NTNU

Norwegian University of Science and Technology

Master’s thesis

Faculty of Engineering

Department of Energy and Process Engineering

Emilien BOURGE

Using Material Flow Analysis for
carbon accounting

A study case of a Norwegian paper mill

Master’s thesis in Industrial Ecology
Supervisor: Daniel B. Muller
Co-supervisor: Lars Johanson, Miguel Las Heras, Chipo Peveling

June 2023

@ NTNU

Norwegian University of
Science and Technology






Emilien BOURGE

Using Material Flow Analysis for
carbon accounting

A study case of a Norwegian paper mill

Master’s thesis in Industrial Ecology

Supervisor: Daniel B. Muller

Co-supervisor: Lars Johanson, Miguel Las Heras, Chipo Peveling
June 2023

Norwegian University of Science and Technology
Faculty of Engineering
Department of Energy and Process Engineering

@ NTNU

Norwegian University of
Science and Technology






Preface

This thesis was performed and written during the spring semester of 2023 as a conclusion
of a two years Master of Science in Industrial Ecology at the Norwegian University of Science
and Technology (NTNU).

First and foremost, I would like to thank my supervisors Daniel B. Miiller, Lars Johanson
and Miguel Las Heras who provided much desired and helpful support and insight on my
work. I would also like to thank the people at Norske Skog Skogn: Ruth Astrid Strgm,
Tormod Rgstad, Johan Vestrum and Jon Henrik Steinsli who helped me understand the
different processes and interactions of the mill and for their enthusiasm for the study.

Finally, I would like to give a warm thank you to my bed which kept welcoming me with
open arms even in the direst moment of the past six months. And even though you had
springs puncturing my back from time to time, I could not have wished for a more loyal
and supportive companion to embark with on this journey.



Abstract

The study performs a material flow analysis of the flows containing carbon of a Norwegian
paper mill. Both the dry matter and the carbon flows are quantified. The results of the
quantification is used to develop a model of the mill. The results of the modelling show a
significant potential for the mill to increase both its energy and material efficiency while
reducing the carbon emissions at the same time. The re-use of secondary heat to dry the
bark used as fuel of the boilers at the mill show a great potential in reducing the amount of
non-biogenic emissions of the mill. Removing the recycling paper line of the mill will reduce
the amount of direct carbon emissions but will shift most of them outside the system.

The four scenarios developed for the study show that the combination of both the
removal of the recycled paper line and the drying of bark can reduce the carbon emissions
of the boilers by 23.5% and the overall direct carbon emissions of the mill by 18.6%. Drying
the bark showed the most potential in reducing the fossil fuel consumption of the mill.
Increasing the dry content of the bark to 70-75 % is enough to phase out most of the oil
used by the mill. Increasing the energy recovery of the TMP also showed a huge potential
in reducing the direct carbon emissions of the mill which could reach a 30% lower value.
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1 Introduction

In the last few decades, a concern for environmental impacts, especially climate change,
has been growing as the UN Intergovernmental Panel on Climate Change’s (IPCC) reports
continue to warn on the effect of global warming on human activities (Stocker et al., 2013).

This growing concern for environmental impacts and search for sustainability has made
both academia and industries looking into ways to improve the energy efficiency of indus-
tries (Mahi et al., 2021). Many studies have been developing resource efficiencies metrics,
struggling to find one that is at the same time robust, easy to use, relevant, credible and
globally accepted (Hernandez and Cullen, 2019). As energy efficiency is a growing concern
for industries, material efficiency is usually linked to it when it is for energy purpose (All-
wood et al., 2011). Besides the need for improving the efficiencies of the processes, waste
management is a crucial step in reaching better material efficiency (Halkos and Petrou,
2018). As most industries produces wastes and by-products, waste management system
have become more and more essential in order to achieve a circular economy and reduce
both environmental impact and resource scarcity (Alvarez-Risco et al., 2022). Waste can-
not simply be disposed anymore due to more constraining regulations and more and more

industries lean towards more energy and material recovery as a waste management solution.

The pulp and paper industry is not spared by the concerns of material and energy ef-
ficiencies (Hubbe, 2021). Extensive research has been and is still being performed on the
available solutions to deal with the wastes and by-products of their production (Monte et al.
(2009), Mohammadi et al. (2019))

A recurring solution for both energy and material efficiency in the paper industry is the
recovery of energy from the incineration by-products as a way to both produce energy and
deal with waste generation (Kraft et al., 1993). The two main by-products used for energy
generation in paper mills are the sludge and the bark.

Sludge cannot be used as fuel on its own and is usually mixed with other fuel. The
reason behind this practice is that burning sludge is usually seen as a way to dispose of
it and not primarily as an energy source. Several issues have been noticed when burning
sludge and compiled by Likon and Trebse (2012). The main limitation of burning the
sludge resides in its high water content varying from 30% to 50%. For each additional 1%
of moisture content, the temperature of the combustion must reach 10°C more to not alter
the efficiency of the process. To mitigate the temperature loss, it is a common practice to
add fossil fuel to increase the energy output (Coimbra et al., 2015), increasing at the same
time the proportion of non-biogenic carbon emitted by the mill.

Additionally, depending on the nature of the sludge (primary sludge from producing
pulp from virgin wood or sludge coming from the recycling of paper), the ash and organic
content of the sludge can greatly vary, impacting negatively the amount of energy that can

be delivered during the combustion.

Norske Skog is a leading pulp and paper company based in Norway. One of their mill,
located in Skogn, is an integrated mill: producing both the pulp and the paper.

Norske Skog Skogn has set a target of reducing their carbon emissions by 55% compared

to 2015 and to be net zero emissions by 2050 (NorskeSkog, 2021). To assess their perform-

ance, the mill perform an accounting of the carbon emissions of the mill. The accounting



is based on both measurements of the concentration of CaCQOg of the relevant flows as well
as COq factors for all the relevant flows. Whereas the method used by the mill is a phys-
ically based accounting, considered as crucial for a serious environmental management for
a company (Bartolomeo et al., 2000), the current accounting at the mill only accounts for
non-biognic carbon emissions. It is assumed by the mill that the biogenic carbon is con-
sidered as neutral. Yet, although quite common, this assumption shows several limitations
that limit the robustness of it and can make it quite unreliable (Leturcq, 2020).

A previous carbon accounting of a paper mill has been performed with an energy flow
analysis by Zhao et al. (2019). The study indicated that the main source of emissions for
the paper mill was from biomass origin. Hence, in the case of the pulp and paper industry,
the limitations of the carbon neutrality of biogenic emissions are even more dubious than
for other industries as the main flows of material of a paper mill come from biomass.

Carbon accounting is not the only concern of the mill, it also aims at reaching a better
sustainable use of material and energy with improved recirculation (NorskeSkog, 2021).

Material flow analysis (MFA) is an analytical method to quantify the flows of good and/or
substances of a defined system. It is an important tool to study circular economy and
material flow management.

Both a material flow analysis of the wood products (Stréansky, 2022) and an energy flow
analysis (Emilien Bourgé, 2022) of the mill have already been performed. The quantification
of the energy flows of the mill showed that there was a significant potential for more energy
recovery, especially of secondary heat at relatively low temperature. The secondary heat of
paper mills has been considered as a high opportunity to improve both the material and
the energy efficiency of a paper mill (Holmberg and Stenstrém, 2014). One of the main
opportunity to reuse the secondary heat of the mill at Skogn has been evaluated as drying
the bark before feeding it to the boilers for energy generation.

The main reason for drying the bark before using it as fuel for boilers is to increase its
net energy content. The water contained in the bark will consume a significant amount of
energy to evaporate, thus limiting the amount of energy that can be recovered and use from
the combustion (Walker, 2006). Removing the water from the bark, which can be achieved
in different ways, will thus increase the net energy content of the bark (Orémusova et al.,
2014).

There are several technologies to de-water or dry bark. But there are two main ways of
doing it: mechanically pressing the bark to remove the water or drying the bark by flowing
air at relatively high temperature to capture the moisture.

Bark presses is a common technology used in scandinavian paper mills (Holmberg and
Stenstrom, 2014). The amount of water removed from the bark will depend of the type of
bark and the type of installation but final dry content values of around 50% can be expected
with such equipments and it has been assessed that increasing the temperature of the press
can further reduce the moisture content of the bark (Holmberg and Stenstrém, 2014).

Air drying the bark works by circulating hot air with a low relative humidity to transfer
the water content from the bark to the air. The main difference between this air drying
and pressing is the nature of the energy used. Whereas a bark press will proceed with a
mechanical dewatering and will require electricity, an air dryer will use heat.

Using secondary heat for bark drying provides several advantages. The main one is that



it does not lead to an increase of the heat production of the mill . Additionally, Holmberg
and Ahtila (2005) assessed that the use of secondary heat compared to primary heat can
also have a financial interest as it is cheaper. Nonetheless, using secondary heat forces
the process to work at lower temperature than with primary heat. This aspect also has
an influence on the drying time as higher drying temperature will provide a faster drying
process than lower temperature (Holmberg and Ahtila (2005), Pang and Mujumdar (2010)).

The mill at Skogn currently only has a bark press that de-water the bark to a final dry
content of 50%. The mill could also reuse their secondary heat to further dry the bark.
By doing so, the energy content of the bark would increase and thus reduce the need for
additional fuel for the boilers, most likely decreasing the associated carbon emissions at the

same time.

By performing a study case of the paper mill located at Skogn, this study aims at an-
swering the following research questions:

e What are the characteristics of the direct carbon emissions linked to the production

of paper and their origins?

e What solutions could be implemented by the mill to reduce the amount of carbon it

emits?

e How using secondary heat to dry the bark can influence the carbon balance of the
mill?

To answer these questions, the study will continue as followed. First a quantification of
the dry matter flows containing carbon of the mill will be performed through a MFA to
then achieve a carbon flow quantification. Next, a model of the mill will be developed in
order to perform scenarios to assess the impact of different solutions in reducing the mill’s
carbon emissions. The model of the mill will implement a new process to dry the bark in
order to assess its effects on the material and energy balance.

2 Methodology

2.1 System definition

This study focuses on the Norske Skog owned paper mill located in Skogn in Trgndelag,
Norway. It quantifies the flows of dry matter containing carbon and the flows of carbon of
the mill for the year 2022. It follows the methodology of Material Flow Analysis (MFA) as
described by Brunner and Rechberger (2003).



System definition

Flows in ktiyr
Stocks in kt
Reference year: 2022

1. Debarking

\7/\1 5. Barkk————

A12. Roundw ood

A02. Purchased chips

|
|
|
|
|
|
|
|
|
|
|
! A
|
|
|
|
|
|
|
|
|
|
|
|

A08. Recycled paper
d pap 2. Chipping and chip 5. Bark storage
storage storage & processing A50. Bark sold

|

Stock change Stock change |

|

|

A23. Chips !

|

‘A59. Waste w ater AS6. Bark |

|

|

<80, DP Siudge—| S~ Recyeled paper 3.TMP |—A39. Waste w ater !

| processing |

| |

| |

| |

! A34. Fibers !

| |

| v |

| |

| |

! A84. Fibers—>| 4.PM A04. Filler L

| |

| |

| L |
| -A49. Waste w ater—» 90a. Reject: +—>»

| 9. Wastewater |

| treatment |
| 89. Waste w ater P> -A90b. Bio-sludg: 0 >

Aol6a.

| oil T

! AOBb. !

| Factory w aste |

| AOBc. !

| A40. Paper v Recycled Wood K5 |

| |
| A96. Bio-sludge—>| eRecchﬁ?l?l‘ood ke

! A86a. DIPsludg 6. Boilers K5 & K6 !

: 86b. RF rejects: :

| |

! AB0. Rejects !

| L L L L L L L L L L L e e e e e e e e e L L L L L L L L e e e e e e e e e e 22 |

A\ 4

Figure 1: System definition

The system includes all the processes related to the processing of raw material and re-
cycled paper, paper making and the biomass boilers (Table 1). Each flows are defined as
going from one process (i) to another (j) and are symbolized as Aij. Process 0 represents
the outside of the system and the other processes labels are defined in Table 1. The stock

of a process i is symbolized as S; and its stock-change as AS;.



Table 1: List of processes

Number | Name Description

1 Debarking | The logs are admitted to the mill after being collected from
the forest. The bark is removed from the logs by going into
rotating drums.

2 Chipping The debarked logs are turned into chips and stored. Not all

and storage | the chips are produced by logs. Some of it is also bought
and imported to the mill.

3 TMP In the thermomechanical pulping, the chips are heated and
refined into fibers. This process requires a high amount of
energy that is partially recovered as steam. It is the main
source of steam of the mill.

4 PM The paper machine produces and dries the paper.

5 Bark stor- | The bark is pressed to a 50% dry content before being sent

age and | to the boilers.
processing

6 Boilers Uses most of the b-products of the mill as fuel and is the
second main source of steam of the mill.

8 Recycled Removes the ink and other chemicals of the recycled paper

paper pro- | and recovers it as fibers that are used in the PM.
cessing

9 WWT The waste water treatment uses digestion to process the
waste waters of the mill.

2.2 Dry matter quantification

The quantification of the flows of dry matter that contains carbon (Aij,) is based on the
company’s 2022 data survey that provides the wet mass (Aij) and the dry content (dc;;) of
several flows.

The dry mass of each flow is defined as:
Aijg = dey; - Aij (1)

The flows for which the dry mass is not provided by the company are calculated by either
a transfer coefficient kij or through the mass balance of a process.

Aijy = kij - Akl (2)

Where Akl is another flow, usually the input or the output of process i or j depending on
the nature of the transfer coefficient.

The transfer coefficients used for this quantification are derived from the 2020 MFA
study of the mill performed by Stransky (2022).

The mass balance equation of process j is defined as followed:
> Aij=AS;+ Y Ajo (3)
A o

Where Aij and Ajo represents respectively the inputs and outputs of the process j.



For each flow, 5 layers are calculated: total dry mass (Aijq), mass of biomass (Aijy),
mass of CaCO3 (Aijcq), mass of plastic (Aij,) and mass of oil (Aij,). The relationship
between the different layers is defined as followed:

Aijg = Aijy + Atjeq + Aijp + Aijo (4)

For most layers, the value is usually calculated with the proportion of each of the sub-
stances from the dry matter layer. The biomass layer is mostly calculated by balancing the

dry matter mass with the other layer (equation 4).

2.3 Carbon quantification

To quantify the carbon content of each flow, the carbon concentrations of all secondary
layers (biomass, CaCOQs, plastic and oil) are applied to the previous dry mass quantification.

All the concentration are referred to the dry mass (eg. tw.t[;l).

In the study performed by Jagodzinski et al. (2020), the carbon content of Picea Abies
(the main wood specie used at the mill) has been evaluated for wood, bark, branches and
foliage. The value found by the study for both wood and bark is around 50%. From these
values, it has been assumed for this study that all the biomass of each flow of the system
has a carbon concentration of 50%.

The carbon contents of plastic and oil have been retrieved from the carbon accounting
currently performed by the mill which provides a COy emission factor for both. The pro-
portion of C in COg is them multiplied to the resulting CO2 emissions following the molar
mass of each element (Table 2). The proportion of C in CaCOg is also calculated with the

molar mass of the elements.

Table 2: Molar mass of C, O and Ca in g.mol~!

Element Molar mass (g.mol™ ')

C 12
O 16
Ca 40

All the parameters used for the both quantifications and their values can be found in
Table 3.



Table 3: Parameters used for the quantifications

Parameter Value Unit Source
Paper dry content 0.79 t dft Company data
DIP sludge dry content 0.65 t dft Company data
CaCo3 in DIP sludge 049 t Ca/td Company data
RF rejects dry content 0.55 t dft Company data
Paper plastic content 0.0052 t pft Company data
Filler in Recycled fibers 0.1| t filler/t_ d |Company data
Prop of w-w in by-products 0.0076 tow/t w derived from Stransky (2022)
Prop of CaCO3 in filler 1| tca/td Company data
Produced paper dry content 0.92 t dft Company data
Bio/fiber sludge dry content 0.30 t dft Company data
Propartion of CaCO3 in bio-sludge 0.0165| t Ca/t d Company data
TMP fiber dry content 0.9 t/t_d Company data
TMP efficiency 0.95 t dft d derived from Stransky (2022)
Chips dry content 0.9 t dft Company data
Bark dry content 0.37 t dft Company data
Debarked round wood 882310 m3 Company data
Proportion of bark 0.44 m3,/m3 Company data
Bark density 0.135 t d/m3 Company data
Pressed bark dry content 0.5 t dft Company data
Bark press loss proportion 0.008 t d/t d derived from Stransky (2022)
Oil consumption 428.123 m3 Company data
Oil density 0.855 t/m3 Company data
Oil energy content 0.0431 T/t d Company data
0il CO2 factor 73.5 t CO2/t Company data
Prop Cin CO2 0.27| t ¢/t co2 |Calculated
Prop Cin CaCO3 012 t G/t cCa Calculated
Prop Cinwood 0.5 t Cft w Jagodzinski et al. (2020)
Plastic CO2 factor 2.71| t CO2/t p |Company data
Factory waste dry content 0.71 t dft Company data
Recycled wood K5 dry content 0.6 t dft Company data
Recycled wood K6 dry content 0.714 t dft Company data
Oil dry content 1 t dft assumed
Propartion of CaCO3 in filler of return paper 0.569| t Ca/t filler |CEPI{2021)
prop of plastic in recycled wood 0.001 t p/t d Company data

2.4 Uncertainties

As most of the data used in this study comes from the company reporting, it is assumed
that the provided values have a low uncertainty as they are the best ones to depicts the
state of the mill. All the parameters derived from Stransky (2022) are considered to have a
medium uncertainty. The values used in his study were also mostly company data but
corresponds to the 2020 reports of the company, thus considered as less certain in regards
of the 2022 quantification. Finally, all the other values used in this study are considered
as highly uncertain (from CEPI (2021) or Jagodzinski et al. (2020)) as they come from
external studies that were not specific to the mill at Skogn.

All in all, most of the values used for the dry matter quantification come as primary
data (Table 3). Most of the uncertainties reside in the carbon concentration of the different
sub-layers and the characteristics of the recycled paper.

2.5 Model development

2.5.1 Model definition

The aim of the model is to depict the carbon flows of the mill in the context of the 2022
production. The model is mostly based on the dry matter quantification of the mill. All



the flows calculated by the model are given as a mass of dry matter. All sub-layers defined
in the previous quantifications are also quantified in the model. The carbon concentrations
of each layer are then applied on the results to have the complete carbon quantification.

'A86D,
Recycled A08 8. paper A86a
paper Pr 89

Improved .
i
4.PM 9. WWT ‘96 6. Boilers » A0 : Process

I Bought chips I ﬂ 2. Chipping
1. Debarking 5. Bark processing

Figure 2: Model definition

First, the inputs of the model are: the amount of newsprint and improved newsprint
produced, the amount of recycled paper and the amount of bought chips. These 4 values,
defining 3 flows, have been assessed as the drivers of the production of the mill. All these
flows drive the amount of logs required by the mill as well as the production of by-products
used as fuel. Then, the model takes into account how the final dry content of the bark
influences its net energy content and its implication on the additional fuel requirements to
meet the energy demand.

To calculate the different flows of dry matter, transfer coefficients are derived from the
previous quantification. Thus, with only the four previously defined driving inputs, the

model calculates all the flows of the system using the transfer coefficients.

For each process, the mass balance principle is respected and all transfer coefficient are
defined as followed:

Aij = kij - Y Ahi (5)
h

Where k;; is the transfer coefficients used to calculate Aij and Ahi the flows considered
as input of the model for the process i (eg: A34 = ksy - (A40 + A84)). Figure 2 shows
graphically how the model works and how each flow is calculated.

Each sub-layer (biomass, CaCQs, plastic, oil) is quantified by either the use of transfer
coefficient or the use of concentrations.

Finally, it is assumed that there is no stock of bark or chips. It is considered that all
the bark and chips produced over the year is used during the same year.



2.5.2 Bark drying

Unlike the current state of the mill, the model includes a new process consisting of drying
the bark before sending it to the boilers.

Air Air Air
(Ti, RH%;) 0 (Tint, RH%int) 5 (Tr, RH%s)
Y y
—Q—> —Q—> 4
1 3
Y y
Bark ) Bark ) Bark
—(mdry, MCi)_) Drying stage 1 —(mdry’ MCint)_) Drying stage 2 (Mary MCf)_>

Figure 3: Drying process

The drying consists of a two stages air-drying process (Figure 3). The choice of a two
stages drying process has been done while discussing with the representatives of the mill on
what would be the most likely choice when considering the installation of such a process.

The outside air is first heated (0 to 1) and then sent to the bark in order to capture the
water from the bark (1 to 2). The air is then recirculated to a second heating (2 to 3) and
then re-sent to capture the water from the bark (3 to 4). The advantage of using more than
one stage is the reduction of the average energy use by gram of water captured.
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Figure 4: Psychrometric chart of the drying process



The outside air is considered to be at 5°C with a relative humidity of 80%. For each
drying stage, it is considered that the capture of water from the bark will increase the
relative humidity of the air back to 80%.

As the mill has a significant amount of secondary heat available, it is used to heat the
air for the drying process. This secondary heat comes from a flow of water going to the
waste water treatment at a temperature of around 47°C. Hence, by only using this source
of energy, the final temperature of the air will also be 47°C. By using these values in a
psychrometric chart (Figure 4), the amount of energy required to dry 1 kg of water can be
calculated.

The amount of water that needs to be dried myqter is calculated as followed:

1 1
dcpark—i  dCark—f

Muyater = A56d : (

Where dcygri—i and dcpark—g are the initial and final dry content of the bark.

The net energy content of the bark (ep,,«) is then calculated using the following equation:

€bark = Gbark * (1 - dcba'rk) + bbark (7)

Where dcpg,r is the final dry content of the bark, and apq,r and bpe.r are coefficients
derived from the work of Orémusova et al. (2014) (Figure 5).

Net calorific values at different moisture percentage (MJ.kg-1)

................ y=-22272x+19.973
RZ=1

Net calorific values MJ.kg-1

0% 10% 20% 30% 40 % 50 % 60 %

Moisture percentage

Figure 5: Relationship between the bark moisture content and its net calorific value

2.5.3 Boilers

The biomass boilers are a key-process in the mill at it provides a significant part of the
steam needed by the other processes. The boilers energy output is modelled in order to
meet the demand of energy of the mill, then depending on the dry content of the fuel, the
amount of oil and recycled wood is calculated.

From the company energy and material reports, the specific energy demands of all the
processes (spe;) have been calculated. As the drying of bark uses secondary heat, no

10



additional energy is required for the drying process. The final demand of energy includes the
energy demand associated to the processes (depending on the production of each process)
(ED;) and the energy used for heating the buildings (VVF) (EDyyr). The VVF energy is
considered as fixed and not dependent on the production of the mill.

ED; = spe; - prod; (8)

Where spe; is the specific energy need of process i and prod; the associated production.

The production of steam has three origins: the production of the electric boiler (Egpoir),
the production of the biomass boilers (Fpy) and the steam production from the energy
recovery of the TMP (Epprp). The steam production of the electric boiler is considered
fixed to the current value. The specific steam production of the TMP has is derived from the
current steam and fiber production. The boilers also provide a continuous surplus of 2 MW
of steam (EDgyypiys)- Finally, the energy production of the biomass boilers is calculated in
order to meet the energy demand:

Eyoil = Z ED;+ EDvvr + EDgyrpius — Eevoit — ETMp 9)

(2

Next, the amount of energy required by the boilers is calculated using the boilers efficiency.
Yet, as the company changed their energy reporting from 2020 to 2022, some information
are not available anymore such as the energy values of the different fuels. Thus the boilers
efficiency was calculated using values from the 2020 reports.

The boilers efficiency (ef fpoiter) is applied to its required production of steam (FEpy) in
order to assess the amount of energy required from the fuels (Epyer)-

Eoit

effboiler (10)

Efuel =

The boilers need a fixed small amount of oil during their start-up. The manager of the
mill assessed this fixed need of oil (ey;i—min) as 20% of the current oil consumption. Then,
by using the energy content of the different by-products (e;_p,), the amount of additional

fuel energy is calculated (eqdd— fuer):

€add— fuel = Efuel — €oil—min — Z €i—bp (11)

(2

For each fuel i, the relationship between the dry mass (m;) and the energy output (e;)
is defined as followed.

€i =Ty - qi (12)
Where ¢; is the net calorific value of fuel i.
The additional fuel requirement is met with two other fuels: oil and recycled wood. The
calorific value of the oil was given by the mill and the one of recycled wood was calculated
with the 2020 reports.

The amount of additional oil required by the boilers is dependent on the moisture content
of the fuel. After a discussion with the manager of the boiler, it was assumed that a final
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dry content of the bark of 70% with the current conditions would lead to a complete phase
out of the additional oil use.
In this study, it is assumed that the relationship between the amount of oil required by

the boilers and the final moisture content of the fuel is linear.

Moil = Qoil * Mcfinal + bbark (13)

Where my;; is the amount of oil. The coefficients a,;; and b,;; are defined by assessing the
oil content of two cases: the current status of the system and a second value corresponding
to a complete phase out of the oil with a final value of the bark dry content of 70%.

The final moisture content of the fuel is defined as:

L
MClipa =1 — & (14)
/ Zz dcz

Where m; is the dry mass of fuel ¢ and dc; its dry content. All the dry content of the

fuels calculated with the 2022 values except for the recycled wood which value was evaluated

using the 2020 report.

The amounts of recycled wood and additional oil are calculated by solving the system of

equation including equations 11, 12, 13 and 14.
Finally, the flows of carbon are quantified by using the carbon content of each fuel for

each sub-layer.
All the parameters used in the modelling are aggregated in Table 4.
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Table 4: Parameters used for the modelling

Parameter Unit Value
Dry content recycled paper todft w 0.79
CaC03 content recycled paper t Caft d 0.17
Plastic content recycled paper t p/t d 0.01
recycled paper recycling process coefficient t dft d 0.72
Filler content recycled fiber t_filler/t_d 0.10]
CaC03 content in filler t Ca/t_filler| 0.57|
DIP sludge production coefficient tdit d 0.26
Proportion of DIP sludge to boiler t dit d 0.95
CaCO03 in DIP sludge t Caft d 0.49
RF rejects production coefficient tditd 0.02
Dry content paper t dft 0.92
CaCO3 content in newsprint t Ca/t 0.04
CaC03 content in improved newsprint t Ca/t 0.10]
PM efficiency fiber t dit d 0.97]
PM CaCO3 efficiency t Ca/t Ca 0.99
TMP efficiency tow/t w 0.95
Dry content chips t dft 0.90]
Debarking efficiency tdit d 0.88
Bark processing efficiency t dit d 0.99
Biosludge production coefficient t dft d 0.32
CaC03 content biosludge t Ca/t d 0.02
Proportion of biosludge sold t d/t d 0.18
TMP specific heat consumption MWh/t_d 011
PM specific heat consumption MWh/t_d 1.27]
RP specific heat consumption MWh/t_d 0.04
Debarking specific heat consumption MWh/t_d 0.03
Boiler specific heat consumption MWh/MWh 0.16
VVF heat requirements MWh 110261
Boiler efficiency MWh/MWh 0.67|
Surplus of steam production in boilers MWh 21840
TMP steam production coefficient MWh/t_d 1.08
Proportion of total steam produced by electric boiled MWh/MWh 0.02
a coefficient oil proportion t_o/%MC 76597
b coefficient oil proportion to -28211
Minimum oil content MWh 1551.00
oil energy content MWh/t_d 21.19
DIP sludge energy content MWh/t_d 1.10]
RF rejects energy content MWh/t_d 5.35
Bio fiber sludge energy content MWh/t d 5.04
Recycled wood energy content MWh/t d 4.87
a coeff bark energy MI/MC%% -22.27|
b coeff bark energy %] 19.97
Recycled wood dry content t_d/t 0.71
DIP sludge dry content t_d/t 0.65
RF rejects dry content t_d/t 0.55
Bio/fiber sludge dry content t_d/t 0.30]

2.5.4 Sensitivity analysis

To assess the sensitivity of the model on the different parameters, the selected parameters
are varied -20% and +20% of their original value. The selected parameters are: dry content
of the bark, energy content of recycled wood, energy content of WWT sludge, amount of
recycled paper and TMP energy production.
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2.5.5 Scenario development

To assess the impact of drying the bark on the carbon balance of the mill, four scenarios
have been developed. Additionally, the mill is considering removing the recycled paper line
from the line in the future. The impact of this removal will also be assessed within the
scenarios.

The first scenario (Y-50) is considered as the baseline scenario. It aims at matching the
quantification of 2022. The inputs of the model are the production values of 2022 with the
same amount of recycled paper. In this scenario the bark is not further dried and its final
dry content is 50%.

The second scenario (Y-50) still includes the recycled paper line. The bark is dried to a
final dry content of 80%. The final value of the dry content of the bark as been chosen in
agreement with the mill representatives.

In the third scenario (N-50), the bark is not further dried (50% final dry content) and
the recycled paper line is completely removed. It has been decided with by the mill that
the recycled paper line would be entirely shut down at once and not gradually, hence the
complete phase out of the recycled paper line for the scenario.

Finally, the fourth scenario (N-80) includes both the removal of the recycled paper line
and the drying of the bark to a final dry content of 80%.

A summary of all the scenario can be found in Figure 5.
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3 Results

3.1 System quantification

Dry weight flows containing carbon (kt/yr)
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Figure 6: Dry matter flows containing carbon for the year 2022

Figure 6 depicts the mill’s flows of dry matter containing carbon in 2022. Most of the
carbon input of the mill comes from the logs (424.5 kt) and the main output of carbon is
the final product of the mill: paper (461.4 kt).

Most of the carbon flows of the mill are composed of biogenic carbon. The only sources
of CaCOg are the recycled paper (10.1 kt) and the filler (23.5 kt). The input of filler to
the paper machines accounts for 90% of the CaCOg3 present in the paper, the rest comes
from the recycled fibers. Recycled paper represents 30% of the total inflow of CaCOj3 of
the system and around 28% of it ends in the final paper production.

About 10% of the fibers used in the paper machines were recycled fibers from the recycled
paper line. About 15% of the chips used by the TMP were bought from external sources
and not produced at the mill.

Concerning the boilers, external fuel input (recycled wood and oil) represented around
38% of the total fuel consumption while bark represented about 41% of the total fuel input.
Sludge from the recycled paper represented 14% of the total fuel demand and 98% of the
CaCOgs inputs to the boilers.

There are two inputs of plastic in the mill. Most of it comes from the recycled paper
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(0.4 kt) whereas the rest comes from the recycled wood (j0.1 kt) as a small fraction of it is
plastic.

From the 103.1 kty of by-product produced, around 72% is reused as fuel for the boilers
and about 4% has been sold outside the mill ( bark and sludge from the WWT). The rest
of the by-products is disposed by the waste water treatment. 92% of the by-products dry
matter is wood-based.

Carbon flows (kt/yr)
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Figure 7: Carbon flows for the year 2022

The total input of carbon to the mill is 296.7 ktc as shown in Figure 7. Out of these,
71.5% comes from the wood, 9.1% from the recycled paper, 10.8% from the purchased chips,
1% from the filler input and the last 7.6% comes from the additional fuel. Nevertheless,
most of this carbon exits the system as paper (74.4%), the rest leaves the system as it is sold
(2.5%) or emitted to the environment by the waste water treatment or the boilers (23.1%)

The carbon emissions from the combustion of fuel from the boilers emitted around 57,1
ktc. About 30% of the carbon emissions of the boilers come from external fuel and not
by-products. Around 97% of the fuel used in the boilers comes from biogenic sources. For
the non-biogenic emissions of the boilers, carbon emissions from CaCOj3 represents around
59% of them, carbon from plastic around 20% and carbon from oil 21%.

The additional 11.5 kt emitted from the waste water treatment leads to a total direct

carbon emission from the production of paper of around 0.15 tc.tgl of paper.
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3.2 Modelling

One of the main point of the model is to assess the effect of the final dry content of the

bark on the carbon emissions of the mill.

Total C emitted from boiler Total C from Oil
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Figure 8: Effect of the dry content of bark on: (a) total amount of C emitted from the
boilers, (b) Total amount of C emitted from the oil in the boilers, (¢) Total amount of C
emitted from recycled in the boilers and (d) proportion of bark and recycled wood in the
boilers.

Figure 8 shows the different variations of the total amount of carbon emitted from the
boilers, the amount of carbon emitted from the oil and the additional wooden fuel and the
proportion of carbon coming from bark and additional wood for a final dry content of the
bark ranging from 0.5 to 0.95 in the case of having no recycled paper.

As the dry final dry content increases, the need for additional fuel decreases (c) as well
as the need for oil. The amount of oil required by the boilers decreases until it reaches a
limit of around 63 t. The share of bark in the total amount of fuel increases slightly from
around 63% to around 67%. The share of additional wood decreases from 26% to 22%. The
reason behind this results is that drying the bark will increase both its energy content and
the final dry content of the input of fuel to the boilers. The increase of energy content will
then decrease the amount of energy required from additional fuel sources. The increase of
the final dry content of the fuel decreases the need for oil. Only the amount of oil that is
required to start the boiler is left when a specific final dry content of the bark is reached
(between 70 and 75%).

3.2.1 Scenarios

By applying the model on 4 different scenarios, it is possible to assess the effect of the
removal of the recycled paper line and the impact of the final dry content of the mill on the

17



mill’s carbon balance.

Table 5: Summary of scenarios

Recycled paper

Final dry content of the bark

Scenario Y-50
Scenario Y-80
Scenario N-50
Scenario N-80

Yes 50%
Yes 80%
No 50%
No 80%
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Figure 9: Carbon flows of the mill for scenarios (a) Y-50, (b) Y-80, (¢) N-50 and (d) N-80
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Figure 9 compiles the four different carbon flows of the mill associated with the four
scenarios (Table 5) from which scenario Y-50 is the 2022 baseline.

For the scenarios Y-80, N-50 and N-80. The carbon emissions from the boilers decreases
from 57.5 kto to 55.4 kto, 46.2 kto and 44.0 kto respectively.

Scenarios N-50 and N-80 have a higher amount of wood as input to the system (237.2
ktc) compared to scenario Y-50 and Y-80 (212.2 kt¢)!. This difference of input of wood
comes from the removal of the recycled fibers in the system that leads to an increase of
the demand for virgin fiber in order to meet the demand of paper. For the same reason,
as the amount of wood increases when there is no recycled paper, the production of bark
is mechanically increased as well and reaches 29.3 kto for scenarios N-50 and N-80, an
addition of 3.1 kt- compared to the baseline.

For the two scenarios with no recycled paper, the emissions from the waste water treat-
ment increases by 6% compared to the ones with recycled paper to reach 12.2 kte. This
increase of emissions is due to the increase of virgin fibers production that produces more
waste water than recycled fibers. Even if the recycled fibers produced a small amount of
waste water that are treated at the treatment plant, the amount is significantly smaller
than the amount produced by the virgin fibers production and the overall input of waste

water increases.

Carbon emissions of the mill

I Boilers
s WWT

kt of C

Y-80 N-50
Scenarios

Figure 10: Carbon emissions of the different scenarios

The carbon emissions from the boilers of the three scenarios Y-80, N-50 and N-80 have
reduced by respectively 3.7%, 19.7% and 23.5% compared to the 2022 baseline, as shown
in Figure 10. The two scenarios with no recycled paper show significantly lower carbon
emissions from the boilers compared to the ones with recycled paper. Nevertheless, when
accounting for the total carbon emissions, including those from the boilers and the waste
water treatment, the reduction of carbon emissions is 3%, 15.4% and 18.6% for the scenarios
Y-80, N-50 and N-80 when compared to scenario Y-50. Hence, the removal of the recycled

! As the concentration of carbon in wooden products has been fixed to 0.5 tc.tgl, the amount of carbon
in wooden products (wood, logs, chips, fibers) is directly correlated to the dry amount of the same wooden
products
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Figure 11: Carbon flows of the boilers for scenarios (a) Y-50, (b) Y-80, (¢) N-50 and (d)
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Figure 12: Nature of the carbon emissions from the boilers for the different scenarios (a)
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paper line has a positive impact on the reduction of the carbon emissions from the boilers but
a negative impact on the reduction of the carbon emissions from the waste water treatment.

Furthermore, the comparisons between scenario Y-50 with scenario N-50 and scenario
Y-80 with scenario N-80 shows that independently from the drying of the bark, the removal
of the recycled paper line decreases the amount of carbon emissions from the boilers and
increases the carbon emissions from the waste water treatment. In addition, when the bark
is not dried (scenarios 0 and 2), the removal of the recycled paper leads to a higher moisture
content of the fuel and an increase in the demand for oil and its associated emissions: from
0.3 kte to 0.5 kte.

Moreover, as the recycled paper sludge has a relatively high dry content compared to the
bark, its removal increases the average moisture content of the fuel. Besides, the increase of
the waste water treatment sludge linked to the removal of the recycled paper also increases
the average moisture content of the fuel as it has a sensibly low dry content (around 30%),
thus increasing the need for oil.

Additionally, removing the recycled paper also removes a significant amount of CaCOs3
as input to the boilers, reducing significantly the amount of non-biogenic carbon emitted
from the boilers (Figure 12). Whereas CaCOs is the main source of non-biogenic carbon
emissions from the boilers with 59% and 71% of the non biogenic carbon for scenarios Y-50
and Y-80 respectively, it decreases to 4% and 15% for the scenarios N-50 and N-80.

On the other hand, by comparing scenario Y-50 with scenario Y-80 and scenario N-50
with scenario N-80, the impact of drying the bark leads to a reduction of the amount of
oil and additional wooden fuel required. The reduction of the oil content in the fuel is due
to the high dry content of the bark after drying that significantly decreases the moisture
content of the fuel, thus reducing the need for oil. The higher dry content of the bark,
increasing its net energy content, leads to a higher associated energy output and a decrease
of the need for additional energy sources, hence, a lower need for additional wooden fuel.
Both scenarios Y-80 and N-80 in which the bark is dried to a final dry content of 80%
only requires the minimum amount of oil needed by the boilers and limit their associated
emissions to around 0.1 kto.

For both scenarios N-50 and N-80, as shown in Figure 12, the carbon emissions of the
boilers reach 99% or more of biogenic nature against 97.6% for the baseline and 97.6% when
only the bark is dried. Nonetheless, even if the proportion of biogenic carbon emission in
scenario Y-80 is very close to the one for scenario Y-50, there is still a reduction of the total
amount of carbon emitted that originates from the oil. In addition, drying the bark reduces
the total amount of energy required for the production of steam and thus also decrease the
amount of additional wooden fuel needed.

Conjointly for scenario N-50, even if the proportion of non-biogenic carbon is lower than
the one for scenario Y-50, the amount of carbon emitted that originates from oil is higher
than the other scenarios with around 0.5 ktc.
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3.2.2 Sensitivity
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Figure 13: Sensitivity of (a) final dry content of bark, (b) energy content of recycled wood,
(c) energy content of WWT sludge, (d) amount of recycled paper and (e) energy production
of TMP on the carbon emissions of the boilers and the total amount of carbon emissions.

Figure 13 shows the different variations of the boilers’ carbon emissions when different
parameters varies between -20% and +20%. Whereas four out of the five parameters that
have been used for the sensitivity analysis lead to a decrease of the carbon emissions when
increased, increasing the amount of recycled paper leads to an increase of carbon emissions.

The variations of the TMP energy production show the greatest sensitivity of the selected
parameters on both the total carbon emissions and the carbon emissions of the boilers. This
is due to the reduction of the energy demand from the boiler production that is induced by
the increase of steam recovery in the TMP. In addition, both the final dry content of bark
and the energy content of the recycled wood do not have a linear sensitivity whereas the
other parameters have.

Thus, having robust data of the TMP energy recovery is crucial as a slight change of
the value can significantly change the output of the model.
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In addition, the results from Figure 13 can also be interpreted as how much each para-
meter has an impact on the final carbon emissions of the mill.

Increasing the different parameters by 20% (or reducing it by 20% for the amount of
recycled paper) lead to different reduction in the total carbon emissions: slightly more than
1% for the increase of the final dry content of bark, about 5% for the increase of the energy
content of recycled wood, around 1.25% for the increase in the energy content of the WWT
sludge, 3% for the decrease in recycled paper and about 25% for the increase of the amount

of energy produced by the TMP.

4 Discussion

4.1 Limitation & Robustness

This study is a study case of a specific paper mill in Norway that produces newsprints.
The data used was mostly provided by the company itself through their energy and material
reporting for the year 2022. By using these values, the quantification of the system repres-
ents the mill as it was for the year 2022 and is dependent on the context of this particular
year. Most of the data used for the dry matter quantification of the mill are primary data
coming from the reports of the mill. thus the results of the first quantification should be
quite accurate. On the other hand, the carbon concentrations of the biomass sub-layer of
the carbon quantification comes from literature and has been considered as more uncertain
than the other values, mechanically reducing the confidence of the carbon quantification.

Nonetheless, the concentration of carbon of the recycled paper sludge that can be calcu-
lated with the results of this study (30.9% for a dry basis moisture content of 8.5%) is very
similar to the one experimentally found by Strezov and Evans (2009) (30.2% with the same
moisture content). This comparison reinforce the choice of the 50% carbon content of the
wood products assumption for all the wood-based part of the different goods in the system.
The same study also provides the calorific value for this type of sludge. Unfortunately this
value cannot be used to compare the value used in this study as the two values are defined
at different moisture content. Yet, the energy value used in the current study has been
derived from primary data provided by the company. It can be assumed that the value is
appropriate.

As the model works by quantifying the dry mass of each flow by deriving transfer
coefficients from the first quantification, the uncertainties of the carbon concentration are
not spread to the transfer coefficients of the model, thus not increasing the uncertainties
of the dry flows. Yet, these uncertainties re-appear when the carbon concentration are

re-applied after the calculation of the dry flows.

In addition, by only using yearly aggregated data, the study does not account for the
variation in paper production, available resources or energy demand on a shorter time
basis. It is important to note that the demand for heat in the mill varies depending on the
season (winter will require more heat than summer) and the production of paper. From
discussions with the company, it appears that the flows of logs to the system is quite steady,
meaning also a constant production of bark. As the amount of bark is the main driver of
the final moisture content of the fuel in this study, thus the main driver of oil consumption.

If the demand of energy increases during a certain period of the year, an additional amount
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of oil might be required. Using yearly data will smooth the seasonal variations and the
model will not account for these short-time basis differences.

Likewise, this study does not account for the time required to dry the bark. The drying
time of the bark has implications on the logistic that must be established with this new
process. A steady income of bark will not follow the variations of the demand of heat on
short periods. Huttunen et al. (2016) evaluated the drying time of bark at taking around
4 hours to go from a 50% moisture content to a 30% moisture content. These few hours of
drying have to be considered in order to minimize the amount of oil used in the boilers. If
not enough bark is already dried during a peak of consumption, wet bark or other additional
fuel must be used, leading to an increase of the use of oil and/or an additional cost to buy
the fuel.

As mentioned previously, this study does not evaluate the electricity consumption of the
mill. The demand for electricity in a paper mill is one of the main energy requirement
with the demand of heat in a paper mill, especially when the pulping is performed with a
thermo-mechanical process (Rogers et al., 2018). In addition, the drying of the bark requires
a small amount of electricity as well. The amount varies depending on the type of drying
system (Pang and Mujumdar, 2010). This additional electricity demand is not evaluated in
this study nor is its price. The study performed by Holmberg and Ahtila (2005) could be
adapted to this plant to financially optimize the drying process.

Nevertheless, the electricity consumption is crucial when looking at the environmental
footprint of the mill on scope 2 (World Resource Institute, 2004). The environmental
footprint of the energy use in the paper industry in Norway is lower than the rest of Europe
(Ghose and Chinga-Carrasco, 2013), mitigating the environmental impact of the additional

electricity consumption required fro drying bark.

The study does not look into the prices nor the requirement of space that is linked to the
implementation of the drying process. Adding a bark drying process to the mill requires
funds and space which is a non-negligible parameter when choosing to implement this kind
of solution. In addition, once it has been dried, the bark needs to be stored if not used
directly. This storage should not be completely open to the exterior, as it usually is with
the non dried bark at the mill where the bark is simply piled outside, because the risk
of rain falling on the bark will re-increase the moisture content of the bark and negate
partially the outcome of the drying process. Additionally, when the bark is stored in piles,
its temperature increases over time (Routa et al., 2020). This increase of temperature leads
to a higher risk of ignition (Springer et al., 1971).

Hence, it would be required to think about which drying strategies to adopt. If the
bark is dried as soon as it is produced, the risk of ignition increases and the need for new
infrastructures as well. Yet, if the bark is dried just before being sent to the boilers, a
peak of energy demand might lead to the bark not being completely dried and needing
more oil. One could try to optimize the logistics with two storage zones, one as it is today,
outside with no protection and a second one after the dried is bark, protected from the
weather conditions, that needs to be big enough to be used as buffer capacity in the case of
a peak of energy demand. A separate material flow analysis could be performed to assess
the optimized stock capacity of the two storage zones.

All of the mentions above should be considered by the company and should be the focus
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of a specific study that addresses these issues.

The robustness of the model is function of the assumptions on which the model has been
made. Some of the assumptions made to develop this model can have a significant impact
on the robustness. As the model as been developed to match the carbon flows of 2022, it
will perform best when using the production values of 2022. Whereas the quantification of
the system is mainly built on the 2022 reported values of the company and a few values
derived from the 2020 plant level MFA performed by Stransky (2022) for which it can be
assumed than the efficiencies of the different process did not change much, the modelling
of the mill is based on several other assumptions that can heavily influence the results.

One of the main assumptions in the model is to use energy values derived from the
2020 energy and mass reports of the mill. Yet, the production of the mill has not changed
much between the two years and the characteristics of the recycled paper, and by extension,
the characteristics of the associated by-products used as fuel, have most likely not changed
much either. Thus, re-using the 2020 values should be quite robust.

Nonetheless, the moisture content of the sludge has a significant impact on the energy
content of the fuel as it is shown by the great difference in energy content for the recycled
paper sludge between the one used in this model and the one found by Strezov and Evans
(2009).

Additionally, the values of the concentration of CaCQj3 in the recycled paper sludge are
important in the energy balance of the boilers. The decomposition of CaCOgs into CaO
and COq requires heat. Hence, the more CaCOj3 there is in the sludge, the lower the net
energy content of the sludge is. Yet, the model assumes that this concentration of CaCOg
in the recycled paper is always the same. The concentration of CaCOj3 of the recycled used
in this study comes from statistics on a European scale, thus it might not be as precise as
statistics on a smaller scale as Norway. Nevertheless, as all the scenarios developed in this
model either did not change or completely removed the recycled paper inflow, the impact
of this assumption is mitigated for the results of this study.

Another important assumption made when developing this model was made when the
relationship between the oil requirement and the moisture content of the fuel was estab-
lished. It was assumed that the relationship was linear and based on two values. The first
value was derived from the energy and mass balance of the boilers in 2022 whereas the
second value was defined after a discussion with the manager of the boilers at the mill dur-
ing which it was considered that if all the bark was dried to a 70% dry content, in the case
of the 2022 mass and energy balance, no additional oil would be required to compensate for
the loss of combustion temperature. Hence this assumption is not backed by literature but
is based on the expertise of the manager of the boilers at the mill.

4.2 Results

The quantifications performed in this study (Figures 6 and 7) provide an overall under-
standing of the different flows of carbon in the mill from the moment it enters the production
line to the moment it leaves it, either under the form of paper or as emissions.

It relevant to notice that most of the carbon directly emitted by the mill are from biogenic
sources (either from the logs or the fibers of the recycled fibers). If the quantification of
the emissions had been done by following the framework developed by World Resource
Institute (2004), none of these biogenic emissions would have been accounted for as scope
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1 emissions. The strength of performing a physical accounting of the carbon flows resides
in the possibility to easily account for the different types of carbon emissions taking place
at the mill. Performing physical accounting has been noted as essential to perform serious
environmental management (Bartolomeo et al., 2000). Yet, as indicated by Sun et al.
(2018), there is usually an issue of methodology, system definition and carbon neutrality
assumption in LCA studies. By quantifying all the flows of carbon, independently from
its source (biogenic or non-biogenic), performing a physical accounting of the carbon flows
using MFA negates the problem of the carbon neutrality assumption. Nevertheless, whereas
LCA has been standardized (ISO ISO 14040:2006, 2006), MFA is not. It is then crucial
to pay attention to the system boundaries and assumptions of this study when using the

results.

The aim of the modelling of the mill was to evaluate the potential impacts of changing
the dryness of bark and the amount of recycled paper on the carbon emissions of the boilers.

The results show that there is a significant potential in decreasing the direct carbon
emissions of the mill. Increasing the final content of the bark to 80% has shown its potential
in decreasing the amount of carbon emitted by the mill by around 2.1 ktc. By using the
secondary heat of the mill to dry the bark (which would have been lost otherwise), the mill,
which has shown a important potential for energy recovery (Emilien Bourgé, 2022), would
not only decrease its carbon emissions but increase its energy efficiency and its dependency
on oil.

Hence the mill can achieve an increase of energy efficiency as less energy will be lost.
And as this energy is used to dry the bark it increases its net calorific content and reduces
the need for additional fuel for energy generation, increasing both material efficiency and

the related carbon emissions.

The different scenarios and sensitivity analysis performed in the study showed that re-
moving the recycled paper line from the mill would be more effective in reducing the carbon
emissions of the mill than simply drying the bark. Nevertheless, this solution presents
several drawbacks. First of all, the different scenarios also showed that only removing the
recycled paper line from the mill would increase the requirements of oil for the boilers. As
the rejects from the recycled paper has been evaluated at a lower moisture content than the
non-dried bark, removing this fuel decreases the overall moisture content of the fuel and
increases the need for oil, thus increasing the proportion of non-biogenic and fossil carbon
emitted by the mill. However, this drawback can be mitigated if other actions that can
reduce the final moisture content of the bark can be performed, such as drying the bark.
Secondly, if one looks only at this study, it could be conclude that removing the recycled
paper line from the mill is better for the environment concerning the carbon emissions as
they are reduced. Yet, if the paper is not recycled at this mill, there is a significant risk
that this amount of paper will not be recycled must be dealt somewhere else. It has been
studied that recycling paper will have a lower environmental impact than burning it for
energy recovery or laying it in a landfill (Hong and Li, 2012). If the paper is burnt, it is
even possible to assess the amount of additional carbon that will be emitted by the paper
that is no longer recycled by the mill as its carbon content as been quantified: 26.9 ktco,
leading to an increse of the overall carbon emission of the global paper cycle. When looking
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at the global life cycle of paper products, the production of pulp from the recycling of paper
has a lower impact than the production of virgin pulp (Sun et al., 2018), further increasing
the global impact of paper production. Besides, not recycling paper will also decrease the
circularity of the wood and paper industry as it will rely more on raw material.

Also, the recycled paper line plays a significant role in the CaCQOg balance of the system.
Whereas most of the CaCOg inflow as filler is contained in the final paper products, most of
the inflow of CaCOg ends in the boilers and reduces the net energy available. By removing
the recycled paper, less CaCO3 ends in the fuel mix of the boiler and increases the net
energy availability, thus reducing the need for additional fuel to compensate the loss.

Besides, even though it has not been quantified in this study, reducing the amount of
CaCOg in the boilers will reduce the amount of ash produced. As the decomposition of
CaCOs3 produces COs that is emitted to the atmosphere, it also produces CaO that is found
in the ashes that must be dealt with. Nonetheless, CaO is a chemical compound that is
commonly used in several industries. By removing the recycled paper line, this amount
of CaCOg could also end in landfills and increase the environmental impacts of producing
additional CaO from CaCOj3 from non-circular sources.

Finally, removing the recycled paper line will phase out most of the plastic content sent
to the boiler. The only plastic remaining comes from the recycled wood but shares a very

small proportion of the total mass input (0.01 %).

The process of drying bark leads to a reduction of the total carbon emissions of the mill
and unlike the reduction of recycled paper, the reduction of the carbon emissions of the
boiler does not come with an increase of the carbon emissions from the WWT. Even though
drying the bark does not appear as the most effective way of reducing the carbon emissions
from the boilers (Figure 13), it shows a significant impact on the consumption of oil. As
for this model, the bark is the only fuel that is dried and thus can reduce the final moisture
content of the fuel without changing the amount of primary fuel from the mill (sludge and
bark). The additional oil consumption, that is not used at the boilers start up, can be
completely phased out if the bark is dried to around 75% dry content. This reduction of oil
leads to a reduction of the amount of fossil carbon that is emitted by the mill and increases
the proportion of biogenic carbon in the total carbon emissions.

Yet, this result is very dependent on the nature of the energy used to dry the bark.
Given that the model uses secondary heat to dry the bark there is no additional energy
for the boilers. Besides, as the current amount of secondary used that is not used is quite
important, the drying of the bark does not consume all of it. The mill could also consider
using it to either further dry the bark to even lower moisture contents, on the other hand
requiring more time to dry it, or to use the heat to dry the other sludge going to the boilers
to gain a higher energy content out of it and further reducing the amount of additional
recycled wood as fuel for the boilers, reducing at the same time the amount of plastic

burnt.

There are other solutions to reduce the amount of carbon emissions without reducing the
production of paper, one of them being increasing the amount of energy recovered by the
TMP.

The TMPs are the main source of steam of the mill. The important amount of electrical

energy used to refine the chips into fiber can be partially recovered as steam. The maximum
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theoretical recovery rate of the TMP process varies between 61% for single disc refiners and
79% for double discs refiners. The mill at Skogn uses a single disc refiner and reported a
recovery rate of 49% on average for 2022. As pinpointed by Emilien Bourgé (2022), there is
a significant potential to improve the energy efficiency of the mill by increasing the recovery
rate of the TMPs. Additionally, increasing their recovery rates also reduces the demand
of steam from the boilers and thus the need for additional fuel. As shown in Figure 13,
an increase of 20% of the energy from the steam produced by the TMP could lead to a
decrease of about 25% of the carbon emitted by the boilers due to the reduction of fuel
requirements.

Besides, an increase of 20% of the energy production of the TMP as used in the sensitivity
analysis represents a recovery rate of 58%. Hence, it is even theoretically possible to further
reduce the amount of carbon emitted by the boilers by reaching recovery rates close to the
maximum of 61% with single discs refiners. Higher recovery rates could be achieved but
would demand a change of technology used by the TMP by changing the single disc refiners
with double discs refiners.

The model developed in this study considers that all the sludge is used in the boilers. As
it is a common practice to dispose of sludge in boilers, there are other use of it that can
have a lower impact on the environment. First, the sludge is composed of organic matter
that and is usually digested in an anaerobic treatment (Meyer and Edwards, 2014) and
produces biogas. A study performed by Mohammadi et al. (2019) assessed the different
environmental impacts of different disposal solution for paper mills’ sludge and concluded
that performing an anaerobic digestion of the sludge to perform biogas had better environ-
mental performances than a simple incineration. Additionally, the same study also assessed
that an other possibility of treating the sludge: pyrolyzing the sludge to produce biochar
that outperformed the other two solutions when comparing the environmental impacts.

Finally, the sludge could also be used to produce compost (Evanylo and Daniels, 1999)
as there is a significant amount of Nitrogen that can be used as a nutrient for crop growth.

Moreover, the combustion of biomass is responsible for the emissions of NO, (Lee et al.,
1997). Even thought the aim of this study is to reduce the amount of carbon emitted by
the mill, most of the solutions found in this study affects the amount of fuel used in the
boilers. As the fuel used by the boiler comprises mostly of biomass, the amount of NO,
produced by its combustion would also be reduced.

As this study is a study case of one specific paper mill, the results are related to it, though
the trend should be similar for other mills that share similar characteristics. Nonetheless,
the methodology used in this study is not linked to this paper mill and could be used for
other study cases. Similarly, this study focuses on the flows of carbon inside the mill to
assess the different emissions and ways to reduce them, the same approach can be performed
to assess other chemical compound of interest such as nitrogen.

As it has been noted in this study, the removal of recycled paper lines in mills will most
likely increase the global carbon footprint of the paper industry. A material flow analysis
of the carbon flows of the paper industry on a broader scale could assess this impact.
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5 Conclusion

This study performed a material flow analysis to quantify the carbon flows of a paper
mill. A model of the mill was developed by using the previous quantification in order to
assess ways of reducing the carbon emissions of the mill.

Several possibilities have emerged from the study in order to reduce the direct carbon
emissions. The removal of the recycled paper line of the mill will lead to significant re-
ductions of carbon emissions from the boilers. Nevertheless, this solution is only adequate
when only looking at the emissions of the mill. The removal of the recycled paper line will
decrease the global circularity of the paper industry and will shift the carbon burden of the
end-of-life treatment of paper to another entity. The removal of recycled fibers will lead
to an increase of the requirements for virgin fibers and increase the impact of the mill on
natural resources.

Using the secondary heat of the mill to dry the bark will increase its energy content and
reduce the need for external fuel. The main advantage of it remains in its potential to phase
out the use of fossil fuel in the boilers and increase the proportion of biogenic emissions.

Additionally, drying bark not only reduces the direct carbon emissions of the mill, it
also increases the overall energy and material efficiency of the mill.

The current model developed for this study could be refined by better assessing the
relationship between the need for oil in the boiler as a function of the average moisture
content of the fuel used.

As the results of this study is mainly useful for the company owning the mill, the meth-
odology can be applied on any system and is not restricted to the pulp and paper industry.
The study also provides an example of how material flow analysis can be used as a
carbon accounting tool and how MFA can be combined with other methods (in this case,
combining MFA with the energy consumption of the mill) to provide better insights for

industries and decision makers.
Finally, this study is a study case of a Norwegian paper mill and only assess the effects

of several solutions on the direct emissions. Further research should be conducted to assess

the other implications of said solutions such as the cost or the other associated impacts.
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Appendix

Mass balance

Dry matter flow quantification
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Process Flow Symbol t td tw t ca tp to
Paper AOB 77 606 61 309 50783 10125 400 0
DIP sludge burnt ABbBa 23101 14 919 7668 7250 0 0
8. Recycled paper |DIP sludge sold ABD 1129 729 375 354 0 0
processing RF rejects AB6b 2352 1294 893 0 400 0
Waste water RF ABS 63 63 0 0 0
Recycled fibers AB4 447535 41778 2521 0 0
Recycled fibers AB4 44 299 41 778 2521 0 0
Filler A4 23516 0 23 516 0 0
4. PM Fibers A3l 452 503| 407 253| 407 253 0 0 0
Paper A40 501426| 461312 435452 25859 0 0
Waste water PM Ad9 13756 13 579 177 0 0
Chips A23 474 3236| 426812 426812 0 0 0
3. TMP Fibers A34 452503 407253 407 253 0 0 0
Waste water TMP A39 19559 19 559 0 0 0
Roundwood Al2 413405| 372004 372064 0 0 0
L. Purchased chips AD2 71210 64 039 64 089 0 0 0
2-Chippingand - \2 174 236| 426 812( 426 812 0 0 0
storage Chips stock change AS2 10379 9341 9341 0 0 0
Chips stock 52 60 660 54594 54 594 0 0 0
Bark AlS5 141 647 52 409 52409 0 0 0
Bark sold AS0 6424 2377 2377 0 0 0
5. Bark processing |Bark burnt AS6 98 653 49 327 49 327 0 0 0
and storage Waste water bark ASS 35 787 416 416 0 0 0
Bark stock change A S5 783 250 290 0 0 0
Bark stock 55 1745 6416 6416 0 0 0
Logs AOL 555051| 424474| 424474 0 0 0
1. Debarking |Roundwood AlL2 413405| 372064 372084 0 0 0
Bark Al5 141 647 52409 52409 0 0 0
Vaste water TMP A39 19 555 19 559 0 0 0
Vaste water P A4S 13756 13579 177 0 0
Waste water bark A59 35787 416 416 0 0 0
9. Waste water . R - - = n A n
treatment — — — - - — —
Bio/Fiber sludge burnt | A%6 29 162 8 807 8662 145 0 0
Bio/Fiber sludge sold A90b 6389 1929 1393 32 0 0
Wastes A90a 23063 23 063 0 0 0
ail AldBa 366 366 0 0 0 366
Factory waste A0Bb 2032 1443 1443 0 0 0
Recycled wood K5 ADBC 1903 1142 1141 0 1 0
Recycled wood K& A0ed 59034 42150 42 108 0 42 0
6. Boilers Bark burnt ASB 98 653 49 327 49 327 0 0 0
DIP sludge burnt ABba 23101 14 919 7 668 7250 0 0
RF rejects AB6hb 2352 12594 893 0 400 0
Bio/Fiber sludge burnt | A96 29162 8 807 8 662 145 0 0
Rejects ABD 216603 119447 111241 73596 444 0

Given
Parameter
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Point Values

Process A-Changes

Tdb Twb Tdew X H RH P Pv AT AxX AX AH Power AH Power AT

Point ra ra raq lo/kal T/kgl %] kg/m’} Pa] Process  Action ra lo/kal  /h) kgl O] w-1]
0 5 36 18 43 159 80 1.266 698 0-1 Heat 42 o ] 42.6 139.9 139.9
1 47 203 18 43 58.4 6.6 1.1 698 1-2 Humidify -24.2 9.6 110.4 [ o -77.7
2 22.8 20.3 192 14 584 80 1.183 2224 2-3 Heat 24.2 o ] 24.9 78.8 78.8
3 47 266 19.2 14 834 209 1.093 2224 3-4 Humidify -17.4 7 79.3 [ [ -56.1
4 296 26.6 257 21 834 80 1.152 3310 Processes are calculated with: 10000m%h

Tdb = Dry Bulb Temperature

Twb = Wet bulb Temperature

Tdew = Dew point Temperature

X = Absolute Humidity

H = Enthalpy

RH = Relative Humidity

P = Air Density

Pv = Vapor Pressure

www.Psych-Chart.com - No responsibility for the calculated values



Dry weight flows containing carbon (kt/yr)
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Carbon flows (kt/yr)
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Carbon flows quantification
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Carbon flows (kt/yr): Y-50
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Bio sludge
Sludge Fibers: 0,9
Fibers: 4,3 2CO3 0.0
CaC03:0,9 .
Plastic: 0,3 Rejects: 11
Additionalifuel
Plastic: 0,

Rejects: 57,5

Y-50 carbon quantification
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Carbon flows (kt/yr): Y-80

7 Wood
Il CaCO3
Plastic
Il Oil
[0 Rejects
Paper

Fibers: 25,4 . 26,2

CaCO0g3: 1,2

Plastic: 0,3 2. Chipping & Storage

Bark processing
& storage
3. TMP
ﬂ Paper recycling
Sludge
Fibers: 0,2
CaC03: 0,0 Caco3- 5
Waste water
Fibers: 0,0
Bio sludge
Sludge Fibers: 0,9

Fibers: 4,3 2CO3 0.0

CaC03:0,9 .

Plastic: 0,3 Rejects: 11

Additionalifuel
Plastic: 0,0

Rejects: 55,4

Y-80 carbon quantification
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Carbon flows (kt/yr): N-50

7 Wood
Il CaCO3

Plastic
Il Oil
[0 Rejects

8” Paper recycling

1. Debarking

29,3
2. Chipping & Storage

Bark processing
& storage

3. TMP

9,0
Filler
CaC03: 3.1
Bio sludge

Fibers: 1,

Rejects: 12
Additional

Plastic: 0,

Rejects: 46,2

N-50 carbon quantification
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Carbon flows (kt/yr): N-80

7 Wood
Il CaCO3

Plastic
Il Oil
[0 Rejects

8” Paper recycling

1. Debarking

29,3
2. Chipping & Storage

Bark processing
& storage

3. TMP

9,0
Filler
CaC03: 3.1
Bio sludge

Fibers: 1,

Rejects: 12
Additional

Plastic: 0,

Rejects: 44,0

N-80 carbon quantification
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Boilers carbon flows (kt/yr): Y-50

Il CaCos3
Plastic

mC

" Wood

Il Oil

RP Sludge
Fibers: 4,3

CaCO03:0,9

Plastic: 0,3

Bio sludge

Fibers: 4,3
CaC03: 0,0

Boilers carbon flows (kt/yr): Y-80

Bl CaCos3
Plastic

e

I Wood

I Oil

RP Sludge
Fibers: 4,3

CaC03:0,9

Plastic: 0,3

Bio sludge

Fibers: 4,3
CaC03: 0,0
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Boilers carbon flows (kt/yr): N-50

B CaCo03
Plastic Bio sludge
Fibers: 4,6
e CaCO3: 0.0
- Wood e . :
Bl Oil ‘

Plastic: 0,0

Boilers carbon flows (kt/yr): N-80

Bl CaCo3
i Bio sludge
Plastic Fibers: 4,6
mmc CaC03:0,0
- Wood e mee e . :
Il Oil '

Plastic: 0,0
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Nature of Carbon emissions Origin of Carbon

Biogenic Non-Biogenic
Oil
Plastic
mam CaCoO3
Nature of Carbon emissions Origin of Carbon
Biogenic Non-Biogenic
