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Pulp mills, as large biogenic CO» point sources, could adopt Bio Energy Carbon Capture
and Storage (BECCS) through retro tting carbon capture. These existing carbon sources
constitute a great potential to roll out BECCS on commercial scale. Yet, despite political
targets for negative emission production in Sweden, no incentive schemes were thus
far enacted. While previous proposals focus on governmental compensation, the aim of
this work is to set BECCS into the supply chain of a wide array of consumer products
and thereby nd alternative or complementary, business-driven, ways to incentivise
BECCS when applied to the pulp and paper industry. In this work, we assess a value
proposition for low-carbon products in supply chains linked to the pulp and paper
industry. By projecting the costs and negative emissions related to BECCS from the
pulp mill to typical consumer products, as exempli ed by three case study products,
we show how BECCS can substantially reduce the carbon footprint of the consumer
products, while only marginally increasing their cost. Additional price premiums could
shorten the payback period of the initial investment in BECCS. The developed business
case presents how actors along the supply chain for pulp and paper products can
collectively contribute to securing nancing and to mitigating investment risks. The results
challenge the private sector, i.e., the companies along the pulp-and-paper supply chain
to commit considerable investments also in the case without or with too weak direct
political incentives. We conclude by discussing the governance implications on corporate
and public level to enable the collaborative bottom-up adoption of BECCS.

Keywords: negative emission technologies (NET), commercialisation, low carbon innovation, BECCS, corporate
governance, value proposition, pulp and paper industry

INTRODUCTION

Limiting the average global temperature increase to well below 2 C requires a move to net-zero
emissions of greenhouse gases by around 2050. In addition to massive decarbonisation in all
sectors, this will require the application of negative-emission technologies (NETs), which enable
Carbon Dioxide Removal (CDR) from the atmosphere (IPCC, 2018; Luderer et al., 2018; Kaya
et al., 2019). CDR could contribute to 0 setting hard-to-mitigate emissions, compensating for an
emission overshoot, reducing uncertainty in earth system development or limiting the overall costs
of climate change mitigation (Fuss et al., 2018; Rogelj et al., 2018; Bednar et al., 2019; Geden et al.,
2019).
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While previous research largely focused on the global
potential and technical development of NETS, in order to reduce
costs and improve performance (supply-side), there has been
less emphasis on the adoption of NETs (demand-side) (Nemet
et al., 2018). This is why many studies have called for research,
investments and demonstration projects to embark on the scaling
up of NETs (Fuss et al., 2018; van Vuuren et al., 2018). Fuss
et al. (2018) discuss the path to negative emissions, suggesting to
start with NETSs that are immediately available including nature
based approaches like a orestation, reforestation and soil carbon
sequestration, while developing technology based approaches
with more reliable, long term geological storage, like Bio-Energy
Carbon Capture and Storage (BECCS) and Direct Air Capture
and Storage. Indeed, BECCS is the NET that has hitherto received
the most attention (Minx et al., 2018; The Royal Society, 2018;
Rickels et al., 2019), but even though the Carbon Capture and
Storage (CCS) technology can be seen as mature (Bui et al.,
2018; IEA, 2020), actual practical implementation falls short of
previous expectations (IEA, 2019).

As main barrier to CDR, studies bring forward their minor
role in the political debates (Geden et al., 2019; Fuss et al., 2020)
and the lack of political will to engage and lead the development
of NETs and the surrounding governance structures (Fuss et al.,
2016; Peters and Geden, 2017; Fridahl and Bellamy, 2018; Geden
et al., 2019). For CCS and speci cally BECCS this translates
to a lack of economic incentives (Fridahl and Lehtveer, 2018;
Nemet et al., 2018); legal uncertainties, e.g., related to storing CO»
(He ronetal., 2018); unclear CO, accounting rules for captured
biogenic emissions (Zakkour et al., 2014; Torvanger, 2019); and
accordingly, a lack of interest from the private sector, due to the
unclear market potential (Platt et al., 2018).

UN, European as well as Swedish policies have thus far
failed to incentivise BECCS, yet removed legal barriers to its
implementation (Fridahl and Bellamy, 2018; He ron et al., 2018;
Rickels et al., 2020). However, the EU and Sweden plan the
deployment of NETs in order to reach their carbon neutrality
targets for 2050 and 2045, respectively, combining both nature-
based approaches and technology-based approaches. The minor
role of CDR in the EU is so far focused on nature based
NETs with slight non-nature-based CDR aspirations (Geden
and Schenuit, 2020), yet without existing plans to incentivise
BECCS or the like (Rickels et al., 2020). The Swedish climate
policy framework places an emphasis on negative emissions after
2045. An extensive strategy and action plan, developed for the
government, published in early 2020, suggests the deployment
of a minimum of 1.8 Mt CDR though BECCS by 2030 and
3 10 Mt CO7 in 2045 (Klimatpolitiska v gvalsutredningen,
2020). To incentivise BECCS deployment the plan suggests
reverse auctioning, allowing installations to bid for the minimum
acceptable compensation per stored tonne of CO,. However, nal
decisions are yet to be taken (cf. Bellamy et al., 2021).

Proposals on how to create a demand for NETs have
considered di erent forms of carbon pricing (Nemet et al., 2018;
Zetterberg et al., 2019; Rickels et al., 2020), liabilities to provide
negative emission certi cates if fossil CO» is emitted (Zetterberg
et al., 2019), carbon utilisation as a niche market (Nemet et al.,
2018), the Sustainable Development Mechanism under the

Paris agreement (Honegger and Reiner, 2018), and connecting
the co-bene ts of NETSs to other elds of policymaking (Cox and
Edwards, 2019). However, with the exception of Platt et al. (2018),
who assessed di erent business models for negative emissions
and associated revenues, and Bellamy and Geden (2019), who
called on policy makers to support NETs emerging bottom-up
at the company or regional level, the role of the private sector in
creating a demand for NETs remains largely unexplored.

The prevailing perspective, as discussed above, limits BECCS
incentives to governmental compensation of actors that could
directly deploy BECCS. With this study we want to challenge
this perspective of BECCS deployment as sole political task.
Instead we formulate BECCS as an innovation initiative
within companies’ own supply chains. This calls for Corporate
Governance which involves multiple stakeholders (stakeholder
approach) and lays an emphasis on the rms contribution to
society (political Corporate Social Responsibility) (Scherer and
Voegtlin, 2020). Existing decarbonisation initiatives in energy-
intensive industries show the importance of this perspective as
innovation driver in companies (Knoop et al., 2019).

In the present study, the aim was to explore the prospects
for the pulp and paper industry (PPI) to adopt BECCS. The
PPI processes large volumes of biomass and pulp mills could
be retro tted with a capturing plant. The PPIs annual BECCS
potential was estimated to 60 MtCO, in Europe (J nsson and
Berntsson, 2012) and 20 MtCO» in Sweden (Hansson et al., 2017;
Rootzfn et al., 2018). The Swedish PPI, the largest pulp producer
in Europe (CEPI, 2017) with CO; emissions that are mainly of
biogenic origin (97%) (Rootz0n et al., 2018), is used as a case
study. However, currently no BECCS plant is in operation within
the Swedish PPl and the industry is reluctant to drive BECCS
adoption since they do not see a suitable and pro table business
case (Rodriguez et al., 2020).

The actors in the PPl do not see a market demand for
negative emissions (Rodriguez et al., 2020) and as basic material
producer it will be di cult for the PPI to create a market for
more expensive pulp produced with BECCS. Therefore, we argue
that the supply chain needs to be included to assess the market
potential. Our analysis thus presents the impact on carbon
footprint and costs that BECCS has on consumer products, i.e.,
end-use products of pulp and paper production, exempli ed by
three case study products. The customers’ willingness-to-pay for
these products could be increased, rewarding the climate change
mitigation, as discussed in more detail below. Hence, we also
analysed the e ects on the involved actors of introducing a price
premium on the products’ retail prices. The price premium,
higher than the additional cost, could create a revenue stream
to incentivise BECCS adoption. The revenue can be used to
compensate for risk-taking and to shorten the payback period of
the original BECCS investment.

With the new perspective we present a vision for
BECCS commercialisation which could be applied as an
alternative or complementary to political incentives, i.e.,
a way forward to private-sector demand-pull. We discuss
proactive corporate governance as innovation driver and
how low carbon products could be a core of the BECCS
business model.
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METHOD

A pulp mill operator who decides to integrate carbon capture
in the pulp mill will increase the production costs and will
need to increase the price of pulp to recoup the investment.
However, at the same time, negative emissions are created. This
work proposes that the negative emissions are attributed to the
product thepulp and that these emission reductions and their
associated costs can be transferred through the supply chain so
that the end-products of the pulp can be sold at a corresponding
higher price. We refer to pulp associated with net-negative CO;
emissionsas CDR pulp.

Consumer products that use such CDR pulp could allow
for the introduction of a price premium. This is because a
value proposition for a product is multi-dimensional (Rintam ki
and Kirves, 2017), and can be increased by improvements
to the sustainability performance (Lacoste, 2016; Bangsa and
Schlegelmilch, 2020). These include, as examples, lowering
the carbon footprint and contributing to the development of
BECCS as such. The revenue of the price premium could
contribute to de-risking and incentivising the commitment
to BECCS.

BECCS in Pulp Production
The sulphate pulping process is deemed most suitable for
a BECCS retro t (J nsson and Berntsson, 2012). Pulp bres
are thereby obtained by dissolving the non- bre material of
pulpwood, which is thereafter combusted to generate energy.
This combustion and a chemical cleaning are the main CO,
sources in a sulphate pulp mill, both emitting CO, of biogenic
origin (cf. Onarheim et al., 2017a). The retro tting potential
was studied in several techno economic analyses (M llersten,
2002; Hektor and Berntsson, 2007, 2009; Hektor, 2008; McGrail
etal., 2012;J nsson et al., 2013; Gar arsd ttir et al., 2014, 2018;
Hedstr m, 2014; Onarheim et al., 2017a,b; Skagestad et al., 2018;
Kuparinen et al., 2019; Nwaoha and Tontiwachwuthikul, 2019).
As a reference for BECCS retro tting in sulphate pulp
mills, we use the recent techno-economic evaluations carried
out by Onarheim et al. (2017a,b) and Skagestad et al. (2018)
(see Appendix A for a comparison of the studies and their
assumptions). The basis for our analysis are their estimates of
negative emissions produced per air dry tonne of pulp (negative
emissions per ADt of pulp) and the corresponding cost for capture,
compression, transport and storage (additional costs per ADt of
pulp). We take the average of those technical set-ups in which
more than 60% of the total emissions are captured (resulting
in an average capture rate of 70%, see Supplementary Table 2)
and assume an allocation of costs and negative emissions to
all the produced pulp. The cost of pulp production increases
then by Costgeccs pupD 110 EUR (range, 75 170 EUR) per air-
dried tonne, and per air-dried tonne of pulp EgeccspulpD 1.6
tonnes (range, 1.4 2.3 tonnes) of biogenic CO; emissions can be
captured (combining stand-alone pulp mills and integrated pulp
and paper mills). The corresponding cost for negative emissions
would be approximately 70 EUR per tonne of captured and stored
biogenic CO,. This is signi cantly higher than the carbon prices

in the emissions trading systems currently in force (e.g., the EU
Emissions Trading Scheme; EU ETS).

In the subsequent discussions and analysis we assume that
CO; emissions of biogenic origin during the production,
i.e., the wood combusted in pulp mills, are carbon-neutral
(O’Sullivan et al., 2016), assuming a managed forest landscape
that maintains or increases the carbon stock (Cintas et al., 2016).
Correspondingly, all captured and stored biogenic emissions
are assumed to be negative emissions, i.e., reducing the CO;
concentration in the atmosphere. Additionally, we assume no
leakage in transport and storage.

BECCS on the Consumer Product Level
This section describes how we estimate the pass-through of
negative emissions and costs throughout the supply chain of pulp,
from the pulp mill to the retailing of the consumer product. Three
case products are selected. They represent three of ve end-use
categories that use sulphate pulp and that are produced in large
volumes (for a characterisation of paper grades and their supply
chain see Appendix B):

Paperboard packaging (Case: Liquid packaging board);
Corrugated board packaging (Case: Moving boxes);
Graphical wood-free paper (Case: Hardcover book);
Wrapping paper; and

Tissue paper.

The negative emissions associated with each tonne of pulp
(Eeccspulp) and the corresponding cost (Costgeccspulp), as
presented in the previous section, provide the basis for
the analysis. However, during paper production, non- brous
materials (e.g., llers, coatings, and chemical additives) can be
added to the pulp bres. For the packaging material and tissue
paper, llers were not usually added, whereas for graphical paper
and other papers the shares of llers increased (Suhr et al.,
2015). In addition, pulp is measured as having 10% moisture
content, while paper has 6% moisture content (Suhr et al., 2015).
Assuming that no llers are added to the paper, we used the
following adjusted estimates in the analysis:

The amount of negative emissions per mass unit paper,
Egeccs, IS assumed to be equal to 1.7 tonnes of negative
emissions per air-dried tonne of paper (with a range of 1.5 2.4
tCO,/t paper).

The cost increase per mass unit paper produced, Costgeccs, IS
assumed to be equal to 117 EUR per air-dried tonne (with a
range of 85 180 EUR).

The carbon footprint reduction 1cep (g captured and stored
biogenic COy) is calculated based on the mass of virgin sulphate
paper in the products mpaper (9 paper) and the amount of
negative emissions, i.e., captured biogenic emissions per mass
unit paper, denoted as Egeccs (g captured and stored biogenic
CO2/g paper).

dcrp D Egeccs  Mpaper 1)

Similarly, the cost impact 1. (EUR) is calculated based on
the cost increase per mass unit of produced paper, denoted as
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Costgeccs (EUR/g paper).

Lcost D Costgeccs  Mpaper 2

The cost and amount of negative emissions are calculated under
a ceteris paribus assumption, relating both to the current retail
price and the carbon footprint. Furthermore, perfect cost pass-
through of the additional cost to the end-consumer is assumed.

Revenues and Pro ts Linked to a Price

Premium on Consumer Products

We assume that thata buyers’ coalition consortium or a vertical
joint venture of actors is formed to share the nancial and
entrepreneurial risks among the actors along the supply chain
and connect the investment in BECCS directly to the consumer
products. Thus, while the pulp mill company will have to make
the investment in the CCS plant, the remaining partners along the
supply chain will have to make binding commitments to purchase
a certain volume of CDR pulp.

Including an additional price premium to the buyers
coalition consortium set-up [compare supply chain pricing
(Voeth and Herbst, 2006)], a break-even analysis for the case
of liquid packaging board is performed. We assume a pulp
mill with 700,000 tonnes capacity, use the CAPEX and OPEX
estimates of Onarheim et al. (2017a,b) and Skagestad et al.
(2018) (Supplementary Table 2), and the revenues from price
premiums of 1 cent and 4 cents (EUR, before taxes) on the
retail price of single consumer liquid packaging board products.
The investigated premiums are chosen randomly, but in an
actual implementation they could be linked to insights about the
respective willingness-to-pay by consumers of di erent products.
Nevertheless, from a practical point of view a premium of 1 cent
is the lowest possible price increase of a single product.

For this calculation, we furthermore assume a risk and
revenue allocation of 60% to the pulp/paper producer and 40%
to the other actors, e.g., the paper-converting and paper-using
companies or other transaction costs, although the design of
the corresponding partnerships is a matter for agreement. The
assumption means that 0.6 cent/package out of the 1 cent price
premium reaches the pulp mill. Without this risk sharing the
break-even point could even be reached earlier than presented
here. However, we introduced risk and revenue sharing to include
potential interests of the members of the buyers’ coalition, i.e.,
the consortium of pulp producer, paper converter and paper
user, who ensure this payment. If they do not have other costs,
they could therefore also earn a pro t once they had achieved
su cient sales to cover the guaranteed payment. The remaining
40% could be understood as a bu er to the required market size
that they need to provide, i.e., if there is only one partner between
the pulp mill and customers that partner only needs to sell 60% of
the products with the premium to cover the payment. In a real-
life case, the principle applied for risk and revenue sharing along
the supply chain needs to be negotiated.

Selection and Analysis of the Case Study

Products

The case study products were selected to cover the di erent paper
grades, as well as to represent a variety of end-use categories, with
varying cost and price structures and end-use purposes.

The basis for the product analysis is an understanding of the
supply chain processes, from production to retail stages, and their
contributions to the cost composition and the carbon footprint of
the consumer product.

The carbon footprint of a product (E), i.e., the sum of
emissions (e) caused by the processes and inputs (j) over the life-
stages of the product (Wiedmann and Minx, 2008), is calculated
as follows:

=<
ED gj [0CO2e]
j

As retro tting BECCS in pulp mills does not change the physical
properties of the pulp or the biomass sourcing, the processes in
the use and end-of-life phases are assumed to remain unchanged.
The baseline for the carbon footprint for the investigated
products is, therefore, evaluated by consulting the relevant Life
Cycle Assessment (LCA) studies on a cradle-to-gate basis.
Similarly, the cost composition of the consumer product is
estimated based on available market statistics on key processes
and inputs, deriving from the retail price. Thus, the retail price of
the product (C) is assumed to re ect the cost (c) of the processes
and inputs (k) involved in the production and sale of the product.

CD ¢ [EUR]

k

In the following section, the selected case study products are
introduced. The ambition here is to provide a magnitude estimate
of the changes related to the cost composition and the carbon
footprint of the selected consumer product rather than exact
values. A detailed description of the current carbon footprint and
cost composition are provided in Appendix C.

(A) Case: Liquid packaging board Oat drink

The rst case product is a 1-litre aseptic oat drink in a carton
package made of liquid packaging board, which is sold for
1.70 EUR. The carbon footprint estimation is based on an
assessment made by CarbonCloud (2019), combined with data
describing the climate impact arising from the production of
an oat drink obtained from Flor@n et al. (2013) and data on
packaging from Markwardt et al. (2017). We assume the usage
of 100% virgin sulphate pulp in the production of the liquid
packaging board.

(B) Case: Corrugated board packaging Moving boxes

In the second case, we investigate a set of corrugated board boxes,
with a total weight of 1.87 kg, which are sold as a set of two
moving boxes for 2.99 EUR. The carbon footprint estimate is
based on an assessment carried out by the European Federation
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of Corrugated Board Manufacturer§EFCO, 201pusing data
from their European database, focusing on the paper productio
and conversionfEFCO, 2018 Corrugated board is a composite
of an outside layer of paper (called “liner”) and an internglda
of paper (called “ uting”), which is corrugated and glued toeth
outside layers. In line withiFEFCO (2018§)we assume that the
moving boxes are made of corrugated boards that comprise 9.5%
virgin sulphate paper (Kraftliner).

=]

(C) Case: Graphical wood-free paper—Hardcover book

The third case product is a hardcover book with 300 pages,
comprising inner sheets and an outside cover. We assume| a
retail price of 13 EUR, corresponding to the average prices for
entertainment books in Sweden and GermarBo(senverein
des Deutschen Buchhandels, 2015; Wikberg, R0li& carbon
footprint estimation is based on an assessment performed by
Pihkola et al. (2010Q)corresponding to conditions in Finland.

These conditions give the mass share of the dierent pape
grades as: 17% cover, 79% inner sheets, 2% end paper, and
2% jacket. The book weighs 500g (after 28% maculature),
of which 100g are softwood sulphate pulp and 220g are
hardwood sulphate pulp, with the remainder comprising
binders and llers.

°Z

=

RESU LTS FIGURE 1 | Current composition of the carbon footprint (left) and cost
distribution (right) for the three case study products. “Pper” refers to the
paper production, “Conversion” refers to the conversion othe paper to

ImpaCtS on Carbon FOOtpnnt and COSt at packaging or a book, “Upstream conversion” refers to emissins related to the

the PrOdUCt Leve| conversion process, i.e., electricity generation or the mduction of chemicals/
Figure 1shows the current carbon footprint (Ieft side) for each of| 9lue, “Transport” refers tg the transport-related emissios, and “Content”
the three case study products and the di erent cost componentg''s ©© content production.
share of the retail price (right side). The comparison shows
that for the corrugated board boxes and the hardback book,
the production of paper accounts for a relatively high share of
the carbon footprint, while the economic value is relativiely. The results show that, in the case of the oat drink and the
In the case of the oat drink, the shares of paper in the carbohardback book, BECCS can o set more emissions than those
footprint and cost are relatively low. Here, the major cobtriors  originating from paper production. In both cases, we assumed
to both the carbon footprint and cost are content productiordan that all the pulp was produced with BECCS. For the corrugated
upstream processes related to the production of input materialsoard, only the virgin sulphate paper could be produced with
and electricity. BECCS. The highest relative cost increase linked to BECCS
Figure 2 shows the estimated cost and carbon footprintimplementation is for the set of moving boxes, which consist
impact of BECCS implementation in the PPI for each of the threentirely of paper. If the same corrugated board was not purahase
case study products. The carbon footprints decrease by 14—608&6,a moving box, but instead as packaging for products such as
while the costs increase by up to 0.7%. The oat drinks packagimdectrical appliances or furniture, the cost increase of 00R E
uses 21.6 g of paper, which results in a cost increase of 0.003 EtdiRthe two packaging boxes would be negligible.
(C0.15%) while the carbon footprint decreases by 37 §406). The central assumptions made in this study relate to the
The corrugated board boxes use 177 g of virgin Kraftlinerciwhi amount of captured and stored biogenic ¢@er tonne of
results in a cost increase of 0.021 EWUR(7%), while the carbon paper producedEseccg and the cost of captured and storage
footprint decreases by 300g {9%). The hardback book uses (Cosgeccg. Figure 3 shows the e ect of varying both,deccs
409 g of sulphate paper (softwood and hardwood), which resul@nd Cosgeccs The factor used for the captured emissions of 1.7
in a cost increase of 0.048 EUR.37%), while the carbon tCO,/ADtpaperis altered 0.5 (to 1.2 and 2.2 tC&ADt paper),
footprint decreases by 696 g §0%). Both changes need to beand the cost increase of 117 EUR/ ADt paper is alteréf%
considered against the background that we assumed an averdtp 58.50 and 175.50 EUR/ADt paper). The results illustrate thei
capture rate of 70% (se®upplementary Table 2 and that an linear dependence on the factors and the unchanged magnitude
average of the BECCS costs estimates is used, rather than therence of the results. While the carbon footprints decreay
cheapest options. 10% 80%, the costs increase only by up to 1%.
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