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Ordered by: PaperShell AB

PaperShell AB was founded in 2021 but the idea behind PaperShell was born in 2018. We have the
core belief that the solution to the climate crisis and a sustainable management of resources is
found in nature. We're building paper back into a more resistant version of wood.

Our goal is to offer sustainable, high tech, long lasting and load bearing B2B components based on
ingredients found in wood and plants. We're taking a pioneering role in the transformation towards
a local and circular biobased society. PaperShell aims to replace fossil-based materials with bio-
carbon solutions without compromising on nature's balance or performance.

We're a diverse and purpose-driven team cross breeding design, science and industrial technology.
Inspired by nature's 3.8 billion years of bio intelligence we're creating high tech, artificially
engineered wood components with the potential to replace bulk materials like press moulded
veneer, plastics, fiber composites and even metals.

PaperShell is growing fast and organic. We work closely with scientists in EU with ongoing and
deep collaboration with the research institute of Sweden (RISE). In Tibro, Sweden we have our pilot
plant where we do co-development projects and R&D with a maximum capacity of 60 000
components per year. In 2023 we will launch our first highly automated and flexible factory with a
maximum capacity of 700 000 components per year.

Issued by: Miljégiraff AB

Miljégiraff is an environmental consultant specialising in product Life Cycle Assessment and Life
Cycle Design. We believe that combining analysis and creativity is necessary to meet today's
challenges. Therefore, we provide Life Cycle Assessment to evaluate environmental aspects and
design methods to develop sustainable solutions.

We create measurability in environmental work based on a life cycle perspective on ecological
aspects. The LCA methodology establishes the basis for modelling complex systems of aspects
with a credible assessment of potential environmental effects.

Miljogiraff is part of a global network of experts in sustainability metrics piloted by PRé
Sustainability.



Abbreviations and expressions
Clarification of expressions and abbreviations used in the report

APOS - Allocation at the point of substitution (system model in ecoinvent)

CO2 eq - Carbon dioxide equivalents

Cut-off in ecoinvent - Allocation cut off by classification (system model in ecoinvent)
Cut-off in general - Environmental impact that contributes insignificantly to the overall results.
EPD - Environmental Product Declaration

GFRP - Glass fibre reinforced polymer

GWP - Global Warming Potential

GLO - Global

ISO - International Organization for Standardisation

IPCC - Intergovernmental Panel on Climate Change

LCA - Life Cycle Assessment

LCI - Life Cycle Inventory Analysis

LCIA - Life Cycle Impact Assessment

PCR - Product Category Rules

PP - Polypropylene

RER - The European region

RoW - Rest of the world

Environmental aspect - An activity that might contribute to an environmental effect, for example,
"electricity usage”.

Environmental effect - An outcome that might influence the environment negatively
(Environmental impact), for example, “Acidification”, “Eutrophication”, or “Climate change”.

Environmental impact - The damage to a safeguarding object (i.e., human health, ecosystems,
health, and natural resources).

Life Cycle Inventory (LCI) data - Inventory of input and output flows for a product system



1 Introduction

Life cycle assessment (LCA) is a standardised method to quantify the potential environmental
impact of a product or service from a holistic perspective. With its holistic perspective, LCA avoids
the so-called burden-shifting from one part of the lifecycle to another or across impact categories.
LCA results provide an understanding of a product’s life cycle burdens and hotspots and allow for
identifying opportunities to mitigate adverse effects.

This report presents the results for the environmental impacts calculated for a chair seat produced
by PaperShell. The assessment is carried out according to a life cycle perspective using the ISO
14040 standard.

1.1 Reading guide

Readers can select sections of the report depending on their time availability:

T 5 minutes
0 Section 7 gives the briefest summary of the most relevant conclusions and
recommendations.
1 10 minutes
0 Section 7 and section 6 give the reader some more nuance and depth as it includes
interpretation and sensitivity analysis that underpins the conclusions.
T 20 minutes
0 Section 7, section 6 and section 5 present detailed results for the different impact
categories that support the conclusion and recommendations.
T >30 minutes
0 Forin-depth detail and transparent documentation on the modelling of each part of
the life cycle, see section 4 (“Life Cycle Inventory”)
0 Forinformation about methodology, scope and functional unit, see sections 2 (“Life
Cycle Assessment”) and section 3 ("Goal and Scope”)

1.2 General description of the product and its context

PaperShell aims to make components that are more environmentally friendly than press moulded
veneer, weather resistant as plastic and strong as fiber composites. First out is a load bearing
material solution that resembles an artificially engineered and exclusive wood.

The PaperShell components are made by press moulding, or inflation bladder moulding, to create
3D surfaces that are hard and load bearing for indoor and outdoor products. A natural fiber
composite solution to replace press moulded veneer, plastic details, fiber composites or even press
moulded metal. The solution is based on industry 4.0" production with advantages that enables a
highly automated and flexible production.

The PaperShell material can be used for products in various shapes, for example flat, single curved,
double curved/sphere. The material can also have properties such as heat resistance, UV
resistance and scratch resistance etc. See the webpage papershell.se/material for more
information on the material. Several pilot projects where the material is utilized are already
ongoing, see papershell.se/news.

"https://en.wikipedia.org/wiki/Fourth_Industrial_Revolution



PaperShell's production is in early stages of scaling up production, with manufacturing facilities
under construction. The pilot plant in Tibro has a maximum capacity of 60 000 components per
year. In 2023 they will launch their first highly automated and flexible factory with a maximum
capacity of 700 000 components per year. Hence, in the context of creating an LCA for the product
the LCA model in this study represents the best estimates for what the production will look like
based on PaperShell’s current plans and existing test manufacturing.

Figure 1: Samples of the PaperShell material

Figure 2: Sample of a chair made of PaperShell material (image cropped due to confidentiality)



1.3 The sustainability challenge

Sustainability comprises meeting our own needs without compromising the ability of future
generations to meet their own needs. Industrial and natural systems depend on a stable Earth
system to function. A quantitative planetary boundary within which humanity can continue to
develop and thrive for generations to come has been proposed (Steffen et al., 2015). These
researchers describe nine processes that determine the resilience and stability of the Earth system,
such as climate change, water use, and land use. Crossing these boundaries increases the risk of
abrupt and irreversible environmental change, while staying within the boundaries represents a safe
operating space for a sustainable society, see Figure 4.
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One critical environmental problem we face today is climate change. The latest report from the
Intergovernmental Panel on Climate Change, shows that only the most ambitious of five scenarios
for greenhouse gas emissions would result in a temperature increase within 2°C (IPCC, 2021a), see
Figure 4. Considering that limiting temperature rise below 1.5°C is the ambition of the Paris
Agreement 2016, it is evident that the available space for mitigating radical climate change is ever-
shrinking, necessitating decisive action in all parts of society.
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Figure 4. Future annual emissions of COF(top) and contribution to global surface temperature increase from different
emissions, with a dominant role of COFemissions (bottom) across five illustrative scenarios. Image from IPCC (2021b).



2 Life Cycle Assessment (LCA)
2.1 LCA Methodology background

Understanding the potential environmental impact in connection with the manufacture and use of
products is increasingly important. LCA is an accepted standardised method that is applied to
create this understanding. Being a quantitative tool, LCA can contribute to more sustainable
development by identification of hotspots and by guiding actionable measures to reduce
environmental impacts. A business can use the results of an LCA to develop strategy, management
and communication of environmental issues related to products. By including environmentally
relevant input and output flows through a product’s entire supply chain, from raw material
extraction to final disposal, LCA provides a comprehensive basis for the environmental impact of a
product’s supply chain (see Figure 3).
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Products’ supply chains are complex and involve numerous connections. Therefore, in order to
analyse a product’s entire life cycle, LCA practitioners must simplify it into a model which involves
limitations, as those as summarised by Guinée et al. (2002):
9 Localised aspects are typically not addressed, and LCA is not a local risk assessment tool
1 LCAistypically a steady-state approach rather than a dynamic approach
1 LCA does not include market mechanisms or secondary effects on technological
development
9 Processes are considered linear, both in the economy and the environment, meaning that
impact increases linearly with increased production.
9 LCA involves several technical assumptions and value choices that are not purely science-
based
9 LCA focuses on environmental aspects and excludes social, economic, and other
characteristics

The study presented in this report is a result of Miljogiraff's work which combines the confidence
and objectiveness of the strong and accepted ISO standard with the scientific and reliable LC| data
from ecoinvent and with the world-leading LCA software SimaPro for calculation and modelling
(see Figure 6.)



So ‘ Figure 6: 1SO standard combined
I . with reliable data from ecoinvent
s and the LCA software SimaPro.

Already in 1997, the European Committee for Standardisation published their first set of
international guidelines for the performance of LCA. This ISO 14040 standard series has become
widely accepted amongst the practitioners of LCA and is continuously being developed along with
progressions within the field of LCA (Rebitzer et al., 2004). The guidelines for LCA are described in
two documents; ISO 14040, which contains the main principles and structure for performing an
LCA, and ISO 14044, which includes detailed requirements and recommendations. Furthermore, a
document containing the format for data documentation (ISO/TS 14048) and technical reports
with guidelines for the different stages of an LCA are available in ISO/TR 14047 and ISO/TR 14049
(I1SO, 2012b, 2012a).

The environmental management method Life Cycle Assessment (LCA) is used in this study. The
LCA has been performed according to the ISO 14040 series standards.

ISO 14040: 2006 - Principles and framework (ISO, 2006a)

ISO 14044: 2006 - Requirements and guidelines (IS0, 2006b)
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3 Goal and Scope

3.1 The aim of the study

The study's goal is to find metrics for the environmental impact of PaperShell’s production from a
life cycle perspective, according to the ISO 14040 and 14044 standards (ISO, 2006b, 2006c¢).
Their production was exemplified by a chair seat, which was the foundation for the definition of the
functional unit. Another goal was to provide PaperShell with a LCA result that can be reused for
other products and sizes.

The report describes the results transparently and reproducibly according to the standard. The
results are interpreted, followed by recommendations for mitigating the environmental impact.
Note that PaperShell's production is in early stages of scaling up production, with manufacturing
facilities under construction. Hence, the model in this study represents the best estimates for what
the production will look like based on PaperShell’s current plans and existing test manufacturing.

The purpose of the study is, through the LCA approach, to provide a transparent and objective
assessment and characterisation of PaperShell's product for environmental communication
intended for both internal and external audiences. An additional purpose is to provide PaperShell
with an interactive LCA-model through SimaPro Share (a module on the SimaPro online platform)
to be used in product development and communication.

3.2 Scope of the Study

In this section, the scope of an LCA is specified, including a description of the functions
(performance characteristics) of the system being studied.

3.2.1 Name and Function of the Product/System

In this study, the system studied was a chair seat and its function is represented by a certain area.
The PaperShell material is a bio-based impregnated Kraft paper, with sufficient strength to
substitute plastic and metal parts. The density is 1340 kg/m?.

The chair seat was chosen as an example of a product that can be produced by PaperShell, which
has been produced as a prototype and its characteristics have been tested. Note, however, that
PaperShell plan to produce a wide range of components, covering a wide range of sectors.

3.2.2 The Functional Unit and reference flow

The functional unit is the basis that enables alternative goods, or services, to be analysed and
compared. The primary purpose of a functional unit is to provide a reference to which the result and
the input and output data are normalised.

A PaperShell chair has an area of 0,327 m?. However, the functional unit was defined differently, in
order for PaperShell to easily be able to use the results of this LCA for different products with
different surface areas. Hence, the functional unit was defined as “a chair seat during 10 years of use,
of size 0,187 m?, of a thickness that gives a strength? equal to PaperShell material of 4 mm thickness”.

The specific area of 0,187 m? is smaller than a realistic chair seat, but it was chosen since it gives a
weight of 1kg for PaperShell’s chair seat. For a more realistic seat size, it is possible to simply scale
up all results accordingly, by multiplying the results with the factor 1,7487.

2 The strength of the PaperShell material has been tested according to ASTM standards and is
presented in detail on PaperShell's web page (https://papershell.se/material/).
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The strength/thickness was included in the functional unit to allow for potential comparisons with
other materials.

The period of 10 years was set to correspond to the warranty period for furniture. PaperShell’s chair
seat is meant for indoor use, but it can also be used outdoors (tests for heat aging and moisture
aging show that the lifetime will still be at least 10 years?). The lifetime is estimated to be limited by
the aesthetic rather than technical life length, and an estimated 10 years was thus used as the
expected lifetime.

The equation below is used to calculate the amount of PaperShell chair seat required to fulfil the
function. With the values above, it becomes 1kg :

area*thickness*density*(period/expected lifetime) =

= 0,187 m? * 0,004 m * 1340 kg/m?> * (10 years / 10 years) =

=1 kg of PaperShell chair seat

3.2.3 System Boundary

The system boundary for the study is defined as cradle-to-grave. All processes needed for raw
material extraction, manufacturing, transport, usage, and end-of-life are included in the study. A
simplified schematic representation of a cradle-to-grave system under study is presented in Figure
7.

Figure 7: System boundaries for the model of the product system. Red represents production of raw materials, green
represents production at PaperShell and blue represents downstream processes.

The raw material stage includes production of Kraft paper and biobinder. The Kraft paper is
produced in Sweden. For details on the biobinder, see the confidential Appendix 3. Both are
represented by specific data, while further upstream processes are represented by generic data.

Manufacturing occurs at PaperShell’s facilities in Sweden and has been modelled with specific data.

The use phase of a chair contains no environmental aspects, while the end of life is modelled
generically as incineration.

3 Details on the tests, such as heat aging according to STD 423-0055, can be found on PaperShell’s
web page (https://papershell.se/material/)
4 For the full chair seat of 0,356 m?, the amount becomes 1,7487 kg
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3.2.4 Cut-off criteria

Life cycle assessment aims to include all relevant environmental flows related to a product’s entire
supply chain. Quantifying these impacts is done through a model, and simplification must be
introduced, as it is impossible to obtain data and model every flow in practice. To maintain the
comparability between products, a set of rules is applied. This study applies the following cut-off
criteria:

Mass relevance
Applied if the mass flow was less than 1% of the cumulative mass of all the inputs and outputs of
the LCI model.

Energy relevance
Applied if the energy flow was less than 1% of the cumulative energy of all the inputs and outputs of
the LCI model.

Environmental relevance

If the flow met the above criteria for exclusion yet was thought to have a potentially significant
environmental impact. The environmental relevance was evaluated with experience and relevant
external research on similar products. If an excluded material significantly contributed to the overall
LCIA, more information was collected and assessed in the system.

The sum of the neglected material flows did not exceed 5% of mass or 1% of energy. In addition to
the cut-off of material- and energy flows, also life cycle stages can be excluded if they are deemed
to be of low relevance or do not cause any adverse environmental effects.

In this study, the following have been cut off as they have been deemed of low relevance:

1 Infrastructure and heating of PaperShell’s facilities (heating is from district heating, which
has low environmental impact per produced functional unit®)

1 Conversion losses from high to low voltage of the wind power used in PaperShell
production (ca 3% losses according to ecoinvent processes®)

9 Transport of wood to Kraft paper supplier (because of locally sourced wood), of Kraft paper
to PaperShell's facilities, of finished chair seats to the customer (because of short distances
to potential customers, who are mainly located in Sweden) and of waste to waste
processing

9 Use phase (no environmental aspects during use phase)

3.2.5 Allocation procedure
When dealing with a multi-output process, in other words, if a process creates several products or

one product along with by-products, this is referred to in LCA as an allocation problem. This is the
case for materials like wool, for which production processes produce both meat and wool.

Allocation is described in ISO 14044 section 4.3.4.2 (ISO, 2006b). ISO 14044 recommends
avoiding allocation whenever possible by division into subprocesses or expanding the product
system. Where allocation cannot be avoided, it is recommended to base the allocation on the

°> PaperShell use the district heating system in Tibro, which is based on 99,7% renewable fuels
(https://nevel.com/sv/fjarrvarme/tibro)

¢ Specifically, the processes “Electricity, medium voltage {SE}| electricity voltage transformation
from high to medium voltage | Cut-off, U” and “Electricity, medium voltage {SE}| electricity voltage
transformation from high to medium voltage | Cut-off, U", which show 0,6% and 2,8% losses,
respectively.
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physical relationship between products. This can be physical characteristics that are representative
of the quality of the function provided. Where the physical relationship between products is not
suitable as the basis for allocation, other relationships between them can be used. Commonly the
economic value is such a relationship that can be used for allocating inputs and outputs of a
process to its products.

Allocation of waste is described in ISO 14044 section 4.3.4.3.3 (ISO, 2006b) and uses the method
of Allocation cut-off by classification per EPD guidelines (EPD International, 2021b). Avoided
materials due to recycling are typically not considered in the main scenario, per the International
EPD system's recommendation of the Polluter Pays Principle. In other words, only if the generating
life cycle uses recycled material as input material will it account for the benefits of recycling.

In this report, no allocation has been done for specific data.

3.2.6 Method of Life Cycle Impact Assessment (LCIA)

The methods used to calculate the relevant environmental effect categories in this study are
summarised in Table 1. The method follows the Environmental Footprint 3.0 methodology, which is
one of the most commonly used impact assessment methods (European Commission, 2012a). For
further details on the LCIA method, see Appendix 2.

All carbon in the product is biogenic (according to carbon-14 tests according to ASTM D6866-21
and elementary analysis showing a carbon content of 41%, see certificates in Appendix 6) and,
according to the IPCC methodology, the characterization factor for both uptake and emissions of
biogenic carbon is zero.

Table 1: Impact categories, indicators and methods used in the study. The chosen indicators follow Environmental Footprint
3.0 (EF3.0) (European Commission, 2012a).

Impact category Abbreviation Category indicator Method
The baseline model of 100
Climate Change-total GWP total kg CO,equivalents years of the IPCC based on
IPCC 2013
The baseline model of 100
Climate Change-fossil GWP fossil kg CO,equivalents years of the IPCC based on
IPCC 2013
GWP The baseline model of 100
Climate Change-biogenic biogenic kg CO,equivalents years of the IPCC based on
g IPCC 2013
Climate Change-land use The baseline model of 100
and land usi change GWHP luluc kg CO,equivalents years of the IPCC based on
g IPCC 2013
Ozone-depleting gases ODP20 CFC NM-equivalents Steady—stat2%?4DPs, WMO
Acidification potential Accumulated Exceedance,
onp , AP mol H+ eq Seppéla et al. 2006, Posch et
(fate not included)")
al., 2008
N . EUTREND model, Struijs et
S deafeluical o sigisife £ kg P equivalents al., 2009b, as implemented
freshwater freshwater . .
in ReCiPe
Eutrophication aquatic EUTREND model, Struijs et
p - a EP-marine kg N equivalents al., 2009b, as implemented
marine in ReCiPe
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Eutrophication aquatic
terrestrial

Photochemical ozone

EP-terrestrial

mol N equivalents

Accumulated Exceedance,
Seppéla et al. 2006, Posch et
al.

LOTOS-EURQS, Van Zelm et

creation potential POCP kg NMVOC eq. al., 2008, as applied in
ReCiPe
Abiotic resource depletion CML 2002, Guinée et al.,
! ADPe kg Sb eq 2002, and van Oers et al.
elements
2002.
Abiotic resource depletion CML 2002, Guinée et al.,
. ' ADPf MJ 2002, and van Qers et al.
fossil fuels
2002.
] . Available WAter REmaining
Water Depletion WD m3 world eq. deprived (AWARE) Boulay et al, 2018
Particulate Matter . - SETAC-UNEP, Fantke et al.
. PM Disease incidence
emissions 2016
Human health effect model
lonising radiation, human as developed by Dreicer et
health R kBq U235 eq. al. 1995 and updated by
Frischknecht et al., 2000
.. USEtox 2.1. model
Eco-toxicity (freshwater) ETP-fw CTUe (Rosenbaum et al, 2008)
Human toxicity, cancer _ USEtox 2.1. model
effects AUe CTuh (Rosenbaum et al, 2008)
Human toxicity, noncancer ) USEtox 2.1. model
effects HTP-nc CTuh (Rosenbaum et al, 2008)
e Soil quality index based on
Land-use-related SQP dimensionless LANCA (Beck et al. 2010

impacts/Soil quality

3.2.7 Datarequirements (DQR)

The following requirements are used for all the central LCI data. The more peripheral aspects may
deviate from the DQI based on the rule for “cut off".

1 Geographical coverage: The processes included in the data set are well representative of

and Bos et al. 2016)

the geography stated in the “location” indicated in the metadata

Technology representativeness: Average technology or BAT’

1
1 Time-related coverage: Specific data for PaperShell manufacturing represents 2023,
Kraft paper production 2022 and background data represents < 5 years and later

=A =8 =8 -8 -89

Multiple output allocation: Physical causality
Substitution allocation: Not applicable

Waste treatment allocation: Not applicable

Cut-off rules: Less than 1% environmental relevance
System boundary: Second order (material/energy flows including operations)

The boundary with nature: Agricultural production is part of the production system

7 BAT (Best Available Technology or Best Available Technigues) signifies the latest stage in development of activities, processes and
their method of operation which indicate the practical suitability of particular techniques as the basis of emission limit values, linked to
environmental regulations, such as the European Industrial Emissions Directive (IED, 2010/75/EU). In determining whether operational
methods are BAT, consideration is given to economic feasibility and the availability of techniques to carry out the required function. The
BAT concept is closely related to BEP (Best Environmental Practice), which is the best environment-friendly company practice.

15



3.2.8 Type of critical review, if any

A critical review means that the study is reviewed by a third party. According to the standard, this
is necessary if the result is to be communicated externally or if the result is to be compared with
results from other studies.

A critical review will be carried out according to the International Standards ISO 14040 and 14044
(ISO 2006 b,c). The LCA will be reviewed according to the following five aspects outlined in ISO
14040. It is assessed whether:

the methods used to carry out the LCA are consistent with this International Standard
the methods used to carry out the LCA are scientifically and technically valid

the data used are appropriate and reasonable in relation to the goal of the study

the interpretations reflect the limitations identified and the goal of the study, and

the study report is transparent and consistent.

= =4 =4 -4 A

This LCA report was reviewed by a third party, Martyna Mikusinska, senior environmental
consultant at Sweco Sverige AB, a well-known LCA expert consultant with extensive experience in
LCA.
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4 Life Cycle Inventory (LCI)

In the life cycle inventory, the product system is defined and described. Firstly, the material flows
and relevant processes required for the product system are identified. Secondly, relevant data (i.e.,
resource inputs, emissions and product outputs) for the system components are collected, and
their amounts are related to the defined functional unit.

For data referring to processes beyond the control of the core production, the ecoinvent database is
used. Ecoinvent is one of the world’s leading databases with consistent, open, and updated Life
Cycle Inventory Data (LCI). With several thousand LCI datasets in the fields of agriculture, energy
supply, transport, biofuels and biomaterials, bulk and special chemicals, construction and packaging
materials, basic and precious metals, IT and electronics and waste management, ecoinvent offers
the most comprehensive international LCl database. Ecoinvent’s high-quality LCI datasets are
based on industrial data and have been compiled by internationally recognized research institutes
and LCA consultants.

4.1 Product content declaration

This part describes the different materials that PaperShell is made of. The products are packed in
cardboard boxes, on wooden pallets. Note that the impregnation of the Kraft paper means that
there is no need for a coating layer on the product, as shown by UV resistance (STD 423-0061) and
scratch resistance (STD 423-0030) tests.

Table 2: Content declaration

Product components Share of Renewable
weight material
share
Kraft paper 70% 100%
Biobinder 30% 100%

4.2 Raw materials
This section describes the modelling of the Kraft paper and the biobinder.

4,21 Kraft paper

The Kraft paper is produced in Sweden (Munksj6), using a mix of Swedish wood, approximately
45% spruce, 45% pine and 10% birch. Data was collected directly from the Kraft paper supplier,
see Table 3.

Note that the numbers for energy consumption provided by the supplier include the energy for
impregnation, which was correct at the time of collecting the data in 2022. However, as of 2023,
PaperShell have the capability to impregnate the paper at their site, the energy for which is included
in the manufacturing model in section 4.3, meaning that the impregnation energy is double counted
in the study. This is estimated to be an acceptable and minor error and it follows a conservative
approach in the modelling of the raw materials and manufacturing in this study.

In the manufacturing at Munksj6, ca 8% of waste is generated. This was included as a yield factor

which that scales the amounts needed so inputs needed for 1 kg of paper also covers the spillage
and waste occurring in the production.
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Table 3: Modelling details for 1 kg of Kraft paper

Database process used

Pulpwood, softwood, measured as
solid wood under bark {SE}| softwood
forestry, spruce, sustainable forest
management | Cut-off, U

Pulpwood, softwood, measured as
solid wood under bark {SE}| softwood
forestry, pine, sustainable forest
management | Cut-off, U

Materials

Pulpwood, hardwood, measured as
solid wood under bark {SE}|
hardwood forestry, birch, sustainable
forest management | Cut-off, U

Electricity, medium voltage {SE}|
market for | Cut-off, U

Electricity, renewable fraction, high
voltage {SE}| market for | Cut-off, U

Heat, from steam, in chemical
industry {RoW?3}| steam production, as
energy carrier, in chemical industry |
Cut-off, U (adapted)

Processes

Heat, district or industrial, other than
natural gas {SE}| heat production,
propane, at industrial furnace
>100kW | Cut-off, U

Heat, district or industrial, other than
natural gas {Europe without
Switzerland}| heat production, heavy
fuel oil, at industrial furnace IMW |
Cut-off, U

Waste plastic, mixture {CH}|
treatment of, municipal incineration |
Cut-off, U

Waste wood, untreated {CH3}|
treatment of, municipal incineration |
Cut-off, U (adapted)

Outputs

Amount

0,001047
m3

0,000918
m3

0,000156
m3

0,9859
kWh

0,3286
kWh

13,354
MJ

0,7945
MJ

0,933 MJ

0,026 kg

0,027 kg

Comment

share_spruce*share_Kraft/density_spruce/yield

45% spruce. Assumes a (dry) density for spruce of 430
kg/m3, according to the ecoinvent-documentation

share_pine*share_Kraft/density_pine/yield

45% pine. Assumes a (dry) density for pine of 490 kg/m3,
according to the ecoinvent-documentation

share_birch*share_Kraft/density_birch/yield

10% birch. Assumes a (dry) density for birch of 640 kg/m3,
according to the ecoinvent-documentation

75% of 1,3145 kWh

485 kWh/ton pulp (=339,5 kWh/ton paper) + 975
kWh/ton paper

339,5 + 975 =1314,5 kWh/ton paper.
75% from grid, 25% from own renewable production

25% of 1,3145 kWh

485 kWh/ton pulp (=339,5 kWh/ton paper) + 975
kWh/ton paper

339,5 + 975 =1314,5 kWh/ton paper.
75% from grid, 25% from own renewable production

Approximation for steam, ecoinvent process adapted to
have no energy input, since it is from forestry waste (there is
some fuel oil used, modelled separately above). Ecoinvent
process assumes energy content of 2,75 MJ/kg, which
corresponds to a temperature of ca 150 degrees C when
looking at an enthalpy chart (e.g.:
https://www.researchgate.net/publication/
292947231_The_Lassen_hydrothermal_system)

18*LHV_propane/1000
18 kg propane per ton paper. 44,14 MJ per kg propane

Burning of fuel oil for steam. 33 dm3/ton pulp = 23,1
dm3/ton paper = 22,64 kg oil/ton paper= 0,933 MJ/kg
paper . Assuming a density of 0,98 ton/m3
(https://www.engineeringtoolbox.com/fuels-higher-
calorific-values-d_169.html) and an energy density of 41,2
MJ/kg, according to ecoinvent documentation

share_binder/yield_Kraft -share_binder

Represents waste from loss of binder during impregnation
(i.e. process 1in Table 4. Technically the waste of binder
would now occur in the impregnation process at PaperShell.
However, due to the structure of the model that was
originally created for Munksjo it is kept here. The results will
not be affected whether it lies here or in the manufacturing
process at PaperShell.)

share_spruce*share_Kraft/yield_Kraft -
share_spruce*share_Kraft
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Waste wood, untreated {CH3}|
treatment of, municipal incineration |
Cut-off, U (adapted)

Waste wood, untreated {CH3}|
treatment of, municipal incineration |
Cut-off, U (adapted)

yield

density_spruce

density_pine
2
% density_birch
:
= share_spruce
o
share_pine
share_birch

LHV_propane

4.2.2 Biobinder

Adapted ecoinvent process to correct for the 10% water
content stated in the ecoinvent documentation, by reducing
output to 0,9 kg instead of 1kg.

share_pine*share_Kraft/yield_Kraft -share_pine*share_Kraft

Adapted ecoinvent process to correct for the 10% water
content stated in the ecoinvent documentation, by reducing
0,027 kg output to 0,9 kg instead of 1kg.

share_birch*share_Kraft/yield_Kraft -
share_birch*share_Kraft

Adapted ecoinvent process to correct for the 10% water
content stated in the ecoinvent documentation, by reducing

0,006 kg output to 0,9 kg instead of 1kg.
0,92 Ca 8% waste
430 kg/m3
490 kg/m3
640 kg/m3
0,45
0,45
0,1
44,14 MJ/kg propane

The production of biobinder is confidential and is available as a separate confidential appendix

(Appendix 3).

4.2.3 Packaging

PaperShell estimate the amount of packaging per kg of material to be 0,0075 kg cardboard and
0,0011 pcs of pallet (assuming it is reused 25 times). The cardboard was modelled with
"Corrugated board box {RER}| market for corrugated board box | Cut-off, U”, while the pallet was
modelled as "EUR-flat pallet {RER}| market for EUR-flat pallet | Cut-off, U". Both are assumed to be
incinerated at end of life, modelled with “Municipal solid waste (waste scenario) {Europe without
Switzerland}| Treatment of municipal solid waste, incineration | Cut-off, U".
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4.3 Manufacturing

In this section, the activities carried out by PaperShell are presented. All activities are presented per
1 kg of chair seat.

The manufacturing process can be divided into four steps:

9 Process 1: Pre-processing
0 Impregnating Kraft paper with a biobinder
9 Process 2: Blank preparation
0 Cutting the material into a desired 2D-shape using a digital cutter
9 Process 3: Pressing
0 Heating up and forming the sheet into the desired 3D-shape
1 Process 4: Milling or cutting
0 Finishing by Computer Numerical Control (CNC) machining

Data on electricity consumption is based on data from Papershell® about production according to
measurements from suppliers of new machines. The machines are not yet in use but will soon be in
Papershell's production. Amounts for process 1, 2 and 3 have been divided by 0,9 to account for a
yield of 90% in cutting. This is a conservative estimate, since PaperShell have the capability to feed
the production waste back into the process. Production waste is assumed to be incinerated.
Conversion losses of high voltage to low voltage electricity has been cut off, see section 3.2.4.

Process 1, 2 and 4 are represented simply by electricity consumption, while process 3 is
represented by an adapted ecoinvent process.

Table 4: Modelling details for manufacturing of 1 kg of PaperShell chair seat

Database process used Amount Comment
Electricity, high voltage {SE}| electricity 0,2588 Impregnation® (Process 1, pre-processing).
production, wind, 1-3MW turbine, onshore | kWh 0,2329 kWh /0,9
Cut-off, U ’ ’
Electricity, high voltage {SE}| electricity 0,1546 Papercutting by Zund digital cutter (Process 2, blank
production, wind, 1-3MW turbine, onshore | kWh preparation)
Cut-off, U 0,1391/0,9
§ Thermoforming of plastic sheets {FR}| 111 kg Approximation for pressing (Process 3)
@ processing | Cut-off, U (adapted) 1kg /0,9
ot ;
E Process for thermoforming adapted by changing
energy input to 0,65 kWh from Swedish wind power
(according to data from PaperShell) and changing
output from 1kg to 0,946 kg according to instructions
in ecoinvent documentation.
Electricity, high voltage {SE}| electricity 0,4633 CNC cutting (Process 4).
production, wind, 1-3MW turbine, onshore | kWh
Cut-off, U
= Production waste from papercutting, biobinder
% Waste plastic, mixture {CH3}| treatment of, fraction
©) municipal incineration | Cut-off, U 0,033 kg 0,3/0,9 kg

8 Personal communication with Anders Breitholtz, founder and CEO, anders@papershell.se and
Fredrik Westerberg, CPO, fredrik@papershell.se

?Note that there is some loss of binder during impregnation. Because of how the model was
originally structured, the waste treatment of that can be found in Table 3 for the Kraft paper.
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Waste wood, untreated {CH3}| treatment of,
municipal incineration | Cut-off, U (adapted)

Waste wood, untreated {CH3}| treatment of,
municipal incineration | Cut-off, U (adapted)

Waste wood, untreated {CH3}| treatment of,
municipal incineration | Cut-off, U (adapted)

4.4 End-of-Life

0,035 kg

0,035 kg

0,0077
kg

Production waste from papercutting, spruce fraction
0,315/0,9 kg

Production waste from papercutting, pine fraction
0,315/0,9 kg

Production waste from papercutting, birch fraction
0,07/0,9 kg

The end-of-life phase handles the product and the material it consists of after its use. The whole

product is assumed to be incinerated.

Table 5: Modelling details for end of life for 1 kg of PaperShell chair seat

Database process used

Waste plastic, mixture {CH}|
treatment of, municipal incineration
| Cut-off, U

Waste wood, untreated {CH}|
treatment of, municipal incineration
| Cut-off, U (adapted)

Waste wood, untreated {CH}|
treatment of, municipal incineration
| Cut-off, U (adapted)

Waste wood, untreated {CH}|
treatment of, municipal incineration
| Cut-off, U (adapted)

Outputs

Amount

0,3 kg

0,315 kg

0,315 kg

0,07 kg

Comment

End of life waste, biobinder fraction

End of life waste, spruce fraction

End of life waste, pine fraction

End of life waste, birch fraction
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5 Life cycle impact assessment (LCIA)

In this section, the results from the different environmental impact assessment methods are
presented. All results are presented per functional unit, which corresponds to a chair seat of ca
0,182 m? and 1 kg of PaperShell material. The LCIA method used is Environmental Footprint 3.0 (EF
3.0). For further details on the LCIA method and the different impact categories, see Appendix 2.

The results are first presented per impact category, followed by a presentation of the climate
impacts. Subsequently, the weighted single score is presented to show the most relevant impact
categories according to EF3.0. Lastly, a hotspot analysis is presented for the five most relevant
impact categories, showing what parts of the life cycle contribute the most. For detailed results and
contributions in all impact categories, see Appendix 4.

Note that the LCIA results are relative expressions, which means that they do not predict impacts
on category endpoints or the exceeding of thresholds, safety margins or risk. Note also that the
results of the environmental impact indicators for resource use (fossil, metal, water, land),
freshwater eutrophication and toxicity shall be used with care as the uncertainties of these results
are high or as there is limited experience with the indicator. The impact category for IR deals mainly
with the eventual impact of low-dose ionising radiation on human health of the nuclear fuel cycle. It
does not consider effects due to possible nuclear accidents, occupational exposure nor due to
radioactive waste disposal in underground facilities. Potential ionising radiation from the soil, from
radon and from some construction materials is also not measured by this indicator.

5.1 Results per impact category

Table 6 shows the total result per functional unit according to the LCIA method Environmental
Footprint 3.0 (midpoint level). For results per life cycle stage, see section 5.4 (and for further
details, see Appendix 4).

Table 6: Environmental footprint midpoint results per functional unit

Impact category LCIA result Unit
Acidification 4,88E03 mol H+ eq
Climate change - total 0,496 kg CO2eq
Ecotoxicity, freshwater 17,0 CTUe
Eutrophication, freshwater 1,18E04 kg P eq
Eutrophication, marine 9,99E04 kg N eq
Eutrophication, terrestrial 0,0106 mol N eq
Human toxicity, cancer 1,11E09 CTUh
Human toxicity, non-cancer 1,10E08 CTUh
lonising radiation 0,564 kBq U-235eq
Land use 109 Pt
Ozone depletion 7,82E08 kg CFClleq
Particulate matter 9,88E08 pinc.
Photochemical ozone formation 3,09E03 kg NMVOC eq
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Resource use, fossils 13,9 MJ
Resource use, minerals and metals 4,84E06 kg Sb eq
Water use 0,414 m3 depriv.

5.2 Climate impacts

The climate impacts according to the EF3.0 method is 0,496 kg CO2-eq. per functional unit. This
corresponds to a climate impact of 0,496 kg CO2-eq. per kg of PaperShell material. Ca 98% of this
comes from fossil climate emissions, while ca 1% comes from biogenic emissions and 1% from
emissions due to land use and land use change.

The figure below shows that the raw material and biobinder are the largest contributors to the total
climate impact, while the pressing is the most impacting step in PaperShell's own manufacturing.

PaperShel Climate impact per f.u.
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Figure 8: Climate impact per functional unit, divided into different life cycle stages. The method used is according to EF3.0.
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5.3 Environmental Footprint Endpoint

The environmental footprint endpoint shows the contribution of each environmental impact
category to the total environmental impact. The total impact is calculated as a weighted single
score according to the EF3.0 method. The five impact categories with the largest impact on the
total environmental footprint are:

Fossil resource use
Particulate matter emissions
Climate change

Land use

Freshwater ecotoxicity

= =4 =4 =4 =9

These will form the basis of the hotspot analysis in section 5.4.

Other; 15%

Resource use, fossils
18%

Acidification 6%

Resource use,
minerals and

metals 6% Particulate matter 15%

lonising radiation7%

Ecotoxicity,
freshwater, 8% Climate changel3%

Figure 9: Contribution to weighted single score by impact category (single score according to EF3.0)

24



5.4 Hotspot analysis

For the five most relevant impact categories, a hotspot analysis is shown in the figure below. The

raw material impacts are the most contributing to climate change, fossil resource use and land use.

The production of the binder was the main contributor to ecotoxicity and particulate matter
emissions.

For climate change and ecotoxicity, the pressing process and end of life had significant
contributions to the total impact as well.

For detailed impact contributions for all impact categories, see Appendix 4.

PaperShel impact contribution per LC stage
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Figure 10: Hotspot analysis for the five most important impact categories identified in section 5.3
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6 Interpretation

This section covers the key aspects of the results, sensitivity analyses, scenario analyses and an
evaluation of the model and underlying data.

The quantitative impact assessment results are interpreted to understand the most effective ways
of reducing environmental impacts.

6.1 Key aspects of results

The dominant phase of the lifecycle is the production of the raw materials, namely the Kraft paper
production as well as the biobinder production (see section 7 for recommendations on how to
mitigate the hotspots summarized below).

Kraft paper production has a high contribution to the total climate change, ecotoxicity, fossil
resource use and land use;

1 Climate impacts are caused mostly by electricity (average Swedish grid mix, ca 32% of the
Kraft paper climate impact) and the propane used to provide heat (ca 45% of the Kraft
paper climate impact)

9 Ecotoxicity impacts are from the electricity production (average Swedish grid mix, ca 55%

of the Kraft paper ecotoxicity impact)

Fossil resource use is caused by the same processes as the climate impacts

Land use impacts are from (sustainable) forestry to produce the pulp (97% of the Kraft
paper land use impact)

= =

Binder production has a high contribution to the total climate change, ecotoxicity, particulate
matter emissions and fossil resource use.

1 Climate impacts are caused mostly by heating with natural gas (ca 39% of the binder
climate impact), production of catalyst (modelled approximately ca 15% of the binder
climate impact) as well as transatlantic transport of the waste raw material (ca 18% of the
binder climate impact)

9 Ecotoxicity impacts are from the combustion of waste biomaterial for generating steam in
the upstream processes of the biobinder production (ca 77% of the binder ecotoxicity
impact)

9 Particulate matter emissions are also from the combustion of waste biomaterial for
generating steam in the upstream processes of the biobinder production (ca 93% of the
binder particulate emissions)

9 Fossil resource use is caused by the same processes as the climate impacts

6.2 Sensitivity analysis

LCA provides a holistic perspective on an entire system. To succeed in this ambitious goal, certain
simplifications and value-based choices to cover the entire system are required. By changing these
choices, one can, based on the result, assess its relevance and whether there is a reason to revise
the assumptions or choices that have been made.

Transports to customer was one of the processes excluded in the model, because PaperShell’s
customers, at least initially, are located close to their production facility. To investigate the
sensitivity to this parameter, a calculation was made adding 1000 km of transport by truck (32 ton,
EURO®6) to represent transport of the final product to a European customer. This increased the total
climate impact by ca 22%, which means that the results can be significantly affected by long
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distance transports. Ca 9000 km of sea transport causes a similar level of increased climate
impacts.

6.3 Comparison with other materials

In order to get an indication of how PaperShell performs compared to other materials that can fulfil
the same function (of a chair seat), simple models were built for chair seats made out of veneer,
polypropylene (PP), glass-fibre reinforced polymer (GFRP) and aluminium. The materials were
modelled generically, meaning that the other materials are not represented by specific data, and the
comparison is simply meant to be approximate and indicative, to provide context for PaperShell on
their strengths and weaknesses in relation to other ways of fulfilling the same function.

The thickness of the material is adjusted to achieve a strength sufficient for a chair seat, namely 4
mm for PaperShell, 9 mm for veneer, 5 mm for PP, 4 mm for GFRP and 2,5 mm for aluminium
(based on estimates by PaperShell which in turn are based on experience, industry praxis and
testing in relation to test results for the PaperShell material'®). Production of the chair seat itself is
modelled similar to the PaperShell production, with some exceptions, see Appendix 5 for modelling
details for each material.

Figure 11 shows that PaperShell fulfils the function of a chair seat with ca 50% less climate impact
than veneer, due to the higher strength that allows less material to be used. PaperShell has ca 90%
lower climate impact per functional unit than PP, and ca 98% lower impact than GFRP and
aluminium.

Climate change per f.u. for different materials
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Figure 11: Rough comparison between PaperShell and four other materials, assuming that they should all fulfil the function
of a chair seat (i.e. PaperShell has a thickness of 4 mm, veneer 9 mm, PP 5 mm, GFRP 4 mm and aluminium 2,5 mm)

10 https://papershell.se/material/
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6.4 Data quality and limitations

The data fulfil the quality requirements defined in section 3.2.7. The majority of the model in
upstream production and in PaperShell’'s manufacturing being based on specific data, while the
remaining parts of the model are built on generic data. The comparison with other materials in
section 6.3 is based solely on generic data for the other materials.

Note that the data for PaperShell's manufacturing, although specific, represents manufacturing
conditions in process of being implemented and scaled up, which means that there are inherent
uncertainties in the data that should be further specified and verified once manufacturing has
scaled up further. A further limitation is that most processing steps were represented simply by an
electricity use, except the pressing process, which was represented by an adapted ecoinvent
process. All processes should be modelled more comprehensively in future iterations.

Other limitations include parts of the life cycle that are cut off, particularly transports. When
PaperShell have reached the customers on the market, it will be important to estimate the transport
distances to their average customer and to ensure that long distance transports are done with as
little fossil fuels as possible.
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7 Conclusions and recommendations

This section will highlight the most important aspects of the results and the interpretation.
Recommendations will be presented as suggestions of how to mitigate the hot spots, how to
communicate the results and how to reduce the uncertainties of the study.

Important environmental impact categories from a cradle-to-grave perspective on PaperShell's
chair seat are climate change, ecotoxicity, fossil resource use and land use. The impact comes
mainly from the production of raw materials, namely Kraft paper and biobinder, both from
electricity use and the use of fossil fuels for heat and steam in their production.

The environmental impact of PaperShell is already low due to the use of renewable raw materials
and the utilization of waste streams. However, the impacts can be reduced further, and the first
priority should be to reduce the environmental impacts of the raw materials:

9 For Kraft paper production:

0 Reduce electricity consumption or use renewable electricity.

0 Reduce the use of propane and fuel oil or use a renewable fuel.

0 Source the raw material for the pulp from waste streams instead of wood from
trees.

9 For binder production:

0 Reduce the use of natural gas or use a renewable fuel.

0 Minimise the use of catalyst.

0 Reduce the need for overseas transports, e.g. by sourcing the material from closer
to Sweden.

0 Reduce the need for steam in the upstream chemical processes.

9 For PaperShell manufacturing:

0 Reduce the use of electricity and the aluminium tool in the pressing process.

0 Ensure that the yield is as high as possible, e.g. by minimizing the cutting waste and
reutilizing the waste that does occur. If PaperShell can confirm/prove a lower
amount of waste than the assumed 10%, the overall results can be significantly
improved.

9 Forend of life treatment:

0 Take steps to avoid the incineration of the product at end of life, for instance by

prolonging the life and use of the product, e.g. through reuse and recycling.
1 Other:

0 Asindicated by the sensitivity analysis in section 6.2, avoid long-distance, fossil-
based, transports. This will be more important in the future when PaperShell may
start selling to more customers outside of Sweden.

7.1 How to communicate the results

This report represents the state of PaperShell’s production and material as it is today. The report is
third-party reviewed, which lends credibility to the study results. An interactive tool in SimaPro
Share has been developed, which enables PaperShell to create scenarios for specific clients or
quotations. It is recommended to use this tool in sales and quotation processes.

One of the key perspectives for communication is the fact that PaperShell can reduce
environmental impacts by replacing other materials. This report provides guidance on this, as
section 6.3 indicates that there are substantial benefits to replacing e.g. GFRP or aluminium,
although it should be noted that the models for comparison are simplified and generic, and the
comparison may look different in specific contexts.
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It should be noted that the underlying data can be improved and other perspectives can be included
if the model is expanded in the future, for instance
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