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Sammanfattning

Vªtgas (H2) ªr ett lovande brªnsle fºr att minska koldioxidutslªppen i sektorer som ªr sv¬ra
att elektrifiera, t.ex. tung industri och tunga transporter, och fºr att hjªlpa lªnder att uppn¬
sina klimatm¬l. Det mesta av den vªtgas som produceras i vªrlden utvinns dock fr¬n fossila
brªnslen som inte fºrbrªnns, en naturresurs som h¬ller p¬ att ta slut och som ªr den stºrs-
ta bidragande orsaken till klimatfºrªndringarna. Under de senaste decennierna har teknik
fºr omvandling av biomassa till vªtgas utvecklats som en ny lºsning fºr att ersªtta anvªnd-
ningen av fossila brªnslen inom vªtgassektorn. Den miljºmªssiga h¬llbarheten hos bioener-
gisystem m¬ste dock utvªrderas ur ett livscykelperspektiv fºr att sªkerstªlla en bªttre mil-
jºprestanda ªn de fossila motsvarigheter som de avser att ersªtta. Denna studie best¬r av en
konsekvens-LCA (cLCA) fr¬n vagga till grind fºr flerstegsfºrgasningsprocessenWoodRollÉ
fºr biomassa som utvecklats av det svenska fºretaget Cortus AB fºr att utvªrdera de potenti-
ella miljºkonsekvenserna av att anvªnda denna teknik fºr att producera hºgren vªtgas fr¬n
trªflis. Denna studie visar att det undersºkta systemet kan leverera vªtgasbrªnsle med l¬ga
koldioxidutslªpp och avsevªrt fºrbªttra sin miljºprestanda genom att anvªnda biprodukten
fr¬n den huvudsakliga vªtgasproduktionsanlªggningen (biokol fr¬n fºrgasning) i st¬lindu-
strin fºr att ersªtta pulveriserat kol. Det ªr dock sv¬rt att dra ytterligare slutsatser om andra
p¬verkanskategorier p¬ grund av bristen p¬ jªmfºrbara studier. Denna studie visar ocks¬ p¬
behovet av ytterligare forskning ommetanutslªpp under lagring av trªflis och kolbindnings-
potentialen hos restbiokol som produceras genom fºrgasningsprocesser i flera steg.
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Abstract

Hydrogen (H2) is a promising fuel to decarbonize hard-to-electrify sectors and help coun-
tries achieve their climate goals. However, most hydrogen produced worldwide is obtained
from non-abated fossil fuels, a depleting natural resource and the main contributor to cli-
mate change. In the last decades, biomass-to-hydrogen technologies have been developing
as an emerging solution to displace the use of fossil fuels in the hydrogen sector. However,
the environmental sustainability of bioenergy systems must be evaluated from a life-cycle
perspective to ensure a better environmental performance than the fossil counterparts they
intend to replace. This study consists of a cradle-to-gate consequential LCA (cLCA) on the
multi-stage biomass gasification process WoodRollÉ developed by the Swedish company
Cortus AB to evaluate the potential environmental consequences of deploying this technol-
ogy to produce high-purity hydrogen fuel fromwood chips. This study shows that the system
under study can deliver low-carbon hydrogen fuel and significantly improve its environmen-
tal performance by using the main hydrogen production plantôs by-product (residual gasi-
fication biochar) in the steel-making industry to replace pulverized coal. However, further
conclusions on other impact categories are challenging to draw due to the lack of comparable
studies. This study also showcases the need for further research in methane emissions dur-
ing wood chips storage and the carbon sequestration potential of residual biochars produced
by multi-stage gasification processes.
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1 Introduction

1 Introduction

Hydrogen (H2) is a promising fuel to decarbonize hard-to-electrify sectors and help countries
achieve their climate goals (Griffiths et al., 2021). Hydrogen fuel is an energy carrier that can
store the intermittent energy capturedby renewable energy sources as chemical energy (Caglayan
et al., 2021). Several advantages make hydrogen an ideal means for energy storage and trans-
port: it is the chemical substance with the highest known gravimetric energy density (120 kJ/g),
and its combustion with oxygen releases only water as a by-product (Mßller et al., 2017). How-
ever, the volumetric density of hydrogen at ambient temperature and pressure is rather low, hin-
dering the large-scale development of hydrogen infrastructure (M. Yang et al., 2023). Although
many challenges remain, hydrogen has been proposed as a potential candidate to substitute fos-
sil fuels in hard-to-abate sectors, such as heavy industry and heavy-duty transport (X. Yang et
al., 2022).

However, most hydrogen producedworldwide relies on fossil fuels, a depleting natural resource
and themain contributor to climate change (Meg²a et al., 2021). According to the IEA (2023), in
2022, unabated natural gas and coal use accounted for 62% and 21% of global hydrogen produc-
tion, respectively. For the same year, low-emission hydrogen represented only 0.7% of global
production share (IEA, 2023). Therefore, developing hydrogen production systems based on
renewable energy sources, the so-called green hydrogen becomes crucial to reduce green house
(GHG) emissions from carbon-intensive sectors (Oliveira et al., 2021).

In recent years, many green hydrogen production technologies have been developed as an alter-
native to fossil-based production methods (Zainal et al., 2024). Green hydrogen technologies
can be classified into two main categories: water-splitting and biomass-based. Green hydrogen
water-splitting technologies break downwater into its two chemical components, hydrogen and
oxygen, by applying renewable energy from an external source. On the other hand, biomass-
based technologies obtain hydrogen from the organic molecules that form the biomass feed-
stock through thermochemical or biological processes. Although water-splitting technologies
are likely to be more relevant in the future in terms of total green hydrogen production (IEA,
2019), biomass-based hydrogen industry is expected to play a relevant role in future bioenergy
systems (Pal et al., 2022).

Bioenergy, any form of energy of biological origin, is a promising solution to reduce the reliance
on fossil fuels and to helpmitigate climate change (Duarah et al., 2022). However, environmen-
tal concerns about bioenergy systemshave been raised in the last years regarding potential trade-
offs with other environmental problems (e.g., freshwater overuse) (Humpenºder et al., 2018),
and some studies have pointed out that some biofuels might have poorer climate performance
than the fossil fuels they intend to replace (Brand«o, 2022). Of particular relevance in this mat-
ter are the so-called first-generation biofuels, which sometimes have been reported to compete
with food crops for agricultural land, triggering indirect land use changes in distant regions to
supply the deficit of food production displaced by dedicated energy crops (Broch et al., 2013).
Such indirect land use changes have associated large GHG emissions due to carbon stock reduc-
tions and detrimental effects on biodiversity. In the last few years, the development of biofuels
based on biomasswaste, the so-called second-generation biofuels, has been promoted since they
do not compete for land with other biobased commodities (Jeswani et al., 2020). However, the
environmental performance of deploying newly developed second-generation biofuels must be
assessed to avoid indirect, undesired adverse effects.
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1 Introduction

Life Cycle Assessment (LCA) is a comprehensive environmental assessment tool that considers
the whole productôs life cycle and multiple environmental impact categories to avoid burden
shifting between either life stages or environmental impacts (Finnveden et al., 2009). LCA has
been recognized as a valuable tool to assess the environmental sustainability of the bioenergy
sector (Cherubini & Strßmman, 2011). In the LCA field, two different approaches are usually
differentiated: attributional and consequential (Schaubroeck et al., 2021). Although the attri-
butional approach is more widespread due to its higher simplicity and lower uncertainty, this
methodology fails to capture unwanted indirect effects of great relevance in the bioenergy field,
such as indirect land use change (Moretti et al., 2022). On the other hand, the consequential
approach focuses on the consequences of decisions, analyzing how a system might react to a
change, allowing to detect indirect effects (Brand«o et al., 2024). In this sense, the consequen-
tial approach has been proven as a relevant and versatile LCA method to evaluate the environ-
mental sustainability of bioenergy systems (Roos & Ahlgren, 2018).

Although LCAs on biomass-based hydrogen production arewidely available in the literature, the
approach taken is, in most cases, attributional (Wilkinson et al., 2023; Barahmand & Eikeland,
2022b). aLCAs typically use energy mixes comprised of the relevant technologies at the time
of research rather than the technological options available when building and operating the
future hydrogen production plants (Wilkinson et al., 2023). Considering that biomass-based
hydrogen production routes often require high energy inputs, especially electricity, including
future potential alternative energy mixes when evaluating the environmental performance of
incipient biomass-to-hydrogen becomes paramount. In this sense, the consequential modeling
approach includes themost likely energy technology options thatwill supply the energy required
when implementing a newly developed biomass-to-hydrogen technology through marginal en-
ergy mixes.

Additionally, since hydrogen fuel production from biomass is an incipient technology that has
not yet been widely deployed, the unexpected consequences of its large-scale implementation
must be acknowledged. In this sense, cLCA appears as a relevant methodology since it can
capture both the direct and indirect environmental effects of large-scale deployment of biohy-
drogen production technologies. Moreover, most LCAs on hydrogen production only consider
global warming potential, and a small portion include other environmental impact indicators
such as acidification or eutrophication potentials (Wilkinson et al., 2023), pointing to the need
to conduct more comprehensive studies to analyze potential trade-offs between different envi-
ronmental problems in the development of biohydrogen systems.

Over the last few years, the Swedish company Cortus AB has developed theWoodRollÉ process,
a patented technology to produce hydrogen-rich syngas from biomass through an integrated
pyrolysis-gasification route. This process yields residual biochar in the form of ash currently
sent for incineration and landfilling, a non-optimal use of this carbonaceous material. In ad-
dition, syngas can be further processed to produce high-purity hydrogen, a more valuable and
useful fuel. Consequently, this study consists of a Consequential LCA (cLCA) that aims to esti-
mate the potential environmental impacts of deploying the WoodRollÉ technology to produce
high-purity hydrogen fuel from wood chips, a forest residue widely used to produce biofuels.
Additionally, the most efficient use of the process by-products is intended to be defined from an
environmental standpoint. This study is part of the International Energy Agency (IEA) Bioen-
ergyH2 Intertask, a project intending to identify and assess synergies in the deployment of green
hydrogen and bio-based value chains (IEA Bioenergy, 2024).
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2 Background

2 Background

2.1 Technological Background

This section briefly explains the different processes and technologies used in the hydrogen pro-
duction system assessed in this study.

2.1.1 Pyrolysis

Pyrolysis is the thermal decomposition of carbon-rich materials in the absence of oxygen at
temperatures between 280 and 1,000ÜC (Jahirul et al., 2012). Although fossil fuels are widely
used as feedstock for this process, biomass pyrolysis has regained much attention during the
last decades due to its potential to contribute to independence from fossil fuels and mitigate
climate change (Garcia-Nu¶ez et al., 2017). During biomass pyrolysis, the long and complex
organicmolecules forming the biomass feedstock break down into smallermolecules, producing
a gaseous product comprised of permanent gases and condensable vapors. During biomass
pyrolysis not all the feedstock is gasified, remaining biochar as a solid by-product. The quantity
and composition of the (co)products significantly depend on the type of biomass fed and the
operation parameters (e.g., temperature or heating rate) (Guedes et al., 2018).

The mixture of condensable vapors obtained from biomass pyrolysis is called bio-oil, and it is
formed by a complex mixture of oxygenated organic compounds containing a wide variety of
different types of functional groups (Dhyani & Bhaskar, 2018). Bio-oil can be used directly as
a biofuel or further upgraded to produce high-level biobased products. On the other hand, the
non-condensable gas fraction comprises mainly CO, CO2, CH4, H2, and light hydrocarbons (Li
et al., 2019). Biochar is a porous carbon-rich solid that can be used as a biofuel, soil amendment,
or in contamination control processes (W. Chen et al., 2019). However, biocharôs functionality
depends on its physicochemical structure, which is ultimately determined by the pyrolysis pro-
cess parameters, being temperature the most influential factor (Y. Chen et al., 2017). Biochar
has been extensively researched as a carbon-negative solution since the carbon embedded in its
structure is stable and difficult to decompose, storing the carbon in the soil for long periods of
time (Tisserant et al., 2023). As process temperature increases, the aromaticity of the biochar
structure rises, boosting biochar resistance to mineralization (Brassard et al., 2016), making
biochar from high-temperature processes the most suitable for carbon sequestration in the soil.

2.1.2 Gasification

Gasification is the thermal decomposition of carbonaceousmaterials into syngas, a gaseousmix-
ture mainly comprised of H2 and CO, in the presence of a gasifying agent, typically steam, un-
der high temperatures (Tezer et al., 2022). Although catalytic gasification has been tested to
increase the hydrogen yield of gasification, the process produces hydrogen at high rates even
without catalytic support (Encinar et al., 2001). Steam gasification is a complex process con-
sisting of several homogeneous and heterogeneous steps, including pyrolysis, reduction, and
combustion reactions (Parthasarathy & Narayanan, 2014). However, the most relevant reac-
tions are (1) and (2) (Encinar et al., 2001), pointing to the importance of adding steam to the
process for increased hydrogen production.
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2 Background

C(s) + H2O(g) �! H2(g) + CO(g) (1)

CO(g) + H2O(g) �! H2(g) + CO2(g) (2)

Recently, using biochar as the feedstock of gasificationhas been extensively researched (Waheed
et al., 2016; Kartal et al., 2022) due to the high speed of the process and the absence of for-
mation of bio-oil and tar (Ferreira et al., 2017). One of the latest developments has been the
so-called multi-stage gasification process, where pyrolysis and gasification operate serially in
different zones in a controlled manner (Heidenreich & Foscolo, 2015). This design ensures that
volatiles are removed during the pyrolysis stage and gasification operates under optimal con-
ditions, achieving high feedstock conversion rates and hydrogen-rich syngas. Although carbon
gasification rates are extremely high in this type of system, a small amount of residual biochar
remains in the form of ash after the process. During biochar gasification, the more reactive car-
bon structures are consumed preferentially, enriching the residual biochar ash with aromatic
rings (H. Wu et al., 2009; Xie et al., 2019), increasing the chemical stability of this by-product.

2.1.3 The WoodRoll© Process

TheWoodRollÉprocess is a patented technology developed by the Swedish company Cortus AB
to produce hydrogen-rich syngas from biomass. The process is amulti-stage gasification, where
pyrolysis and gasification operate in series in different reactors. First, the biomass feedstock is
heated and dried at 100ÜC. Then, the dried feedstock undergoes a pyrolysis at 400ÜC, producing
gaseous products and biochar. The biochar is finely ground and introduced into the gasifier.
On the other hand, the gaseous products, both condensable vapors and permanent gases, are
burnt to produce heat for gasification. During the gasification at 1,100ÜC, steam is injected as
a gasifying agent to promote hydrogen production. Eventually, the process yields hydrogen-
rich syngas and residual biochar in the form of ash. After leaving the gasifier, the syngas is
cooled down by water, becoming steam fed into the gasifier. In addition, the waste heat from
the gasifier is redirected to the pyrolysis and drying processes.

2.1.4 Pressure Swing Adsorption (PSA)

Pressure SwingAdsorption (PSA) is a versatile and cost-effective gas separation process that can
produce high-purity hydrogen from a wide range of gaseous mixtures (Shabbani et al., 2024).
PSA technology is based on the different adsorption affinities that the compounds in a gaseous
mixture have on a specific solid adsorbent under high pressure. Conventional adsorbents in
PSA are silica gel, activated carbon, and zeolites (Luberti & Ahn, 2022). These substances must
have high adsorption affinities for the impurities in the mixture (e.g., CO2, CO, or H2O) and
a low affinity for hydrogen. This way, the adsorbent retains the impurities while allowing the
hydrogen to flow.

PSA is a dynamic process consisting of adsorption-desorption cycles created by varying the pres-
sure in the PSA bed (Sircar & Golden, 2000). Briefly, the gaseous mixture enters the PSA bed
at high pressure, where those species with high affinity for the solid adsorbent will be physically
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2 Background

bonded to it. Since H2 has a low affinity for the adsorbent, it will remain unattached to the ad-
sorbent, resulting in a high-purity H2 stream. Later, the bed is depressurized, leading to the
desorption of the impurities and the recycling of the adsorbent for the next cycle. The PSA tail
gas produced after the depressurization is usually burnt for heat recovery since it can contain
CO, CH4 and relatively small amounts of H2.

2.1.5 Water Gas Shift Reaction (WGSr)

The Water-Gas Shift Reaction (WGSr) is a reversible and slightly exothermic reaction widely
used in hydrogen production where carbon monoxide reacts with steam to form hydrogen and
carbon dioxide (W.-H. Chen & Chen, 2020) :

CO(g) + H2O(g) *) H2(g) + CO2(g) (3)

An engineered WGSr process is divided into two phases taking place in separate reactors: high
and low-temperature (Baraj et al., 2021). During the first stage, the high temperatures (350-
450ÜC) enhance the reaction rate, but the process suffers from low CO conversion rates. To
improve the CO conversion during this stage, recent process designs have placed a hydrogen
purification system (e.g., PSA) before the syngas enters the high-temperature phase. Removing
the hydrogen from the syngas stream displaces the equilibrium of the WGSr towards the prod-
ucts, increasing the CO conversion rate, and produces a side stream of high-purity hydrogen.
Usually, the high-temperature WGSr is assisted by iron-chromium catalysts.

In the low-temperatureWGSr (200-250ÜC), the equilibrium is further displaced to the products
based on the slightly thermodynamical nature of the reaction. Although this phase has a higher
carbon monoxide conversion, the reaction rate is lower due to lower process temperatures. In
this case, the reaction is usually promotedwith copper-zinc catalysts. Altogether, an engineered
WGSr process is a balance between a high reaction rate favored by higher temperatures and a
high CO conversion rate favored by low temperatures.

2.2 Methodological Background

This section further explains the methodology used in this study to assess the environmental
consequences of deploying the WoodRollÉ technology to produce high-purity hydrogen fuel
from wood chips.

2.2.1 Consequential Life Cycle Assessment (cLCA)

Life Cycle Assessment (LCA) is a methodology to estimate the potential environmental impacts
and resource consumption of a specific product, either good or service (Finnveden et al., 2009).
LCA adopts a life cycle perspective; that is, it considers all the stages of a productôs life cycle,
from raw material extraction to end-of-life and final disposal (Figure 1). Adopting a life cy-
cle approach ensures that burden shifting is avoided between the productôs life stages or en-
vironmental impact categories. In LCA, all environmental impacts and resource consumption
through the productôs life cycle are systematically expressed with reference to a specific amount
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�R�I �S�U�R�G�X�F�W �W�K�D�W �I�X�O�I�L�O�O�V �D �S�D�U�W�L�F�X�O�D�U �I�X�Q�F�W�L�R�Q�� �Q�D�P�H�G �I�X�Q�F�W�L�R�Q�D�O �X�Q�L�W ���)�8���� �(�[�S�U�H�V�V�L�Q�J �W�K�H �U�H�V�X�O�W�V
�L�Q �W�H�U�P�V �R�I �I�X�Q�F�W�L�R�Q�D�O�L�W�\ �D�O�O�R�Z�V �I�R�U �F�R�P�S�D�U�L�Q�J �G�L�I�I�H�U�H�Q�W �S�U�R�G�X�F�W�V �W�K�D�W �D�L�P �W�R �V�D�W�L�V�I�\ �W�K�H �V�D�P�H
�Q�H�H�G �E�X�W �D�U�H �Q�R�W �S�K�\�V�L�F�D�O�O�\ �R�U �W�H�F�K�Q�L�F�D�O�O�\ �H�T�X�D�O ���.�L�P �H�W �D�O������������ ����

�&�R�Q�G�X�F�W�L�Q�J �D�Q �/�&�$ �L�V �D�Q �L�W�H�U�D�W�L�Y�H �S�U�R�F�H�V�V �F�R�Q�V�L�V�W�L�Q�J �R�I �I�R�X�U �V�W�H�S�V�� �J�R�D�O �D�Q�G �V�F�R�S�H �G�H�I�L�Q�L�W�L�R�Q��
�O�L�I�H �F�\�F�O�H �L�Q�Y�H�Q�W�R�U�\ ���/�&�,���� �O�L�I�H �F�\�F�O�H �L�P�S�D�F�W �D�V�V�H�V�V�P�H�Q�W ���/�&�,�$���� �D�Q�G �L�Q�W�H�U�S�U�H�W�D�W�L�R�Q ���,�6�2���������� ����
�,�Q �W�K�H �J�R�D�O �D�Q�G �V�F�R�S�H �G�H�I�L�Q�L�W�L�R�Q �S�K�D�V�H�� �W�K�H �V�W�X�G�\�¶�V �R�E�M�H�F�W�L�Y�H �D�Q�G �W�K�H �V�\�V�W�H�P �E�R�X�Q�G�D�U�L�H�V �D�U�H �O�D�L�G
�R�X�W�� �V�W�D�W�L�Q�J �Z�K�D�W �L�V �L�Q�F�O�X�G�H�G �R�U �H�[�F�O�X�G�H�G �L�Q �W�K�H �V�W�X�G�\�� �D�Q�G �W�K�H �U�H�D�V�R�Q�V �I�R�U �L�W�� �7�K�H �/�&�, �L�V �X�V�X�D�O�O�\
�W�K�H �P�R�V�W �W�L�P�H���F�R�Q�V�X�P�L�Q�J �S�K�D�V�H�� �D�Q�G �L�W �L�Q�F�O�X�G�H�V �T�X�D�Q�W�L�I�\�L�Q�J �D�O�O �W�K�H �U�H�O�H�Y�D�Q�W �P�D�W�W�H�U �D�Q�G �H�Q�H�U�J�\
�I�O�R�Z�V �R�I �W�K�H �V�\�V�W�H�P �X�Q�G�H�U �V�W�X�G�\�� �X�V�X�D�O�O�\ �U�H�I�H�U�U�H�G �W�R �D�V�W�K�H �S�U�R�G�X�F�W �V�\�V�W�H�P�� �2�Q�F�H �D�O�O �W�K�H �S�U�R�G�X�F�W
�V�\�V�W�H�P �L�Q�S�X�W�V �D�Q�G �R�X�W�S�X�W�V �K�D�Y�H �E�H�H�Q �G�H�W�H�U�P�L�Q�H�G�� �W�K�H�\ �D�U�H �W�U�D�Q�V�O�D�W�H�G �L�Q�W�R �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �L�P�S�D�F�W
�L�Q�G�L�F�D�W�R�U�V �G�X�U�L�Q�J �W�K�H �/�&�,�$�� �,�Q �W�K�H �L�Q�W�H�U�S�U�H�W�D�W�L�R�Q �S�K�D�V�H�� �W�K�H �V�W�X�G�\�¶�V �U�H�V�X�O�W�V �D�U�H �D�Q�D�O�\�]�H�G �D�Q�G
�G�L�V�F�X�V�V�H�G �L�Q �U�H�O�D�W�L�R�Q �W�R �W�K�H �J�R�D�O �D�Q�G �V�F�R�S�H �R�I �W�K�H �V�W�X�G�\�� �D�Q�G �F�R�Q�F�O�X�V�L�R�Q�V �D�Q�G �U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V
�D�U�H �P�D�G�H��

�,�Q �W�K�H �/�&�$ �I�L�H�O�G�� �W�Z�R �D�O�W�H�U�Q�D�W�L�Y�H �D�S�S�U�R�D�F�K�H�V �D�U�H �W�\�S�L�F�D�O�O�\ �G�L�I�I�H�U�H�Q�W�L�D�W�H�G�� �D�W�W�U�L�E�X�W�L�R�Q�D�O �D�Q�G �F�R�Q��
�V�H�T�X�H�Q�W�L�D�O ���6�F�K�D�X�E�U�R�H�F�N �H�W �D�O���� �������� ���� �$�Q �$�W�W�U�L�E�X�W�L�R�Q�D�O �/�&�$ ���D�/�&�$�� �D�W�W�H�P�S�W�V �W�R �H�V�W�L�P�D�W�H �W�K�H
�V�K�D�U�H �R�I �W�K�H �J�O�R�E�D�O �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �E�X�U�G�H�Q�V �D�V�V�R�F�L�D�W�H�G �Z�L�W�K �D �V�S�H�F�L�I�L�F �S�U�R�G�X�F�W ���(�N�Y�D�O�O�� �������� ����
�7�K�H�R�U�H�W�L�F�D�O�O�\�� �W�K�H �V�X�P �R�I �D�O�O �S�U�R�G�X�F�W�V�¶ �D�/�&�$�V �Z�R�X�O�G �U�H�V�X�O�W �L�Q �W�K�H �W�R�W�D�O �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �E�X�U�G�H�Q�V
�S�U�R�G�X�F�H�G �E�\ �W�K�H �J�O�R�E�D�O �V�R�F�L�H�W�\�� �2�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �D �&�R�Q�V�H�T�X�H�Q�W�L�D�O �/�&�$ ���F�/�&�$�� �D�L�P�V �W�R �H�V�W�L��
�P�D�W�H �K�R�Z �W�K�H �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �E�X�U�G�H�Q�V �R�I �D �S�U�R�G�X�F�W �V�\�V�W�H�P �P�L�J�K�W �F�K�D�Q�J�H �D�V �D �F�R�Q�V�H�T�X�H�Q�F�H �R�I
�D �G�H�F�L�V�L�R�Q ���%�U�D�Q�G�m�R �H�W �D�O���� �������� ���� �&�R�Q�V�H�T�X�H�Q�W�O�\�� �R�Q�O�\ �W�K�R�V�H �X�Q�L�W �S�U�R�F�H�V�V�H�V �W�K�D�W �D�U�H �H�[�S�H�F�W�H�G
�W�R �F�K�D�Q�J�H �G�X�H �W�R �D �V�S�H�F�L�I�L�F �G�H�F�L�V�L�R�Q �D�U�H �L�Q�F�O�X�G�H�G �L�Q �W�K�H �V�\�V�W�H�P �E�R�X�Q�G�D�U�L�H�V�� �7�K�H �D�W�W�U�L�E�X�W�L�R�Q�D�O
�D�Q�G �F�R�Q�V�H�T�X�H�Q�W�L�D�O �D�S�S�U�R�D�F�K�H�V �S�U�R�Y�L�G�H �G�L�I�I�H�U�H�Q�W �S�H�U�V�S�H�F�W�L�Y�H�V �R�Q �W�K�H �V�D�P�H �S�U�R�G�X�F�W �V�\�V�W�H�P�� �D�Q�G
�F�K�R�R�V�L�Q�J �R�Q�H �R�U �W�K�H �R�W�K�H�U �G�H�S�H�Q�G�V �R�Q �W�K�H �V�W�X�G�\�¶�V �R�E�M�H�F�W�L�Y�H ���:�H�L�G�H�P�D �H�W �D�O���� �������� ���� �D�/�&�$ �L�V
�W�\�S�L�F�D�O�O�\ �X�V�H�G �D�V �D�Q �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �L�P�S�D�F�W �D�F�F�R�X�Q�W�L�Q�J �H�[�H�U�F�L�V�H�� �Z�K�H�U�H�D�V �F�/�&�$ �L�V �G�H�V�L�J�Q�H�G �W�R �D�L�G
�G�H�F�L�V�L�R�Q���P�D�N�L�Q�J ���3�U�R�[ �	 �&�X�U�U�D�Q���������� ����

����



�� �%�D�F�N�J�U�R�X�Q�G

�2�Q�H �R�I �W�K�H �P�R�V�W �V�L�J�Q�L�I�L�F�D�Q�W �P�H�W�K�R�G�R�O�R�J�L�F�D�O �G�L�I�I�H�U�H�Q�F�H�V �E�H�W�Z�H�H�Q �W�K�H �D�W�W�U�L�E�X�W�L�R�Q�D�O �D�Q�G �F�R�Q�V�H��
�T�X�H�Q�W�L�D�O �D�S�S�U�R�D�F�K�H�V �L�V �K�R�Z �P�X�O�W�L���R�X�W�S�X�W �S�U�R�F�H�V�V�H�V �D�U�H �K�D�Q�G�O�H�G ���(�N�Y�D�O�O�� �������� ���� �,�Q �D�/�&�$�� �W�K�H
�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �E�X�U�G�H�Q�V �R�I �D �P�X�O�W�L���S�U�R�G�X�F�W �S�U�R�F�H�V�V �D�U�H �X�V�X�D�O�O�\ �D�O�O�R�F�D�W�H�G �D�P�R�Q�J �W�K�H �G�L�I�I�H�U�H�Q�W �F�R��
�S�U�R�G�X�F�W�V �H�P�S�O�R�\�L�Q�J �D �Q�R�U�P�D�W�L�Y�H �U�X�O�H �E�D�V�H�G �R�Q�� �I�R�U �H�[�D�P�S�O�H�� �Z�H�L�J�K�W �R�U �H�Q�H�U�J�\ �F�R�Q�W�H�Q�W ���(�N�Y�D�O�O �H�W
�D�O������������ ���� �&�R�Q�W�U�D�U�L�O�\�� �L�Q �F�/�&�$�� �W�K�H �V�X�E�V�W�L�W�X�W�L�R�Q �D�S�S�U�R�D�F�K �L�V �W�K�H �S�U�H�I�H�U�U�H�G �R�S�W�L�R�Q �V�L�Q�F�H �L�W �D�Y�R�L�G�V
�S�D�U�W�L�W�L�R�Q�L�Q�J �W�K�H �S�U�R�G�X�F�W �V�\�V�W�H�P �I�O�R�Z�V �I�R�O�O�R�Z�L�Q�J �D�Q �D�U�E�L�W�U�D�U�\ �F�U�L�W�H�U�L�R�Q ���%�U�D�Q�G�m�R �H�W �D�O������������ ����

�7�K�H �V�X�E�V�W�L�W�X�W�L�R�Q �D�S�S�U�R�D�F�K �D�Y�R�L�G�V �S�D�U�W�L�W�L�R�Q�L�Q�J �W�K�H �S�U�R�G�X�F�W �V�\�V�W�H�P �E�\ �F�R�X�Q�W�H�U�E�D�O�D�Q�F�L�Q�J �W�K�H �V�X�S��
�S�O�\ �R�I �W�K�H �V�\�V�W�H�P�¶�V �E�\���S�U�R�G�X�F�W�V �Z�L�W�K �D �U�H�G�X�F�W�L�R�Q �L�Q �W�K�H �V�X�S�S�O�\ �R�I �I�X�Q�F�W�L�R�Q�D�O�O�\ �H�T�X�L�Y�D�O�H�Q�W �S�U�R�G�X�F�W�V
�S�U�R�G�X�F�H�G �E�\ �W�K�H �P�D�U�J�L�Q�D�O �V�X�S�S�O�L�H�U�V �R�I �W�K�H �P�D�U�N�H�W �L�Q �Z�K�L�F�K �W�K�H �E�\���S�U�R�G�X�F�W�V �D�U�H �W�U�D�G�H�G ���%�U�D�Q�G�m�R
�H�W �D�O������������ ���� �7�R �G�R �W�K�L�V�� �I�L�U�V�W�� �W�K�H �G�H�W�H�U�P�L�Q�L�Q�J �F�R���S�U�R�G�X�F�W �R�I �D �P�X�O�W�L���S�U�R�G�X�F�W �V�\�V�W�H�P �P�X�V�W �E�H
�L�G�H�Q�W�L�I�L�H�G�� �D�Q�G �W�K�H�Q �D�O�O �W�K�H �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �E�X�U�G�H�Q�V �R�I �W�K�H �S�U�R�G�X�F�W �V�\�V�W�H�P �D�U�H �D�V�V�L�J�Q�H�G �W�R �L�W�� �$
�G�H�W�H�U�P�L�Q�L�Q�J �F�R���S�U�R�G�X�F�W �L�V �W�K�H �S�U�L�P�D�U�\ �G�U�L�Y�H�U �R�I �D�Q �H�F�R�Q�R�P�L�F �D�F�W�L�Y�L�W�\�� �P�H�D�Q�L�Q�J �W�K�D�W �D �F�K�D�Q�J�H �L�Q
�G�H�P�D�Q�G �I�R�U �W�K�H �G�H�W�H�U�P�L�Q�L�Q�J �F�R���S�U�R�G�X�F�W �L�Q�G�X�F�H�V �D �F�K�D�Q�J�H �L�Q �W�K�H �S�U�R�G�X�F�W�L�R�Q �Y�R�O�X�P�H �R�I �W�K�H �D�F�W�L�Y��
�L�W�\�� �2�Q �W�K�H �R�W�K�H�U �K�D�Q�G�� �D �G�H�S�H�Q�G�H�Q�W �F�R���S�U�R�G�X�F�W �L�V �D �Y�D�O�X�D�E�O�H �E�\���S�U�R�G�X�F�W �W�K�D�W �G�R�H�V �Q�R�W �G�U�L�Y�H �W�K�H
�H�F�R�Q�R�P�L�F �D�F�W�L�Y�L�W�\ �W�K�D�W �S�U�R�G�X�F�H�V �L�W�� �W�K�H�U�H�I�R�U�H�� �D �F�K�D�Q�J�H �L�Q �G�H�P�D�Q�G �I�R�U �D �G�H�S�H�Q�G�H�Q�W �F�R���S�U�R�G�X�F�W
�G�R�H�V �Q�R�W �L�Q�G�X�F�H �D �F�K�D�Q�J�H �L�Q �W�K�H �S�U�R�G�X�F�W�L�R�Q �Y�R�O�X�P�H �R�I �W�K�H �H�F�R�Q�R�P�L�F �D�F�W�L�Y�L�W�\�� �7�R �D�F�F�R�X�Q�W �I�R�U �W�K�H
�G�H�S�H�Q�G�H�Q�W �F�R���S�U�R�G�X�F�W�V �R�I �P�X�O�W�L���R�X�W�S�X�W �S�U�R�F�H�V�V�H�V �L�Q �W�K�H �V�X�E�V�W�L�W�X�W�L�R�Q �D�S�S�U�R�D�F�K�� �L�W �L�V �D�V�V�X�P�H�G
�W�K�D�W �W�K�H�\ �Z�L�O�O �U�H�S�O�D�F�H �D�Q �H�T�X�D�O�O�\ �I�X�Q�F�W�L�R�Q�D�O �S�U�R�G�X�F�W �S�U�R�G�X�F�H�G �E�\ �W�K�H �P�D�U�J�L�Q�D�O �V�X�S�S�O�L�H�U�V �R�I �W�K�H
�P�D�U�N�H�W �L�Q �Z�K�L�F�K �W�K�H �F�R���S�U�R�G�X�F�W�V �D�U�H �W�U�D�G�H�G�� �7�K�H �D�Y�R�L�G�H�G �E�X�U�G�H�Q�V �O�L�Q�N�H�G �W�R �W�K�H �S�U�R�G�X�F�W�L�R�Q
�R�I �W�K�H �U�H�S�O�D�F�H�G �S�U�R�G�X�F�W�V �D�U�H �V�X�E�W�U�D�F�W�H�G �I�U�R�P �W�K�H �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �E�X�U�G�H�Q�V �R�I �W�K�H �G�H�W�H�U�P�L�Q�L�Q�J
�S�U�R�G�X�F�W�� �+�R�Z�H�Y�H�U�� �G�H�I�L�Q�L�Q�J �R�Q�O�\ �R�Q�H �G�H�W�H�U�P�L�Q�L�Q�J �F�R���S�U�R�G�X�F�W �L�Q �V�R�P�H �S�U�R�G�X�F�W �V�\�V�W�H�P�V �L�V �Q�R�W
�V�W�U�D�L�J�K�W�I�R�U�Z�D�U�G �V�L�Q�F�H �V�H�Y�H�U�D�O �F�R���S�U�R�G�X�F�W�V �F�D�Q �V�L�P�X�O�W�D�Q�H�R�X�V�O�\ �G�U�L�Y�H �D�Q �H�F�R�Q�R�P�L�F �D�F�W�L�Y�L�W�\��

�:�K�H�Q �W�K�H �V�X�E�V�W�L�W�X�W�L�R�Q �D�S�S�U�R�D�F�K �F�D�Q�Q�R�W �E�H �D�S�S�O�L�H�G�� �W�K�H �H�F�R�Q�R�P�L�F �D�O�O�R�F�D�W�L�R�Q �D�S�S�U�R�D�F�K �L�V �X�V�X�D�O�O�\
�D�G�R�S�W�H�G�� �+�H�U�H�� �W�K�H �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O �E�X�U�G�H�Q�V �D�U�H �V�K�D�U�H�G �D�P�R�Q�J �W�K�H �G�L�I�I�H�U�H�Q�W �F�R���S�U�R�G�X�F�W�V �E�D�V�H�G
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