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Can carbon capture be a new revenue
opportunity for the pulp and paper sector?
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ABSTRACT: Transition towards carbon neutrality will require application of negative carbon emission technolo-
gies (NETs). This creates a new opportunity for the industry in the near future. The pulp and paper industry already
utilizes vast amounts of biomass and produces large amounts of biogenic carbon dioxide. The industry is well
poised for the use of bioenergy with carbon capture and storage (BECCS), which is considered as one of the key
NETs. If the captured carbon dioxide can be used to manufacture green fuels to replace fossil ones, then this will
generate a huge additional market where pulp and paper mills are on the front line.

The objective of this study is to evaluate future trends and policies affecting the pulp and paper industry and to
describe how a carbon neutral or carbon negative pulp and paper production process can be viable. Such policies
include, as examples, price of carbon dioxide allowances or support for green fuel production and BECCS implemen-
tation. It is known that profitability differs depending on mill type, performance, energy efficiency, or carbon dioxide
intensity. The results give fresh understanding on the potential for investing in negative emission technologies.
Carbon capture or green fuel production can be economical with an emission trade system, depending on electricity
price, green fuel price, negative emission credit, and a mill’s emission profile. However, feasibility does not seem to
evidently correlate with the performance, technical age, or the measured efficiency of the mill.

Application: This study gives fresh understanding on the potential for investing in negative emission technolo-
gies and green fuel production in the pulp and paper industry; thus, the results may be interesting to industrial oper-

ators and policymakers.

s humans seek ways to limit the rise in global tem-
Ai)erature, capturing carbon dioxide (CO,) emis-
ions from biomass burning and permanently stor-
ing these emissions appears one potential way to create the
necessary negative CO, emissions. As the pulp and paper
industry is already the largest industrial bioenergy user, it
is well positioned to apply carbon capture and utilization
or storage (CCUS) [1]. Kraft pulp mills produce renewable
energy from biomass with their recovery boilers, which
represent one of the world’s largest segments of biomass
boilers [2]. In most mills, an additional biomass boiler com-
busts bark and other wood residues, generating even more
bioenergy. On average, a European kraft pulp mill emits
over 0.5 metric tons of biogenic CO, per year [3]. The glob-
al technical carbon capture potential from kraft pulp mills
has been estimated at approximately 137 megatonnes of
CO, (Mt per year [4]. Therefore, kraft pulp mills offer a
significant potential for implementation of both bioenergy
with carbon capture and storage (BECCS) and bioenergy
with carbon capture and utilization (BECCU).

BECCS is considered as one of the key negative emis-
sion technologies (NETs). BECCS leads to negative emis-
sions when carbon from sustainably grown biomass is cap-
tured and permanently stored. Large pulp and paper
production units enable BECCS implementation in the ex-
isting processes without additional land use or biomass
harvesting. The pulp and paper industry is a diverse indus-
trial sector with high energy intensity and a high share of

bioenergy. If BECCS is used in kraft pulp mills, the fossil
CO, emissions are often small enough to make the mill a
carbon sink, even with a low carbon capture rate [4]. Onar-
heim et al. [5] estimated that a negative emissions credit of
60-80 EUR/metric ton, (approximately 75-95 USD/met-
ric tong,,) would be needed for a profitable CCS implemen-
tation at a kraft pulp mill. The costs are lower for a stand-
alone mill and higher for an integrated mill. Using BECCU,
a mill could utilize captured CO, for production of renew-
able biofuels or chemicals for sale [6], thus widening its
product portfolio. As there are secondary steam and low
temperature heat streams in pulp mills that can be utilized,
there are additional financial benefits. Renewable fuels and
chemicals production from captured biobased CO, does
not always decrease atmospheric CO,, but it delays CO, re-
lease. If the products are used to replace fossil ones, they
indirectly decrease CO, in the atmosphere.

A European long-term vision [7] aims at net-zero green-
house gas (GHG) emissions by 2050. The European Green
Deal provides an action plan towards the target, naming
CCUS as one of the industrial priority areas [8]. A sustain-
able energy system has a key role, since 75% of the GHG
emissions originate from energy supply in the EU. The
main policy instrument is the emission trading system
(ETS), which considers only fossil CO, [9]. The lack of po-
litical prioritization, followed by the lack of policy incen-
tives, is currently seen as the main barrier preventing in-
vestments in BECCS [10]. In the United States, no federal
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level mandate is yet in use, but industrial operators need
to react to the developing legislation and limitations aimed
at emission reduction. The U.S. long-term low greenhouse
gas emission development strategy under the United Na-
tions Framework Convention on Climate Change (UNFCCC)
includes industrial CCUS [11]. A recent report on “Net-Zero
America” from Princeton University [12] calls for biomass
industry to utilize BECCS, electrolysis, and/or methane re-
forming to revolutionize the energy sector by 2050. For
example, in California, a cap-and-trade program is a key
element of the state’s strategy to cost-effectively reduce
GHG emissions and meet set emission targets [13]. The pro-
gram is an emission trade system and largely similar to the
EU ETS program in that it creates an annually reduced
amount of allowances for permissible emissions.

Viable CO, utilization as a raw material requires creation
of an economical operational environment for the new tech-
nologies and products. Bulk products, such as fuels, com-
pete in the market with their fossil alternatives and are
likely to need legislative support in the form of mandates or
subsidies to gain ground [6]. Carbon capture and low carbon
fuels both play a notable role in the transition to a low car-
bon or carbon reuse economy. Their feasibility can be im-
proved by several measures, including taxation, emissions
trade schemes, and financial support for capital investment.
Capital costs play a notable role in CCS projects [14].

In this paper, energy consumption data on different
types of mills is used to find out what kinds of incentives
are needed to make BECCS or green fuel production eco-
nomical in the existing pulp and paper industry. The paper
aims at finding out when the revenue from generated CO,
or produced fuel per metric ton of product exceeds the cost
of applying the new processes. The results of the paper ad-
vance the knowledge on the effects of BECCS/BECCU im-
plementation in different types of pulp and paper mills and
clarify what combination of cost factors and mill operation-
al features promotes investments in BECCS/BECCU, while
also considering the effect of carbon pricing. Even though
the revenue from biogenic CO, generation might be signif-
icant, the economic lifeline for the pulp and paper industry
remains production of paper and paperboard.

METHODS AND MATERIALS
Mill data and classification
Energy consumption and its allocation to products (pulp,
paper, or paperboard) in different types of Nordic pulp and
paper industry units was earlier studied [15], and the col-
lected statistical data was updated for a previous study [10]
using recent references [17,18] and CO, emission statistics
[19]. The data was originally collected in 2018-2019 and up-
dated in 2020 using the most recent references. Company
and unit specific data collection, more than one company
operating on the same site, and energy generation both for
sale and for a company’s own use create challenges in com-
piling comparable data. The effect of uncertainties in the
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statistical data was minimized by using careful consider-
ation and the choice of studied mills [20]. The selection of
mills for this study was then chosen based on the objective
to both include a wide selection of mill types and ensure
the accuracy of the used data. Data collection and its limita-
tions are discussed in more detail in earlier studies [15,16].

The mill types included in this study were intentionally
diverse: market kraft pulp, supercalendered/lightweight
coated (SC/LWC) paper, integrated fine paper, newsprint,
and testliner [16]. Table I shows these categories and in-
troduces the mills within the categories. These mill types
account for the majority of mills in the Nordic countries.
The studied mills annually produce 9.7 million metric tons
of pulp and 7.4 million metric tons of paper/board, and
thus accounted in 2019 for approximately 21% of pulp pro-
duction and 7% of paper/board production in Europe [21].
The mills were further grouped into good, average, and
low performers within the categories based on industrial
experience. The score in the performance category implies
overall performance and is not associated with, for exam-
ple, fossil fuel usage. The studied mills have widely differ-
ing energy economics; namely, the specific electricity and
heat consumption for the same product vary. Most of them
produce chemical (kraft) pulp, but smaller amounts of me-
chanical or semichemical pulp or recycled fiber is also pro-
duced and/or used. Many mills produce more than one
product, and their energy portfolio is diverse. The main
fossil fuel used is heavy fuel oil (HFO) or natural gas (NG).
Many mills use smaller amounts of other fossil fuels, such
as light fuel oil (LFO), coal, peat, and propane. Integrated
mills include mills that operate on the same site, even when
legally operated by separate companies.

Energy efficiency can be defined as the ability to pro-
duce high amounts of product using a small amount of en-
ergy. Improved energy efficiency is likely to decrease pro-
duction costs. However, energy efficiency does not
necessarily correlate with the economic performance of the
mill, because the economic performance depends on many
factors in addition to energy efficiency. Improved energy
efficiency also leads, in general, to a decrease in specific
CO, emissions, but an energy-efficient mill is not necessar-
ily CO, efficient due to different products, process alterna-
tives, and mill configurations. Stenqvist and Ahman [22]
also noticed that benchmark-based allowance allocation,
such as in the EU ETS, does not result in the best perfor-
mance in sectors like the pulp and paper industry due to
concentrating on specific energy consumption (SEC) in-
stead of emission intensity. Therefore, in addition to SEC,
we calculated the CO, emission intensity (kgCO,/metric
ton,, 4, for the studied mills [16]. Earlier studies [15,23]
present the principles used for the allocation of energy con-
sumption and calculating the energy efficiency and emis-
sion intensity. The used CO, emission factors and lower
heating values (LHVs) of the fuels are based on references
[23-25]. The specific energy and emission figures were cal-
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Mill Name Economic Integl:ated Main Fossil
Performance Mill Fuel
Market kraft pulp mill Pulp1 good yes Bio?
Pulp2 average no HFO
Pulp3 average no HFO
Pulp4 average no Bio'/NG
Pulp5 low no NG
SC/LWC paper mill MagzP1 good yes NG
MagzP2 average yes HFO
MagzP3 low yes NG
Integrated fine paper mill FineP1 good yes HFO
FineP2 average yes NG
FineP3 low yes HFO
Testliner mill TestL1 good yes NG
TestL2 average yes HFO
TestL3 average yes HFO
TestL4 low yes HFO
Newsprint mill NewsP1 good yes HFO
NewsP2 low yes HFO
SC/LWC = supercalendered/lightweight coated; HFO = heavy fuel oil; NG = natural gas.
1The mill uses biofuels to notably substitute for typical fossil fuel use.

I. Mill classification and the studied mills.

culated for pulp and paper combined, despite that, in inte-
grated mills, part of pulp is commonly used on site in paper
or board production.

Figure 1 presents the specific electricity and heat bal-
ances of the studied mills. The figure shows that the stud-
ied market kraft pulp mills are energy-independent and
even produce excess power and heat. In the other mill
groups, meeting the electricity demand typically requires
purchase, and heat production is commonly adjusted to
their own use by additional production, considering the
secondary heat from electricity use.

Figure 2 presents the CO, emission intensity, as well
as the share of fossil CO, emissions calculated from the total
emissions for the studied mills. The CO, emissions include
the usage of all fossil and biobased fuels, along with bio-
based side streams combusted on site. Emission intensity
is related to the energy efficiency of the mill and the choice
of fuels because they have varying emission factors. Effi-
ciency and fuel choices vary greatly between the studied
mills. Figure 2 shows that the lowest share of fossil fuels is
in the market kraft pulp mill and the testliner mill groups,

and the highest is in the SC/LWC paper mill and newsprint
mill groups. The figure also highlights the clear differences
between individual mills, even in the same group. These
differences do not seem to correlate with the economic
performance of the mills.

Carbon capture in pulp and paper industry units
Capture of biogenic CO, from the outgoing flows of a pulp
and paper mill is a little studied subject [26], but recent stud-
ies have found it technically feasible [4,27]. The largest CO,
point sources in a pulp mill are the combustion processes:
the recovery boiler, the lime kiln, and the biomass boiler.
Several capture methods — such as pre-combustion, post-
combustion, and oxy-combustion methods — can be ap-
plied at pulp and paper mills. Many of these are in the de-
velopment stage. The commercial monoethanolamine
(MEA) process [26,28,29] is the most studied capture meth-
od and was chosen as the reference method in this study.
As a post-combustion method, it can be easily applied to
existing mills. The efficiency of the MEA process is at
around 80%-90%. The MEA process uses electricity and
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1. Specific electricity (a) and heat (b) balances for the studied mills.

steam, therefore affecting the energy balance of the mill
[28]. While a modern kraft pulp mill often produces elec-
tricity and steam in excess of its own needs [30], an inte-
grated mill typically requires additional energy generation
if processes such as carbon capture are added. The heat
use for sorbent regeneration used in this study for the MEA
process is 3.7 MJ/Kkg,. Based on earlier estimates, the cost
of CO, avoided in pulp mills ranges at approximately 25—
110 USD/metric ton,, depending on the chosen process-
es and mill details [27,31].

Green hydrogen production
Water electrolyzers decompose water into hydrogen and
oxygen using electricity. If the electricity source is renew-
able, then green hydrogen is produced. Alkaline electroly-
sis (AE) is the most mature electrolysis technology [32] and
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is the chosen reference method in this study. The operating
temperature of an alkaline electrolyzer is typically at 60°C~
80°C. Its efficiency is at 60%—80% based on the higher heat-
ing value of hydrogen [33]. Expert estimation of the capital
costs for a 10 MW AE system was at 850-1700 USD/KW for
the year 2020 [34]. An alkaline electrolyzer produces re-
sidual heat at temperatures of 70°C-90°C, which can be
utilized. Pulp mills often have abundantly low temperature
heat available; therefore, revenue from residual heat was
not considered in this study. The AE integration has the
additional benefit of producing pure oxygen, which is typ-
ically needed in the pulping process, such as for bleaching.
Electrolyzer integration can then make separate oxygen
production or purchase unnecessary [35]. The oxygen de-
mand of a kraft pulp mill equals to around 10%-15% of the
power generation of the mill using the electrolyzer.
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2. Specific biogenic and fossil CO,emissions (a) and the needed capture rate for carbon-neutral production from the total CO,

emissions (b) for the studied mills.

Green transport fuel production
The industry and transport sectors are in many ways
dependent on carbon-based fuels and commodities.
Green fuels offer the possibility to replace fossil fuels
where the physical and chemical properties of fuels are
essential and emission reduction using other means,
such as electrification, is difficult. The most widely pro-
posed utilization for captured biogenic CO, is to gener-
ate synthetic hydrocarbons using green hydrogen [6].
Carbon-neutral electrofuels (e-fuels) can then be pro-
duced if electricity is renewable and biobased CO, is
sustainable [7]. Methanol (MeOH) synthesis was chosen
here as the reference green fuel technology, because it
is a more mature technology than many other carbon

dioxide-based synthesis processes [6]. Methanol also has
large markets, because in addition to fuel use, it is wide-
ly used in the chemical industry for many other prod-
ucts, such as formaldehyde, methyl tert-butyl ether
(MTBE), and acetic acid [36]. The predominant methanol
production method is catalytic conversion of synthesis
gas derived mainly from natural gas.

Methanol can be directly produced from CO, using a
hydrogenation process [30]. The reaction is exothermic and
can supply about one-third of the heat required in the car-
bon capture process. Based on the LHVs of hydrogen and
methanol, the efficiency of the synthesis is 83% [37]. If the
efficiency for AE based on the LHV of hydrogen is 67%, the
overall efficiency from water to methanol is 56%.
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ETS Price, DEEEID (CET CO, for Electricity AL
. Emission Credit, Capture . Purchase
USD/metric . MeOH, Sale Price, .
ton USD/metric Rate, % of captured  USD/MWh Price,

g2 tongo, % o ot cap USD/MWh
ETS 35 - - - - -
CaplLow 35 - 15 - - -
CapMed 85 85 15 - - -
CapHigh 85 85 50 - - -
MetLow 35 - 15 20 48 80
MetMed 85 85 15 20 24 40
MetHigh 85 85 50 100 24 40

ETS = emission trading system; CO,= carbon dioxide; MeOH = methanol.

II. The studied cases.

Basis for cost calculations
The aim of the cost calculations is to estimate how the cost
of carbon capture and green fuel production could be re-
covered. The technical evaluation of carbon capture, elec-
trolysis, and methanation is based on the process descrip-
tions presented in their previous respective sections. The
effect of the following factors on the production costs with
a BECCS/BECCU application was studied:

* Emission trading system price

* Negative emissions credit

* Electricity cost for electrolysis

* Mill economic performance (good/average/low)

e Carbon capture rate

Carbon capture cost was estimated at 75 USD/metric ton,
based on recent studies [26,27,29], including energy costs.
The cost of methanol production, including electrolysis,
was estimated at 360 USD/metric ton based on Bos et al.
[38], excluding the electricity cost for electrolysis. Methanol
spot prices in the United States have been varying between
150 and 430 USD/metric ton during 2018-2020, with the
average being roughly 320 USD/metric ton [39]. The price
has been on the rise recently. For renewable methanol, the
price can be expected to be higher. In this study, fossil
methanol price of 380 USD/metric ton and a premium fac-
tor of 1.5 were assumed, resulting in a renewable methanol
sale price of 570 USD/metric ton. Operation time of 8400
h/year was assumed for all mills and cases. In addition to
the change in the production cost of pulp and paper, a mar-
ginal negative emission credit and a marginal methanol sale
price are calculated to give the level of credit or price that
covers the expenses of new processes in each case.
Table II presents the studied cases and the variables
used. The cases are compared to a base case, where the
emission allowances are allocated with no cost and no
BECCS/BECCU is applied. The variables are ETS price, neg-
ative emission credit, carbon capture rate, the share of cap-
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tured CO, used for methanol production, and the electric-
ity price for cases, including electrolysis. Carbon capture
rate represents the amount of captured CO, from the total
emissions of the mill, including both fossil and biogenic
CO,. The ETS price was estimated based on recent devel-
opments with market prices for emissions allowances
[13,40]. A negative emissions credit was based on the as-
sumption that CO, capture will be credited in the future
[41]. For electricity price estimation, recent price develop-
ment in the United States and Europe was reviewed [42,
43). Electricity sale price and purchase price are estimated
separately, as some mills can at least partly use their own
production to cover the electricity needed for electrolysis.

Case ETS in Table II presents a case where an ETS price
is allocated to all fossil fuel-based CO, emissions for the
mill, but no carbon capture is applied. Cases CapLow,
CapMed, and CapHigh in Table II present the situation
where CO, is captured but not utilized. In these cases, ETS
price, negative emission credit, and carbon capture rate
vary, and electricity for the capture process is included in
the estimated capture cost. In the cases MetLow, MetMed,
and MetHigh, varying amounts of captured carbon is uti-
lized for methanol production, and the profitability of the
cases is estimated by varying the ETS price, negative emis-
sion credit, and electricity price for electrolysis.

RESULTS AND DISCUSSION
The results aim at clarifying what combinations of carbon
pricing, methanol price, energy efficiency, emission inten-
sity, and mill economic competitiveness will promote in-
vestments in carbon capture and green fuel production;
how an increased ETS price or negative emission credit af-
fect to the market price of pulp and paper mill products;
and how the situation varies with the mill type and perfor-
mance. The calculations show possible effects of the stud-
ied processes. Mill-specific details and local conditions de-
termine whether an investment is feasible in a real case. All
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Market kraft pulp mill Pulp1 0 -1
Pulp2 5 0
Pulp3 4 -4
Pulp4 1 -7
Pulp5 3 -5
SC/LWC paper mill MagzP1 1 5
MagzP2 5 10
MagzP3 3 2
Integrated fine FineP1 7 13
paper mill
FineP2 3 1
FineP3 7 12
Testliner mill TestL1 |:| 3 2
TestL2 0 ! -7
TestL3 |3 | o
TestL4 2 -1
Newsprint mill NewsP1 2 |:|4
NewsP2 3 6

1ll. Change in production cost (USD/metric ton,,,,,.,) in ETS and carbon capture cases compared with the base case where the

emission allowances are allocated with no cost.

prices and costs are estimations based on public data and
will be different in actual practice. Therefore, these results
are to be considered indicative only, and each mill case
should be estimated and evaluated separately.

Effect on production costs
Table III presents the changes in the production costs of
pulp and paper for the ETS case and the carbon capture
cases CapLow, CapMed, and CapHigh. Table IV corre-
spondingly presents the methanol cases MetLow, MetMed,
and MetHigh. ETS price for fossil CO, emissions has a
higher impact for the mills where the fossil fuel-based emis-
sions are the highest. A moderate ETS price assumed in the
ETS case causes, at highest, an increase of 11 USD/metric
ton,,, 4,¢- In most mills, the cost increase is low, below 5
USD/metric ton,,,oq,.- The lowest cost increases per metric
ton of product can be found in the testliner mill and market
pulp mill groups. In the methanol cases, the methanol pro-
duction costs exceed the income from sale; only mill Pulpl
in case MetMed can cover the costs with the given negative
emission credit. It should be noted that the specific costs
are calculated for both pulp and paper to keep the figures
comparable; for integrated mills, the cost increase would

be higher if it was calculated for only the main product.

The market price of northern bleached kraft pulp in-
creased in the beginning of 2021 at about 1100 USD/metric
ton [44], which means that in the ETS case for the market
kraft pulp mill group, the average production cost increase
accounts for 0.2% of the market price. Correspondingly, the
effects of carbon capture in cases CapLow, CapMed, and
CapHigh are, on average, 2.4%, 0.3%, and -0.5% of market
price for the market kraft pulp mills.

Effect of negative emission compensation
Carbon capture processes are technically feasible when ap-
plied to pulp and paper production, but economic feasibil-
ity requires income to cover the costs of the investment and
operation. When fossil fuel-based CO, is captured, the mill
operators benefit if they need to purchase less emission al-
lowances. For biobased emissions, a negative emissions
credit or sufficient income from CO,-based products is
needed to cover the costs of CO, capture.

The carbon capture cases show that a high negative
emissions credit, such as used in the cases CapMed and
CapHigh, is needed to make carbon capture profitable
(Table IID). Table V highlights this by presenting a mar-
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Mill

MetLow

Met Med

Market kraft pulp mill Pulp1 36 I 2 110
Pulp2 50 14 153
Pulp3 54 1 168
Pulp4 33 1 [ 108 |
Pulp5 54 12 142
SC/LWC paper mill MagzP1 19 28 - 54
MagzP2 12 12 -
MagzP3 28 10 78
Integrated fine FineP1 25 20 5
paper mill
FineP2 26 9 71
FineP3 29 21 87
Testliner mill TestL1 26 10 /2
TestL2 I_‘ 38 4 94
TestL3 32 10 87
TestL4 31 9 84
Newsprint mill NewsP1 |:| 6 |:| 5 |:| 18
NewsP2 7 8 21

IV. Change in production cost (USD/metric ton,,,,,.,) in the methanol cases compared with base case where the emission

allowances are allocated with no cost.

ginal negative CO, credit, namely, the price for negative
CO, that would be needed to keep the production costs
unchanged when carbon capture or methanol production
is applied. Case CapMed is excluded, because due to same
capture rate, it gives the same values as CapLow. The
empty cells in the table indicate that the used capture rate
is lower than the share of fossil-fuel based CO, emissions;
in these cases, the mills do not reach negative emissions.
The results show that market kraft pulp mills have the
highest potential to apply the new processes, followed by
testliner mills. However, the required marginal compen-
sation for negative emissions is relatively high. The aver-
age marginal compensation for market kraft pulp mills is
at 98 and 80 USD/metric ton, in CapLow and CapHigh,
respectively. Similarly, the average values for testliner
mills are 118 and 83 USD/metric ton,.

Revenue opportunities from green fuel sale
Green fuel production increases costs but brings addition-
al benefits in the form of a new sellable product. The rel-
evant question is: when do the profits exceed costs? The
results in Table IV point out that this requires a high nega-
tive emission compensation or a very low electricity price
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if the methanol price is at the assumed level. Table V shows
that for the methanol cases, the average marginal negative
CO, credit is over 100 USD/metric ton, in all mill groups;
the lowest average value is 113 USD/metric tong, for the
market pulp mill group in the case MetMed. The results
also highlight that when a larger part of captured carbon
is converted to methanol, the electricity cost exceeds the
income from methanol sales and negative emissions. A
higher methanol sale price would compensate for this.
Other paths to an economically feasible production process
are low electricity prices or cheap hydrogen from another
source, or even higher compensation for negative emissions
than the one used in this study. Marginal methanol price
was calculated to determine the methanol price level need-
ed to cover the production costs, including carbon capture
(Table VI). The lowest value, 522 USD/metric ton, can be
found for mill Pulpl in the case MetMed, where negative
emission compensation is high, electricity price is low, and
less CO, is converted to methanol than in MetHigh. This
price is close to the possible market price previously esti-
mated for renewable methanol, 570 USD/metric ton, in-
cluding a green premium.

The varying energy economics and emission intensity
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MetLow MetHigh
Market kraft pulp mill Pulp1 75 75 gkl 78 188
Pulp2 125 85 219 148 224
Pulp3 106 82 180 122 215
Pulp4 85 78 126 89 200
Pulp5 98 81 199 130 215
SC/LWC paper mill MagzP1 - - - - -
MagzP2 - 245 - - 654
MagzP3 150 88 309 200 236
Integrated fine paper mill FineP1 - 132 - - 352
FineP2 142 87 292 189 233
FineP3 - 17 - - 311
Testliner mill TestL1 155 89 320 207 237
TestL2 78 76 160 104 203
TestL3 125 85 257 167 228
TestL4 12 83 232 150 223
Newsprint mill NewsP1 _ 152 _ - 406
NewsP2 - 268 - - -

V. Marginal negative CO, credit (USD/metric ton,,) for each case. An empty cell indicates that the capture rate is lower than the
share of fossil C0O, emissions (i.e., negative emissions are not reached).

make evaluation of feasibility of the cases complicated.
Both capture rate and the share of captured CO, that is used
for methanol production significantly affect the feasibility.
Most cases are calculated using relatively low capture rates,
15% of the total CO, from the mills. Pulp mills have sev-
eral CO, outflows, of which the largest is typically the re-
covery boiler. It is likely more economical to apply the cap-
ture process to the largest CO, flow(s) instead of all the
possible ones. Despite the benefits economies of scale
might bring, it is highly dependent on local conditions as
to whether it is possible to apply a BECCS/BECCU process
to more than a minor part of a mill's CO, emissions. Large
amounts of CO, for storage or reuse raise questions about
logistics, storage possibilities, and/or green product mar-
kets. Higher capture rate followed by conversion to fuels
might even increase the specific costs, depending on the
mill and the initial values, as the results show. High capture
and conversion rate, however, also equalizes the differ-
ences between the mills, as can be seen when comparing
cases MetMed and MetHigh in Table VI.

Methanol is widely used as a chemical feedstock and
transportation fuel. Methanol use is on the increase, and in
the future, biomethanol demand is likely to grow even

more due to growing interest in fossil-free products. The
global methanol production capacity was around 150 mil-
lion metric tons in 2020, while the demand was at around
98 million metric tons [35]. Pulp mill CO, flows have a sig-
nificant potential to respond to the increasing demand for
methanol. Table VII presents the annual methanol pro-
duction for the studied mills in the cases MetLow and Me-
tHigh. With 50% of CO, emissions used for methanol con-
version, as in the MetHigh case, the studied market kraft
pulp mills together would be able to cover nearly 2.7% of
the current global methanol demand. Including all the stud-
ied mills increases this number to 7.5%.

Emission reduction in the pulp and

paper industry
The pulp industry has the potential to significantly contrib-
ute to CO, emissions reduction, both as a large user of bio-
energy in particular and due to significant fossil and bio-
based CO, emissions. This leads to the question as to the
choice of methods for reducing these emissions. The ques-
tion should be interesting to both industrial operators and
policymakers. Recent scenarios state that nearly carbon-
neutral production can be achieved in the Finnish pulp and
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Market kraft pulp mill Pulp1 1364 522 718
Pulp2 1516 840 745

Pulp3 1482 759 740

Pulp4 1364 596 729

Pulp5 1662 814 743

SC/LWC paper mill MagzP1 2557 _ 900
MagzP2 2005 2085 820

MagzP3 1676 982 754

Integrated fine paper mill FineP1 1785 1551 788
FineP2 1676 964 752

FineP3 1723 1401 779

Testliner mill TestL1 1676 992 754
TestL2 1676 699 737

TestL3 1676 921 750

TestL4 1676 880 747

Newsprint mill NewsP1 1849 1706 797
NewsP2 2027 2139 823

VI. Marginal methanol price (USD/metric ton,,,) for each case.

paper industry by the year 2035 [45]. However, totally car-
bon-neutral or carbon-negative production requires nega-
tive emissions, for example, in the form of BECCS. NETs
are important for efficient emission reduction, especially in
energy-intensive sectors like the pulp and paper industry
where energy efficiency improvements offer only a minor
solution.

Recently, NETs have mainly been set and/or discussed in
Europe and in the United States. Financial and policy mea-
sures are essential to promoting carbon capture invest-
ments; also, tax policies are significant drivers of decarbon-
ization. Although carbon capture technologies have
primarily been targeted at reductions in fossil emissions,
incorporation of biogenic sources as part of the mix can
offer a more cost-effective way towards zero emissions. Car-
bon capture costs mostly depend on unit size, CO, concen-
tration, and energy cost [46,14]. As unit size significantly
affects the specific capture cost [40], large biogenic sources
such as the recovery boilers at pulp and paper mills, could
offer a competitive option for carbon capture, given that
they are similarly subsidized as the fossil sources. Large bio-
genic sources can more cost effectively enable CO, reduction
than smaller fossil ones. Economic feasibility would require
one or more of the following: revenue from the products of
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CCU, support for the capital investment (e.g., in the form of
a capital grant or loan guarantee), or emission taxes/nega-
tive emission credit. The emission trade schemes mentioned
earlier offer at least a partial solution, given that they would
consider negative emissions. In the United States, the 45Q
tax credit first introduced in 2018 provides credits for stored
or utilized CO, for power or industrial plants and facilities
capturing CO, from air [47]. In the EU, the European Green
Deal Investment Plan financially supports the Green Deal
strategy including, for example, investment support for CCU
projects via the Innovation Fund and the InvestEU program
[48]. Renewable methanol competes with cheaper fossil
methanol and is likely to need subsidies or legislative pres-
sure to gain market. A step forward was recently taken in
the EU when fuels based on CCU and low-carbon electric-
ity were included in the renewed EU Directive on the pro-
motion of the use of energy from renewable sources [0].
The results of this study indicate that the economic per-
formance and the energy efficiency of the mills seem not
to affect the feasibility of the studied processes. Therefore,
it can be concluded that carbon capture and the subsequent
processes are a new dimension and do not evidently cor-
relate with the performance, technical age, or the measured
efficiency of the mill. This makes it challenging to choose



Market kraft pulp mill Pulp1

EMISSIONS

MetLow

MetHigh

Pulp2

Pulp3

Pulp4

Pulp5

SC/LWC paper mill MagzP1

MagzP2

MagzP3

Integrated fine FineP1

paper mill
FineP2

FineP3

Testliner mill TestL1

TestL2

TestL3

TestL4

Newsprint mill NewsP1

NewsP2

Vil. Annual methanol production (1000 metric tons,,q,/year) in the studied cases.

the mill types where the new processes should be first pro-
moted. A combination of solutions will be needed to com-
bat climate change, as well as in the pulp and paper sector.
The sector is diverse and requires process-specific solutions
for decarbonization. The data on Nordic mills used in this
study shows that fossil CO, emission intensity can be low
and carbon capture enables negative emissions with rela-
tively low efforts, especially in countries with vast biomass
resources and where the products are mostly of virgin fiber.
Recycled fiber processes have globally gained ground, but
do not have similar potential for BECCS/BECCU as the kraft
process due to different energy procurement. BECCS/
BECCU can have a significant role in the pulp and paper
sector, although it cannot act as a sole solution.

The Nordic pulp and paper units offer the possibility to
apply BECCS/BECCU to become large point sources of CO,
without additional land use or biomass harvesting. The pulp
and paper industry has already targeted higher sustainability
and fossil fuel-free operation by implementing new process-
es, as in Finland [17,49], for example. The sector is also ac-
tively looking for possibilities to be a part of the bioeconomy
of the future, especially when demand for paper products
change. Advanced technologies to produce wood-based
products, such as substitutes for plastics or textile fibers, have

been under research lately. The pulp industry has, however,
shown little interest in synthetic fuel or specialty chemical
production. Reasons for this can be the lack of incentives for
carbon capture, especially biogenic carbon, and the relative-
ly poor profitability of green fuels or products compared with
fossil ones. The significance of advanced biobased products
in the economics of the pulp and paper industry is of interest
in the near future. The willingness of policymakers to create
policy instruments to promote the development by, for ex-
ample, supporting negative emissions will be a key role. A
clear long-term policy framework is needed to encourage
industrial operators to adapt new technologies. The develop-
ment of emission trade systems in the large pulp producing
countries is likely to affect the market prices of pulp and
paper products; one of the important questions is the status
of biobased CO, and its capture, storage, and reuse.

CONCLUSIONS
The pulp and paper sector is a significant user of energy
biomass. It thus offers a significant potential for BECCS/
BECCU application in existing mills without additional bio-
mass harvesting. BECCS/BECCU integration can also act as
one of the key measures in reducing CO, emissions in mills.
Although the share of fossil fuel-based CO, emissions is low

AUGUST 2021 | VOL. 20 NO. 8 | TAPPI JOURNAL 537



EMISSIONS

in many mills, the potential need to purchase emission al-
lowances in the future will increase the production costs for
pulp and paper. The low share of fossil CO, emissions en-
ables zero or even negative CO, emissions with a relatively
small carbon capture in many mills, especially market kraft
pulp mills. Application of carbon capture is technically fea-
sible in pulp and paper mills, but its economic feasibility
requires a negative emissions compensation to cover the
capture costs. Based on the results of this study and recent
estimates on the capture costs, the minimum compensation
for a kraft pulp mill is at least 75 USD/metric ton,, depend-
ing on the mill details. The utilization of captured carbon
for methanol production offers the potential to produce a
sellable bioproduct, but requires low electricity prices, high
negative emission compensation, or a methanol sale price
significantly exceeding the current fossil methanol prices.
The economic feasibility of the studied processes depends
on the mill type and details but does not seem to correspond
with the economic performance, technical age, or the mea-
sured energy efficiency of the mills. Carbon capture from
pulp and paper mills followed by green methanol synthesis
has a significant potential to answer to the future demand
for biobased products in transportation and the chemical
industry, but at the moment, the economic feasibility seems
uncertain. Carbon capture or green fuel production can,
however, be economical with an emission trade framework,
including negative emission compensation and green fuel
premium, depending also on electricity price and the emis-
sion profile of the mill. TJ
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