal and fire certifications under International and European Standards (IS) (EN) standards
as well as Environmental Product Declaration (EPD) environmental testing. Fig. (11) presenting high-level mapping
of this hemp product supply chain.

MATERIAL / PRODUCT - Hemp Lime Infill & Masonry Blocks (Italy)
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Figure 11: Showing a high-level supply chain mapping of this hemp lime supplier/manufacturer based on French hemp
resource [Source Authors].
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This case highlights the follow key aspects; that supply chains can function remote from resource, that existing
knowledge and production facilities can be adapted to develop biobased products, that training and consultancy
are key aspects of service for mainstream integration of the solutions in commercial projects, and use of patented
binder based on innovative probiotic technology for enhanced drying times.

v) Hemp Based Modular Wall System

Description Context

This case study is based on a hemp based modular wall system manufacturer located in northern France part
of the Construire en Chanvre association who provide quality assurance standards for hempcrete product and
construction [47].

Resources

The supply chain is based on a well-developed industrial hemp sector with some 100 farmers growing hemp
within a 25 km radius of which the modular manufactures currently utilises some 1000 ha of processed hemp shiv.

Processing

The third-party processor has a large storage facilitate and decortication plant for separation of the fibre from
the plant stem (which can be used to make quilt insulation), and the remaining woody core component of the
plant - shiv being chopped to a particular size and de-dusted for application in ‘hempcrete’.

The modular manufacturer is located next door to the processor, with minimal transport and no large volume
or long-term storage needs, being supplied on an ‘as need’ basis via bulk supply into a storage silo, for later mixing
with lime and water to produce the bio-composite hempcrete.

Manufacturing

The factory comprises several assembly and storage / drying areas. The modular walls are based around a
single timber stud frame system, which are assembled on a horizontal bed, lined on one face and with temporary
shuttering around edges and openings to receive the hempcrete infill from a hopper, which is simply raked into
the timber frame. The panels are stored on the assembly beds for 8 to 72 hours, for initial lime set, and then
raised vertically for additional work and completions, i.e. installing windows and doors, internal or external
claddings etc., and additional 21 days storage for full drying before external transport and delivery to site. The
plant has a capacity of approx. 30 panels per week.

Construction Application

The wall panels are generally load bearing, with two types, one for two story and one for multi-story, but are
also utilised as semi or non-load bearing within post and beam structures. The panels are being applied in mainly
single and double story domestic buildings but also in multi-story apartments and other non-domestic building

types.

The supply chain operates mainly regionally in northern France and the company are seeking to establish a
second plant in southern France and one overseas. The manufacturer operates under construction material and
product certification and testing carried out by the association, Construire en Chanvre, but are also undertaking
their own testing for more advanced performances. See Fig. (12) for high level supply chain mapping.

This case highlights the following key aspects; operating in context of a well-developed hemp industry and
hemp construction sector with national association quality standards and certification, advantages of proximity to
resource and processor, challenges of use of wet material with drying stages and storage in assembly line,
application in multi-story buildings and plans to establish several regional and overseas plants.
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MODULAR SYSTEM - Hemp Modular Wall (France)
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Figure 12: Presenting high-level supply chain mapping of this wet process hempcrete based modular wall panel manufacturer
located adjacent to processor and seeking to develop several regional factories [Source Authors].

vi) Straw Based Modular Wall System

Description / Context

This case is an innovative straw based modular system manufacturer based in Lithuania and Slovakia utilising
automative production and are seeking to develop other factories in Europe.

Resource

The modular system uses compressed straw as an insulative infill from straw resources which are locally /
regionally available across Europe.

Process / Manufacture

The manufacturer is also the main processor and receives large volumes of mainly rye straw, (5000 - 6000
round bales) at winter harvest for long term storage / drying (1-2 years), with the process involving cleaning,
chopping, dedusting and compressing the straw into a modular wall panel. The modular wall panels are twin stud,
small panel and ‘open’ i.e. only partially finished, to aid stackable storage, transport and handling. These modules
can be sent direct to site for assembly and closing out or be further assembled and closed (completed) in local
temporary factories for site installation

Construction Application

The modular panels are wall systems only, generally loadbearing up to 6 storeys, but can also be installed in
post and beam structures and are primarily focused on new build applications, but with interest in developing
modular retrofit systems.

The company are supplying across Europe and are developing other plants, notably strategically located close
to urban centres and transport hubs and ports for ease of shipping rather than proximity to resource.

They have national testing for the products and are seeking European Technical Assessment (ETA) certifications
for their straw system. They report some challenges in terms of local, regional and national regulatory standards
and test requirement variation, especially for fire. See Fig. (13) for high level supply chain mapping.
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MODULAR SYSTEM - Straw Modular Wall (Slovakia)
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Figure 13: Showing high level supply chain mapping of straw based modular wall system manufacturer based on small module
unit and use of automation in manufacture [Source Authors].

This case highlights the following key aspects; small module design for ease of handling and transport,
strategic location to transport / shipping hubs, use of patented manufacturing technology, developing retrofit
panel, use of secondary assembly factories, plans for multiple regional plants and further integration of
automation,

5. Supply Chain Dynamics

This section presents an overview of key supply chain aspects and distinctives that emerged from the semi
structured interviews and case study research discussed across four key stages of agriculture, process,
manufacture and construction.

5.1. Agricultural Resources

Of the three agri-crops examined straw is the dominant and relatively massive resource, however all three
resources are being utilised in a range of biobased constructions. Straw and miscanthus are harvested via
conventional equipment and methods, whereas hemp requires some specialist harvesting equipment and
processing. Crop resource type, and even variations in plant varieties, have impacts on processing, manufacture,
and potential application with some differences in carbon profile and performance in use.

Manufacturers are securing their resources in a diversity of ways with different supply, transport and storage
issues. While in general material and products are linked to regional resources, this is not determinant in all cases,
with some manufacturers transporting resources significant distances related to supply availability and quality
factors.

Resources are sometimes secured on open market directly at harvest, especially where there is significant
resource availability, for example straw, or resources can be supplied under contract growing, with some examples
of companies growing resources directly, e.g. for testing and trials in particular.

Transport and storage are handled in different ways depending on the resource, processing and manufacture.
For example, some companies order on an as needs basis with farmers storing and supplying material, while
others receive resources at harvest and must arrange often large-scale storage themselves.
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5.2. Processing

Some processors / manufacturers can use resources direct from farm with zero to low processing, e.g. straw
bales, but in most cases, there is some element of processing, either primary or secondary, in house or by third

party.

Straw can be used direct from farm as bales but is also being processed for re-baling or as infill into modular
systems or chipped and dust filtered, or fibre extracted for blow in straw applications or used to manufacture
construction board / batts.

Hemp stems are typically processed to separate the fibre and shiv / chip, which may need additional dust
filtering, with the fibre being applied mainly in quilt products or as an additive to other construction materials, and
the shiv generally being the main ingredient in hempcrete infill or masonry blocks and being used in some hemp
boards.

Processing may be done by specialist dedicated third party processors, e.g. hemp, which tends to require more
specialist processing equipment and larger scale plant. There are also independent straw processors producing
straw chips, however, some manufacturers, mainly straw based, are undertaking some level of in-house
processing, primary and or secondary, both for product and modular systems.

Scale and type of processing varies and is relative to technology level, with low and low medium technology
levels utilising simple and existing agricultural processing methods, while others require more specialist and large-
scale technology.

Generally processing / manufacture is located relatively close to agricultural source, especially for straw given
the widespread and disperse availability of same, but there are some examples of material being transported
inter-regionally / internationally, for example French hemp shivs being imported into the UK and Italy. See Fig. (14)
for example of large hemp processing plant in northern France.

Figure 14: Hemp processing facility showing hemp bales input/storage, hemp processing and fibre/shiv outputs. Planet
Chanvre Northern France [Source Authors].
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5.3. Manufacturing

There are a diversity of manufacturing approaches subject to material, product or system, with modular systems
tending to manufacture on order, while materials and products tend to be manufactured in bulk ready for supply.

i) Straw Based Material and Products

While most straw bales are baled on farm, one company was found providing re-baling to specific
characteristics, with additional straw chipping and filtering for blow in straw application.

Some manufacturers, both modular and product have specific proprietary processes, from filling and
compressing straw into modular systems to pressing and forming straw fibres in board and batts, some involving
binders and additives. See Fig. (15) showing examples of straw solutions

Figure 15: Showing range of straw based resource materials and products bales, straw chips (Straw Chips Ireland) and boards
(VestaEco northern Poland) [Source Authors].

ii) Hemp Based Material and Products

Hemp shiv is typically processed for use in hempcrete infill within timber frame. Several manufacturers have
developed proprietary binders for their shiv based ‘hempcrete’, often via proprietary additions to lime, for
increased performance or faster drying.

Hemp blocks are generally manufactured from similar hemp lime mixes, in either bespoke or adapted block
pressing and drying lines.

Hempcrete drying time has impacts on the manufacturing process notably for drying storage.

Hemp boards are typically manufactured from shiv in specialist process lines, involving pressing, some with
binders and additives. Hemp batts and quilt are typically manufactured from fibre, sometimes combined with
other materials, in large scale / specialist plant lines. See Fig. (16) for examples of Hemp solutions.

S
-

Figure 16: Showing range of hemp based resource materials and products (shiv, hempblocks, and hemp fibre batts). Senini-
Tecno Canapa Northern Italy [Source Authors].
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iii) Modular Systems

Modular system manufacture is generally akin to timber frame manufacturing lines with assembly beds or
tables for horizontal work and working areas for vertical module work, with gantry cranes for lifting internally.
Biobased insulation infill is applied in a range of ways including manual, infill from hopper, compression and blow
in, with wet material requiring drying time and storage space. Modular systems are mainly wall components but
with some roof and floor modules. Some manufactures are moving toward automation in assembly. See Fig. (17)
for examples of two biobased modular systems facilities in France.

Figure 17: Showing straw based (above) and hemp based (below) biobased modular wall panel manufacturing facilities.
Chénelet (straw) & Wall'Up Prefa (hemp) Northern France [Source Authors].

5.4. Storage and Transportation

Transport and storage needs vary subject to nature of resource and processing / manufacture, with a diversity
of input and output storage requirements.

All material and products have different storage and transport issues. For those supplying bulk low processed
material such as hemp shiv or straw chips they tend to be stored in large hoppers for later application or bagging.
Hemp block manufacturing needs drying storage and later plastic wrapping and stacking on pallets with additional
post completion storage often sheltered. Similarly post completion packaging and storage is required for boards,
batts and quilts. Most materials and products are transportable via pallets.
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Modular system storage is usually managed by on demand manufacture. Two key storage and transport issues
were i) wet or dry materials impacting on drying times and storage and ii) module size with small module units
facilitating simpler storage / stacking and transport, compared to larger (open or closed cell) systems which could
not be stacked, and including use of local second stage assembly locations for larger and closed panel formation,
often close to site.

5.5. Construction Application

Construction application of materials, products and systems is also diverse but with a significant bias on timber
frame application, and a notable development in modular applications, notably for wall systems.

Most materials and products are applied in timber frame constructions, including all modular systems,
however there are also medium weight masonry block products being utilised, generally nonloadbearing in post
and beam constructions. Most materials and products are applied in new construction however there is some
application and interest in retrofit application including from modular system manufacturers.

Another key distinctive feature is wet or dry manufacture or construction, of which there is diversity and
variation. Hempcrete infill is applied wet on site and in factory for modular systems with the latter dry installed on
site. There are also examples of straw products and modular systems being manufactured via a wet process but a
dry product element being output for site application.

For further details on material, product and modular system types, characteristics and performances please
refer to precursor Paper 1 [40].

5.6. Markets and Certification

Manufactures are supplying both regionally and across Europe, reporting some limitations and barriers around
local / regional regulatory variation and transport costs.

Products are generally being sold and applied across Europe, with transport costs limits, and many
manufacturers developing regional partner suppliers to trade through.

Modular manufactures are located both near to urban centres / regional markets and or to resource /
processing or to transport / freight routes and international markets, the latter more typically for the small
modules systems.

In all cases testing and certification are critical for market entry and expansion and most manufactures are
attempting to quantify the carbon saving or storage aspect of their solutions.

For further details on certification and carbon profiling please refer to precursor paper 1 [40].
5.7. Diversity

Overall supply chains exhibited some broad commonality with significant diversity and customisation not only
in resource type, harvesting processing, manufacture and construction application but also in relation to scale,
sophistication (e.g. manual labour versus automation), standardisation / customisation, logistic and commercial
strategy e.g. location and module size, market penetration and business expansion plans.

6. Summary - Key Findings
Fifty-seven companies active in biobased construction from agri-crops (straw miscanthus and hemp), were

reviewed with semi structured interviews conducted with a representative sample toward mapping and analysis of
supply chains with key integrated aspects noted as follows.
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6.1. Crop Utilisation

The utilisation of a particular crop is a key determinant in the supply chain and may be impacted by various
factors including resource type and availability, dedicated use crop or waste / by product crop e.g. straw, land - soil
condition, processing availability, material / product output and intended construction application.

6.2. Processing / Manufacture

Processing and manufacture for construction may be dictated by several factors including resource type and
availability, type of material / product and construction application, (which will impact on type and level of
processing - simple to complex), weather in house or third party, or if primary or secondary process are required.

6.3. Construction Application

The actual and specific application of these agri-crop resources in construction will have downstream impacts
across the supply chain with specific crop, harvesting, processing and manufacture impacts, taking resource
properties and potential performance into account.

6.4. Transport, Handling and Storage

Transport, handling and storage aspects are key considerations across all stages of the supply chain, impacting
the design and nature of the product itself and its costs and carbon profile with issues of storage locations and
stages, space, shelter, internal or external, manual or assisted or full powered lifting (cranes, hoists etc.), stacking
and transport modes being some key factors.

6.5. Certification and Testing

These agricultural resources are being applied in a construction sector which has very specific construction
performance requirements, with stringent and sophisticated testing and certification standards for building
regulation approval, hence testing and certification are key to market entry.

6.6. Market

The costs and extent of such testing is a key factor in product development and market entry / expansion with
some complexity and barriers reported around variations in testing and performance requirements across Europe,
e.g. for fire.

6.7. Carbon Profile

Along with various thermal and moisture regulating advantages claimed, most companies are emphasising the
significant carbon savings potential from their products with many undertaking some form of life cycle carbon
assessments on same.

While markets for carbon trading of construction products are not yet developed there is significant interest in
this area from parties along the supply chain with potential as an additional revenue stream.

7. Conclusion

This research has found that agricultural crops, straw, miscanthus, and hemp, are being commercially utilised
within diverse supply chains, producing various biobased materials, products, and modular systems for
construction application in Europe and beyond.

The findings demonstrate innovation and commercial development in biobased construction solutions with
key supply chain aspects and dynamics identified and discussed via case study comparative analysis and overall
synthesis.
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Supply chains themselves were noted to be diverse, tailored and related to specific agri-crop resource type and
availability, processing location and functionality, possible needs for secondary or in house processing and a range
of manufacturing approaches, technologies and complexity levels, which are dictated by resource properties and
construction performance requirements (moisture, thermal, fire etc.), which themselves are subject to stringent
and specific testing and regulatory standards, with significant differences in scale, mode, market, customisation,
complexity and sophistication.

Further research could support the expansion and optimization of these supply chains and construction
solutions, which could bring significant benefits in terms of carbon reduction, circularity, and reduced
environmental impact, by optimising agricultural resources, streamlining processing and manufacturing,
improving in use performance, and removing barriers - notably harmonising regulatory / testing requirements for
wider market penetration.
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Appendix 01: List of companies sourced and assessed, including those manufacturing materials, products
and modular panels.

COMPANY NAME WEBSITE

ADAPTAVATE www.adaptavate.com
AGROCHANVRE www.agrochanvre-ecoconstruction.com
BALABOX www.bala-box.com

BIOFIB www.biofib.com

CANHAMOR www.canhamorhemp.com
CANNABRIC www.cannabric.com
CAPAROL www.caparol.de

DUNAGRO HEMP GROUP www.dunagro.nl

EAST YORKSHIRE HEMP www.eastyorkshirehemp.co.uk
ECOCOCON www.ecococon.eu

ECOINSUL www.ecoinsul.eu

ECOPAJA www.ecopaja.com
EDILCANAPA www.edilcanapasrl.it
EKOLUTION www.ekolution.se

EKOPANELY www.ekopanely.cz

ERTHLY www.erthly.co.uk
EUROCHANVRE www.eurochanvre.eu

EXIE www.exih2.be

FBT ISOLATION www.fbt-isol.com

GREEN CORE HOMES www.greencorehomes.co.uk
HEMPFLAX www.hempflax.com

HEMSPAN www.hemspan.com
INDINATURE www.indinature.co

ISOCELL www.isocell.com

ISOHEMP www.isohemp.com
ISO-STROH www.iso-stroh.ch

KINGSPAN www.kingspan.com

KOBE www.kobe-cz.eu

LA CHANVRIERE www.lachanvriere.com
LORENZ www.lorenzsysteme.de
MISCANCELL www.miscancell.nl
MISCANTHUS-BUSCHERITZ www.miscanthus-buscheritz.de
MODCELL www.modcell.com
MODULINA www.modulina.lt

NATURAL BUILDING SYSTEMS www.naturalbuildingsystems.com
NAWARRO www.nawaro.ch
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NSPS www.npsp.nl
OKAMBUVA COOP www.okambuva.coop

PLANETE CHANVRE

www.planetechanvre.com

PREFAB STROBOUW

www.prefabstrobouw.nl

RICE HOUSE

www.ricehouse.it

RMT INSULATION

www.rmt-nita.es

SAINT ASTIER

www.saint-astier.com

SCHONTHALER

www.schoenthaler.com

SENINI-TECNOCANAPA

www.tecnocanapa-bioedilizia.it

SONNENKLEE

www.sonnenklee.at

STRAMEN.TEC

www.stramentec.com

TECHNICHANVRE

www.technichanvre.com

THERMAFLECCE

www.thermafleece.com

TRADICAL/WEBER

www.fr.weber/en/tradical-hempcrete

VESTAECO

www.vestaeco.pl

VICARIUS CANNA

www.vicariuscanapa.it

VIEILLE MATERIAUX

www.vieille-materiaux.com

WALL UP

www.wallup.fr
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