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1 Introduction

1 Introduction

In recent years, climate change mitigation has been one of the top priorities in politics, which
have set greenhouse gas emissions reduction targets across the board, including the construc-
tion industry. DG GROW reports that greenhouse gas emissions associated with the con-
struction industry, including the extraction of raw materials and production of construction
products, are estimated at 5-12% of the total national greenhouse gas emissions (DG GROW
2023). For example, the EU’s circular economy action plan includes ‘circular renovation’
actions which aim at “minimising the footprint of buildings requires resource efficiency and
circularity combined with turning parts of the construction sector into a carbon sink, for
example through the promotion of green infrastructure and the use of organic building ma-
terials that can store carbon, such as sustainably-sourced wood”. (EC 2020).

During photosynthesis, plants absorb CO» from the atmosphere and incorporate it in the bi-
omass. The biomass can be used as raw materials for construction materials. When the bio-
mass is used for the production of construction materials, the carbon in the biomass is (tem-
porarily) stored in the product, for the lifespan of the product and possibly longer. As such,
biomass can provide carbon, which regrows over time, to the industry. Basically, this process
can move carbon from the atmospheric carbon pool, through photosynthesis to the biotic
carbon pool and through processing further in the embedded carbon pool in materials (also
called the technosphere). Nonetheless, there are also greenhouse gas emissions associated
with this process.

As such, it is interesting to investigate the potential of biomass to store carbon in raw mate-
rials used in industry, more specifically the construction industry. What is the potential of
biomass to supply the construction industry with raw materials containing temporarily stored
biogenic carbon per hectare and year? Are there differences between various biomass types?
What is the associated reduction of atmospheric greenhouse gasses due to the carbon in the
raw materials? What are the emissions of greenhouse gasses associated with this provision
of raw materials? This study will look into these questions for wood and hemp based raw
materials which can be used in the construction industry. The production of the construction
materials, and the associated emissions with the conversion of the raw materials to final
products, is outside the scope of this assessment due to the wide variety of construction
materials which can be produced from the raw materials.

To avoid confusion in terminology, it is important to note that the stored biogenic carbon in
construction materials/products is the result of photosynthesis which has removed carbon
dioxide from the atmosphere. The stored carbon is expressed in COzeq. based on the carbon
content of the raw material. The removal of CO; from the atmosphere during photosynthesis
is a greenhouse gas removal. Furthermore, this stored carbon can be released in the form of
greenhouse gases at the end-of-life of the product. This is not included in this study, nor is
the effect of temporal carbon storage in products.

Finally, it is important to note that this study aims to investigate the potential of wood and
hemp to supply the construction industry with raw materials containing carbon, and the emis-
sions associated with the provision of these raw materials. Conclusions regarding superiority
of one biomass source over another are not intended to be drawn from this study, as this
depends on many variables, which are not all covered by this study. For example, the func-
tionality of the construction materials, additional processing required to manufacture con-
struction materials but also the local conditions for biomass production. This study aims to
show the potential of hemp and wood to provide raw materials containing carbon to the
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construction industry, to investigate the potential of bio-based construction materials to con-
tribute to a more sustainable construction industry.

A list of potential construction materials made from hemp and wood raw materials is pro-
vided on the right side of Figure 1.

Cultivation Harvesting Processing Raw Materials Construction Industry

Structural Timber, Lumber
Chipboard
Cross-glued Timber

Glue-laminated Timber
Low, Medium and Dense Fibreboards
- @% - - @é —p | Oriented Strand Board (0SB)
E— = 56 Plywood

Wood-based Panels

Debarked Wood Fibre Insulation Boards
Wood Wood-Plastic Composites (WPC)

Wood Roof Battens

Wood

© ﬁ-lnstitute,eu | 2023

Figure 1. Schematic overview of the value chains for the provision of raw materials from
wood and hemp.

1.1 Carbon Removal Certification

The storage of CO; in building products is an interesting option within the proposed frame-
work of the "Carbon Removal Certification" in the European Union.

The EU certification of carbon removals is currently being developed in two steps: first,
high-level quality criteria will be developed, followed by a second step in which detailed
certification rules for the measurement, monitoring, reporting and verification of carbon re-
movals from both industrial and nature-based activities will be developed. The Environment
Council held a first policy debate on the file on 16 March 2023. In the latest available pro-
posal (EC 2022), the aim of the EU carbon removal certification framework is to scale up
carbon removal activities and fight greenwashing by empowering business to show their
action in this field. The proposal sets out a voluntary EU-wide framework to certify carbon
removals generated in Europe. It sets out criteria to define high-quality carbon removals and
the process to monitor, report and verify the authenticity of these removals. To receive cer-
tification, the carbon removals will need to be correctly quantified, deliver additional climate
benefits, strive to store carbon for a long time, prevent carbon leaks, and contribute to sus-
tainability. These four criteria are called the QU.A.L.ITY criteria (Quantification, Addition-
ality and baselines, Long-term storage and sustainability). The proposal also sets out require-
ments for third party verification and certification of carbon removals, in order to harmonise
the certification process, ensure environmental integrity and build public trust. (EC 2022)
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Of particular importance is which processes or products are eligible for the Carbon Removal
Certificate in principle. Currently, the proposal sets out three ways to remove and store car-
bon, which can be certified which includes: (EC 2022):

e Nature-based solutions, such as restoring forests, soils, and innovative farming prac-
tices;

e Technology, such as bioenergy with carbon capture and storage, or direct air carbon
capture and storage;

e Long-lasting products and materials, such as wood-based construction.

It should be noted that the proposal does not define “long-lasting”, though the “carbon re-
moval” and “carbon removal activity” definitions include the possibility to store biogenic
carbon in such products and materials. Against this background, the present study takes on
a special significance, as the carbon storage effects of hemp raw materials, to be used for
long-lasting products (construction industry) is investigated. The results could therefore
have an influence on the acceptance of bio-based construction materials under the carbon
removal certification framework.

The European Commissions’ DG Agri reports on the hemp production, uses and regulations
related to hemp. It reports the cultivation area of hemp in the EU, 32,000 ha in 2021, and a
number of environmental benefits associated with hemp cultivation including “Carbon stor-
age: one hectare of hemp sequesters 9 to 15 tonnes of CO», similar to the amount sequestered
by a young forest, but it only takes five months to grow.” Furthermore, it reports on the use
of hemp fibres in the construction industry, where three main products are mentioned; lime
hemp concrete, hemp wool and fibre-board insulation. (DG Agri 2022)

From the text above, it can be seen that the EC is aware of the potential environmental ben-
efits of the use of hemp and that it seems to fit with the requirements defined in the proposed
carbon removal certificate framework.

This study will provide insight in the carbon removal potential of hemp and wood raw ma-
terials for long-lasting products and materials, including GHG emissions associated with the
provision of the raw materials.
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2 Goal and scope

The goal of this study is to quantify the amount of carbon stored (in COzeq.) in raw materials
usable in construction provided by hemp and wood. The stored carbon will be calculated per
year and per hectare to provide information on the potential of hemp and wood to provide
carbon for the construction industry. For both hemp and wood, the greenhouse gas emissions
associated with the provision of the raw materials to the construction industry are calculated,
to show both gross- and net data of the storage.

In this study, the carbon stored in the raw materials will be calculated in terms of kg
COzeq./(ha*yr). The emissions associated with the provision of the raw materials for the
construction and insulation industry will be calculated in the same unit. Combined, the num-
bers can provide information on the average annual net GHG removal potential of wood and
hemp raw materials, which can be used in the construction industry. The regional scope
selected for this study is Western Europe (mainly Germany and the Netherlands), as this
region includes hemp and wood production.

The scope of the study includes the cultivation of the biomass to provision of the raw mate-
rials for the building and insulation industry. For wood and hemp, this includes land prepa-
ration, seed and seedling production, fertilisation (incl. production), field emissions, harvest-
ing and processing. For wood, the processing included in the greenhouse gas emissions are
the trimming, debarking and transport to the saw mill. For hemp the processing includes
transport and the decortication and fine opening of the hemp stalks to get fibres and shives.
These system boundaries are chosen as at this point, the raw materials can be used for a wide
range of applications in construction and insulation materials. The further processing of the
raw materials into final construction and insulation materials is not included in this study
due to the wide range of different materials which can be produced from the raw materials,
performance differences between various final materials and potential differing emissions
along the value chain and applications of the raw materials. An overview of the value chain
for hemp and wood and a list of applications which the raw materials can be used for is
provided in Figure 1. It should be stressed, that this therefore is not an LCA of construction
or insulation materials.
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3 Methodology

In order to calculate the annual quantity of carbon stored in hemp and wood per hectare, the
following methodology is used: the average annual growth of the respective biomass is de-
termined from literature. The usable part of the biomass for the construction industry is de-
termined based on literature. Of the usable part of the biomass, the carbon content is deter-
mined, from which the amount of carbon stored in the raw materials can be calculated. This
quantity can be converted to the amount of carbon dioxide equivalents which have been
removed from the atmosphere, and can be used for the production of long-lasting materials
and products.

To quantify the emissions associated with the provision of the raw materials to the construc-
tion and insulation industry, literature research has been conducted. Various literature
sources have been found which report the emissions associated with the production of wood
and hemp. From these literature sources, the emissions associated with the provision of the
materials has been calculated. Based on the carbon stored in the raw materials and the emis-
sions associated with the provision of these raw materials, net results can be calculated by
subtracting the emissions from the stored carbon in the raw materials (in CO2eq.). The results
are expressed in kg COzeq./ha, in order to investigate the potential of hemp and wood to
provide carbon to the construction industry and the GHG emissions associated with the pro-
vision of the raw materials, normalised per annum and year.

For hemp, a scenario is considered where the cultivation of hemp yields both seeds and
straw. In this scenario, an allocation of the greenhouse gas emissions is used to divide the
emissions between the seeds and the straw, as the seeds are assumed to be used for food
and/or feed purposes and not for construction and insulation materials. As such, the seeds do
not constitute a long-lasting material or product, eligible under the carbon removal certifica-
tion framework. Both an economic and mass allocation has been performed.

The results only consider GHG emissions associated with the provision of the raw materials.
Land use, land use change and indirect land use change are outside of the scope of this study.
The next chapter provides an overview of the data used for the calculations. In chapter 5 the
results of the calculations are presented. Chapter 6 puts the results into context and makes
the limitations of the conducted study transparent.
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4 Data

This chapter details the data used for the calculations. The chapter is divided in various sec-
tions. First the data used for the calculation of the carbon storage potential of hemp and wood
raw materials for utilisation in the construction and insulation industry is provided. The next
section discusses the data used to determine the greenhouse gas emissions associated with
the provision of these raw materials. The results of the calculations are shown in the next
chapter.

4.1 Carbon storage data hemp

For hemp, the study published by de Beus et al. (2019) has been used to obtain data for the
cultivation yield and the further processing losses of hemp. The hemp cultivation data has
been compared to cultivation data in literature (Mylavarapu et al. 2020, MultiHemp 2015,
Turunen & van der Werf 2006, Gonzalez-Garcia et al. 2010, Piotrowski & Carus 2011) and
send to HempFlax, the leading hemp processor in Europe with cultivation in The Netherland,
Germany and Romania, and La Chanvri¢re, a leading French agricultural cooperative in
hemp cultivation and processing, for validation'. Based on the literature and feedback, the
straw yield for hemp has been adjusted to 7,8 t dm per hectare. Values for fertilisation may
differ depending on a variety of conditions such as the soil composition and intended appli-
cation of the biomass, therefore a range of emissions associated with the provision of hemp
raw materials is reported. The yields are based on hemp strains that are currently listed in
the EU seeds catalogue (EC 2022b). The gross carbon removal is influenced by the yield
and the amount of raw materials which can be produced from the yield, and is therefore
subject to some variation. During the processing of hemp, three raw materials are produced;
hemp fibres, hemp shives and hemp dust. All these materials have the potential to be used
in the construction and insulation industry. As the processing is purely mechanical, the yield
is close to 100%. The fibre yield from the hemp straw is roughly 30%, whereas shives and
dust yield are 55% and 15%, respectively.

To determine the carbon content of the hemp straw, dust and shives, literature research has
been conducted. For hemp fibres, the carbon content has been reported by de Beus et al.
(2019). There it is reported that hemp fibres have 65% cellulose, 15% hemicellulose and
10% lignin. The carbon content of cellulose and hemicellulose is 0.4 kg C/kg, whereas the
carbon content of lignin is estimated at 0.6 kg C per kg. Based on this data, the carbon content
of hemp fibres is calculated at 0.38 kg C per kg hemp fibres, which corresponds to 1.39 kg
COzeq./kg fibre.

For hemp shives, the carbon content has been obtained through literature research. The cel-
lulose content of hemp shives is between 0.4 and 0.48, the hemicellulose content is between
0.12 and 0.33 and the lignin content is between 0.18 and 0.28 (Hussain et al. 2018, Vignon
et al. 1995, Thomsen et al. 2005, Gandolfi et al. 2013, Garcia-Jaldon et al., Stevulova et al.
2014, Diakité et al., 2021). The average of the composition of the sources detailed above has
been used to find the carbon content of hemp shives, which resulted in an average carbon
content of 0.41 kg C/kg hemp shives (which corresponds to 1.5 kg COzeq./kg shives).

For hemp dust, no literature data on the carbon content was found. Hemp dust are fine par-
ticles of either the fibre or the shives which break during the decortication and fine-opening.

! Interview, Mark Reinders, CEO HempFlax, 15 December 2022.
Interview, Anais Bobin, Fibres sales manager, 9 March 2023.
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As it are fine particles released from the shives or fibres during the processing, it is assumed
that the carbon content of the hemp dust is the average of the carbon content of hemp fibres
and hemp shives. As such, it is found at 0.39 kg C/kg hemp dust, which corresponds to 1.45
kg COzeq./kg dust.

4.2 Carbon storage data wood

The biomass growth of trees can be calculated per tree or based on average data. In this
study, average data was chosen as silviculture can vary considerably, furthermore, this re-
duces uncertainty related to the growth dynamics, tree density, trimming regime and har-
vesting age. Average data for biomass growth in forests has been obtained from the German
Federal Ministery of Food and Agriculture’s (BMEL) publication “the forests in Germany”
(BMEL, 2015). In this publication, the annual increment for multiple tree species has been
determined based on the forestry data collected for the report. From the report, the following
annual increments have been used; Spruce (15.3 m*/(ha*yr)), Fir (16.3 m*/(ha*yr)), Douglas
Fir (18.9 m3/(ha*yr)), Pine (9.5 m*/(ha*yr)), Larch (10.7 m?/(ha*yr)), oak (8.3 m?/(ha*yr))
and Beech (10.3 m*/(ha*yr)). The annual increment reported includes deadwood remains,
harvesting losses and bark, and increases in growing stock. The report does not provide spe-
cies specific data for these losses, but an overview of the total amount. From this data, the
theoretical use per tree species has been calculated based on the average harvesting losses
and bark (17%), and the average deadwood which remains in the forest (9%).

The increase in growing stock represents an accumulation of biomass in the forest, which
may or may not be used in future. The report states that for most tree species, the increase in
growing stock ranges between 20% and 45% of the increment. Furthermore, the report states
that it is difficult to obtain the utilisation possibilities based on the increment, as the incre-
ment depends on the present age, diameter structures and planned target diameters or the
scheduled harvests. Therefore, two approaches have been used to estimate the theoretical
use of wood per hectare. In the first scenario, the combined carbon pool of the forest is
assumed to be in steady state. As a consequence of this assumption, all increment is har-
vested and through subjecting the increment to the fractions lost, an average annual theoret-
ical use can be calculated. The second scenario includes the increase in growing stock as
well, for this the percentage of increment which increases the growing stock is subtracted
from the increment as well. this percentage is equal to 13% of the increment.
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Million m3/year

Theoretical use

Harvest losses and bark 75.7
20.2

Deadwood remains
in the forest
104

Cut from living
stand
106.3

Increasein
growing stock
15.3

Increment
121.6

Figure 2. Increment and use of wood (BMEL 2015)

From the numbers reported above, estimates for the theoretical mean annual use of wood per
tree species can be computed. It is assumed that practically all theoretical wood use com-
puted this way, can be used in construction and insulation materials. A list of possible con-
struction and insulation applications is provided in chapter 1.

Based on the density of the wood and the carbon content of wood, the amount of carbon
stored in the wood, the amount of carbon stored in the wood can be calculated. The following
data has been used to calculate the stored carbon. The density of spruce, Fir and Douglas Fir
is assumed to be 430 kg/m?, for Pine and Larch the density is assumed to be 510 kg/m?. For
Oak the density is assumed to be 650 kg and the density of Beech is assumed to be 680 kg/m?
(Riiter & Diederichs 2012). The average carbon content of wood is assumed to be 50%,
based on chemical composition profiles found in the Phyllis database (Phyllis2 2022).

Values found for the increment used in this study have been reviewed using literature to
check if the values reported are reasonable. From this literature search it was found that
forests increments (and subsequent theoretical use) can vary considerably, but the values
reported in the BMEL are in the range of other values reported (Pretzsch et al. 2010, Schnell
et al. 2005, Hilmers et al. 2020, Pretzsch et al. 2014, Forest Europe 2020).
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4.3 Greenhouse gas emissions hemp

The greenhouse gas emissions associated with the cultivation and processing of hemp fibres
has been obtained from the same sources mentioned in chapter 4.1, using the same validation
approach and making the same data adjustments. In order to calculate the emissions associ-
ated with the hemp raw material provision, which can be obtained from a hectare and used
in long-lasting materials or products, the emissions per hectare have been calculated. Since
practically all hemp straw can be used in the construction and insulation industry, no alloca-
tion between the fibres, shives and dust is required. For the greenhouse gas emissions asso-
ciated with hemp production, some additional scenarios have been included in the assess-
ment.

The first and base scenario is the cultivation of hemp for straw use only. The second sce-
nario includes the cultivation of hemp with organic fertiliser. The third scenario encom-
passes the cultivation of hemp for seeds and straw using a mass allocation to divide the
burdens of the cultivation over the seeds (yield: 1 t DM/ha) and the straw. The straw yield
in this scenario is 6.5 t DM/ha, slightly lower compared to cultivation for straw only. The
fourth scenario is similar to the third scenario, but an economic allocation is used rather
than mass allocation. Allocation is used because it is assumed that the hemp seeds will not
be used for construction and/or insulation purposes. The error bars in the publication by de
Beus et al. (2019) have been used to provide a range of the emissions associated cultivation
and processing of hemp, to include uncertainty with regard to fertiliser use as well as annual
variations weather conditions potentially affecting yield and fertiliser induced field emis-
sions. Based on the prices obtained from HempFlax?, the economic allocation factor between
the hemp straw and the hemp seeds is 0.5.

4.4 Greenhouse gas emissions wood

Literature has been reviewed to obtain the greenhouse gas emissions associated with the
production of wood. From the literature research, it was concluded that various parameters
can influence the greenhouse gas emissions associated with the forestry sector, such as tree
species, harvesting operations, transportation distance, among others. Therefore, it was de-
cided to compile various values found in literature and derive a range of greenhouse gas
emissions potentially associated with the provision of wood to the construction and insula-
tion industry. Such values have been obtained from Ecolnvent v3.9 (Wernet et al. 20), Klein
et al. (2016) and Karjalainen et al. (2001). Values reported in the above-mentioned literature
sources, the minimum, average and maximum emissions associated with the provision of the
wood have been computed. Ecolnvent reports values for various tree species in the form of
1 m3 sawlog and veneer log, which range roughly between 11 and 15 kg CO,eq./m?. Klein
et al report on the emissions of the forestry sector in Bayern, with an average emission of 19
kg COseq./m* throughout Bayern. Karjalainen and Welling report on the emissions of the
forestry sector in Europe, reporting greenhouse gas emissions associated with harvesting,
hauling and transport for most EU countries. The highest emissions are in Greece (21.7 kg
CO,eq./m?), the lowest are reported in Italy (6.3 kg COzeq./m?). The emissions of the Ger-
man forestry industry are reported at 8.3 kg COzeq./m?. Furthermore, the main sensitivity is
associated with the transport. From the data reported above, the minimum, average and max-
imum emissions per hectare are computed. It should be noted that most data does not differ-
entiate between tree species. Cosola et al. (2016) provide a detailed review of greenhouse
gas emissions in the forestry sector using a statistical approach. The greenhouse gas

2 Personal communication, Mark Reinders, CEO HempFlax, 15 December 2022.
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emissions reported by Cosola et al. (2016) are within the range of the values found in the
other literature sources.
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5 Results and conclusions

This chapter describes the results of the calculations for the carbon storage potential of wood
and hemp raw materials for use in construction and insulation industry, as well as the emis-
sions associated with the provision of these raw materials. The chapter will start with the
carbon storage, followed by the emissions and finally the values will be combined to show
the net results for the provision of the raw materials for the production of long-lasting mate-
rials and products. Please note that the further processing of the raw materials into finalised
products is not covered in this study. The results in the tables are colour coded, with red
indicates a less preferred value compared to the average and green a high value compared to
the average. For GHG removals high numbers are good, whereas for emissions, low numbers
are preferable.

5.1 Carbon storage results

In the table below, the annualized biomass production, theoretical use, carbon removal and
the associated GHG removals are reported for hemp and wood. The increment for wood
depends on the tree species, with the Douglas Fir having the highest annual increment, fol-
lowed by other conifers such as Fir and Spruce. Deciduous trees have a lower annual incre-
ment, but have a higher density compared to conifers. For hemp the values are reported for
straw production only, as well as for the dual use. It should be noted that the straw yield
decreases due to the seed harvest, which reduces the quantity of raw material which can be
provided to the construction and insulation industry. The yield loss in dual purpose hemp
cultivation can be minimised though advances in harvesting technology. Values in the hemp
scenarios which are not coloured, are intermediates obtained from the hemp straw, the sum
of these values is coloured.

Table 1. Gross carbon storage results of hemp and wood raw materials for the construction
industry

Conifers deciduous trees hemp 7,8t/ha (straw only scenarios) hemp 6,5 t/ha (seed scenarios)

Units Spruce fir douglas fir__|pine Larch oak beech hemp total |Hemp fibres |hemp shives|hemp dust |hemp total |Hemp fibres |hemp shives|hemp dust
Increment m3/(ha*yr) 153 163 189 95 107 83 103 | n/a n/a n/a n/a n/a n/a n/a n/a

Cut from living stand m3/(ha*yr) 134 142 165 83 9.4 7.3 90| n/a n/a n/a n/a n/a n/a n/a n/a
Theoretical use (stock increase) |m3/(ha*yr) 95 10.1 11.8 59 6.7 52 64| n/a n/a n/a n/a n/a n/a n/a n/a
Theoretical use (steady state)  |m3/(ha*yr) 114 122 14.1 7.1 80 62 77
Dry Density kg/m3 430 430 430 510 510 650 680 | n/a n/a n/a n/a n/a n/a n/a n/a
Production (stock increase, DM) _|kg/(ha*yr) 4,100 4,300 5,100 3,000 3,400 3,400 4,400 7,800 2,300 4,300 1,200 6,500 2,000 3,600 1,000
Production (steady state, DM) __|kg/(ha*yr) 4,900 5,200 6,100 3,600 4,100 4,000 5,200 7,800 6,500
Carbon content % 050 050 050 0.50 050 0.50 050 0.38 041 039 n/a 038 0.41 039
Carbon removal kg C/(ha*yr) 2,000 2,200 2,500 1,500 1,700 1,700 2,200 3,100 900 1,800 500 2,600 800 1,500 400
GHG removal (stock increase) | kg CO2eq./(ha*yr) 7,500 8,000 9,300 5,500 6,200 6,200 8,000 11,400 3,300 6,600 1,800 9,500 2,800 5,500 1,500
GHG removal (steady state) kg CO2eq,/(ha*yr) 9,000 9,600 11,200 6,600 7,500 7,400 9,600 11,400 3,300 6,600 1,800 9,500 2,800 5,500 1,500

From a carbon storage point of view (gross removal) hemp and wood raw materials perform
similarly. The carbon storage in wood raw materials for construction industry ranges be-
tween 11 t COzeq/ha for Douglas Fir and 5.5 t COzeq/ha for Pine, with most values being
found between 7 t COzeq/ha and 9 t COzeq/ha. For hemp, the amount of carbon stored in the
raw materials which can potentially be used in the construction and insulation industry is
found between 9.5 and 11.4 t COzeq/ha, with the main sensitivity being the straw yield per
hectare. Higher straw yields result in more stored carbon per hectare, whereas the opposite
holds for lower yields. Due to the differences in production volume and time between the
start of the cultivation and the harvest, hemp will fluctuate more compared to wood. None-
theless, the results suggests that the amount of carbon stored per hectare in raw materials for
construction and insulation industry, is similar between hemp and wood, with the hemp raw
materials being on the higher end of the values calculated for wood. Although wood DM
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yields are lower compared to those of hemp, the higher carbon content of wood mean that
less wood has to be produced to store a similar amount of carbon in the raw materials.

From the table above, it can also be seen that there is a difference between the modelling
approach used for the theoretical use. As the biomass stock is increasing, the steady state
approach results in a higher amount of carbon per hectare which could be used in construc-
tion and insulation materials. Nonetheless, it should be highlighted that the desire to increase
the standing stock in a forest is a political and economic decision which varies over time and
by country. Furthermore, it should be considered that a higher standing stock can result in
higher increments.

5.2 Greenhouse gas emissions results and net results

In the table below, the results from section 5.1, are included and the findings for the emis-
sions associated with the provision of the raw materials are presented. the top half of the
table is associated with the wood increment modelling approach including the increase in
wood stock, whereas the bottom part of the table relates to the steady state modelling ap-
proach. For hemp, four scenarios are presented which include hemp straw production using
mineral fertiliser, hemp straw product using organic fertiliser, hemp straw and seed produc-
tion using mass allocation and hemp straw and seed production using economic allocation.
The allocation is used to divide the greenhouse gas emissions of the cultivation between the
straw and the seeds, as the seeds do not have an application in construction and insulation
materials. Based on the described methodology, the highest, average and lowest values for
the GHG emissions associated with the provision of the raw materials are reported. Together
with the carbon storage, this enables the calculation of the net removal of greenhouse gases
up to the point at which the raw materials are available for further processing into construc-
tion materials. The emissions associated with the further processing are not included in this
study. All values in the table above are expressed in kg COzeq./ha. Similar to the table above,
a colouring scheme is used.

Table 2. Net carbon storage results of hemp and wood raw materials for the construction
industry

Conifers Deciduous trees Hemp
Straw Straw +
(organic Seeds Straw +
Units Spruce Fir Douglas fir _ [Pine Larch Oak Beech Straw fertiliser)  [(mass) Seeds (eco)
GHG removal (stock increase) kg CO2eq./(ha*yr) 7,500 8,000 9,300 5,500 6,200 6,200 8,000 11,400 11,400 9,500 9,500
Average emissions (stock
increase) kg CO2eq./(ha*yr) 129 138 160 83 91 92 81 2,500 2,200 2,200 1,500
Max emissions (stock increase)  |kg CO2eq./(ha*yr) 207 220 255 128 145 173 122 2,900 2,400 2,500 1,700
Min emissions (stock increase) kg CO2eq./(ha*yr) 60 64 74 37 42 50 33 2,100 2,100 1,800 1,300
Net removal (average) (stock
increase) kg CO2eq./(ha*yr) 7,400 7,900 9,100 5,400 6,100 6,100 7,900 8,900 9,200 7,300 8,000
Net removal (max) (stock
increase) kg CO2eq./(ha*yr) 7,300 7,800 9,000 5,400 6,100 6,000 7,900 8,500 9,000 7,000 7,800
Net removal (min) (stock
increase) kg CO2eq./(ha*yr) 7,400 7,900 9,200 5,500 6,200 6,100 8,000 9,300 9,300 7,700 8,100
Steady state forestry
GHG removal (steady state) kg CO2eq./(ha*yr) 9,000 9,600 11,200 6,600 7,500 7,400 9,600 11,400 11,400 9,500 9,500
Average emissions (steady state) |kg CO2eq./(ha*yr) 155 167 192 99 109 109 95 2,500 2,200 2,200 1,500
Max emissions (steady state) kg CO2eq./(ha*yr) 247 266 305 154 174 203 144 2,900 2,400 2,500 1,700
Min emissions (steady state) kg CO2eq./(ha*yr) 72 77 89 45 51 59 38 2,100 2,100 1,800 1,300
Net removal (average) (steady
state) kg CO2eq./(ha*yr) 8,900 9,500 11,000 6,500 7,400 7,300 9,500 8,900 9,200 7,300 8,000
Net removal (max) (steady state) |kg CO2eq./(ha*yr) 8,800 9,400 10,900 6,500 7,300 7,200 9,500 8,500 9,000 7,000 7,800
Net removal (min) (steady state) |kg CO2eq./(ha*yr) 9,000 9,500 11,000 6,600 7,400 7,300 9,600 9,300 9,300 7,700 8,100

From the table above, it can be seen that the GHG emissions associated with the provision
of wood raw materials is lower compared to the GHG emissions associated with the provi-
sion of hemp raw materials. Therefore, it can be concluded that the production of hemp is
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associated with high inputs and high outputs, whereas the production of wood is associated
with low inputs. These results are in line with the expectation as agricultural processes re-
quire significantly larger inputs of for example fertiliser, compared to forestry. The produc-
tion and utilisation of fertilisers is one of the main hotspots in the cultivation of hemp (de
Beus et al. 2019).

The net results are calculated by subtracting the emissions associated with the provision of
the raw materials from the carbon stored in the raw materials (in COzeq.). Therefore, the
higher the values for the net results, the more carbon is stored in raw materials which can be
made available per hectare for long-lasting materials or products. Similar to the results of
the stored carbon, the net emissions are sensitive towards the modelling approach for the
theoretical use of wood per hectare. When growing stocks are increasing at the average rate
in Germany, hemp shows net removal values similar to the upper range of wood. The differ-
ence between the net results for the Douglas fir and hemp cultivation for “straw only” are
insignificant. From the results using the steady state approach, it can be concluded that the
net removal of GHG associated with the provision of wood and hemp to the construction
and insulation industry is similar. As such, hemp shares properties with wood in the potential
to supply the construction and insulation industry with a raw material which removes more
GHGs than it emits in the provision.

It is interesting to note that the dual-purpose hemp, cultivation of hemp for straw and seeds,
has lower net results compared to the single purpose hemp. From this observation it can be
concluded that the loss of straw yield, due to the harvest of the seeds, is higher compared to
the part of the GHG emissions which are allocated to the seeds. In other words, the dual
cultivation purpose stores less carbon in raw materials which can be used in the construction
industry. This effect is more pronounced for mass allocation, compared to economic alloca-
tion, because the value of seeds is relatively high compared to the value of the straw. as a
consequence, economic allocation attributes less GHG emissions to the straw. it should be
noted that the carbon stored in the seeds is not included in this assessment as it is assumed
that this carbon is not used in the construction industry.

Finally, to summarise, hemp can store carbon as efficient as wood in construction materials.
Both hemp and wood can provide raw materials, which can be further converted into con-
struction and insulation materials, with a net GHG removal per hectare in the range of 5.5 to
11 t COzeq./ha. These values include the cultivation, transport and initial processing of the
raw materials. For hemp, the emissions associated with the fractionation of the straw into
fibres, shives and dust is included. For wood, the emissions associated with the debarking
and transport to the next processing facility are included. It should also be noted that the
range of the results reported in this study is relatively high, as many aspects play a role in
the production of the raw materials. Nonetheless, the study shows that the use of hemp and
wood raw materials (in long-lasting materials and products) can recontribute to net carbon
dioxide removal and thus should both be eligible for certification in the carbon removal cer-
tification framework, provided that the further processing into the final materials and prod-
ucts releases less GHG emissions than the net carbon dioxide equivalent removed during the
provision of the raw materials. Production of the final materials and products is not included
in this study due to the large diversity of production processes and value chain specificity of
emissions associated with these processes.
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6 Discussion and limitations

In this chapter, the results of the study are briefly discussed and several limitations of the
study are highlighted.

Firstly, due to various reasons, it should be noted that this study does not provide information
on the environmental preferability of using wood or hemp based raw materials for the pro-
duction of construction and insulation materials. These reasons include, among others;
- The production process of the construction material itself is not included in the as-
sessment;
- There may be functional differences between the construction material produced
from wood compared to a similar construction material produced from hemp;
- Differing final products may be produced from the raw materials;
- This study focusses on GHG emissions solely, and does not consider other environ-
mental impacts associated with the provision of the raw materials;
- Local conditions influence the biomass yield, which has been shown to have a large
influence on the annual carbon storage potential per hectare.

The study has calculated the potential of a hectare of wood and hemp to transfer carbon from
the biosphere to materials which can be used in the construction and insulation industry. The
potential of a hectare of wood and hemp to provide carbon to the construction industry, in-
cluding greenhouse gas emissions associated with the production, is similar. This study does
not enable conclusions on the cumulative quantity of carbon which can be transferred, as the
demand for such products is not included in this assessment.

Carbon Removal Carbon Removal
Gross Net

12 4
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Figure 3. Gross and net carbon removal of hemp and wood per hectare and year.

The results of the study clearly show some differences between the production of hemp and
wood based raw materials for the construction industry. The provision of wood is associated
with low GHG emissions (per hectare) and a long period between seeding and harvest, rota-
tion periods can be over 100 years. Due to the long rotation periods, the annual supply of
wood is unlikely to show large year-to-year fluctuations. Another effect of the long rotation
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periods is that the management practices may change during the rotation period, which in-
creases uncertainty related to the yield and GHG emissions. Nonetheless, the GHG emis-
sions associated with the provision of wood are mainly related to the harvesting and
transport, which occur to the end of the rotation period. Furthermore, wood has the advantage
that not all annual production has to be harvested. When the annual increment is higher than
the annual felling, the standing volume of wood in the forest increases and can be harvested
later.

Hemp has to be harvested annually; the growing period lasts around five to six months. As
such, annual production volume can show larger year-to-year variations, which can be ben-
eficial (supply can be increased more quickly) but also detrimental (supply chain stability).
Hemp is an annual crop which, like other cereals and oilseeds, is inevitably associated with
greenhouse gas emissions (per hectare) linked to the use of fertilisers. However, hemp can
also remove large quantities of carbon from the atmosphere during the growing period, sim-
ilar to the carbon removal of fast-growing trees, for example the Douglas Fir. Moreover, as
the growing period is only part of the year, there is the possibility to grow a winter crop for
the other half of the year on the same hectare, increasing land use efficiency. This possibility
and the effects of it are outside of the scope of this study. Nonetheless, this is a possibility
worth further study.

The carbon storage potential and the GHG associated with the provision of the raw materials
are subject to uncertainties. Therefore, the values reported in this study should be interpreted
as a range. Uncertainties are mainly related to the yield/increment per hectare, management
practices, fertilisation (mainly hemp), tree species, use/increment ratio (wood), regional con-
ditions and transportation distance. This study does not include GHG emissions or removals
associated with land use, direct land use change, indirect land use change and soil organic
matter changes.
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