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Abstract
The pulp and paper industry is the fourth largest industrial energy user 
globally and has significant CO2 removal potential, as a large portion of 
emissions from this industry are biogenic. The decarbonization potential 
of this industry has been discussed in the literature at the national level, 
with a primary focus on regions that are rich in biomass. However, regional 
variability and the standalone paper mill sector are underexplored in the 
literature. Our analysis reveals that the carbon capture option is viable for 
pulp and integrated pulp and paper mills, with the cost of carbon avoidance 
in the range of 50 $/t CO2 to 66 $/t CO2. However, the decarbonization 
of standalone paper mills is challenging. In the case of paper mills, both 
electrification and carbon capture measures are expensive, with carbon 
avoidance costs of approximately 280 $/t CO2 and 210 $/t CO2, respectively. 
Nevertheless, countries rich in natural resources with low utility prices and 
high renewable potential are better able to deploy decarbonization measures 
in standalone paper mills than other countries. For such countries, fuel 
switching to natural gas can be an important transitional measure to reduce 
emissions without a considerable increase in price. Renewable electrification 
is likely to become a viable alternative in the future with a reduction in the 
price of firm renewable power generation. The results of this study can be 
helpful for policymakers in understanding the price incentives that may be 
required to reap the untapped carbon removal potential of this industry.

Keywords: Pulp and paper, Biomass, CCS, Decarbonization, Renewable Energy

Highlights
•	� The decarbonization potential of pulp and integrated 

pulp mills is significant.
•	� The cost of carbon avoidance is in the range of 53 $/t 

CO2 to 66 $/t CO2 for pulp mills.

•	� Decarbonizing the paper industry is challenging.
•	� The cost of carbon avoidance is in the range of 95 $/t 

CO2 to 281 $/t CO2 for paper mills.
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1. Introduction
Paper is one of the most widely used products in everyday life and constitutes 
15% of global wood consumption (IPCC 2022). The pulp and paper industry 
(PPI) is among the most energy-intensive industries worldwide, along with 
steel, chemical, and cement (IPCC 2022). The PPI provides enormous 
untapped decarbonization1 potential (Saeed 2023), which can be leveraged 
by many countries to allow the PPI to contribute positively to the environment.

Pulp and paper are derived mainly from plant cellulose 
fibers, raw pulp, or recycled paper. The raw material 
from plants can be virgin wood, wood chips, or wood 
pellets derived from trees. This material can also be 
sourced from more sustainable supplies, such as 
forest waste, agricultural residue, or wood processing 
residue. Additionally, high-quality paper, newspaper, 
and corrugated boxes can be recycled to produce 
high-grade pulp. Owing to a range of factors, such 
as water availability, land suitability, and weather 
conditions, feedstock can be either sourced domestically 
or imported.

The following three major types of mills in the PPI exist: 
pulp mills, paper mills, and integrated pulp and paper 
mills. Pulp mills produce mainly market pulp that can be 
used in paper mills, whereas integrated pulp and paper 
mills perform both pulp and paper production in the same 
facility to increase efficiency. Notably, standalone paper 
mills are more energy intensive than pulp and integrated 
pulp and paper mills, and the produce paperboard 
products from market pulp.

In the pulping process, cellulose fibers from wood or 
recycled paper are separated via chemical or mechanical 
processes. The chemical pulping process uses harsh 
chemicals to separate cellulose fibers from lignin at 
approximately 170°C (Rutz et al. 2020). The remaining 
solid lignin residue is called pulp, which is processed into 
a paper cardboard. Conversely, mechanical pulping uses 
mechanical shear force by grinding to soften the lignin-
binding fibers. Mechanical pulping is used for weaker 
papers with short life spans, such as newsprints (Ericsson 
2018). Chemical mechanical pulping is a combination of 
chemical pretreatment and mechanical griding (Han et al. 
2024). In terms of energy consumption, mechanical and 

chemical pulping processes differ greatly. Mechanical 
processes require external energy, whereas modern 
state-of-the-art chemical processes can be supplied 
using energy from the process residue. Mechanical 
pulping consumes mainly electrical energy, which can 
be recovered as steam and usable low-grade heat 
(IEA Bioenergy 2007). However, mechanical pulping is 
powered mainly by electricity; hence, decarbonization is 
dependent on grid emissions.

The papermaking process can be divided into the 
following three basic stages: stock preparation, wet 
end processing, and dry end processing. During stock 
preparation, pulp is mixed with water and additives and 
transformed via cleaning and refining into a slurry with 
properties suitable for entering the paper machine. The 
paper machine contains different sections in which water 
is removed by vacuuming, pressing, and drying. The 
drying section presents the greatest use of energy in the 
papermaking stage. The sheet pressing and vacuumizing 
step increases the solid content of the paper by removing 
some of the water contained in the sheet. Electricity is 
used mainly in sheet pressing and vacuuming. The drying 
section consists of steam-heated drying cylinders (Deng 
et al. 2023). One of the challenges of the paperboard 
industry is the significant amounts of process steam and 
hot water required for production, drying, and conversion 
(Cochran 2024).

Integrated mills can be more energy efficient than 
standalone mills, as no drying energy is needed for the 
intermediate drying of the pulp, which results in energy 
savings at the pulp mill. Furthermore, the integration 
of the different processes may result in the further 
optimization of steam use on site. Conversely, standalone 
pulp mills have excess steam that cannot be used.



5Technoeconomic Assessment and Carbon Dioxide Removal Potential for the Global Pulp and Paper Industry

The main utilities of pulp mills are electricity, steam, and 
cooling water. Electrical energy is used to drive pumps 
and fans. Chemical pulp mills have access to large 
volumes of residue, such as black liquor,2 which can be 
used for energy purposes. A pulp mill that produces kraft 
pulp generates 1.8 tons of black liquor per ton of pulp, 
which can make modern kraft pulp mills important sources 
of renewable energy. Steam is produced mainly from 
the recovery boiler, which is free of black liquor, and the 
multifuel boiler. In modern kraft pulp mills, the lime kiln is 
the only equipment that typically consumes fossil fuels 
– mainly natural gas and fuel oil. The processes in the 
lime kiln require high temperatures that are reached by 
combusting fossil fuels. The conventional fuels for PPI are 
coal, natural gas, and fuel oil. Coal is increasingly being 
replaced with other alternatives, such as natural gas, in 
countries such as the UK and China.

Decarbonization essentially involves a reduction in 
emissions from the current levels; therefore, switching 
from coal or liquid fuel to a low-emitting fuel such as 
natural gas can also be considered decarbonization. The 
role of natural gas in industrial decarbonization and the 
transition to net-zero energy has also been acknowledged 
and considered in various studies (Mathur et al. 2022; 
AMEO 2024). Various studies on the decarbonization 
potential of the PPI exist. However, these studies are 
dominated by regions with well-established biomass and 

pulp industries or countries that are transitioning away 
from coal usage in the paper industry. Regions where 
standalone paper mills are common are underexplored. 
There are also no comprehensive studies exploring 
the cost of carbon avoidance (CCA) and the levelized 
cost of pulp and paperboard (LCOX) and its sensitivity 
to the regional context. In light of the above factors, 
this paper fills the gap in the literature by (1) quantifying 
the costs associated with the production of pulp and 
paper products from pulp mills, integrated pulp mills, 
and standalone paper mills while considering regional 
heterogeneities, (2) estimating the degree of CCA for the 
PPI, including standalone paper mills, and (3) performing a 
case study on the paper industry and its decarbonization 
potential in Gulf Cooperation Council (GCC) countries.

The remainder of this paper is organized as follows. In 
Section 2.1, we present a review of the decarbonization 
options for the PPI. Section 2.2 provides a comprehensive 
review of the literature on the decarbonization potential of 
the PPI. In Section 3, detailed inputs and assumptions are 
discussed, along with the methodology of assessment. 
Section 4 presents the results of the analysis in the 
form of the calculated levelized cost of pulp (LCOP), the 
levelized cost of paperboard (LCOB), the levelized cost of 
pulp and paperboard (LCOX), and CCA. Finally, Section 5 
concludes the paper.
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2. Decarbonization 
Potential and Review
2.1 Overview of the 
Global PPI
Globally, the PPI contributes to biogenic3 carbon 
emissions of approximately 800 Mt and approximately 
400 Mt of CO2 emissions per annum (Ericsson 2018), 
which is approximately 1% of global CO2 emissions. The 
PPI presents a range of decarbonization and carbon 
removal4 options along the value chain, which includes 
raw material switching, improvements in energy efficiency, 
fuel switching, electrification, and carbon capture and 
storage (CCS) (GlobalCCS 2023). Decarbonization and 
energy efficiency measures such as lime kiln modification 
can reduce the water content of kilns and the energy 
required for evaporation, which improves efficiency. 
Additionally, heat can be captured from lime kiln exhaust 
to preheat incoming lime and combustion air (LBNL 2009). 
These energy efficiency measures are well adopted in 
the PPI and have resulted in a significant reduction in the 
energy intensity of the PPI over the years. Nevertheless, 
there are a wide range of potential CO2 emission removal 
opportunities that the PPI offers, which need to be further 
explored and investigated.

CO2 emissions from the PPI vary from 2 tons to 6 tons 
of CO2 per ton of pulp and paper, depending on the 
process and the type of product (Han et al. 2024). Boilers, 
recovery furnaces, and lime kilns are the dominant 
sources of emissions. CO2 emissions from recovery 
boilers from the combustion of organic matter in black 
liquor are biogenic. Similarly, emissions from multifuel 
boilers originating from the combustion of bark and 
biosludge are biogenic. Lime kilns are generally the 
major source of CO2 emissions in the PPI. Additionally, 
the emissions from calcination reaction in the limekiln are 
biogenic since they originate from the recovery process 
of black liquor.

Globally, the pulp industry processes approximately 
170 million tons (Mt) of black liquor per year, with a total 
energy generation potential of approximately 556 TWh, 
making black liquor a significant source of biomass. This 
process residue also has the potential to generate 48 Mt 
of methanol (IEA Bioenergy 2007). The top wood pulp 
producers are the U.S., Canada, Brazil, Norway, Sweden, 
and Finland, whereas some European countries, such 
as France and Germany, produce more paper than they 
do pulp (U.S. DOE 2015). The major biofuel-producing 
countries are China, Malysia, Brazil, Sweden, the 
Netherlands, and the U.S.

In Nordic countries,5 virgin wood is the main raw  
material for the pulping process, with a high share of 
biomass, and the use of fossil fuels is close to zero. 
Sweden and Finland have the most large mills, with a 
production capacity of approximately 0.5 Mt per year. 

Overall, in Europe, there are approximately 900 pulp 
and paper mills with a production capacity of 40 
Mt of pulp and 90 Mt of paper. These mills produce 
approximately 11 Mt of sludge per annum, which can be 
further used as fuel (Man et al. 2023). The European PPI 
directly emits 31.9 Mt of CO2 emissions and 68 Mt of 
biogenic emissions, presenting opportunities to achieve 
biogenic carbon removal. European pulp companies 
are developing more businesses related to biobased 
products, with approximately 140 biorefineries currently 
in Europe (CEPI 2024).

The PPI is the sixth largest consumer of energy in the UK 
(Ouadi et al. 2019). The paper industry in the UK has been 
traditionally dominated by coal. Nevertheless, the use of 
coal has significantly decreased to well below 1%, with 
coal combined heat and power (CHP) being replaced by 
biomass CHP (WSP 2015). Wood pulp for the UK industry 
is typically produced from resources obtained via timber 
industries in Canada and Nordic countries. In the UK, 
there are just two mills that have fully integrated pulp and 
paper operations (Griffin et al. 2018). In the case of the UK, 
the majority of pulp comes from paper recycling.  
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The PPI in the UK is dominated by the usage of natural 
gas (at around 80%).

China is the world’s largest producer of paper products, 
accounting for 30% of global production. China typically 
obtains energy for the PPI by combusting coal and black 
liquor in a boiler (Han et al. 2024). This process results 
in high emission intensity from such plants. The U.S. is 
the second leading producer of paper products after 
China. In the U.S., natural gas accounts for more than 
50% of the fuel purchased by the PPI, with coal and fuel 
oil comprising the remaining fuel (LBNL 2009). The vast 
majority of U.S. wood pulp is produced via a chemical 
pulping process (LBNL 2009). U.S. fossil fuel in the PPI, 
such as coal, natural gas, and fuel oil, is displaced by 
black liquor and wood bark, which currently account 
for more than 55% of the total energy consumed 
in the country (U.S. DOE 2015). In addition to other 
decarbonization measures, countries such as Japan are 
pursuing the deployment of CCS in pulp and paper mills 
(GlobalCCS 2023).

Canada, which is rich in biomass, is also one of the 
countries where the PPI is well established. Canadian 
wood product companies have announced the need to 
integrate hydrothermal liquefaction (HTL)6 technology 
with pulp mills to convert woody biomass into biofuels. In 
British Colombia, pulp and paper mills have the capacity 
to generate 726 MW of biofuels from pulp and paper mills 
(Nie and Bi 2018). The transatlantic shipment of biomass 
for the PPI is also common, and Canada exports wood 
pellets to Europe.

Saudi Arabia is home to some of the largest paper 
production companies in the GCC region, with a 
production capacity of more than one Mt per annum 
(MEPCO 2024). The most common paper and cardboard 
products are facial tissue paper, wrapping paper and bags, 
toilet paper, and paper towels (Saudi Paper Group 2024). 
Saudi Arabia’s paper companies export their products 
to GCC countries, the Middle East and Africa, and South 
Asia. The paper industry in Saudi Arabia also presents 
significant decarbonization opportunities through various 
measures, which are explored in Section 4.3.

Pulp and paper products are widely traded globally, but 
importantly, each country has its own unique context, 
primarily with the availability of biomass as feedstock  
and the availability of low-emission fuel at a low cost, 
which can enable fuel switching. This situation impacts 
the decarbonization potential and associated costs.  
A study that performs technoeconomic assessment at the 

global level while incorporating regional heterogeneities 
is thus needed.

2.2 Literature 
Review
In general, the decarbonization of the PPI has received 
considerable research attention. Most of these studies 
cover broad policy, supply chain, decarbonization, and 
technoeconomic viability aspects for various countries. 
We provide a review of these studies below.

Some studies have explored the policy and 
standardization aspects of the PPI, noting its importance 
for the widespread adoption of decarbonization measures 
in the industry. Liang et al. (2023) identified the challenges 
associated with the standardization of greenhouse gas 
(GHG) emissions and proposed an emission accounting 
framework that can improve the credibility and 
comparability of carbon footprints in the PPI. Sonsale et 
al. (2021) suggested that policymakers should consider 
incentivizing negative emissions7 to realize the carbon 
removal potential of the PPI. Similarly, Ouadi et al. (2019) 
noted that the energy input for paper mills accounts 
for a significant percentage (30%) of the total cost of 
paper production and proposed that decarbonization 
strategies need to consider the economic viability of the 
proposed measure.

Value chain management is another important dimension 
of the challenges faced by the PPI and has thus also been 
explored in the literature. Dai et al. (2023) focused on the 
feedstock stream of the PPI value chain and performed 
a comprehensive material flow analysis for the PPI in 
China. The above analysis highlighted the sustainability 
challenges faced in terms of fiber supply and proposed 
the need to increase the level of recycling of domestic 
wastepaper. Similarly, Furszyfer et al. (2022) suggested 
the need for increased collaboration between industries 
such as the chemical, forestry, and oil refining industries to 
adopt a holistic perspective in the complete value chain 
of the PPI. Moreover, Vazifeh et al. (2023) proposed that 
biofuel production in the PPI can benefit from optimization 
within the upstream supply chain and downstream 
biorefinery. Owing to the complexity associated with 
the PPI value chain, the prices of commodities traded in 
the international market, such as chemical pulp, can be 
volatile. The impact of the price of chemical pulp on the 
LCOB is explored in Section 5.
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Some studies have focused on other aspects of the 
decarbonization of the PPI. Man et al. (2023) estimated the 
GHG emissions of more than 800 paper mills in China and 
concluded that GHG emissions have been overestimated 
by up to 56% by international organizations such as the 
International Energy Agency (IEA). Moreover, Andersson 
et al. (2021) evaluated the design and optimal utilization 
aspects of the PPI and showed that energy performance 
indicators, including electricity and heat utilization rates, 
can help identify design issues, such as the insufficient 
utilization of cooking chemicals in the digester of the pulp 
mill. Leeson et al. (2017) conducted a review of four major 
carbon-emitting industries and reported that the lowest 
carbon capture cost is that in the PPI, ranging from $16 to 
$35 per ton, whereas the cost of carbon capture in the 
cement, steel, and refinery sectors is considerably higher, 
with up to $140 per ton of CO2.

Biofuel and biorefinery constitute another important 
decarbonization aspect that has been covered in the 
literature. Nie and Bi (2018) explored the feasibility 
of repurposing kraft pulp mills to produce biofuels 
and evaluated the viability of the HTL technique in a 
Scandinavian kraft pulp mill. The results showed that the 
biofuel price from HTL is estimated to be 0.97 $/L, which 
is more than double the standard fuel price (Nie and Bi 
2018). In addition to liquid biofuel studies, Ahmadvand 
and Sowlati (2023) analyzed gaseous biofuels and 
assessed the potential of producing syngas from biomass 
at a kraft pulp mill to displace natural gas in the lime kiln. 
The projected cost of syngas produced in the pulp mill 
was $30 per GJ, and upgraded renewable natural gas 
was projected to cost approximately $60 per GJ. Similarly, 
Jafri et al. (2020) reported that black liquor and renewable 
methanol from kraft pulp mills are estimated to cost 
approximately 80 €/MWh to 100 €/MWh, respectively, 
and the syngas price is approximately 32.7 €/MWh. 
Moreover, Mäki et al. (2021) discussed different bioenergy 
retrofit technologies for the production of liquid, solid, 
and gaseous bioenergy products in the existing PPI, 
proposing that the wider uptake of bioenergy retrofitting 
technologies in the PPI would require overcoming the 
barriers related to uncertainty in terms of economic 
feasibility. Furthermore, Fornell et al. (2013) conducted an 
analysis of kraft pulp mills repurposed into biorefineries 
and reported that those repurposed via ethanol 
fermentation can achieve CO2 avoidance of one ton of 
CO2 per ton of product at a cost of approximately 20 €/
ton of CO2. However, as proposed by Kumar et al. (2024), 
the major obstacle to the integration of biorefineries 
in the PPI is their low yield and lack of market value for 
end products.

Several other studies have focused on the 
technoeconomic aspects of the decarbonization of the 
PPI. Roussanaly et al. (2021) evaluated the implementation 
of CCS in the PPI and concluded that the cost of CO2 
avoided for pulp mills ranges from 52 €/t CO2 to 81 €/t 
CO2 avoided for pulp mills and 72 €/t CO2 to 82 €/t 
CO2 avoided for pulp and board mills. Roussanaly et al. 
(2021) further reported that the production cost of pulp 
is approximately 523 €/t. Moreover, Onarheim et al. 
(2017) reported a CO2 avoidance cost of approximately 
50 €/t CO2 to 60 €/t CO2 for the PPI by incorporating 
the cost of CO2 capture retrofit required in steam 
turbines and auxiliary boilers. Parkhi (2022) performed a 
technoeconomic analysis of retrofitting postcombustion 
capture to a pulp mill and estimated the capture cost to be 
90$/t CO2. Decarbonization potential by fuel switching is 
another important aspect, which was explored by Li et al. 
(2023), who reported that using biofuel from eucalyptus 
instead of coal and using pulping wastewater can reduce 
fuel consumption by 46%. Additionally, such measures 
can reduce emissions by 14% compared with traditional 
pulp mills.

Table 1 summarizes recent studies on the decarbonization 
of the PPI and the production of biofuels from the PPI to 
decarbonize other sectors, and it shows the foci of these 
studies and the regional contexts that were considered. 
The literature review suggests that extensive work has 
been performed on policy and standardization aspects. 

Some studies have also discussed conventional 
decarbonization measures such as fuel switching and 
energy efficiency options. With respect to biofuel 
production in the PPI, the literature review highlights some 
of the challenges that need to be addressed, such as the 
high cost of bioproducts, the low production volume, and 
the lack of market availability for emerging bioproducts 
in most countries. Thus, this sector needs to be further 
developed to make it commercially viable.

With respect to the decarbonization potential of the PPI 
and on the basis of the above literature review, we find 
two important aspects that have not received adequate 
research attention. The first relates to regional variability 
based on parameters such as fuel and feedstock type 
and its associated costs. Extensive research has been 
conducted at the national level, as shown in Table 1. 
However, regional variability, which greatly impacts the 
viable options from which a country may choose, is not 
covered. The second aspect is the decarbonization of 
standalone paper mills. Studies that have been conducted 
on this subject have focused only on the efficiency of fuel 
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Table 1. Literature review of recent studies on the decarbonization of the PPI.

Reference Focus area Country context

Vazifeh et al. (2023) Biofuel production feedstock supply chain and 
biorefinery optimization

Canada

Nie and Bi (2018) Technoeconomic viability of biofuel from Scandinavian 
pulp mills

Canada

Ahmadvand and Sowlati (2023) Potential of bioenergy (syngas) from pulp mills Canada

Liang et al. (2023) Emission accounting framework in the PPI China

Dai et al. (2023) Material flow analysis feedstock stream in the PPI China

Li et al. (2023) Fuel switching from coal to eucalyptus in the PPI China

Man et al. (2023) Estimation of GHG emissions from paper mills China

Sonsale et al. (2021) Incentivizing negative emissions in the PPI India

Kumar et al. (2024) End product markets for biofuels in the PPI India

Jafri et al. (2020) Renewable methanol from pulp mills Europe

Roussanaly et al. (2021) CCS in pulp and paper mills Europe

Onarheim et al. (2017) Technoeconomic analysis of pulp mills with CCS Europe

Mäki et al. (2021) Economic feasibility of bioenergy retrofitting in the PPI Finland

Andersson et al. (2021) Design and optimal utilization rate in pulp mills Sweden

Jafri et al. (2020) Renewable methanol from pulp mills Sweden

Fornell et al. (2013) Technoeconomic analysis of pulp-mill-based biorefinery 
with CCS

Sweden

Ouadi et al. (2019) Biofuels from paper mill waste UK

Furszyfer et al. (2022) Collaboration between chemicals and the forestry 
industry in the PPI

UK

Leeson et al. (2017) Decarbonization of the PPI along with the cement, steel 
and refinery sectors

UK

Parkhi (2022) CCS in pulp and paper mill lime kiln U.S.

This study Decarbonization of pulp, integrated pulp and paper, and 
paper mills

Global
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switching options. There is a need for extensive research 
on the decarbonization potential of standalone paper 
mills along with other PPI pathways. Hence, this paper 
contributes to the literature by providing an analysis of 
the benefits and associated costs for the PPI considering 
regional variations. Here, we conduct technoeconomic 

and environmental benefit assessments for pulp mills, 
integrated pulp and paper mills, and standalone paper 
mills in various countries. Furthermore, we assess 
the decarbonization potential of the paper industry in 
Saudi Arabia.
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3. Data, Assumptions, 
and Method
3.1 Data Inputs and 
Assumptions
Owing to the complex value chains of the PPI and 
its associated electricity and fuel requirements, this 
section aims to outline the detailed inputs, assumptions 
and methodology of the analysis. The PPI value chain 
includes feedstock to processing mills to produce pulp 
and paper for decarbonization and energy efficiency 
measures. The inputs and assumptions are carefully 
selected to represent a pathway, with due consideration 
of regional variations, which evaluate feedstock, 
electricity, fuel, and processed water costs.

Table 2 shows the nomenclature of the technoeconomic 
input and output parameters used in this study. Expenses 
are categorized into region-specific and generic types. 
Region-specific expenses are assumed to be variable 
based on the country. 𝛷𝛷!"#$ , 𝛷𝛷!"#$ , 𝛷𝛷!"#  and 𝛷𝛷!"#  
represent region-specific variables and can be vastly 

different on the basis of local weather conditions, the 
economy, and a range of other factors.

•	� The region-specific variable is the unit price of 
feedstock 𝛷𝛷!"# . The electricity, fuel, and process water 
prices 𝛷𝛷!"#$ , 𝛷𝛷!"#  and 𝛷𝛷!"#  , respectively, are also 
region specific.

•	� Generic expenses TCR and O&M costs include any 
energy-efficient measures deployed and any additional 
costs of carbon capture, transport, and storage. TCR 
further includes interest during construction.

•	� In terms of revenue, LCOP and LCOB are the unit costs 
of producing pulp and paperboard, respectively, over 
the plant’s economic lifetime. LCOX is used to denote 
the levelized cost of integrated pulp and paperboard.

•	� CCA is calculated on the basis of the following 
expression while considering the incurred cost of the 
product and associated emissions:

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿!!" − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿#$%&	($%&

	𝐶𝐶𝐶𝐶)#$%&	($%& − 𝐶𝐶𝐶𝐶)!!"
 



12Technoeconomic Assessment and Carbon Dioxide Removal Potential for the Global Pulp and Paper Industry

Parameters Symbol Unit Description

E
x
p

e
n

se
s

R
e

g
io

n
 s

p
e

c
ifi

c

Wood, market pulp 𝑄𝑄!"/𝑄𝑄#$ ton Quantity of feedstock or market pulp required for the process

𝛷𝛷!"#/𝛷𝛷!$% $/ton Unit price of feedstock or market pulp in the region

𝛷𝛷!"# × 𝛷𝛷"# $/ton Price of wood or other feedstock required for the process

𝛷𝛷!"# × 𝑄𝑄"# $/ton Price of market pulp required for standalone paper mills

Grid electricity, firm 
renewables

𝛷𝛷!"#$ $/MWh Unit price of grid electricity in the region

𝛷𝛷!"#$ $/MWh Unit price of firm renewables in the region

𝐸𝐸!"# MWh Electricity required for the process

C_elec 𝛷𝛷!"#$ × 𝐸𝐸"#$  or 
𝛷𝛷!"#$ × 𝐸𝐸%&' 

$ Cost of grid electricity or firm renewables required per ton 
of the process

Fuel 𝛷𝛷!"# $/GJ Unit price of fuel in the region

𝑄𝑄!"#$
%&  GJ Fuel required for the process

𝛷𝛷!"# × 𝑄𝑄$!%&
"#  $ Price of fuel required per ton of the process

�Process water 
Water required

𝛷𝛷!"# $/ton Unit price of process water in the region

𝑄𝑄!"#$%#&'  ton Quantity of process water required

𝛷𝛷!"# × 𝑄𝑄#$%&'%()  $ Price of water required per ton of the process

G
e

n
e

ri
c     Plant costs O & M $ Operation and maintenance costs (excluding utilities)

CO
2
 T&S cost $/ton Carbon transport and storage cost

TCR $ Total capital required including that for carbon capture 
(where applicable)

R
e

ve
n

u
e

  R_elec $ Revenue generated from electricity generation

  Crude tall oil $ Revenue generated from selling crude tall oila

C
a

lc
u

la
te

d
 v

a
lu

e
s

  LCOP $/ton Levelized cost of pulp

  LCOB $/ton Levelized cost of paperboard

  LCOX $/ton Levelized cost of pulp and paperboard

  CCA $/ton Cost of carbon avoidance

Table 2. Nomenclature of the parameters used in this study.

Notes: a Crude tall oil is a byproduct of the pulping process and can be used to produce renewable diesel.
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Table 3 shows the technical and economic inputs and 
assumptions, which are sourced from the published 
literature and cover the complete value chain of the  
PPI. The energy consumption per ton of product  

varies widely on the basis of the type of paper produced, 
the process involved, and the associated  
heat (typically less than 170°C) and electricity  
requirements.

Table 3. Data input and assumptions based on the literature.

Process Softwood ($/
ton)

Recycle paper ($/
ton)

Reference

𝑄𝑄!" 

  Pulp mill 4.1 Roussanaly et al. 
(2021)

  Paper mill 2.08 Roussanaly et al. 
(2021)

  Paper mill recycled paper – 1.1 Roussanaly et al. 
(2021)

Process 𝛷𝛷!"#$%"&  ($/ton) 𝛷𝛷!&#  ($/ton) 𝛷𝛷!&#  ($/ton)

𝛷𝛷!"#$% 

  Pulp mill 67 143 IEAGHG 2016; 
Rademaker and 
Marsidi (2019)

  Pulp mill with CCS 87.9 180 IEAGHG (2016); 
Rademaker and 
Marsidi (2019)

 � Integrated pulp and 
paper mill

79.6 270 IEAGHG (2016)

 � Integrated pulp and 
paper mill with CCS

114 315 IEAGHG (2016)

  Paper mill 120 76.80 Han et al. (2024)

 � CO
2
 transport and 

storage costs
10 IEAGHG (2016)

Process 𝑄𝑄!"#$
%&   (GJ/ton)

𝐸𝐸!"#  (MWh/ton) 𝑄𝑄!"#$%#&'               
(ton/ton)

Reference

𝑄𝑄!"#$%&& 

  Pulp mill 1.47 1.12 146 IEAGHG (2016); 
Rademaker and 
Marsidi (2019)

  Pulp mill with CCS 5.47 0 146 IEAGHG (2016); 
Rademaker and 
Marsidi (2019)

 � Integrated pulp and 
paper mill

1.47 0.666 115 IEAGHG (2016); 
Onarheim et al. (2017)

 � Integrated pulp and 
paper mill with CCS

5.47 0 115 Pilorge et al. (2020)

  Paper mill 15.65 1.31 22.58 Rademaker and 
Marsidi (2019)

 � Paper mill with recycled 
paper

3.31 0.312 9.63 Roussanaly et al. 
(2021)

  Paper mill with CCS 1.45 UNIDO (2010)

Notes: All the units are in per ton of product.
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With respect to process emission intensities, various 
generalized carbon intensities are suggested in the 
literature; for example, UNIDO (2010) suggested a  
carbon intensity of 0.42 tons of CO2 per ton of paper.  
In some Chinese paper mills, emissions are estimated 
to be approximately 1 ton of CO2 per ton of paper (Kong 
et al. 2013). Importantly, these emissions are based on 
the amount of fuel utilized. For example, China has the 
highest emissions from papermaking, with coal being 
used primarily in paper mills, whereas the emissions are 
lowest for Scandinavian countries because a significant 
quantity of biomass is used as fuel. Therefore, to make an 
accurate assessment, emissions are based on the advised 
emission intensity of the fuel utilized from the Energy 
Efficiency Assessment and Greenhouse Gas Emission 
Reduction (EAGER) tools for pulp and paper (LBNL 2009). 
The electricity generated in pulp mills is exported to the 
grid to generate revenue in the standard case, whereas 
it is used to supply the energy required for the carbon 
capture process in the CCS case.

In the case of standalone paper mills, our analysis covers 
a wide range of emission reduction options, including 
fuel switching, energy efficiency measures, CCS, and 
electrification. Energy efficiency and fuel switching 
measures have the potential to reduce emissions. 
Moreover, deploying CCS can reduce the emissions 
caused by the combustion of fossil fuels. However, 
emissions from the grid electricity supply, which are 
required to operate machine-driven equipment such 
as compressors, fans, and pumps, may still exist (U.S. 
DOE 2015). Therefore, electrification is an important 
decarbonization option for the standalone paper mill 
industry. Various forms of renewable electrification 
options, such as solar with battery storage, geothermal, or 
biogas, can be deployed in the standalone paper industry 
(LAZARD 2024 #94).

3.2 Methodology
After the data input and assumption are outlined, the 
following text covers the methodology and scenarios 
explored in the analysis. To evaluate the impact of the 
regional context on the LCOP, the LCOB, and CCA, the 
following scenarios are considered, as shown in Table 4:

•	� Scenario 1 represents a regional context, where the 
price of feedstock and process water is low, and 
where utility and fuel prices are high; examples of such 
countries are Sweden and Finland.

•	� Scenario 2 represents a regional context, where 
both the utility costs and feedstock prices are in the 
medium range; examples of such countries are China 
and the U.S.

•	� Scenario 3 represents a regional context, where not 
only feedstock and water prices but also utilities and 
fuel prices are quite high. An example of such a case is 
the UK.

•	� Scenario 4 represents a regional context, where 
feedstock and water availability are scarce due to local 
weather conditions, whereas fuel and utility prices are 
very low, as, for example, in the case of Saudi Arabia.

•	� Scenario 5 represents a regional context, where 
market pulp and process water prices are low, utility 
prices are in the high range with high electricity prices, 
and firm renewable prices are low.

•	� Scenario 6 represents a regional context, where 
market pulp prices and process water prices are 
intermediate, and where utility prices, including 
electricity prices and firm renewable prices, are also in 
the intermediate range.

•	� Scenario 7 represents a regional context, where market 
pulp prices and process water prices are high, and 
where utility prices, including electricity prices and firm 
renewable prices, are in the low range.
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Our analysis is performed on pulp mills and integrated 
pulp and paper mills with and without CCS. Moreover, 
our analysis is performed on selected pathways and is 
focused mainly on emerging options that consider global 
trends, market needs, and achieving carbon removal 
potential. The following is a list of selected PPI pathways 
used to analyze their impact on the LCOP and CCA:

•	� Kraft pulp mill producing market pulp.
•	� Kraft pulp mill producing market pulp with CCS.
•	� Integrated kraft pulp and paperboard mill.
•	� Integrated kraft pulp and paperboard mill with CCS.
•	� Paper from chemical pulping using wood chips.
•	� Paper from chemical pulping using recycled paper.

Furthermore, an analysis is performed to explore 
the decarbonization potential of standalone paper 
mills. Our analysis considers (i) coal-fired, diesel and 
natural-gas-fueled, (ii) electrification, (iii) CCS, (iv) and 
energy efficiency options for shoe-press8 and waste 
heat recovery:

•	� Standalone paper using market pulp with fuel 
switching, electrification, energy efficiency, and 
CCS measures.

•	� Standalone paper mill decarbonization potential in the 
GCC region.

The next section presents and discusses the findings 
of the analysis on the basis of the data input and the 
assumptions described in this section.
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4. Results and 
Discussion
4.1 Pulp
On the basis of the input assumption and methodology 
presented in the previous section, our analysis is 
performed on Scenarios 1-4 to calculate the LCOP and 
CCA. Figure 1 shows the impact of the regional variations 
considered in Scenarios 1 to 4 on the LCOP and CCA 
in the cases of pulp mills with and without CCS.9 While 
the LCOP ranges from 211 $/ton to 394 $/ton of pulp, the 

deployment of CCS in pulp mills increases the LCOP by 
34%-76%, with the lowest increase observed in Scenario 
4, i.e., low-fuel-price-regime countries. The CCA in pulp 
mills ranges from 53 $/tCO2 to 66 $/tCO2, with the lowest 
value occurring in low-fuel-price-regime countries, 
irrespective of feedstock cost.

CO2 T&S cost Crude tall oil R_elec Fuel TCRO&M Water required Wood

(L
C

O
P)

 $
/t

on

600
CCA: 66 $/tCO2

41

372
295
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505
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37
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37

67
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88 88
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180
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180
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Pulp mill
Pulp mill
with CCS
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Pulp mill
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with CCS

Pulp mill
Pulp mill
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Pulp mill
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with CCS
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Figure 1. LCOP and CCA for Scenarios 1 to 4 in the case of pulp mills with and without CCS.

Source: Authors.



18Technoeconomic Assessment and Carbon Dioxide Removal Potential for the Global Pulp and Paper Industry
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Figure 2. LCOP and CCA for Scenarios 1 to 4 in the case of an integrated pulp mill with and without CCS.

Source: Authors.

4.2 Integrated Pulp 
and Paper
Figure 2 shows the case of the integrated pulp and paper 
board mill with and without CCS. The LCOX board ranges 
from 380 $/ton to 556 $/ton of product. The deployment 
of CCS increases the levelized cost of products from 
24% to 41%. In this scenario, the lowest increase is again 
observed in Scenario 4, which represents low-price-
regime countries. Interestingly, CCA is approximately 16% 

lower in Scenario 4 than in Scenario 1, which is driven 
mainly by low electricity and fuel prices. In a world where 
carbon emission mitigation options are now widely 
rewarded, countries with low fuel prices might look into 
exploring some of the decarbonization options in this 
industry. Another interesting observation is that the 
relative increase in the LCOP after the deployment of CCS 
is much lower in Scenario 4 than in Scenario 1. Although 
the amount of electricity generated that can be exported 
to the grid is reduced by more than 40% compared with 
that of a pulp mill in the case of an integrated pulp mill, it 
can still be better utilized for CCS.
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Figure 3. LCOB for Scenarios 1 to 4 in the case of paper mills from biomass and recycled paper.

Source: Authors.

As shown in Figure 3, paper production directly 
from chemical pulping using biomass does not seem 
to be a preferable option due to factors such as 
process inefficiencies and excessive unused energy. 
Nevertheless, compared with the recycled wastepaper 
scenario, the LCOB scenario is an enormously effective 

alternative, where the LCOB is drastically reduced and 
is in the range of 76 $/ton to 121 $/ton of product with 
recycled paper. Additionally, paper from recycled paper 
pulping can reduce process emissions by approximately 
one-quarter in comparison with paper production from 
chemical pulping.
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Figure 4. LCOB and CCA for Scenario 5 in the case of a paper mill incorporating decarbonization measures.

Source: Authors.
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4.3 Standalone 
Paperboard Mills
This dedicated section analyzes the viability of 
decarbonization options in standalone paper mills. Scenario 
5 presents a region where electricity and fuel prices are 
high and where pulp and process water prices are low, such 
as in the case of Europe, as shown in Figure 4.

Countries such as China and the UK are increasingly 
transitioning away from coal use in paper mills, and 
deploying CCS in such paper mills will increase the LCOB 
by 16%, with a CCA value of 104 $/t CO2. Fuel switching 
to natural gas can be a viable option, as it decreases 
emission intensity by 33%, with only a small increase in 
cost (Geraghty 2013). However, considering the current 
high costs of firm renewables, decarbonization via 
electrification can incur a CCA value of 281 $/t CO2.
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In the case of Scenario 6, as shown in Figure 5, countries 
that can readily import market pulp at reasonable prices 
and in which the utility prices are in the medium range 
include the U.S. and China. In such a context, where some 
paper mills that are currently using coal deploy CCS, 

the cost of the product is expected to increase by 16%. 
However, electrification by firm renewable energy can 
significantly increase the LCOB by approximately 68%. 
Additionally, the CCA value for this scenario is exorbitant, 
at 255 $/t CO2 avoided.

Figure 5. LCOB and CCA for Scenario 6 in the case of a paper mill incorporating decarbonization measures.

Source: Authors.
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Figure 6. LCOB and CCA for Scenario 7 in the case of paper mill decarbonization measures.

Source: Authors.
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As seen in Section 3.2, Scenario 7 shows  
countries where market pulp and process water prices 
are higher and utility costs are lower; examples of such 
countries are GCC countries. Considering that firms 
renew at a price of 120 $/MWh and that the natural  
gas price is 2 $/GJ, switching to natural gas is 
economical for such countries, with only an 11% increase 
in the LCOB, as shown in Figure 6. However, owing to 
a small number of opportunities to capture emissions 
in standalone paper mills, the cost of avoidance is 
high, at 191 $/t CO2. Although the electrification option 
is even higher, at 250 $/t CO2, it enables us to avoid 
almost all of the carbon emissions when supplied by firm 
renewable energy.

In summary, the paper industry has an obvious converse 
impact compared with the pulp and integrated pulp and 
paper industries; in this case, the dominant factors are 
fuel and utility prices, along with market pulp prices. Thus, 
countries with lower fuel prices and greater availability 
of renewable energy resources are better able to deploy 
decarbonization measures such as fuel switching and 
electrification than other countries. Additionally, CCS is 
not well suited for paper mills because of the wide range 
of processes involved, some of which typically run on 
electricity. Hence, the CCA range for paper mills is more 
than double that of pulp and integrated pulp mills.
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4.4 Decarbonization 
Potential of Paper 
Mills in GCC 
Countries
The paper industry in GCC countries is a well-established 
and growing industry. Given the abundant availability 
of natural resources such as natural gas and renewable 
energy, the paper industry in this region possesses 
considerable decarbonization potential. Among GCC 
countries, the Kingdom of Saudi Arabia leads in terms 
of the number of factories operating in the paper and 
cardboard industries. The value of Saudi Arabia’s 
investment in the paper industry represents more 
than 77% of the total investment of all GCC countries 
(Saudipedia 2024). In Saudi Arabia, more than 800 
enterprises are registered under the category of 
manufacturers of paper and paper products (Monsha’at 
2023). Additionally, the paper industry in Saudi Arabia 
is growing, with a 12% increase in production capacity 
in fiscal year 2023-2024 (GASTAT 2024). Considering 
a major portion of the market and with the expected 
range of input parameters for the LCOB and CCA being 
in the same range, Saudi Arabia can be considered a 
representative case for the GCC region.

The paper mill database for Saudi Arabia is sourced from 
the National Industrial Information Center (NIIC 2024), 
which presents the name, the locality, and the production 
capacity of more than 500 paper mills in the country. The 
estimates from these data sources show that Saudi Arabia 
has a production capacity of approximately 12.8 Mt of 
paperboard per year. In Saudi Arabia, most paper mills are 
located close to major cities, as can be seen in Figure 7. 

However, some paper mills are located in remote 
locations. While considering possible decarbonization 
options, Saudi Arabian announcements to achieve 

decarbonization targets are also considered, such as 
its goal of 1 million barrels of liquid fuel displacement by 
2030 (MOEnergy 2024).

When liquid fuel is switched to natural gas, it can reduce 
emissions by 33% due to the typical low emissions 
observed with the combustion of natural gas (Geraghty 
2013). However, once fuel is switched from liquid fuel 
to natural gas, it is more expensive to capture carbon 
from low-emission exhaust gases. Additionally, there are 
several processes in paper mills that are typically supplied 
by electricity, such as machine operations. Therefore, in 
a typical paper mill, natural gas with the CCS option can 
only partially decarbonize, whereas completely switching 
to natural gas would be inefficient. Furthermore, there is 
an option to deploy CCS in existing paper mills running 
on liquid fuels; however, owing to the energy penalty 
associated with carbon capture, this approach would 
further increase liquid fuel demand. Such an increase is 
not aligned with the Saudi Arabian policy of liquid fuel 
displacement. Therefore, options for both natural gas with 
CCS and liquid fuel with CCS are not further explored in 
this section.

To consider plausible options for the decarbonization of 
the paper industry in Saudi Arabia, the vicinity of paper 
mills from existing natural gas networks (also known as 
master gas systems (MGSs)) and planned extensions of 
the MGS are considered. In terms of locality, paper mills 
are categorized into three zones, as shown in Figure 7. 
Zone 1 is covered by the exiting MGS, Zone 2 is planned 
to be covered by the MGS in the near future (ARAMCO 
2024), and Zone 3 is a remote locality that is not currently 
covered or planned to be covered by the MGS. In the 
base case, as shown in Figure 7, it is assumed that paper 
mills are supplied with liquid fuel and grid-connected 
electricity. The grid-connected electricity emission 
factor is assumed to be 0.568 t/MWh on the basis of the 
current energy mix of Saudi Arabia (Clean Development 
Mechasim 2021), which results in total emissions of 12.4 Mt 
of CO2 per annum in the paper sector in Saudi Arabia.
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Figure 7. Base case showing the fuel mix (liquid fuel and natural gas) and locality of paper mills in Saudi Arabia.

Source: Authors.
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To explore the potential and associated cost of 
decarbonization options for paper mills in Saudi Arabia, 
four decarbonization cases are explored, as shown in 
Table 5. Figure 8(a) further shows the emissions from 
each zone on the basis of the production capacity of the 
paper mills. The greater production capacity of paper 
mills in zones 1 and 2 results in a greater portion of 

emissions attributed to them, with approximately 9.7 and 
2.7 Mt of CO2 per annum, respectively. However, with a 
production capacity of approximately 4,000 tons, zone 
3 has negligible emissions compared with those of the 
other zones, but it is still important to explore the possible 
energy mix for such paper mills located in remote areas.

Table 5. Decarbonization measures analyzed for paper mills in Saudi Arabia.

Case Zone Network Heat requirement provided by Electricity requirement 
provided by

Base case

  Zone 1 Existing MGS Liquid fuel Grid electricity

  Zone 2 Planned MGS Liquid fuel Grid electricity

  Zone 3 Noncovered Liquid fuel Grid electricity

Case 1

  Zone 1 Existing MGS Natural gas Grid electricity

  Zone 2 Planned MGS Liquid fuel Grid electricity

  Zone 3 Noncovered Electrification Electrification

Case 2

  Zone 1 Existing MGS Natural gas Grid electricity

  Zone 2 Planned MGS Natural gas Grid electricity

  Zone 3 Noncovered Electrification Electrification

Case 3

  Zone 1 Existing MGS Natural gas Grid electricity

  Zone 2 Planned MGS Electrification Electrification

  Zone 3 Noncovered Electrification Electrification

Case 4

  Zone 1 Existing MGS Electrification Electrification

  Zone 2 Planned MGS Electrification Electrification

  Zone 3 Noncovered Electrification Electrification
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In Case 1, fuel is switched from liquid fuel to natural gas in 
zone 1, whereas zone 3 is electrified with firm renewables. 
This liquid fuel displacement can reduce the liquid fuel 
requirement from 10.8 M BOE10 to only 2.36 M BOE. 
However, these measures, which involve fuel switching, 
can achieve emission avoidance of only 1.3 Mt CO2 per 
annum, as shown in Figure 8(b).

In Case 2, fuel switching in both Zones 1 and 2 from 
liquid fuel to natural gas and the electrification of Zone 
3 can further increase emission avoidance to 1.7 Mt CO2 
per annum. Notably, the maximum emission reduction 
potential can be achieved from the fuel switching 
measure of the paper industry in Saudi Arabia.  
Moreover, this situation would require natural gas 
consumption of approximately 1,813 million m3, as shown 
in Figure 9(b).

Figure 8. Emissions from (a) zones 1 to 3 in the base case and (b) avoided emissions from -cases 1 to 4.

Source: Authors.
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Case 3 can achieve an emission avoidance value 
of an additional 2.6 Mt of CO2 per annum via the 
electrification of Zones 2 and 3, as shown in Figure 
10, with a renewable generation of approximately 6 
TWh. Furthermore, in Case 4, where all zones are 
switched to the electrification option, firm renewable 
power generation of approximately 28 TWh per 
annum, which is equivalent to more than 3,000 MW of 
firm renewable power, is required. This electrification 
measure can achieve an emission reduction value of 
approximately 11.8 MT CO2 per annum. Considering 
the decarbonization potential in conjunction with the 
economic analysis performed in the previous section, 
the electrification measure would result in an LCOB 
increase of 55%, with a CCA value of 250 t CO2 in the 
Saudi Arabian context.11

Another important aspect to consider is the capacity of 
the required energy generation mix, which is impacted 
primarily by the size of the paper mill. The data from paper 
mills in Saudi Arabia show that the production capacity of 
these paper mills ranges from 0.03 Mt to 1.2 Mt per annum 
(NIIC 2024). The higher production ranges of such mills 
typically require approximately 100 MW of firm capacity 
for partial electrification to supply electrical load, whereas 
fully electrified paper mills require approximately 300 MW 
of firm renewable capacity (U.S. DOE 2015).

In summary, while electrification options are viable for 
remote locations, fuel switching options can prove to 
be important transitional low-emission technologies for 
emission avoidance in the paper industry in Saudi Arabia. 
As a firm’s renewable generation price is expected to 
decline significantly in future years, it can ultimately play a 
vital role in decarbonizing the entire paper industry.
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5. Conclusions
This study analyses the carbon removal potential of various PPI pathways and 
evaluates their impact on the levelized cost of products. The results from this 
study show that the LCOP increased from 34% to 76% with the deployment of 
CCS in pulp mills. Moreover, the CCA value is in the range of 50 $/t CO2 to 66 
$/t CO2 for pulp mills and integrated pulp and paper mills. However, the paper 
decarbonization of standalone paper mills is challenging when the CCA value 
is in the range of 95 $/t CO2 to 281 $/t CO2. The deployment of CCS in paper 
mills also has limitations and can only partially reduce emissions since some 
of the associated processes are typically supplied by electricity. Nevertheless, 
fuel switching to natural gas in the paper industry has the potential to reduce 
emissions by more than 30% without a considerable increase in the LCOB.

Saudi Arabia has a potential of approximately 11.8 Mt CO2 
in emission avoidance per year through electrification. 
Additionally, in line with Saudi Arabia’s decarbonization 
objectives, more than 10 million barrels of liquid fuel can 
be displaced from paper mills considering fuel switching 
and electrification options. The results also show that 
decarbonization measures increase the LCOB for Saudi 
Arabia by up to 55%, whereas the same decarbonization 
measures in high-price-regime countries increase the 
LCOB by approximately 83%.

In summary, the deployment of CCS in pulp mills and 
integrated pulp and paper mills can significantly reduce 
emissions in countries with high biomass potential. 
Decarbonization measures such as fuel switching and 

electrification are better suited for standalone paper 
mills in low-utility-price-regime countries. The analysis 
and results presented in this study provide important 
insights for policymakers to assess the carbon removal 
potential and associated costs of the PPI. A roadmap for 
developing strategies for the decarbonization of the PPI 
can be developed on the basis of the insights provided in 
this study.

In summary, countries with high biomass potential are 
suitable for the pulp industry and integrated PPIs for 
CO2 removal via the deployment of CCS. Countries 
with high natural resource potential are well positioned 
to deploy decarbonization options in standalone 
paper industries.
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Endnotes
1 Decarbonization entails reducing those CO2 emissions produced by the combustion of fossil fuels.

2 The cooking phase of the pulping process leaves residual lignin, which can be removed in an aqueous solution to produce 
black liquor.

3 Biogenic CO2 emissions are those emissions related to the natural carbon cycle.

4 Biogenic CO2 emissions, which are captured and permanently stored, can be considered carbon dioxide removal.

5 Nordic (northern Europe) countries include mainly Denmark, Finland, Sweden and Norway.

6 The HTL process decomposes biomass into liquid fuels at approximately 300°C in pressurized water.

7 Captured biogenic emissions from the natural carbon cycle can also be referred to as negative emissions.

8 Shoe press technology is a papermaking technology that improves the dewatering of the board or paper sheet in the wet-pressing 
section and reduces the need for drying evaporation.

9 CCS costs include carbon capture, transport, and storage costs.

10 Here, BOE is a barrel of oil equivalent, and on the basis of the literature, one GJ of energy can be produced by 0.15829 BOE.

11 In the context of the Kingdom of Saudi Arabia, we consider the price of natural gas to be 2 $/GJ and the price of firm renewables to 
be 120 $/MWh.
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