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Pulp and paper industry globally accounts around 6% of total CO; emissions worldwide. There is
a new path for implementing carbon capture technologies not only power sector, but also to
industrial sector due to changes in global energy policies, which are set to decrease greenhouse
gas emissions. Carbon emissions from pulp and paper industry are treated as carbon neutral due
to their biological origin, which transforms the conventional carbon capture technologies to
biomass-based carbon capture technologies.

The objective of this Master’s Thesis is to integrate carbon capture, storage and utilization to a
pulp mill. Amine-based carbon capture technology was taken as a base for the integration due to
its applicability and commercial availability. There are several possible ways of carbon capture
integration: after carbon capture there exists the option to store it, utilize it, or use both at the same
time. The aim of the thesis was to evaluate these possibilities from technological and economical
point of view.

The key results show that excess electricity and heat from the pulp mill allow the integration of
bioenergy carbon capture and storage (BECCS) or bioenergy carbon capture, utilization and
storage (BECCUS). Furthermore, with lower electricity and heat market prices, and higher carbon
and green methanol prices, the scenarios with integrated BECCS and BECCUS become realistic
and feasible.
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1 INTRODUCTION

Current energy and industrial sectors need a transformation. Increased capacities both for energy
production and for industrial processes have unsatisfactory consequences in increased greenhouse
gas emissions worldwide. There are many reasons for the increased demand of energy and
industry: population growth, economic growth, industrial revolution. These factors have led to
global climate change due to the increasing amounts of CO- in the atmosphere by burning fossil
fuels (coal, natural gas and oil) for electricity and heat generation, as well as for many industrial
processes, such as refineries, paper and board production, cement, iron and steel industry, etc.
Energy policies are shaping the energy and industrial markets due to the requirement in the
decreased CO; emissions. This might be achieved by the integration of renewable resources into
both energy and industrial processes. The main global target is to stop temperature rising at 1.5 °C,
but without very fast transition to the renewable systems this target is not feasible. To maintain

global warming at this level, current greenhouse gas emissions need to go down.

In recent scenarios for global energy systems, besides the transition towards renewable energy
generation, carbon capture, utilization and storage technologies are playing an important role. The
advantages of CCUS technologies are significant: not only CCUS technologies combine carbon
capture and storage (CCS), and carbon capture and utilization (CCU), both of which have unique

benefits, such as storing capturing CO: or utilizing it for emissions-free fuels production.

Almost a quarter of total CO; emissions are coming from industrial processes, which makes the
industry one of the key parts for the transformation in order to achieve emissions-free future. CO>
emissions from industrial processes might be among the hardest to mitigate due to high-
temperature heat demand and complicated physical and chemical reactions. CCUS technologies
in the industrial sector are essential for a sustainable transformation. For some large-scale
industrial processes, CCUS might be the most cost-effective solution to meet climate goals and
the requirements for sustainable future (IEA, 2019). One of the CCUS options is bioenergy CCUS,
which can provide negative CO> emissions due to the fact that bioenergy can be treated as a
renewable and zero emissions source, and thus, capturing biogenic CO; can contribute even more

to long-term climate scenarios. (Fridahl & Lehtveer, 2018)

The demand for paper and paperboard products is rising year by year. Pulp and paper industry uses
large amounts of biomass for the production of pulp and paper, and for the energy generation for
self-sufficient operations. The CO; emissions from pulp and paper industry account around 6% of

the global CO> emissions. There is a need in improving energy efficiency of pulp and paper
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industry processes, as well as in the use of recycled products in order to decarbonise this sector.
There are many ongoing researches on recovery and recycling processes, as well as efficiency and
technology improvements in order to minimize carbon emissions. The high share of biomass in
energy consumption in pulp and paper industry is explained by the use of by-products. According
to IEA, for each tonne of kraft process pulp around 19 GJ of black liquor is produced, which is
then used for steam and electricity generation. Besides black liquor, sawdust, wood chips and
wood residues are burned as well. Thus, the implementation of bioenergy carbon capture
utilization and storage (BECCUS) technologies to pulp and paper industry can contribute to
sustainable energy supply. (IEA, 2017)

The master’s thesis provides the detailed numbers of global CO; emissions and specifically from
pulp and paper industry, the overview of carbon capture technologies and its principals. The most
suitable technology available today for pulp and paper industry is concluded as MEA-based carbon
capture technology. This work provides the layout of the integration of MEA-based carbon capture
technology to a kraft mill: it includes the description of an electrolyser, the capture plant, methanol
production unit and CO> storage unit. Since this model includes the utilisation of CO» as well, the
final product of the system will be methanol. The objective of the master thesis is to study the
relevance of the integration of BECCS or BECCUS system to the pulp mill in frames of

technological and economical assessment.



2 SOURCES OF CO; EMISSIONS AND ITS CONSECUENCES
2.1 Global CO: emissions

Since the industrial revolution, global CO; emissions are increasing worldwide. Population growth
globally is increasing (sharply in under developing countries), which leads to higher energy
demand. Moreover, industrialisation and urbanization require more energy, which means more
emissions. The biggest part of CO2 emissions is combustion process, which is used to produce
energy (burning of coal, oil and natural gas). According to Kaya identity, global CO> emissions

key driver is population growth (Jiang & Guan, 2016):

(06

Where F is CO2 emissions, (E) — CO> intensity of energy (CO2/PE), (g) — energy efficiency

(PE/GDP), (%) — energy demand (GDP/capita), P — population (capita).

According to United Nations, world population in 1950 was 2 billion and it might grow up to 16
billion by 2100 (United Nations, 2017). Population growth causes increased energy demand,
which causes more CO> emissions. Overall CO; emissions from combustion are increasing and
are shown in Figure 1, which in total were 31.08 Gt of CO; in 2016. According to Figure 1, since
2000 Americas and Europe have decreased their emissions and Asia became the largest producer
of CO», reaching 17.43 GtCO: in 2016. Nevertheless, a big part of Asian emissions from energy
intensive industries should be allocated to the countries where the final products are consumed.

(IEA, 2017)
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Figure 1. COz emissions from fuel combustion (IEA, 2017)

Electricity and heat generation were the largest CO> producers in 2016, where the largest
electricity producers generated 70% of total electricity and accounted for 73% of emissions. Figure
2 shows, that these largest electricity producers have fossil fuels as a dominant source for
electricity production: 80% of electricity is produced by fossil fuels in Japan, 65% in Russia, 82%
in India, 44% in EU, 65% in USA and 72% in China. (IEA, 2017)

ELECTRICITY GENERATION BY SOURCE IN 2016

m Coal m Natural gas Hydro mOil mNuclear m Other Renewables&Waste

JAPAN 33% 39% 8% 2% 11%
RUSSIA 16% 48% % 18%

INDIA 75% 5% P%R% 7%

EU 23% 19% 2% 26% 19%

c
(%]
>

31% 33% % pAS 9%

CHINA 69% 3% 3% 6%

Figure 2. Electricity generation by source in 2016 (IEA, 2017)

Figure 3 shows, that if electricity and heat generation are allocated to consumer sectors, industrial

sector becomes the largest emitter (IEA, 2017). These industries are iron and steel, cement,
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chemicals, pulp and paper, non-ferrous industries, mining, food processing, textile and others

(IPCC, 2010).

CO2 EMISSIONS BY SECTOR IN 2016
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Figure 3. COz emissions by sector in 2016

2.2 CO: emissions from pulp and paper industry

Global pulp and paper industry is one of the biggest energy consumers and greenhouse emissions
pollutant in the world’s industrial sector, as it requires significant amount of energy inputs. Energy
efficiency and optimization are one of the key issues in pulp and paper industry to promote lower
emissions and sustainable development of the industry. Pulp and paper industry contributes to the
final energy use with 5.7% globally, and it accounts 9% of total GHG emissions from all
manufacturing industries (Sun, et al., 2018). Figure 4 graphically shows the production growth
from 2006 to 2016. Globally, production of paper and cardboard is increasing. In 2006, the
worldwide paper and cardboard production was 382.6 million metric tonnes, and it has risen to

410.9 million metric tonnes by 2016 (Statista, 2019).

PRODUCTION VOLUME OF PAPER AND CARDBOARD WORLDWIDE

- ros 7/410,9
405G 2065 :
7 3992 3993

393,7 391,2 34,1
382,6

70,5

mln metric tonnes

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Figure 4. Paper and cardboard production from 2006 to 2016 (Statista, 2019)
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Figure 5 shows that the biggest producers of pulp and paper in 2016 were Asia, Europe and North
America, while Latin America, Oceania and Africa have less significant share (7% in total)

(Statista, 2019).

DISTRIBUTION OF PULP AND PAPER PRODUCTION WORLDWIDE
IN 2016
47%

35%

25% 26%

-

()
22% 20%

16%

5%

j 1% 1% 1% 1%
A\

Asia Europe North America Latin America Oceania Africa

A\

ii

e

Pulp = Paper

Figure 5. Pulp and paper production distribution worldwide in 2016 (Statista, 2019)

Paper is used for production of a variety of products. According to Statista, the biggest part of the
paper production takes the corrugated material production (38%). Other materials include printing
and writing materials, paperboard for packaging, tissue paper, newsprint and other paper. The

distribution of paper production in 2016 is shown in Figure 6. (Statista, 2019)

DISTRIBUTION OF PAPER PRODUCTION WORLDWIDE IN 2016 BY GRADE

38%
24%
14%
9% 6%
? 4%
Corrugated Printing and Paperboard for Tissue paper Newsprint Other paper
material writing material packaging

Figure 6. Distribution of paper production in 2016 (Statista, 2019)
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The energy use of pulp and paper industry stayed almost the same in 2016 compared to 2000,
while the actual output of paper and paperboard increased by almost 25% by 2016 worldwide.
Fossil fuel consumption has reduced by almost 20% because of the increased share of bioenergy
and other renewables in the energy use by pulp and paper industry, and the recycled paper is more
used nowadays. Anyway, it’s expected that the annual increase of paper and paperboard

production will be 1% by 2030. (IEA, 2019)

On average, pulp and paper industry emits 951 kg CO- for making one metric of paper, from cradle
to gate (the global range is varying from 516 to 1301 kg of COz). Mingxing Sun at. al. (2018)

defined three emission ranges for paper production (Sun, et al., 2018):

e over 1300 kg CO: as high emission group (China, Spain, Malaysia);
e lower 600 kg CO; as low emission group (Nordic countries, Brazil);

e and other as moderate emission group (Slovakia, Portugal).

According to Figure 4, in 2016 the production of paper and cardboard in the world was 410.9 mln
metric tonnes. Taking the median CO emissions from paper production, 951 kg, the approximate
global CO; emissions from pulp and paper industry are 0.391 Gt CO». Thus, capturing CO> from

pulp and paper industry will contribute as 1.25% savings from total CO> emissions worldwide.
2.3 Consequences and policy changes

Increasing CO> concentration in the atmosphere due to the usage of fossil fuels is affecting the
environment in a negative way. Higher amounts of greenhouse emissions are causing climate

change, which can be seen in different examples, such as (Hassan, et al., 2019):

e Temperature rise;

e Arctic ice is losing its mass;
e Sea level is going up;

¢ Biodiversity losses;

e QOcean acidification, etc.

Thus, the usage of fossil fuels in the electricity and heat production and intensive energy industries
are causing negative changes in the environment. Hence, environmental professionals and
policymakers come together in order to mitigate climate change in a right way (Hassan, et al.,

2019). There are many global targets for CO> emissions reduction, but the main is described in
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The Paris Agreement. The main aim of the agreement is to keep temperature rise below 2 °C at

pre-industrial levels. (United Nations, 2018)

Anyway, the history of climate change actions has started in the previous century. In 1988
Intergovernmental Panel on Climate Change (IPCC) was founded in order to scientific information
on climate change to governments in order to develop environmental policies. The information

includes assessments of climate change impacts, risks and ways of its mitigation. (IPCC, 2019)

After IPCC, United Nations Framework Convention on Climate Change (UNFCCC) was founded
in 1994 with the evidence of climate change and a further set of objectives to stabilize GHG

emissions. Currently, there are 197 countries that have ratified the Convention. (United Nations,

2019)

The Kyoto protocol is an international agreement with a set of targets for greenhouse gas emissions
reduction (CO2, CH4, N2O, HFCs, PFCs and SFg). It was adopted in Japan in 1997. By now, there
are now commitments to be made by countries which ratified the protocol to reduce emissions by

2020. (United Nations, 2019)

The final and the most famous action is Paris Agreement adaptation — an international agreement
to keep global warming well below 2°C at pre-industrial levels and limit temperature increase to

1.5 °C and to mitigate climate change (United Nations, 2019).

IEA Sustainable Development Scenario shows that by 2040, CCUS technologies will contribute
for 7% emissions reduction. According to IEA, the most effective way of carbon capture
technology is bio-energy CCS, including applications for BECCS in pulp and paper industry. As
some conversion technologies can generate pure CO> streams, this might be an important
economic potential for the technologies to be implemented in the industrial and power sectors in
future. According to IPCC, in order to keep the temperature rise on the current level, there might

be a need of 400 Gt of CO» to be captured with BECCS. (IEA, 2019)

Currently, only Canada, USA, Brazil, Norway, Saudi Arabia and China have CO; capture plants.
Even though only USA, Canada, France, Germany, UK, Czech Republic and Ukraine have their
strategies with CCUS as a part of them, the potential of BECCS and overall CCUS is big due to

changes in policies across the world and targets for achieving emission reductions. (IEA, 2019)
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3 CARBON CAPTURE TECHNOLOGIES

CCS technologies received attention within the last decade due to the requirement of GHG
emissions limitations in order to stop climate change. Thus, CCS technologies provide cleaner and
more sustainable solutions, while the long transition to renewable energy system takes place.
There are many carbon capture technologies available and widely used nowadays. Different
technologies vary in product purity and working conditions. Many CO: capture applications
include CO» removal from natural gas treatment and a further production of chemicals, such as
hydrogen, ammonia and others. Also, CO; is captured from flue gases in power plants that burn
coal and natural gas. Overall, carbon capture technologies are mostly classified as pre-combustion
and post combustion, depending on when CO: is removed: before or after a fuel is burned. The
third technology of CO; capture, oxy combustion, is not in the commercial operations since its
under development stage. Further in this chapter, all three classifications of carbon capture

technologies will be described in more detail. (Rubin, et al., 2012)
3.1 Pre-combustion CO; capture

Pre-combustion carbon capture technology is based on the reaction between fuel and oxygen/air
for synthetic gas (syngas) production. Synthetic gas production is composed mainly from carbon
monoxide and hydrogen. Then, carbon monoxide reacts with stream of in a catalytic reactor for
further CO; and Hz production. After, CO; is separated from Hz by absorption process, making
the final fuel rich in hydrogen, which can be further used in different applications. This method of
carbon capture is used in power sector, as well as in industrial sector (refineries, chemical plants,
etc). For power generation sector, pre-combustion CO> capture is used mostly for hydrogen
production, while COz is produced as a by-product. For chemical industry, this technology is very

mature and is used for quite a long time for CO» capture. (Jansen, et al., 2015)

There are two ways for syngas production: steam reforming and partial oxidation. In the first case,
steam is added to fuel, and in the second case, there is a partial oxidation process is taking place
with gaseous and liquid fuels, and so-called gasification process for solid fuels, but the principal

is the same. The chemical reactions of both processes can be seen below. (Jansen, et al., 2015)

Steam reforming;:

y
CxHy +xH,0 => xCO + (x+ E) H, 2)
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Partial oxidation:

X

€0, =>xCO + ()1, (3)

C.H, + ;

Then, the process called water-gas shift (WGS) is taking place. CO is converted to CO, with

following syngas production:
CO + H,0 => CO, + H, 4)

As a final product, hydrogen-rich fuel can be used in different applications, such as combined
cycle power plants. Separation of CO can be done with high pressures of water-gas shift. At the
inlet of CO2/H> separation process, a concentration of CO, might vary between 15 — 60% with

pressure from 2 to 7 MPa. After separation, CO; can be stored. (Jansen, et al., 2015)

The principal of pre-combustion capture technology for power sector is shown in Figure 7.
Typically, there are following steps: syngas production (syngas island), oxygen production
(oxygen island), WGS section (syngas island), CO2/H> separation section and power island. The
technologies for syngas production are widely used in industrial sector nowadays. (Jansen, et al.,

2015)

CO, compression
™

C02 CO, storage
compression
|

steam steam co, power
Reforming/ |
Fuel . 9 syngas| Water gas |cCo, H, Power lexhaust
partial . m CO, capture .
AT shift 2 generation
| oxidation | L )
oxygen Syngas island €0, separation Power island
air
air Air exhaust
separation
Oxygen island

Figure 7. The layout of pre-combustion carbon capture technology for power sector (Jansen, et al., 2015)

3.2 Post-combustion capture

CO; is separated from flue gases during a combustion process in industrial or power sector.
Usually, concentration of CO; in flue gases from burning fossil fuels of biomass is less than 15%,
which requires large gas volumes to process and high investment costs. Currently, chemical

absorption-based technology for CO: separation is the best available technology because it’s
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widely used in power plant applications and chemical industries and thus is commercially
available. Other technologies, such as adsorption, cryogenics or membranes are less applicable for
post combustion capture but might be suitable for pre-combustion capture for the following

reasons (Mondal, et al., 2012):

e (COg partial pressure in post combustion flue gases is lower than in pre-combustion gasifier,
which can lower the costs of post-combustion capture;
e post combustion flue gases contain larger amounts of dust and SOx and NOx impurities,

which requires additional gas cleaning.

Post-combustion capture method might be challenging due to high temperature of flue gases and
necessity of chemical solvents for CO> capture require huge amounts of energy for its regeneration
(Mondal, et al., 2012). Anyway, post-combustion capture using amine-based solvents is the most
mature and commercial technology. The layout of the technology is presented in the Figure 8.

(IEA, 2019)

Power and

heat CO,-lean flue gas

t t

Fossil fuels or DIOMASS e— Combustion Flue gas

co w— O, to storage

Figure 8. Principal of post-combustion COz capture

3.3 Oxy-fuel combustion

Oxy-fuel combustion technology is under research stage and it can use almost pure oxygen instead
of air for a combustion process. In this case, a fuel is burnt in a mixture of highly concentrated
oxygen (>95%) and recycled flue gas (RFG). The layout is presented in the Figure 9. In this
scheme, air separation unit provides high purity oxygen. After that, oxygen is mixed with RFG in
power generation unit prior to combustion in order to sustain appropriate conditions for a
combustion process (current available materials cannot resist high temperatures resulting from
combustion of fuel in pure oxygen). Thus, after the combustion process, the flue gas is composed
mainly from CO; and water vapor. Water can be condensed and remained CO; can be purified. In

this case, dry flue gas has 70-90% CO». (Mondal, et al., 2012)
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Figure 9. Principle of oxy-fuel combustion CO2 capture

As a result, this technology has less flue gas volumes and higher CO concentration compared to
other technologies, which potentially can increase economic benefit. Another advantage of this
technology is low NOx emissions, since flue gas is composed only from CO; and water vapor.
Thus, by using this technology, all NOx emissions can be cut down by almost 70% compared to
conventional air-fired combustion. Anyway, as this technology is under research stage, it has some

limitations (Mondal, et al., 2012):

e Cryogenic air separation unit requires large amount of power;
e Currently there are no materials which can resist required high temperatures;

¢ RFG unit increases process cost.
3.4 Comparison of technologies for carbon capture

After the analysis of technologies for CO- capture, which were described in chapters 3.1 — 3.3, the
main advantages and disadvantages for three carbon capture technologies are finalised in the Table

1.



Table 1. Comparison of technologies (Leung, et al., 2014)
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Technology

Advantages

Disadvantages

Pre-combustion

capture

Energy demand is less than for post-

combustion capture; high CO;

concentration in gas makes the
process cost attractive; developed

technology.

Complicated chemical
reaction processes; high NOx
emissions; poor experience in
applicability due to very few
operating plants; high capital

costs.

Post-combustion

capture

The most mature technology; can be

easily introduced to existing plants.

Energy demand challenge;
Possibility of lower efficiency
due to low CO; concentration

in flue gases

Oxy-fuel combustion

Low emissions; lower amount of gas

for processing.

Not mature technology, pure

O2 production isn’t cost

effective.

35

Carbon separation technologies

Technologies for carbon capture are presented in the Figure 10. These include absorption (physical

and chemical), adsorption, cryogenic and membranes processes.

[ |

Absorption

Adsorption Cryogenics |

Membranes

Microbial/Algal
Systems

Other

Adsorber
Beds

Alumina
Zeolite
Activated C

Regeneration

Method

Pressure Swing
Temperature Swing
Washing

Figure 10. Technologies for COz capture (Rubin, et al., 2012)
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3.5.1 Absorption

CO; capture with absorption is the most mature technique. Typically, there are three main types
of liquid sorbents: monoethanolamine (MEA), diethanolamine (DEA) and potassium carbonate,
while MEA is the most applicable due to its high efficiency of carbon capture (more than 90%).
Nevertheless, this separation technology has its drawbacks as well. For a large-scale utilization, a
challenge for amine-based carbon capture is amine degradation, which leads to solvent loss and
equipment corrosion, as well as the emissions might degrade to nitrosamines and nitroamines,

which are dangerous for human health. (Leung, et al., 2014)

Generally, an absorption process consists of following steps: flue gases are introduced at the
bottom of an absorber. Then, absorbent is injected for selective CO2 absorption. Then CO; rich
stream is directed to regenerator for CO> desorption, while absorbent is recycled and produced
CO; is compressed. As it was already mentioned earlier, alkanolamine-based solvents for CO»
absorption are the most applicable for carbon capture. Thus, a simplified scheme of the reaction

of CO; and aquatic amine is presented in the Figure 11 (Mondal, et al., 2012).

CO, (2
Dissolution
CO, (aq.)
A 2A
Bicarbonate Carbamate

formation formation

Figure 11. COz absorption (Mondal, et al., 2012)

In the Figure 11, dissolution of CO; in a gaseous form takes place from gaseous to liquid phase.
Then, the formation of bicarbonates and carbamates is occurred. These are equilibrium reactions,
and this equilibrium is governed by pH and the ratio of CO> to amine. Carbamates are formed with
the ratio 0.5 (simply, each CO; molecule is absorbed by each 2 amine molecules). A reaction

mechanism is shown below (Mondal, et al., 2012):
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Firstly, carbamates are formed:
CO, + R,R,NH < R,R,N COO~ + H* (5)
Then alkanolamines are formed:
R,R,NH + H* < R,R,NHZ} (6)
The next overall reaction is:

CO, + 2R,R,NH < R,R,NCOO~ + R,R,NH} (7)

3.5.2 Adsorption

Adsorption uses solid sorbents for CO; separation, such as activated carbon, zeolites, calcium
oxides and hydrotalcites. CO2, which was adsorbed, can be recovered by three options: swinging
pressure, swinging temperature and electrical swing adsorption. Pressure swing adsorption (PSA)
is more often used and its carbon capture efficiency can be higher than 85%. For this method, CO»
is adsorbed at high pressure on a solid sorbent, and after that CO can be released by decreasing
the pressure to the atmospheric. Temperature swing adsorption (TSA) is using high temperature
stream for CO; release (Leung, et al., 2014). Also, there is an electrical swing adsorption (ESA),

which is based on low voltage electric current transit through an adsorbent. (Mondal, et al., 2012)
3.5.3 Membrane technology

Membrane consists of a thin layer of a composite polymer, which is able to pass only CO: through
it, but not other components in flue gases. Membrane method is also used for oxygen and nitrogen
separation from natural gas. The efficiency of a membrane is highly dependent on a composition
of flue gases; the efficiency can drop down because of low CO: concentration or pressure of flue
gases. Thus, this technology has its growing potential, but currently is not commercially used

(Leung, et al., 2014). Regarding CO> capture, membrane processes are divided into two types:

e (Gas separation membrane;

e Gas absorption membrane.
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Gas separation membrane

Gas separation membranes separate CO> by a diffusion mechanism, which allows specific
components to go through the membrane faster than other components. Thus, CO> rich stream is
injected through the membrane, where CO; penetrates in the membrane and further is recovered
with low pressure. A scheme of gas separation membrane is shown in the Figure 12 (Mondal, et

al., 2012).
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Figure 12. Gas separation membrane layout (Mondal, et al., 2012)

Gas absorption membrane

These membranes have micro pores, which are placed between flue gas stream and absorbent
stream (Figure 13). From flue gases CO; is separated through the membrane and then recovered

by the liquid flow of absorbent. (Mondal, et al., 2012)

Absorbent

co,

o .
Flue gas stream Micro porous

Membrane

Figure 13. Gas absorption membrane mechanism (Mondal, et al., 2012)
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Nevertheless, membrane technology is inefficient due to low purity of CO2 and low removal

efficiency.

3.5.4 Cryogenics

Cryogenics method uses distillation for gas separation at low temperatures and high pressures.
This technology is used for CO; separation, when the concentration of CO; in the stream is more
than 50%. Thus, it’s is not very efficient for flue gases to capture CO> with this process. For this
process to happen, flue gas is cooled down to -135°C and after that CO> can be extracted from
other light gases and then compressed to high pressure. As this process requires low temperatures

and high pressures, it needs huge energy inputs. (Leung, et al., 2014)

3.5.5 Comparison of separation technologies

After the analysis of available carbon separation technologies, the main advantages and

disadvantages are summarized in the Table 2.

Table 2. Comparison of separation technologies (Leung, et al., 2014)

Technology Advantages Disadvantages

Absorption | High efficiency (>90%); sorbents can | Huge  heat = demand;  sorbent
be regenerated; mature technology degradation might badly impact the

environment.

Adsorption | Possibility of sorbent recycle; high | High energy demand for CO:

efficiencies. desorption.

Membranes | Developing technology; potentials to | Efficiencies depend on  CO:

achieve high efficiencies. concentration a lot; not yet mature
technology
Cryogenics | Mature technology High CO> concentration requirement;

high energy demand for achieving

low temperatures.
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4 PULP AND PAPER INDUSTRY

Pulp and paper industry is complex due to integrating varying processes, such as wood preparation,
pulping, chemical recovery, bleaching and paper production to transform wood to the final
products. Thus, wood is the main raw source in the industry. Usually, paper is produced in two
steps: firstly, a raw material is converted to pulp, and secondly, the pulp is converted to paper. The
final product, paper, represents a sheet of cellulose fibres, and the quality of paper can be improved
by an addition of constituents. Most paper is produced from wood fibres, rags, cotton linters. Used
paper can be recycled, and after purifying and mixing it with virgin fibres can be transformed into
new paper. Other cellulose products (from wood pulp) include diapers, rayon, cellulose acetate

and cellulose esters are used for clothes and packaging solutions. (Bajpai, 2015)
4.1 Types of pulp and paper mills

Some processes and technologies, such as wood handling and cooking processes for pulp and
paper manufacturing might be common for different types of pulp and paper mills. Anyway, there

are three types of pulp and paper mills (European Commission, 2015):
Non-integrated mills

Non-integrated paper mills do not have a paper machine. These mills produce only pulp, and paper

can be manufactured at other locations. (European Commission, 2015)
Integrated mills

Integrated mills produce pulp and paper, while pulp is not dried before a paper manufacturing
process. Nevertheless, these mills can use pulp, which was dried at another location. Besides pulp
and paper production, these mills can be used for multiproduct manufacturing. Typically, there are

following types of integrated mills (European Commission, 2015):

e Chemical pulp and paper mills (usually kraft or sulphite pulp are produced);

e Mechanical pulp and paper mills;

e A combination of mechanical pulp production and processing paper for recycling with
paper production;

e Other combinations, where chemical pulp and paper for recycling process is used for one
product manufacture;

¢ And multiproduct mills.
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Multiproduct mills

Multiproduct mills are producing a variety of wood-based products at the same site, such as
chemical and mechanical pulps, processed paper for recycling, etc. Multiproduct mills can also
produce paper grades from different types of raw materials which are mixed together. Also, these

mills can be with paper production or without it. (European Commission, 2015)
4.2 Electricity and heat production in paper mills

Pulp and paper mills are using different combustion plants for electricity and heat generation: they
are varying in size, fuels and purpose. Since pulp and paper industry is energy intensive industry,
the energy generation is essential. Most of the times mills produce electricity and heat by its own
power plants. Competitive mills, such as integrated mills, are focusing on cogeneration concepts
for producing steam and power internally with different types of fuels. Chemical pulp mills (kraft
mills in particular) require huge amounts of internal energy production due to its usage by recovery
boilers for chemical recovery. Nevertheless, these recovery boilers are designed to produce steam
and power as well. The general techniques for power and steam generation in pulp and paper mills

are presented below (European Commission, 2015):

e Recovery boilers;

e Lime kilns;

e Fluidized bed reactors;

e Grate boilers;

e Combined cycle gas turbines (CCGT);
e QGas- or oil-fired steam boilers;

e Biomass boilers.

The main fuels for energy generation in pulp and paper industry are biomass (bark, forest residues,
etc), black liquor (in kraft mills black liquor is the main fuel), different types of sludge (e.g. from
wastewater treatment), and fossil fuels. Even though the most popular fuels are bark and forest
residues, pulp and paper industry is looking for fossil fuels usage reduction due to GHG emissions
and increase the share of renewable energies in steam and power supply. (European Commission,

2015)

Energy production in pulp and paper industry is done via combined heat and power generation

with condensing or back-pressure turbines. The boilers in the industry are operating practically all
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the year — around 8000 hours, and this is one of the biggest differences with conventional heat and

power supply in power plants. (European Commission, 2015)

This master thesis is focusing on a kraft mill, which is using recovery and biomass boilers for its
own energy needs. More detailed information about kraft mills and sources of CO, emissions from

each system component are described further in the Chapter 4.3.

4.3 Kraft mills

Kraft pulping process accounts around 80% of the pulp production worldwide. Kraft process is
obtained with sulphite pulping to avoid chemical losses and is applicable to all wood types and to
all chemical recovery processes. Thus, kraft mills are the most popular in pulp and paper industry
(European Commission, 2015). With this reason, for this master thesis, a kraft pulp mill is taken

as a reference mill for further analysis of BECCUS integration.

A kraft mill process starts with raw material handling. Wood is received as logs either from the
forest or from other wood industries as by-products (e.g. wood chips). Usually, logs are covered
with bark, and debarking methods should be applied. After debarking, logs are sent to a chipper in
order to form wood chips for better chemical pulping. The next step is cooking process —
dissolution of lignin and hemicellulose in white liquor (NaOH and Na,S) for pulp production. The
pulp after cooking process contains spent cooking liquor, which is called black liquor. The black
liquor is removed from pulp during the washing process and then sent for chemical recovery (of
inorganic and organic chemicals) and energy recovery. The kraft process also includes the
bleaching process, where pulp is bleached in order to achieve a specific quality with chemicals,
such as ClO2, Oz, H20», etc. (European Commission, 2015). The layout of a kraft process is shown
in the Figure 14.
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Figure 14. Kraft pulping mill operation (Kuparinen, et al., 2019)

4.4 CO; sources in kraft mills

There are three sources of CO> emissions in modern Kraft pulp mills: from recovery boilers, lime
kilns and from biomass boilers. Recovery and multi-fuel boilers are usually fed with black liquor

and waste wood (Onarheim, et al., 2017).

Biomass boiler

As it was mentioned in chapter 4.3, during wood handing process in kraft mills the generated
biomass residues are burnt in a biomass boiler. For startup and shutdown, kraft mills usually use
fossil fuels. Also, fossil fuels might be used for additional steam production. Thus, there are at
least additional 20 kg of CO» per air dried tonne (adt) from fossil fuels usage. (Kuparinen, et al.,
2019)

Recovery boiler

After pulping process in kraft mills, weak black liquor from washers is concentrated in evaporators
and then burnt in a recovery boiler. The aim of a recovery boiler is to recover chemicals and to
burn organic residues from black liquor for heat production. For a recovery boiler, as well as for a
biomass boiler, fossil fuels are used for startup and shutdown. Thus, CO; emissions from fossil
fuels are 10-20 kg CO; per adt, and biogenic CO: emissions are 1600 — 2400 kg CO> per adt.
(Kuparinen, et al., 2019)
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Lime Kiln

In the lime reburning process, to all the remains of a black liquor that was burnt in a recovery
boiler (green liquor) the lime (CaO) is added for final chemical recovery. This process requires
high temperatures — around 850°C, and it is often achieved with fossil fuels. Recently there have
been developed few renewable alternatives for fossil fuels in lime kilns: these are wood powder
firing and biomass gasification (Valmet, 2019). In the case of a lime kiln which use fossil fuels,

the CO; emissions from fossil fuels are 100-250 kg CO> per adt. (Kuparinen, et al., 2019)
5 MAIN COMPONENTS OF BECCUS SYSTEM

Final products of the studied BECCUS system are pulp and paper, electricity, heat, CO; and bio-
methanol. This system includes the pulp and paper mill itself, electrolyser for hydrogen
production, MEA-based carbon capture unit, CO> storage unit and methanol synthesis unit for
methanol production from hydrogen and CO;. The system’s main components description are

described below.
5.1 MEA carbon capture plant

Monoethanolamine (MEA) solvents are the most applicable currently for post-combustion carbon
capture. General production process of MEA typically involves chemicals shown in the Figure 15

(Luis, 2015).

CH, m H,

NH;
o e ™ =
Air MEA
-
01 - -
EO
Ethylene

Figure 15. Chemicals for MEA production

MEA production involves the reaction between ammonia (NH3) and ethylene oxide (EO). NH3 is
produced via stream ammonia production plant. As a result of the reaction, the products can be
not only monoethanolamine (MEA), but also diethanolamine (DEA) and triethanolamine (TEA).

Production of ammonia is typically done in ammonia production plant from natural gas; in this
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thesis, I have assumed that there is no ammonia production plant on site, and ammonia (as well as

ethylene) are bought for further production of MEA. (Luis, 2015).

A typical MEA-based CO; capture plant (Figure 16) consists of three main components: absorber,
heat exchanger and stripper. Flue gases from recovery boiler go to absorber from the bottom and
the MEA solvent goes to absorber from the top. In absorber, MEA solvent absorbs CO». Cold
MEA rich with CO: preheats in heat exchanger, and after that enters stripper, where it desorbs
COs. After the process, lean solvent can be cooled and then further recycled to enter absorber.

(Jung, et al., 2013; Onarheim, et al., 2017)
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Figure 16. MEA CO:z capture plant (Jung, et al., 2013)

Onarheim at al. (2017) have analyzed the performance of MEA carbon capture plant in a kraft
mill, where MEA plant was modelled in Aspen Rate-Based Distillation tool. This mill is
hypothetical, and, in the study, it is assumed that the mill is energy independent and is producing
excess electricity, which is sold to the grid. The annual production of kraft mill is 800 000 adt (air
dried ton of kraft pulp), which is sold to the market (Onarheim, et al., 2017).

As it was mentioned in Chapter 4.4, Most of CO2 emissions in pulp and paper industry are coming

from recovery boiler, multi-fuel boiler and lime kiln. Flue gas composition from these boilers is
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shown in the Table 3. Table 4 and Table 5 show energy balances and CO> emissions from the

reference mill.

Table 3. Flue gas composition from the kraft mill (Onarheim, et al., 2017)

Recovery boiler Multi-fuel boiler Lime kiln

Temperature, °C 184 189 250

Mass flow, (MT/y) 8 151 000 1 508 000 684 000

CO2, (mol%) 13.0 12.1 20.4

N2, (mol%) 67.6 53.4 47.4

02, (mol%) 23 1.7 1.2

H>0, (mol%) 17.0 32.7 30.9

SOx, (ppm) 60.0 40.0 50.0

NOx, (ppm) 125 150 175

Table 4. Energy balance of the mill (Onarheim, et al., 2017)

Electricity consumption (kWh/adt)

Electricity to the grid

Kraft mill

640

1127.2

Table 5. CO2 emissions from the mill (Onarheim, et al., 2017)

Recovery boiler Multi-fuel boiler Lime kiln
Bio CO2, MT/y 1 642 400 300 800 132 554
Fossil CO2, MT/y - - 86 582
Total CO2, MT/y 1 642 400 300 800 219 136

Onarheim et al. (2017) provide six different scenarios for the capture plant, where the capture is

occurring from each boiler separately, from recovery and multifuel boiler, from recovery boiler

and lime kiln and from all three: recovery boiler, multi-fuel boiler and lime kiln. Bellow there will

be provided the information only concerning the last case, so the capture of CO; is from all the

possible sources. Table 6 shows the main MEA plant conditions (Onarheim, et al., 2017).

In case of capturing CO; from all possible sources, less electricity can be exported to the grid,

since the carbon capture plant requires big amounts of energy. The electricity demand and supply

for both a kraft mill and for carbon capture plant are presented in Table 7. (Onarheim, et al., 2017)



Table 6. The main parameters of MEA plant (Onarheim, et al., 2017)
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Cooling water in / out 10°C / 20°C
Flue gas to absorber 40°C/1.11 bar(a)
Lean / semi-lean amine to absorber 40°C/2.0 bar(a)
Rich amine to stripper 99°C/2.0 bar(a)
Lean/semi-lean/rich loading 0.23/0.45/0.5 mol/mol
Absorber diameter / height 149m/50 m
Absorber pressure 1.095 bar(a)
Stripper diameter / height 92m/40m
Stripper pressure 1.8 bar(a)
Reboiler steam 120°C/2.0 bar(a)
Reclaimer steam 140°C/4.2 bar(a)
Liquid CO; pump 110 bar(a)

Table 7. Electricity demand and supply for the mill and carbon capture plant (Onarheim, et al., 2017)

grid, MWe / MWh/adt

Kraft mill Carbon capture plant Total
Electricity demand, MWe 61 31.4 92.4
Electricity supply, MWe 113.7 - 113.7
Electricity export to the
21.3/0.22

In accordance with parameters of MEA plant and CO; emissions from the kraft mill provided

above, it’s been concluded that energy flows for the MEA plant for the Master’s Thesis are

following presented in the Table 8.

Table 8. Energy flows for the MEA plant

Unit Value
Electricity demand MWh/TCO> 0.14
Heat demand MWh/TCO; 0.59
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5.2 Electrolyser

Huge changes are required in order to decarbonize global energy system. These changes include
advanced carbon capture technologies, storages for CO, and fuels which act as an alternative to
fossil fuels. One of the promising options to make this happen is Power-to-X, which is interpreted
as the electricity usage for various products and applications, e.g. Power-to-Gas, Power-to-Liquid,
Power-to-Fuel, etc (Koj, et al., 2019). In this Master’s Thesis, the utilization of captured CO> is
the application of Power-to-Fuel, that is to say, the usage of excess electricity, captured CO> and

hydrogen for methanol production.

Hydrogen can be produced from different energy sources and from a variety of technologies. For
example, hydrogen can be produced from natural gas, biomass, water splitting, etc. In terms of
renewable hydrogen production, water electrolysis is one of the promising options. Electrolysis is
the process, which is using electricity to split water into Hz and O». Electrolysers typically consist
of direct current source and two noble metal coated electrodes, where there is an electrolyte in
between. Types of electrolysers vary with electrolyte materials and operating temperatures. There
is low-temperature electrolysis, which includes alkaline electrolysis, proton exchange membrane
and anion exchange membrane electrolysis. The high temperature electrolysis includes solid oxide

electrolysis, which is currently at research and development stage. (Hydrogen Europe, 2019)

Power-to-Methanol applications using co-electrolysis of water and CO- via solid oxide electrolytic
cell (SOEC) was presented by Andika et al. (2018). Even though alkaline electrolysers are
dominant in the market, SOEC shows great advantages (Wang, et al., 2019):

e Higher electrolysis efficiency;
e The possibility of SOEC to produce syngas by co-electrolysis of CO> and H>O;

e Thermal coupling between the methanation and electrolyser units.

Since co-electrolysis is currently at the research and development stage, in this Master’s Thesis
the conventional alkaline electrolysis technology is used. The comparison of operating conditions

of different electrolysers is shown in the Table 9.



Table 9. The comparison of different types of electrolysers (Andikaa, et al., 2018)
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Alkaline PEM electrolyser | SOEC

Electrolyser
Efficiency in %LHV (kWh/Nm?,

63 (4.8) 65 (4.7) 82 (3.7)
H»)
Cost in €/kW (divided with
. 800 (1270) 1000 (1540) 1500 (1830)

efficiency)
Shut down time 1-10 min Seconds -
Degradation — system in %/1000h 0.13 0.25 1.6
Life-time. Stack in hours <90 000 <20 000 <40 000

Table 9 shows that SOEC has greater efficiency, but SOEC is not yet fully commercially available

technology. Thus, alkaline electrolyser is chosen for the integration model.

The principal of an alkaline electrolysis cell is shown in the Figure 17 (Millet & Grigoriev, 2013).

Typically, KOH or NaOH are used as liquid electrolytes, where two metal electrodes are

immersed. The concentration of aqueous electrolytes is around 40 wt% for better electrical

conductivity at temperatures 90°C and higher. Since only water is consumed during the process,

which requires sufficient amount of water in order to produce water vapor. (Millet & Grigoriev,

2013)
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Figure 17. Alkaline electrolysis cell (Millet & Grigoriev, 2013)
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The first step of the process is the introduction of water to the cathode:

2H20 + Ze_ = H2 + ZOH_ (8)

And then on the anode the oxidation of OH- occurs:

20H- = 0.50, + H,0 + 2e~ (9)

There is a porous electrolyte-impregnated material is placed in between two electrodes in order to
avoid spontaneous recombination of H> and O». There is a small gap between electrodes and the

separator material for expanding gaseous H; and O». (Millet & Grigoriev, 2013)

Based on Matute at al. research, the electrolyser parameters used in this Master’s Thesis are shown

in the Table 10.

Table 10. Electrolyser parameters (Matute, et al., 2019)

Parameter Unit Value

System efficiency kWhe/kg H 50

5.3 CO: storage

Geological CO; storage is a way of storing CO» in suitable deep rock formations. There are several

options for storing CO> underground (IPCC, 2018):

e Depleted oil and gas fields;

e Use of CO; in enhanced oil recovery;

e Deep unused saline water-saturated reservoir rocks;
e Deep unmineable coal seams;

e Use of COz in enhanced coal bed methane recovery;

e Other suggested options (basalts, oil shales, cavities).

The efficiency of a geological storage depends on physical and geochemical mechanisms. There
are two types of CO; trapping: physical trapping (structural and hydrodynamic) and geochemical
trapping. Physical trapping is storing CO; in geological formations and it’s assumed that there is
no migration of CO; under the ground. Nevertheless, another type of physical trapping is

hydrodynamic trapping, where fluids migrate slowly through long distances. Thus, in this case,
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when CO:z is injected into a formation, CO; replaces the saline water and CO2 goes up because of
less density. Afterall, CO» is dissolved in formation water. Geochemical trapping occurs when
CO; firstly dissolved in formation water, and when a rock dissolves, the formation water reached
with CO> forms ionic species and then converts to stable carbon minerals. A disadvantage of

geochemical trapping is that it takes way too long — thousand years or more. (IPCC, 2018).

Anyway, there are many regions in the world that have a potential for CO; storage. Generally, a
CO; storage should have an adequate capacity, an appropriate sealing caprock and stable

geological conditions. (IPCC, 2018)

The main costs of a geological storage are drilling wells, infrastructure and project management.
Well costs depend on a depth and a technology used for drilling. There are examples of costs for
geological storages in USA, Australia and Europe. These costs are based on geological
characteristics and include capital costs and operating costs but do not include the prices for carbon
capture, compression and transport of liquified CO; to the storage. These costs are presented in

the Table 11. (IPCC, 2018)

Table 11. Compilation of CO: storage costs (IPCC, 2018)

Option type Onshore  or | Location Median costs, | Median  costs,
offshore US$/tCO: stored €/tCO; stored

Saline formation Onshore Australia 0.5 0.46

Saline formation Onshore Europe 2.8 2.58

Saline formation Onshore USA 0.5 0.46

Depleted oil field | Onshore USA 1.3 1.19

Depleted gas field | Onshore USA 24 2.2

Disused oil or gas | Onshore Europe 1.7 1.57

field

Disused oil or gas | Offshore North Sea | 6 5.51

field

IPCC has provided the data, which represents Australian total storage costs are less than 5
US$/1tCO2, and for USA and Europe are generally around 8 US$/tCO; (IPCC, 2018). Thus, for
this work carbon storage costs are rounded up to 10 €/tCO> with the assumptions of some

additional costs for compression and transport of CO».
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5.4 Methanol synthesis

Methanol is a very important product, which is used in a variety of industrial applications.
Moreover, with the diminishing of fossil fuels, methanol becomes even more attractive to
substitute these fossil fuels in the future. The commercial use of methanol includes chemical
industries for different chemicals production, such as formaldehyde, aromatics, ethylene and other
chemicals. In fuel applications, methanol is used for production of biodiesel and gasoline. Also,
methanol production is one of the applications for energy storage — the excess electricity
generation from renewable sources can be converted to methanol and then easily stored as a fuel

(Ali, et al., 2015).

The conventional and commercial way of methanol production is from fossil fuels. Fossil fuels-
based syngas, which typically contains CO and H». For a few past decades there was a high focus
on technologies that can provide the methanol production from hydrogenation of CO», which
would contribute to global climate actions. The chemical conversion of CO: to methanol through

hydrogenation is shown below (Alj, et al., 2015):
C02 + 3H2 = CH3OH + H20

Szima & Cormos (2018) studied the techno-economic and environmental evaluation of methanol

synthesis plant. The reference plant parameters are shown in the Table 12 (Szima & Cormos, 2018)

Table 12. The parameters of the methanol synthesis plant (Szima & Cormos, 2018)

Mass balance of the plant (kg/kgMeOH)
CO:z to the plant 1.46

H> to the plant 0.199
Energy balance of the plant (kWh/kgMeOH)

Electricity consumption 0.169

Heat consumption 0.436
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The simple layout of the methanol synthesis plant with energy and mass flows is shown in the

Figure 18.
Electricity —» — Methanol
METHANOL
Heat —>
SYNTHESIS
T PLANT
Ha - » —> Heat

Figure 18. Methanol synthesis plant layout
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6 INTEGRATION OF THE BECCUS SYSTEM TO PULP MILL

The aim of the integration system for carbon capture and utilization is to determine feasible system
configurations (carbon capture plant, electrolyser, methanol synthesis plant and CO; storage),

which could offer environmental and economic benefits.
6.1 Advantages of the implementation of BECCUS to a pulp mill

The development of such a new system to pulp and paper industry can bring several advantages.
According to European Commission, electricity prices for industrial sectors are decreasing since
2015, which can bring new opportunities for usage of excess electricity for conversion to other
products (Power-to-X) instead of selling the excess electricity to the grid. (European Commission,

2019)

Besides, hydrogen produced from renewable sources has a high potential to be an important part
in the future transport sector, and a combination of hydrogen and CO, brings new possibilities for
transport decarbonization. Policymakers nowadays are required to respond to sharply changing
markets in order to support the energy system transition in frames of Paris Agreement. Thus, it is
important for policymakers to support efficient markets and developing technologies.
Consequently, the future increased demand for CO;-neutral fuels will reflect market prices for

zero emission fuels, making green methanol prices higher. (DNV GL, 2018)

Another significance of such a system as BECCS is the possibility to reach negative emissions.
Thus, BECCS as a part of carbon dioxide removal (CDR) plays an essential role: biomass is treated
as zero emission and renewable source, which means that the removal of CO, can be considered
as negative. It means that more CO> is removed from the atmosphere than is produced by
humanity. BECCS as one option for reaching negative carbon emissions can bring a “circular
carbon economy” for the future, where all carbon products are produced with renewable sources,
which is shown in the Figure 19. This concept is based on renewable energy generation and usage
of carbon in different chemical applications with further recycling and reusage. (Detz & van der

Zwaan, 2019)
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Figure 19. Circular carbon economy (Detz & van der Zwaan, 2019)

Another advantage of the implementation of BECCUS is the replacement of oxygen separation
unit, which is using atmospheric air for oxygen extraction, by electrolyser. So, with an electrolyser
as a part of BECCUS system, there will be no need to have a separate unit for oxygen production:

oxygen is produced in line with hydrogen by water splitting electrolysis in an electrolyser.
6.2 Assumptions of the system model

There are assumptions made during the system development. These assumptions are presented

below:

- Pulp production does not change with the implementation of BECCUS;

- Comparison of oxygen production from oxygen plant and from electrolyser are neglected;

- All components are running for the whole year with fixed capacities;

- Amines for MEA carbon capture plant are considered as recyclable and thus their prices
are not included in the model,;

- The profit comparison is based on only on excess electricity and heat: either these are sold
to the grid or are used for BECCUS system (the profit of the system is calculated as profit
from methanol production and from benefits of avoiding carbon taxes);

- Additional costs (capital and operational) for CO; capture plant, electrolyser and methanol
synthesis plant are not accounted: the aim is to see how much profit could be made if these

plants already existed and then compare it to the current situation.

In order to estimate the possible economic benefit from the BECCUS integration to the pulp mill,
costs of electricity and carbon tax should be estimated. According to Eurostat, in 2018 electricity

prices for non-households’ consumers (for industries) in average were 90 €/ MWh (European
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Commission, 2019). Average district heating price for Europe in 2013 was 65 €/ MWh (Fjarrsyn,
2016). Current carbon tax in Europe is 25-30 €/tCO2 (Sandbag, 2019). Also, the prices of hydrogen

and methanol should be presented. The price of green methanol is around 350-450€/ton (Nguyen

& Zondervan, 2019). Thus, all needed prices for further calculations are presented in the

Table 13.

Table 13. Prices for calculations

Electricity price €/MWh 90
District heating price €/MWh 65
Carbon tax €1CO2 28
MeOH price €/ton 400




42

7 SCENARIOS FOR DIFFERENT BECCUS SYSTEM’S
CONFIGURATIONS

There are 4 scenarios developed with different configurations of the new system in order to find
the most appropriate final system configuration for BECCUS in a pulp and paper mill. These four

paths are listed below:

1. Scenario 1: “Current system”. In this scenario, there is only the pulp mill without
BECCUS (for further comparison);
2. Scenario 2: “MeOH”. In this scenario, all excess electricity production from the pulp mill
is used for maximum methanol production: This scenario will include two paths:
a) With capture and storage of CO»: “MeOH a”’;
b) Only capture of CO; for methanol production; no capture of excess CO2: “MeOH b”’;
3. Scenario 3: “BECCS”. A System without methanol synthesis: all captured CO; is stored;

4. Scenario 4: “BECCUS”. All COz is stored and some it is utilized for methanol production.

The description and main results of each scenario are described in depths below in Chapters 7.1 -

7.3.
7.1 Scenario 1: “Current system”

The reference mill is an integrated paper mill with pulp production of 1 500 000 adt annually. The
schematic layout of the mill is shown in Figure 20. The mill is self-independent and produces
excess electricity and heat which are sold to the grid. The CO; emissions from the mill are coming
mainly from recovery boiler, but also from power boiler and lime kiln. The emissions from these
three sources are presented in the Table 15. The main parameters of the pulp mill were taken from
calculations in Millflow programme, which has been developed at Lappeenranta University of
Technology (Kuparinen, 2019). The main parameters of the pulp mill are presented in the Table
14.
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Biomass ——  P&P plant —> Heat
—— Electricity
co,
Figure 20. Current system layout
Table 14. Pulp mill parameters
Parameter Unit Value
Pulp production adt/year 1 500 000
Operating days 355
Average daily production adt/year 4225
Electricity production MW 267.06
Mill electricity usage MW 99.68
Excess electricity MW 167.38
Steam to consumers kg/s 185.4
Specific enthalpy (5 bar; 148 °C) kJ/kg 2725
Excess steam MW 505.22
Table 15. COz emissions from the pulp mill
Source Unit Emissions
Power Boiler ktCOy/year 601
Recovery boiler ktCO»/year 2484
Lime kiln ktCO/year 463
Total ktCOy/year 3548

The profit was calculated as the revenue from selling excess electricity and heat to the grid and the
price for carbon emissions (carbon tax). The total profit of the current system without any

BECCUS options is 308.77 miln €.
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7.2 Scenario 2: “MeOH”

The scenario “MeOH” includes the maximum methanol production using excess electricity.
Maximum methanol production can be with geological storage option or without it, thus the

scenario “MeOH " includes two paths:

a) With carbon capture and geological storage;

b) Without geological storage.

7.2.1 Scenario “MeOH a”’

The layout of the BECCUS is presented in the Figure 21.

MEA

Heat

Heat
[ N l

= CO, capture| €O, —> Methanol

Biomass —>| P&P plant

Electrolyser r) Synthesis

CO, emissions

l 1 0,

P&P products o,

CO, stored

Figure 21. “MeOH a” scenario

Scenario “MeOH a” includes carbon capture unit, carbon storage unit, electrolyser and methanol
synthesis unit. In this case, all excess electricity is used for maximum methanol production and
the methanol synthesis plant capacity is 2.52 MW. Based on the annual production of methanol as
126 900 tons per year, the required capacity of electrolyser in order to supply needed amount of
hydrogen is 25 253 tons per year and electrolyser electricity power is 148.2 MWe.. The pulp mill
generates 167.38 MW of excess electricity, which means that in this case all CO> can’t be stored
because of lack of excess electricity. Thus, MEA plant electricity consumption is 16.67 MWk,
which allows to capture 1 032 kt of CO, annually. For this captured CO», 185 kt are used for
methanol production, while other almost 1 million tons of CO; is stored in the geological storage.

The electricity distribution for the scenario “MeOH a” is presented below in the Figure 22.
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MEA plant: 16.66MW

Methanol plant: 2.52MW

Excess electricity: 167.38MW Usage: 167.38MW
Electrolyser: 148.20MW

Figure 22. Electricity flows for the scenario “MeOH a”

Since the MEA plant capacity is limited, this scenario uses only partial CO> capture and thus some

emissions cannot be avoided. The CO; emissions avoided are presented in the Table 16.

Table 16. COz avoided with “MeOH a” scenario

Total CO; emissions from the plant ktCOa/year 3 548
CO; captured by MEA plant ktCOy/year 1032
CO: to the atmosphere ktCOa/year 2515

MEA plant and methanol synthesis plant also use heat for its operations. The pulp plant produces
505.22 MWy, of excess steam, and the heat demand for MEA plant and for methanol synthesis
plant is 71.64 MWy, and 2.97 MWy, respectively. The heat produced by the methanol synthesis
plant (12.84 MW4,) is sold to the grid as well. The rest of heat produced by the plant is sold to the
grid for district heating.

The profit of this scenario is from selling excess heat for district heating and from methanol
production. The revenue from excess heat is 243.63 mln €, while from methanol production is only
50.76 mln €, which is relatively low compared to the revenue from heat. Expenses of this scenario
are: CO; storage costs and carbon tax. The total profit of the scenario “MeOH a” is 215.46 mln €

annually.
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7.2.2 Scenario “MeOH b”’

Scenario “MeOH b is without geological storage of captured CO> from MEA plant. The layout
of the “MeOH b system is presented in the Figure 23.
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I . ]
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Biomass —> P&P plant ’%
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CO, emissions

l 1 0,

P&P products

Figure 23. Scenario “MeOH b”

This scenario has MEA plant, electrolyser and methanol synthesis. Compared to the scenario
“MeOH a”, this scenario has lower MEA plant capacity because no CO; is stored. In this regard,
methanol synthesis plant produces 138 150 tonnes of methanol per year, which is a little bigger

than in scenario “MeOH a”. The electricity distribution of this scenario is shown in the Figure 24.

MEA plant: 3.26MW
Methanol plant: 2.74MW

Excess electricity: 167.38MW Usage: 167.38MW Electrolyser: 161.34MW

Figure 24. Electricity distribution of the scenario “MeOH b”

MEA plant captures 202 kt of CO> annually for the methanol synthesis. This captured CO; is
relatively small compared to annual emissions of the pulp plant, which is 3 548 kt of CO; per year.

CO2 emissions avoided in the “MeOH a” scenario are shown in the Table 17.
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Table 17. COz emissions avoided in the “MeOH a” scenario

Total CO; emissions from the plant ktCOa/year 3548
CO; captured by MEA plant ktCOy/year 202
CO: to the atmosphere ktCOy/year 3 347

The revenue of this scenario comes from excess heat and methanol production: 275.87 mln € and
55.26 mln € respectively. In this case, there are no expenses for CO storage and there is only

carbon tax, which is 93.72 mln €. The total profit of the scenario “MeOH b” is 237.44 mln €.
7.2.3 Scenario 3: “BECCS”

The third scenario “BECCS” includes only MEA plant and a geological storage. The layout of

BECCS system is presented in the Figure 25.

MEA
I
Heat |
| > Heat
I
CO
= CO, capture
Biomass —> P&P plant
co,
Electricity

CO, stored
P&P products

Figure 25. “BECCS” scenario

In this scenario, the BECCS system uses all excess electricity for carbon capture unit. In order to
capture all COz, it’s the required capacity of MEA plant is 57.27 MW, and there is high heat

demand. The electricity and heat distributions are shown in the Figure 26 and Figure 27.



48

MEA plant: 57.27MW

Excess electricity: 167.38MW

To the grid: 110.11MW

Figure 26. Electricity distribution for “BECCS” scenario

MEA plant: 246.16MW

Excess heat: 505.21MW

To the grid: 259 .05MW

Figure 27. Heat distribution for “BECCS” scenario

In this scenario, the revenue comes from excess electricity and heat, which are sold to the grid.
From expenses, there are only geological storage costs. The total profit of this scenario is 192.41

mln € annually.
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7.3 Scenario 4: “BECCUS”
The “BECCUS” scenario utilizes all excess electricity for CO> capture as in the scenario

“BECCS”, but in this case the rest excess electricity is used for methanol production. The layout

of the system for “BECCUS” scenario is presented in the Figure 28.

MEA
I
Heat |
J, i Heat J, Heat
|
H
Cco 2 . — Meth |
CO, capture |92 | Electrolyser Synthesis ethane
Biomass —>| P&P plant F
Electricity Electricity
J —
P&P products

CO, stored

Figure 28. “BECCUS” scenario

This scenario has MEA plant, electrolyser, methanol synthesis plant and geological storage. In this
case, all COz is captured, some of it is used for 92 700 tons of methanol production per year, while

all the rest of COz is stored.

Figure 29. Electricity distribution for “BECCUS” scenario

Around half of excess heat is used by MEA plant and methanol synthesis plant, and 263.69 MW,
of heat goes to the grid for district heating. The heat distribution in “BECCUS” scenario is shown
in the Figure 30.
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Figure 30. Heat distribution for “BECCUS” scenario

The revenue of this scenario comes from selling excess heat to the grid (146 mln €/year) and from
methanol production (37.08 mln €/year). The expenses include only CO, storage costs and the

total revenue for “BECCUS” scenario is 148.98 mln € annually.
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8 RESULTS

In Chapter 7, there have been analyzed five different scenarios, which included current pulp mill
and its profit, and also configurations of BECCUS systems, which included options with only
carbon capture unit, and also options with carbon utilization. With current market prices on

electricity, district heating and methanol prices and assumed carbon tax, which were presented in

the Table 13, the profit of each scenario is shown in the Figure 31.

Profit, min € annually

Current system MeOH a MeOH b BECCS BECCUS

Figure 31. Profit from different scenarios

Figure 31 shows that current system scenario has the biggest profit from selling excess electricity
and heat to the grid. Scenarios with methanol production (“MeOH a” and “MeOH b”’) depend on
methanol price, which might grow in the future due to higher demand for green fuels. In scenario
with BECCS, where all COs is stored, a big part of excess electricity and heat are used for carbon
capture plant, and thus the profit is coming from the rest of excess electricity and heat and carbon
tax savings. Scenario “BECCUS” has the least profit compared to other scenarios, because
additional methanol production to BECCS system uses all excess electricity, and current prices for

electricity are more beneficial than methanol prices.

In order to perceive profit structure of each scenario and from which sources profit comes from,

Figure 32 is presented below, showing the distribution of scenarios expenses and income.
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Profit structure, mln €/year

450,0
350,0
250,0
150,0
50,0
-35,5 34,1
-50,0
-150,0
Current system MeOH a MeOH b BECCS BECCUS

M Electricity M Heat B MeOH CO2 storage M CO2 tax

Figure 32. Profit structure of different scenarios

Figure 32 shows that all scenarios have a large part of profit from selling heat for district heating.
In scenarios “Current system”, “MeOH a” and “MeOH b carbon price takes away a big part of
profit. Therefore, considering future increase of carbon tax, these scenarios might have less profit
in the future. Scenarios “MeOH a” and “MeOH b” have relatively small share of profit from
methanol production: current methanol prices are not competitive, and the quantity of methanol
production is low (126 900 t/year and 138 150 t/year respectively). The profit might change with
the increase of methanol prices. Scenarios “BECCS” and “BECCUS” have a big share of costs
for carbon storage for the reason that all the CO, emitted is stored. Scenario “BECCS” has a big
part of profit from excess electricity, while scenario “BECCUS” has a small share of income from

methanol production (92 700 t/year).
8.1 Sensitivity analysis of prices for electricity, heat, methanol and carbon

In order to understand how future prices can affect the profit of different scenarios, the sensitivity
analysis of electricity prices, district heating prices, methanol prices and carbon tax prices was

carried out. The sensitivity analysis of these prices is shown in Figure 33 - Figure 36.
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Sensitivity analysis: electricity prices
400

350 —

€
w
S
S

N
(%)
o

N
o
o

=
(%)
o

Annual profit, min

=
Ul o
o o

o

30 40 50 60 70 80 90 100 110 120 130
Electricity prices, €/MWh

e o] "Current system" 2a "MeOH" 2b "MeOH" 3 "BECCS" e 4 "BECCUS"

Figure 33. Sensitivity analysis of electricity prices

Figure 33 shows that scenarios “MeOH a”, “MeOH b” and “BECCUS” are not affected by
changing of electricity prices, while “Current system” and “BECCS” profits are increasing with
the rise of electricity price (the reason of it is that only these two scenarios have excess electricity

for selling to the grid).

Sensitivity analysis: district heating prices
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Figure 34. Sensitivity analysis of district heating prices
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Figure 34 shows that all scenarios have their profit increased with the rise of district heating prices.
Scenarios “Current system”, “MeOH a” and “MeOH b” have their profit increased sharply with
district heating prices, while scenarios “BECCS” and “BECCUS” have slow increase in profit.
These two scenarios use the large part of accessible excess heat from the pulp mill, which effects
on the amount of excess heat available after its usage by carbon capture plant and methanol

synthesis plant.

Sensitivity analysis: Carbon tax
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Figure 35. Sensitivity analysis of carbon prices

Figure 35 shows that with the increase of the prices for carbon, the profit is going down for
scenarios “Current system”, “MeOH a” and “MeOH b”. At the price of carbon as 60 € per tonne
COg, the “Current system” scenario is not profitable anymore compared to “BECCS” scenario.
55 € for carbon price is also critical point for “MeOH a” and “MeOH b ”: after crossing 55 € price,
“MeOH a” becomes more profitable than “MeOH b” because scenario “MeOH b’ has higher
CO; emissions. Profit for scenarios “BECCS” and “BECCUS” is not changing with the rise of
carbon price, because these scenarios capture all CO,. Also, scenario “BECCUS” becomes more

profitable than “Current system”, when the price of carbon exceeds 73 €.
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Sensitivity analysis: methanol prices
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Figure 36. Sensitivity analysis of methanol prices

Figure 36 shows increase in profit of three scenarios: “MeOH a”, “MeOH b” and “BECCUS”
with the increase of methanol prices due to its methanol production: 126 900 tons, 138 150 tones
and 92 700 tons per year respectively. At the methanol price 910 €/ton, scenario “MeOH b”
becomes more profitable than the “Current system”. At the methanol price 1130 €/ton, scenario
“MeOH a” becomes more profitable than the “Current system”. “BECCUS” scenario has its
profit increased with the methanol prices as well and at the methanol price 860 €/ton it becomes

more profitable than “BECCS” scenario.
8.2 Future approximations

The results showed that carbon prices are sharply affecting the profits of all scenarios, positively
only for the scenario “BECCS”. Also, methanol prices beneficially effect the profits of “MeOH
a” and “MeOH b”. Consequently, if the carbon prices and methanol prices will be rising in the
future and will be more than 60 €/ton for carbon and 900 €/ton for methanol, then future
approximations of how different prices of electricity, district heating would affect more the profit
of all scenarios. Since only “BECCS” scenario with carbon price 60 € has the same profit as

“Current system” scenario, the future approximations are set with the fixed prices as:

e 60 €/ton for carbon and 900 €/ton for methanol;

e 70 €/ton for carbon and 1000 €/ton for methanol.
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The profit from variations of electricity prices and district heating prices at the fixed carbon tax as

60 €/ton and methanol price as 900 €/ton are shown in the Figure 37 - Figure 38.

Electricity variations with carbon price 60 €/ton and methanol
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Figure 37. Electricity sensitivity analysis with fixed carbon tax 60 €/ton and methanol price 900 €/ton.

District heating variations with carbon price 60 €/ton and
methanol 900 €/ton
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Figure 38. District heating sensitivity analysis with fixed carbon tax 60 €/ton and methanol price 900 €/ton.
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Figure 37 shows that with the fixed price for carbon 60€/ton and for methanol 900 €/ton profits of
“BECCS” and “Current system” scenarios are increasing rapidly. Electricity prices up to 90

€/MWh make the current system scenario less profitable due to high carbon and methanol prices.

Figure 38 shows that with the rise of district heating prices, profits of all scenarios are increasing.
Scenarios “MeOH a” and “MeOH b” have its profit increasing in line with “Current system”
scenario and have almost the same profit at all prices for district heating. At the district heating
price 20 € MWh, “BECCUS” and “BECCS” scenarios are the most profitable ones because a big
part of excess heat is used rather than just sold to the grid, but at the district heating price around

63 €/MWh, these scenarios become less competitive to other scenarios.

The profit from variations of electricity prices and district heating prices at the fixed carbon tax as

70 €/ton and methanol price as 1000 €/ton are shown in the Figure 39 - Figure 40.

Electricity variations with carbon price 70 €/ton and methanol
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Figure 39. Electricity sensitivity analysis with fixed carbon tax 70 €/ton and methanol price 1000 €/ton.
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District heating variations with carbon price 70 €/ton and
methanol 1000 €/ton
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Figure 40. District heating sensitivity analysis with fixed carbon tax 70 €/ton and methanol price 1000 €/ton.

Figure 39 shows that only “Current system” and “BECCS” scenarios have their profit increasing
with the electricity prices, while for other scenarios the profit doesn’t change. At any electricity
price, the “Current system” scenario is the least profitable and “BECCUS” scenario remains the

most profitable.

Figure 40 shows that at the district heating price 20 €/ MWh, “Current system” and “MeOH b”
scenarios are not profitable at all. With the rise of district heating prices, all scenarios have their
profit increasing, but for “Current system”, “MeOH a” and “MeOH b” the increase is sharper
compared to “BECCS” and “BECCUS” scenarios. At the district heating price 20 €/ MWh,
“BECCUS” scenario is the most profitable.

In order to see how the combination of reduced prices for electricity and district heating and
increased prices for carbon and methanol, there are developed four cases with variations of prices,

which are shown in the Table 18. Figure 41 shows the profit of these three cases.

Table 18. Three cases with variations of electricity. DH, carbon and methanol prices

Case 1 Case 2 Case 3 Case 4
Electricity prices, € MWh 90 80 70 60
District heating prices, € MWh 65 55 50 45
Carbon tax, €/ton 28 40 50 60
Methanol price, €/ton 400 600 800 1200
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Figure 41. Profit from all scenarios with reduced electricity and DH prices and increased carbon and methanol prices

Figure 41 shows that cases 3 and 4 look more beneficial compared to “Current system” scenario
with reduced electricity and district heating prices and for increased methanol and carbon prices.
“BECCUS” scenario has its profit increased steadily with changing of prices due to avoiding the
carbon tax and high methanol prices, while electricity prices do not effect “BECCUS”. Scenario
“MeOH a” and “MeOH b have their profits almost without any change in case 3 and 4, because
the income from methanol production with increased methanol prices is compensated with the rise
of carbon price. Scenario “BECCS” has its profit decreased with the changes of prices due to

decreased electricity and district heating prices — the income is based on selling it to the grid.

Nevertheless, the profit of all scenarios itself doesn’t include investment costs. Currently, there
are no existing large-scale implementation and thus it’s hard to estimate the investment costs for
such new systems. However, based on calculations presented above, it will be possible to include

the investment costs in the future for further analysis.
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9 CONCLUSIONS

The change energy and industrial sectors is very demanding nowadays due to its increasing
demand. Especially taking into account that almost a quarter of all greenhouse gas emissions are
coming from the industrial sector, it is very important to take into consideration new technologies
for industrial sector available for market in order to reduce emissions and improve efficiencies of
the processes. For a variety of scenarios for global energy systems carbon capture technologies
play a vital role. Especially for pulp and paper industry with the carbon neutral biogenic emissions,
carbon capture and utilization technologies have a huge potential in implementation to already
existing mills. Besides, future rise of carbon tax and the increase of costs for green fuels, such as
methanol, will affect existing systems as well. Thus, the aim of this master thesis was to evaluate

the feasibility of integration of BECCS or BECCUS to an existing pulp mill.

The literature review showed that the most suitable carbon capture technology is amine-based
carbon capture technology due to its commercial availability at the current market and high
efficiency of carbon capture. The type of electrolyser was taken as alkaline one with the same
reason: commercial availability at the market. The possible integration systems consist of either
pulp mill and MEA carbon capture plant or pulp mill, MEA carbon capture plant, electrolyser and

methanol synthesis plant.

In order to evaluate the economic and technological performance of the BECCS or BECCUS
system, there were developed 5 scenarios: “Current system”, which had only the pulp mill;
Maximum methanol production with carbon storage “MeOH a’’; maximum methanol production
without carbon storage “MeOH b”’; scenario with capturing all CO, “BECCS” and scenario with
capturing all CO> and further utilization of some captured CO> “BECCUS”. All these 4 new

scenarios were using only excess electricity and heat.

The analysis showed that with the current market prices for electricity, district heating, carbon
prices and prices for methanol it’s more profitable not to implement any BECCUS system and just
sell excess electricity and heat to the grid. However, the energy policies are sharply changing and

there are more and more efficient technologies becoming available.

The sensitivity analysis of electricity, district heating, carbon and methanol prices showed that
profit of all scenarios is changing. Thus, with the price 60 € per tonne for carbon, scenario
“BECCS” becomes as profitable as the current system. With the rise of methanol price to 920

€/ton, the scenario “MeOH b” becomes as profitable as “Current system” and with the rise of
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methanol price to 1150 €/ton scenario “MeOH a” becomes as profitable as “Current system” as
well. Low electricity and heat prices are also making the new scenarios more feasible compared

to “Current system”.

It was predicted that carbon tax will rise in the future, as well as the prices for methanol due to
future higher demand for clean fuels. With this regard, there were approximations made in order
to see how the profit of new systems changes. With low electricity and district heating prices and
high carbon and methanol prices it is concluded that both BECCS and BECCUS system become
more profitable. At the level of low electricity and heat prices, and high carbon and methanol
prices, selling excess electricity and heat becomes not feasible and not profitable, which makes
BECCS or BECCUS technology implementation to pulp and paper realistic and achievable.
However, the investment costs were not included in the calculations, and the purpose of the
calculations presented above was to show how these new systems could benefit if they would be
already implemented. In this regard, including the investment costs to this analysis in the future

will bring more feasible and realistic scenarios.
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APPENDIX I: Current system scenario

Market prices

Electricity €/MWh 90
Carbon tax €/t 28
FLH h 8520
DH €/MWh 65
Profit min € 308.77

Pulp and paper mill
Pulp production adt/year 1500 000
Operating days 355
Average daily production adt/year 4225
Electricity production MW 267.06
Mill usage MW 99.68
Excess electricity Mw 167.38
Steam to consumers kg/s 185.40
Specific enthalpy (110 bar) ki/kg 2725
Excess steam kJ/s 505 215
Excess steam MW 505.22
CO2 sources
Power Boiler kg/s 19.6
Recovery boiler kg/s 81
Lime kiln kg/s 15.1
CO2 sources in TCO2/year
Power Boiler TCO2/year 601171.2
Recovery boiler TCO2/year 2484 432.0
Lime kiln TCO2/year 463 147.2
Total TCO2/year 3548 750.4

*from selling electricity and DH to the grid

Other prices
MeOH




10

MeOH a scenar

APPENDIX II

Pulp and paper mill CO2 capture unit Electrolyser Methanol synthesis
Pulp production adt/year 1 500 000 CO2 demand for methanol prod t/year 185274 Hydrogen production| t/year 25253 Methanol production t/year 126 900
Operating days 355 Overall CO2 capture t/year 1032 800 FLH h 8520
Average daily production adt/year 4225 CO2 to the storage t/year 847 526 System Efficiency kWh/kgH2 50 CO2 to the plant kg/kgMeOH 1,46
Electricity production MW 267,06 CO2 captured MWh/TCO2 0,14 System Efficiency kWh 1262 655 000 CO2 demand t/year 185274
Mill usage MW 99,68 FLH h 8520 Capacity MW 148,20
Excess electricity MW 167,38 Efficiency % 0,90 Water consumption L/kgH2 15,00 H2 to the plant kg/kgMeOH 0,20
Capacity Mw 16,67 Water consumption L 378 796 500 H2 demand t/yeaar 25253
Steam to consumers kg/s 185,40 Heat consumption MWh/TCO2 0,58
Specific enthalpy (110 bar ki/kg 2 725,00 Heat demand MW 71,64 Electricity ion| kWh/kgMeOH 0,17
Excess steam ki/s 505 215,00 Electricity demand MWh 21 446
Excess steam MW 505,22 Capacity MW 2,52
CO2 sources FLH h 8520
Power Boiler kg/s 18,6 CO2 STORAGE Heat consumption MWh/tMeOH 0,44
Recovery boiler kg/s 81 CO2 to the storage t/year 847526 Heat d d MW 6,49
Lime kiln kg/s 151 Costs of CO2 stored £/tCO2 10
Total costs of CO2 stored € 8475260 Heat production MWh/tMeOH 0,86
€02 sources in TCO2/year Heat production MW 12,84
Power Boiler TCO2/year | 6011712 Price of MeOH €/ton 400
Recovery boiler TCO2/year |2 4844320 €02 TO THE ATMOSPHERE
Lime kiln TCO2/year | 463 147,2
Total TCO2/year |3548750,4 CO2 to the atmosphere _ t/year _ 2515 950,40
Excess electricity from all processes 0,00
Excess heat 439,92
Revenue
Excess electricity min€ 0,00
Excess heat min€ 24363
MeOH production min€ 50,76
Expenses
CO2 storage min € 8,48
Tax for carbon min€ 70,45
TOTAL PROFIT min € 215,46
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MeOH b scenar
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APPENDIX III

Pulp and paper mill CO2 capture unit Electrolyser Methanol synthesis
Pulp production adt/year 1500 000 CO2 demand for methanol pro t/year 201 699 Hydrogen production t/year 27 491,85 Methanol production t/year 138 150
Operating days 355,00 Overall CO2 capture t/year 201 699 FLH h 8520
Average daily production| adt/year 4 225,00 CO2 to the storage t/year 0 System Efficiency kWh/kgH2 50 CO2 to the plant kg/kgMeOH 1,46
Electricity production MW 267,06 CO2 captured MWh/TCO2 0,14 System Efficiency kwh 1374 592 500 CO2 demand t/year 201 699
Mill usage MW 99,68 FLH h 8520 Capacity MW 161,34
Excess electricity MW 167,38 Efficiency % 0,90 Water consumption L/kgH2 15 H2 to the plant kg/kgMeOH 0,20
Capacity MwW 3,26 Water demand L 412 377 750 H2 demand t/yeaar 27 491,85
Steam to consumers kg/s 185,40 Heat consumption MWh/TCO2 0,59
Specific enthalpy (110 ba ki/kg 2 725,00 Heat demand Mw 13,99 Electricity ion|kWh/kgMeOH 0,17
Excess steam ki/s 505 215,00 Electricity demand MWh 23 347
Excess steam MW 505,22 Capacity MW 2,74
CO2 sources CO2 to the atmosphere t/year 33470514 FLH h 8520
Power Boiler kg/s 19,6 Heat consumption MWh/tMeOH 0,44
Recovery boiler kg/s 81 Heat demand MW 7,07
Lime kiln kg/s 15,1
Heat production MWh/tMeOH 0,86
202 sources in TCO2/year Heat production MwW 13,98
Power Boiler TCO2/year | 601171,20 Price of MeOH €/ton 400
Recovery boiler TCO2/year | 2 484 432,00
Lime kiln TCO2/year | 463 147,20
Total TCO2/year | 3 548 750,40
Excess electricity from all processes 0,05
Excess heat 498,13
Revenue
Excess electricity min€ 0,04
Excess heat min € 275,87
MeOH production min€ 55,26
Expenses
CO2 storage min€ 0
Tax for carbon min€ 93,72
| TOTALPROFIT min € 237,44




APPENDIX IV: BECCS scenario

Pulp and paper mill

CO2 capture unit
Overall CO2 capture t/year 3548750,40
CO2 captured MWh/TCO2 0,14
FLH h 8 520
Efficiency % 0,90
Capacity MW 57,27
Heat consumption MWh/TCO2 0,59
Heat demand MW 246,16

CO2 STORAGE

CO2 to the storage t/year 3548 750,40
Costs of CO2 stored €/tCO2 10
Total costs of CO2 stored € 35 487 504,00

Pulp production adt/year | 1500000
Operating days 355
Average daily production adt/year 4225
Electricity production MW 267,06
Mill usage MW 99,68
Excess electricity MW 167,38
Steam to consumers kg/s 185,40
Specific enthalpy (110 bar) ki/kg 2 725,00
Excess steam ki/s 505 215,00
Excess steam MW 505,22
CO2 sources
Power Boiler ke/s 19,6
Recovery boiler kg/s 81
Lime kiln kg/s 15,1
CO2 sources in TCO2/year
Power Boiler TCO2/year| 601 171,20
Recovery boiler TCO2/year|2 484 432,00
Lime kiln TCO2/year| 463 147,20
Total TCO2/year|3 548 750,40
Excess electricity from all processes 110,11
Excess heat 259,05
Revenue
Excess electricity min € 84,43
Excess heat min € 143,46
MeOH production min € 0
Expenses
CO2 storage min € 35,49
Tax for carbon min € 0,00
TOTAL PROFIT min € 192,41
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: BECCUS scenar

APPENDIX V

Pulp and paper mill CO2 capture unit Electrolyser Methanol synthesis
Pulp production adt/year | 1500000 CO2 demand for methanol prod| t/year 135 342 Hydrogen production] t/year 18 447 Methanol production t/year 92 700
Operating days 355,00 Overall CO2 capture t/year 3548750 FLH h 8520
Average daily production | adt/year 4 225,00 CO2 to the storage t/year 3413408 System Efficiency kWh/kgH2 50 CO2 to the plant kg/kgMeOH 1,46
Electricity production MW 267,06 CO2 captured MWh/TCO2 0,14 System Efficiency kwh 922 365 000 CO2 demand t/year 135 342
Mill usage MW 99,68 FLH h 8 520,00 Capacity MW 108,26
Excess electricity MW 167,38 Efficiency % 0,90 Water consumption | L/kgH2 15,00 H2 to the plant kg/kgMeOH 0,20
Capacity MW 57,27 Water consumption L 276 709 500 H2 demand t/yeaar 18 447
Steam to consumers kg/s 185,40 Heat consumption MWh/TCO2 0,59
Specific enthalpy (110 bar| kl/kg 2 725,00 Heat demand MW 246,16 Electricity ion| kWh/kgMeOH 0,17
Excess steam ki/s 505 215,00 Electricity demand MWh 15 666
Excess steam MW 505,22 Capacity MwW 1,84
CO2 sources FLH h 8520
Power Boiler kg/s 19,6 CO2 STORAGE Heat consumption MWh/tMeOH 0,44
Recovery boiler kg/s 81 CO2 to the storage t/year 3413 408 Heat d d MW 4,74
Lime kiln kg/s 151 Costs of CO2 stored €/tCO2 10
Total costs of CO2 stored € 34 134084 Heat production MWh/tMeOH 0,86
CO2 sources in TCO2/year Heat production MW 9,38
Power Boiler TCO2/year| 601 171,20 Price of MeOH €/ton 400
Recovery boiler TCO2/year |2 484 432,00
Lime kiln TCO2/year| 463 147,20
Total TCO2/year|3 548 750,40
Excess electricity from all processes 0,01
Excess heat 263,69
Total costs
Excess electricity min€ 0,01
Excess heat min € 146,03
MeOH production min€ 37,08
Expenses
CO2 storage min € 34,13
Tax for carbon min € 0,00
TOTAL PROFIT min € 148,98




