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Abstract

Pulp and paper is considered to be the fourth emstgy-intensive industry (Ell) worldwide.
However, as most of the G@missions are of biomass origin, this sector hagbtential to become
a carbon-negative industry. This study proposesva concept for conversion of the pulp and paper
industry to carbon negative that relies on theieheCQ capture capability of the Kraft process. The
techno-economic performance of the proposed canegative system, based on calcium looping
(Cal) retrofitted to a pulp and paper plant, waslgated. The effect of CaL design specificationd an
cost assumptions on the thermodynamic and econpenformance were evaluated. Under the initial
design assumptions, the reference pulp and paget whs shown to turn from electricity importer to
electricity exporter with the cost of G@voided equal to 39.0 €/tGOrhe parametric study showed
that an increase in the fresh limestone make-up magulted in a linear increase of the specific
primary energy consumption for G@voided SPECCA) and a reduction in the amount of electricity
exported to the electric grid. This translates iatoincrease in the price of pulp and newspring, an
the cost of C@avoided. This study has also demonstrated thapulgeand paper industry has high
potential to become carbon negative. It has beenvishthat carbon capture and storage would
become economically viable in this industry if thegative C® emissions are recognised and a

negative C@emissions credit of at least 41.8 €/td©implemented.

Keywords: Pulp and paper, calcium looping, carbon capteehrio-economic analysis, negative ,CO
emissions credit
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1. Introduction

The pulp and paper industry generated 0.2 Gt @fctlicarbon dioxide (C£ emissions in
2017, accounting for 6% of industrial greenhouss aHG) emissions in the UK (Griffin et al.,
2018). It is considered as one of the main eneamntpnrsive industries (Ells), consuming 31,659 ktoe
of primary energy in 2014 (Eurostat, 2016). Howetee pulp and paper industry can become carbon
negative due to the origin of its G@missions, which are mainly from biomass (Moéllenset al.,
2004). This can be achieved by capturing and gjodf), or by using it as a raw material in other
industries (Kuparinen et al., 2019). As biomasthésprimary source of energy in the pulp and paper
plant, the C@emissions are considered carbon neutral, assuimingiomass is sustainably sourced,
and integrated in a closed carbon cycle. Duringtpbdootosynthesis, biogenic G@& captured from
the atmosphere. Importantly, biogenic emissionsam@untable in agriculture, forestry and other
land-use and not in the energy sector (Intergoventat Panel on Climate Change, 2014). Therefore,
these emissions are not currently included in theofgean Union Emissions Trading System (EU
ETS). Consequently, there is no incentive to img@etncarbon capture and storage (CCS)
technologies by this industry (Onarheim et al., 201

CCS is considered as a feasible route to deep lomtiaation of Ells (Gerres et al., 2019).
The techno-economic feasibility of industrial CG®Hhnologies has been thoroughly studied in the
iron and steel (Gardarsdéttir et al., 2018; Tiaalgt2018), cement (De Lena et al., 2019; Rolfal et
2018) and petrochemical (Fernandez-Dacosta e2@l7; Yao et al., 2018) industries. Nevertheless,
economic assessments of CCS integration to pulpaper plants are limited (Table 1).

Table 1.Literature data on economic assessments of CCS integration to pulp apdper plants

Reference CCS integration CQcapture cost [ENCQ)]

Mollersten et al. (2006) Pre-combustion physical 18-27 €/1tCQ.
ion +
absorption + CHP 43 €/tCQ (long CQ transport distances)
Hektor and Berntsson (2009) Amine scrubbing + CHP ~ 29-51 €/tCQ (pulp plant)

20-66 €/tCQ (integrated pulp and paper plant)

McGrail et al. (2012). Post-combustion amine 52.5 €/CQ.
scrubbing

Onarheim et al. (2017a) Post-combustion amine 71-89 €/tCQ (integrated pulp and paper plant)
scrubbing 52-66 €/tCQ (pulp plant)

Nwaoha and Post-combustion amine 114.8-117.4 €tCO(AMP)

Tontiwachwuthikul (2019) scrubbing 122.5-131 €tCQ(MEA)

Kuparinen et al. (2019) CLzapture and <50 €/tCQ

utilisation + MEA

Mollersten et al. (2006) have performed a prelimressessment of the potential integration
of pre-combustion physical absorption in both thkplant and integrated pulp and paper plant with

combined heat and power (CHP) generation. Theyddhat the cost of CQcapture and storage, if
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the points of capture and storage are located énsttme place, is in the range of 18-27 €4CO
However, the CCS cost can increase to 43 €t@0O long transport distances (above 1000 km).
Application of amine scrubbing for G@apture from flue gas of the recovery boiler weseased by
Hektor and Berntsson (2009). They studied five jpbssconfigurations that combined GOapture
with CHP to overcome the additional steam dematn@ @xtra energy demand was achieved by the
following alternatives: upgrade biomass boiler|aep biomass boiler by natural gas combined cycle
(NGCCQC), upgrade low-grade heat from the plant witheat pump, process integration with a larger
biomass boiler, or process integration combinett WGCC. Considering these scenarios, their study
reported values of 29-51 €tG@r the pulp plant and 20-66 €/t¢@r the integrated pulp and paper
plant. The techno-economic feasibility of retrafitt a pulp and paper plant with post-combustion
amine scrubbing was also evaluated by McGrail e(2012). They have proposed replacing two
existing natural gas-fired boiler and hog boilethna larger biomass boiler. The latter would mbet t
additional demand for steam of the CCS unit. Thayctuded that the CQrapture cost was around
52.5 €tCQ. Onarheim et al. (2017a) have performed a compebhe study to assess the techno-
economic performance of retrofitting post-combustamine scrubbing to both a pulp plant and
integrated pulp and paper plant. They found thaicthst associated with the integrated pulp andrpape
plant (71-89 €/tC¢) was higher than for a standalone pulp plant (62/6CQ) when 60-90% of the
total CQ emissions were captured for both plants. For €4pture rates below 60%, which implied
only the CQ from the multi-fuel boiler and lime kiln flue gas®was captured, these costs increased to
92 €/tCQ for the standalone pulp plant and 93 €/4G@ the integrated pulp and paper plant. The
costs associated with a retrofit of the pulp phaith post-combustion amine scrubbing were also
estimated by Nwaoha and Tontiwachwuthikul (2019)ey also compared the use of a conventional
monoethanolamine (MEA) solvent with 2-amino-2-méthypropanol (AMP) solvent for different
process configurations. The use of AMP-MEA resuitedower costs, in the range of 114.8-117.4
€/tCO,, compared to 122.5-131 €/t¢@hen MEA was used. Kuparinen et al. (2019) evell&Q
capture and its potential on-site utilisation ie thulp plant and pulp and paper plant. They coraud
that CQ capture is a feasible option for the pulp and papeustry, and estimated that the cost of
CQO, avoided can be below 50 €t€OMEA was used as solvent (Kuparinen et al., 20HOwever,
such a low cost of CQOavoided was obtained because,Gs utilised on-site for production of
bioproducts, such as tall ail, lignin and precifgthCaCQ.

The review of the current literature has indicateat, to date, amine scrubbing was the only
CCS technology considered for retrofits in pulp gaper plants. However, this technology has
presented some challenges in the power industoh aa thermal degradation and adverse reactions
of solvent with flue gas impurities such as NSQ, and Q (Dean et al., 2011), the cost of solvent
(Rao and Rubin, 2002), solvent concentration lichite 30 wt% (MEA) (Shao and Stangeland, 2009),
high efficiency penalties of 9.5 to 12.5% pointsu(%t al., 2010), and high volumes of waste

generated (Dean et al., 2011). Therefore, more ggneifficient and less expensive capture
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technologies have been explored. Calcium loopingLjChas emerged as one of the promising
technologies for decarbonisation of the power ardlistrial sectors. Importantly, the cost of £LO
avoided from the CaL process has been shown t@ bmnaas 20.5 €tCOwvhen implemented in the
cement industry (Rodriguez et al., 2012). Thisrigis one-third to one-sixth that reported for anin
scrubbing retrofits in the cement industry (60.5~€80CQ) (Barker et al., 2009; Ho et al., 2011). Ca-
based sorbents, such as limestone (952@CQ), are the most considered sorbents for Cal.
Importantly, CaC@is the main compound of lime mud, a bio-waste fithim Kraft process in the
pulp and paper industry. Furthermore, Sun et @132 have shown that lime mud from the lime kiln
can be successfully used as £f@sorbent in CaL. Therefore, it is pertinent teeas the feasibility of
using CalL for CQcapture in the pulp and paper industry.

The aim of this work is to assess the techno-ecanéeasibility of Cal retrofitted to a pulp
and paper plant. The concept of the Kraft procegh mherent CQ capture was proposed by
integrating CalL in the existing lime cycle. In ord® investigate the influence of CalL design
specifications and economic assumptions on thenteelsonomic performance of the retrofitted
process, a sensitivity analysis was carried oué @tonomic performance of the retrofitted pulp and
paper plant was benchmarked against amine scrubbimg impact of recognising negative £0

emissions on the cost of GAvoided was also evaluated.

2. Process and model description

In this work, an integrated pulp and paper plans selected as a reference plant, considering
a process model developed in CADSIM Blus was assumed that the reference plant prodloes
ADt (air-dried tonnes, 90% dry content) of bleaclpedp per day, 375 ADt/d of thermomechanical
pulp and 450 ADt/d of newsprint. As some of the fKiaulp and the thermomechanical pulp are

consumed on-site, only 925 ADt/d of bleached pulg mewsprint are sold to the market.

2.1. Kraft process

The Kraft process involves conversion of raw waait ipulp, mainly cellulose fibres, which
occurs in digesters with a solution of NaOH and.3\laso-called white liquor. The pulp is then
separated from the solution, called black liquad gorwarded to the fibre line. In order to recotrex
inorganic chemicals and produce steam for theeptiocess, the black liquor is burnt in a recovery
boiler. This stage can generate 75% of the totgl €@ased in the plant (Gardarsdottir et al., 2018)
The molten black liquor (mainly N@O; and NaS) is then dissolved in water to produce the green
liquor. This solution is sent to a slaker whers inixed with the lime (CaO) burnt in the lime kil
this point CaO is converted to Ca(QHjvhich reacts with N&£O; to produce NaOH and CaGO
While the white liquor (mainly NaOH and b#) is sent to the pulp digester to restart theegyitie

precipitated CaCg) called lime mud, is calcined in the lime kilnn&g this reaction is endothermic,
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the heat required to sustain it is generated bybemtion of fossil fuels. The flue gas releasedrdyri
this step has the highest €&ncentration (~20%), which is partially biogenic due to G@rmed
during lime mud calcination. Importantly, the €€émnissions related to the calcination of the fresh
limestone make-up are of fossil origin. The remanCQ emissions come from the multi-fuel boiler
that produces steam and/or electricity for the pl&®pending on the type of fuel used, the,CO
emissions produced by this unit can be biogeniafdossil origin. In that case the multi-fuel baile
refers to both the hog and power boilers. Unlikeefgas from the lime kiln, the multi-fuel and
recovery boilers generate flue gas with lower,€@ncentration (between 10-13% Table 2 shows
the breakdown of the total G@missions produced by the pulp and paper plamirtbe observed
that 4% of the total COemissions are of fossil origin and come primaitigm the lime kiln. Around
34% of CQ from the lime kiln is of fossil origin, mostly baase of the requirement for natural gas
combustion, which is valid for the specific casedgt considered in this work. Although the main
fuels are of fossil origin, methanol, tall oil, hpdien, turpentine and strong odorous gases may also
be burnt in the lime kilns (Kuparinen and Vakkikam 2017). Although the main fuels in the recovery
and hog boilers are black liguor and wood, natgaal is also burnt during start-up. As around 96% of
the total CQ emissions are biogenic, this industry has high m@keto become a carbon-negative

industry if CCS is implemented.

Table 2. CO,emissions breakdown for the pulp and paper plant vihout CCS.

Parameter Recovery boiler Hog boiler Power boiler ime kiln
Biogenic CQ [t/d] 2299.7 823.0 - 191.4
Fossil CQ [t/d] 0.2 0.2 48.1 99.1

Total CQ[t/d] 2299.9 823.2 48.1 290.5

The reference pulp and paper plant consists maihlg fibre line, the recovery and lime
cycles, and the biomass and power boilers useénergte steam, which is then combined with that
produced by the recovery boiler and sent to thanstaurbine island. Part of steam is used in the
process and the remaining part is converted tdradigg that is used on-site. Due to the integnatad
paper production, which is an energy intensive @ssc(Kuparinen et al., 2019; Mdllersten et al.,
2006; Onarheim et al., 2017a), the considered plaetls to import additional electricity from the
electric grid. Although not depicted in the diagréisigure 1), an air separation unit and a bleach
chemical plant are also part of the plant to previ@l and CIQ to the fibre line. In this work, the
concept of the Kraft process with inherent Q@pture is proposed for the integrated pulp anmkipa
plant, as presented in the simplified block diagiarfrigure 1. The proposed concept considergs CO
capture by integration of CaL in the lime cycle eTéxisting lime kiln is replaced by a kiln of large

capacity, interconnected with the add-on carbopna®shown in Figure 1. It is important to note tha
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this is a general concept and that in a real agipbic the process should be designed considering th

causticisation requirements.
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Figure 1. Kraft process concept with inherent CQ capture.

2.2. Reference pulp and paper plant model development

The performance of the reference pulp and papet plas assessed using existing CADSIM
Plus’ model. Since the lime kiln was represented asekithox in CADSIM PIu$, it was modelled
in Aspen PIu8 to obtain the flue gas composition. The lime kilas represented by two Gibbs
reactors connected in series, where the Gibbseineegy minimisation model was used to predict the
equilibrium composition of the gas product. Natigas combustion with air, which occurs in the first
reactor, supplies the energy to achieve the des@magberature for calcination. The fuel rate was
assumed based on the specific energy requiremehbdbJ/tCaO, which was fixed in the CADSIM
Plus® model (Schorcht et al., 2013). To ensure compberabustion of fuel, 12% excess air was
assumed. In the second reactor, the lime mud iethesith the combustion gas to the calcination
temperature (90C). The mass and energy balances of the refererpepd paper plant, which were
used as input data to the CaL model, were validagadnst literature data (Table 3) (Nwaoha and

Tontiwachwuthikul, 2019; Onarheim et al., 2017bheTresults of the lime kiln modelled in Aspen



199  Plus’ are also shown in Table 3. It can be concludetittreacharacteristics of the flue gas from the
200 recovery boiler, power boiler, biomass boiler aimdel kiln are comparable to those reported in the
201 literature. The differences observed between the ffas compositions can be attributed to the
202  different operating conditions and type of fueltituin the plant. As mentioned previously, the power
203  boiler can burn biogenic or fossil fuels and, defyeg on that, the flue gas composition will vary.
204  Therefore, the power and biomass boiler result®setfuel is natural gas and hog, respectively, are
205 compared with the multi-fuel boiler. Natural gasalso burnt in the recovery and biomass boilers
206  during start-up.

207  Table 3. Properties and composition of the flue gas in the reference pulp and paper plant.

i Literature data (Nwaoha and Tontiwachwuthikul, 2019;

This work ' Onarheim et al., 2017b)
Recovery Multi-fuel boiler Lime kiln
boiler
Parameter , :
Recovery  Power Hog Lime | Data Biomass Data
boiler boiler boiler Kiln : Data (Nwaoha  Biomass + NG Data (Nwaoha
' (Onarheim and (Onarheim et (Onarheim and
etal., Tontiwach 1., 2017b) (Nwaoha and etal., Tontiwach
2017b)  wuthikul, aly Tontiwachwu  2017h)  wuthikul,
2019 thikul, 2019 2019
Temperature ; 185.0/ 196.0/
[°C] 210.0 150.0 130.0 204.05 184.0 1920 189.0 163.0 250.0 207.0
Mass flow |
[MTPD] 11070.5 330.3 3957.0 1035.55 - - - - - -
Mass flow I 2.0/ 0.4/
[VAD1] 111 0.3 4.0 1.0 | 10.2 45 19 3.1 0.9 04
N, ; 58.1/ 53.6/
[%6y0] 63.5 71.7 56.6 43.3 | 67.6 549 53.4 59.7 47.4 55 8
0, | 8.3/ 9.6/
[%o0y ] 1.7 0.7 0.8 1.2 | 2.3 6.1 1.7 10.1 1.2 8.9
H,O | 20.9/ 22.9/
(Y60 ] 21.4 18.4 29.8 37.7 | 17.0 24 1 32.7 19.3 30.9 216
CO, 5 12.7/ 13.9/
[Yoy ] 13.3 9.2 12.8 17.3 | 13.0 14.9 12.1 10.9 204 13.7
sQ, § 27.2/ 19.9/
[opN] 152.1 0.0 18.9 N/A | 60.0 31.0 40.0 N/A 50.0 249
NO, N/A N/A N/A 31.7 125.0 N/A 150.0 N/A 175.0 0.7
[Ppm] . 1.2
208
209  2.3. Calcium looping model development and integration
210 The retrofit of the reference pulp and paper platit CO, capture can be achieved in the lime

211 production without affecting the rest of the Krpfocess. The flue gas streams from recovery, power
212 and biomass boilers are merged and directed toatmnator where the carbonation reaction, Eq. (1),
213 takes place. During this step, €i®captured by lime produced in the lime kiln. Tdezomposition of
214  CaCQ into CaO and C¢ Eg. (2), which occurs in the lime kiln (calcinergquires heat that is
215  generated by oxy-fuel combustion. Thus, the sorbeotlates between the two reactors in alternate

216  cycles of carbonation-calcination.



217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

236

237
238

239
240
241
242
243
244
245
246
247
248
249
250
251

Carbonator: Ca®) + CO,(g) —» CaCQ(s) AH =-178 kJ/mol D

Calciner: CaC@(s) — Ca((s) + CO,(Q9) AH =178 kJ/mol (2)

The process model used in this work to simulate Déadgration to the pulp and paper plant,
comprising a CaL process, a €émpression unit (CCU) and a steam cycle, was hestin Aspen
Plus’. The CaL model was developed based on the worKanak et al. (2015) and validated with
data from the 1.7 MV pilot plant at INCAR-CSIC (Sanchez-Biezma et 2D13). The calciner,
which was modelled as a Gibbs reactor, and theooatbr, which was modelled as a stoichiometric
reactor, are the main components of the CalL progi@gsire 1). As the conversion of the sorbent
decreases over the carbonation-calcination cy€lesriell et al., 2007; Grasa and Abanades, 2006),
fresh limestone is fed, called make-up stre&g), (0 maintain the desired average conversionen th
carbonator. In the pulp and paper plant, the makestream comprises lime mud from the
causticisation process and fresh limestone, artdopéine spent CaO is sent back to the caustioisati
The maximum average conversioX,f), which depends on the carbonatidg,) and calcination
extent {.ac), the make-up ratd=(), the solid looping rateFg) and the sorbent characteristies, @,

f,, f, andb), is estimated using the model proposed by Rodda al. (2010). Considering the results
presented by Sun et al. (2013), which showed astabe that lime mud can be employed as CO
sorbent, limestone was selected as the sorbenbdsaitrepresents lime mud behaviour. The sorbent
characteristics were selected based on the measnterftom 1.7 MW, INCAR-CSIC pilot plant

(Sanchez-Biezma et al., 2013).

— alflz azfzz E
Xave - (FO + FRrO)fcalC [FO+FRfcarbfcalc(1_f1) + Fo+FRrfcarbfealc(1—12) + FO] (3)

The gas stream generated in the calciner contalasa@@d water vapour, which is condensed,
and then a high-purity CQtream is available for compression. This streamitiglly compressed to
80 bar, above the critical pressure, in a multiisteompressor. Then, the €fxh stream is cooled to
25°C and compressed to 110 bar, which are thenergants for pipeline transport (Metz et al., 2005).

As a result of the exothermic reaction in the cadtor, a large amount of high-grade heat is
available for recovery in a heat recovery steamegsor (HRSG) and can be used to generate
additional electricity in the steam cycle. The steeycle, based on a superheated Rankine cycle
without reheat, was modelled in Aspen Plus was validated with the CADSIM Plfisnodel (Table
4), considering fresh water flowrate, steam tentpeeaand pressure and the electricity generated by
each turbine. The results were in good agreemeéniglea the two models, as the difference between
compared parameters was less than 5%. In furttedyss, it was assumed that live steam enters the
high-pressure turbine at 593°C and 154 bar (Drydé82). Furthermore, a heat exchanger network
was introduced to maximise energy recovery (FigQdrédmportantly, the intermediate-pressure steam

produced by the boilers is not represented indiniplified diagram.
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256 Figure 2. Calcium looping heat network.

257  Table 4. Steam cycle validation with CADSIM Plus d&a.

Fresh water Temperature Pressure Power
Parameter flowrate [t/d] [°C] [bar] [KW ¢]]
CADSIM CADSIM CADSIM CADSIM
Model Model Model Model
Plus Plus Plus Plus
High-pressure - 4270 4360  59.6 59.6 - -
turbine
Intermediate-
pressure - - 244.0 255.0 11.7 11.7 22393.0 23374.0
turbine
First
low-pressure - - 181.0 190.0 4.8 4.8 6262.5 6450.0
turbine
Second
low-pressure - - 90.0 90.0 0.7 0.7 1131.3 11354
turbine
Condenser 5304.1 5344.6
258
259 A cryogenic air separation unit (ASU) was not mdetein detail in this work, but its energy

260 requirement was considered in the techno-econossessment. It was assumed that the energy
261  requirement to produce 1 t of,@t 95%,, purity is 200 kWh (Romano, 2013). The main design
262  conditions and thermodynamic assumptions used otetfing the proposed system are summarised in
263  Table 5.

264
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Table 5. Calcium looping model assumptions.

Unit operation Parameter Value
Calcium looping
Carbonator Temperature®(] 650.0
Carbonated sorbent fraction [-] 0.7
CGO, capture on carbonator [%] 90.0
Lime kiln (Calciner) Temperature°C] 900.0
Calcined sorbent fraction [-] 0.95
Excess oxygen [%.dn] 25
Relative make-up [-] 0.04
Steam Cycle
Live Steam Temperature®(] 593.0
Pressure [bar] 154.0
High-pressure turbine Isentropic efficiency [%] 92.0
Mechanical efficiency [%] 99.8
Intermediate-pressure turbine Isentropic efficiency [%] 77.5
Mechanical efficiency [%0] 96.5
Low-pressure turbine Isentropic efficiency [%0] 59.0
Mechanical efficiency [%] 96.5
Second low-pressure turbine Isentropic efficiency [%0] 60.0
Mechanical efficiency [%0] 98.0
Condenser Feed water temperaturd] 10.0
CO, compression unit
Compressors Polytropic efficiency [%] 80.0
Mechanical efficiency [%] 99.6
Intercooler temperaturé(] 40.0
Pump Isentropic efficiency [%] 80.0
Mechanical efficiency [%] 99.6
CQO; final stream Temperature°C] 25.0
Pressure [bar] 110.0
Purity level [%] >95.0
Fresh material (Hanak and Limestone (95.0% CaCQ, 3.5%,; MgCQ;, 0.6%,; SiO,, 0.4%,,
Manovic, 2018) Fe0s, 0.5%,; Al,Os)
Fuel (Hanak and Manovic, Natural gas (93.1% CH,, 3.2%, CoHg, 0.7%, CsHg, 0.4%,
2018) C4ch, 1.0(yQ,0| COz, 1.6(yQ,0| Nz)

3. Techno-economic feasibility assessment
To assess the effect of the CaL process integratittnthe reference pulp and paper plant, the
process models presented in Section 2 were usasdsess the techno-economic performance of the

reference pulp and paper plant with and without €&pture.

3.1. Thermodynamic performance indicators

Three parameters were used to evaluate the effecalo integration to the pulp and paper
plant, including the net power outpR.§), the equivalent fuel consumptiogf) and the specific
primary energy consumption for G@voided SPECCA). The equivalent fuel consumption is defined
in Eg. (4) as the sum of direa})(@and indirect fuel consumption of the pulp andgyggant. The latter
is defined as the fuel consumption associated thighelectricity importedRg) and depends on the

electric efficiency {.) of the power generation.
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Qeq=q+ e

(4)
The equivalent C® emissiongeco,q), given by Eq. (5), are calculated as the sum oéctli
(eco,) and indirect(P, - eco, . ) emissions. The latter is related to the electrigitported from the

electric grid, thus depending on the specific,@@issions source of the power plani, .).
€co,eq = €co, T Pe " €co,e %)

If the retrofitted pulp and paper plant becomegtaghectricity producer, the second term of Eq.i¢5)
negative and, therefore, results in negative idi®0, emissions (De Lena et al., 2019PECCA is
defined in Eq. (6), where the subscripés and cap correspond to reference pulp and paper plant
without CQ, capture and pulp and paper plant with,C&pture, respectively.

SPECCA = deq,cap — Yeq,ref (6)

€C03.eqref ~ €C0O3.eq.cap

It should be noted that the characteristics of gheer generation, electric efficiencye( and the
specific CQ emissionshave an impact o8PECCA. For that reasorgstimation of the indirect CO
emissions is based on the average non-CHP enepginritie 27 EU Member States and the UK in
2015 €co26=262 kgodMW h andn=45.9%) (De Lena et al., 2019).

3.2. Economic performance indicators

Three economic parameters were selected to evahagffect of Cal integration to the pulp
and paper plant: the levelised cost of pUl@QP), the levelised cost of newsprintGON) and the
cost of CQ avoided AC). In order to estimate theCOP and LCON, the net present valud&lRV)
method was applied, as defined by Eq. (7) (Onarletial., 2017a). As a result, the levelised cost of
product (pulp, newsprint) is the minimum sale pridehat product at whictNPV is zero. At such
point, the present value of revenue from the safgsulp, newsprint and potentially electricity are

equal to the present values of expenditures.

CF
NPV= ST - TCR ©)

The NPV method considers the discounted cash floW;X through the project lifetimet)( the total
capital requirementTCR) and the project interest rate).(The economic assumptions made to
estimateNPV are presented in Table 6. In order to simplify ¢aéulations, inflation was not taken
into account during the project lifetime. Thus, tharket price of pulp and newsprint, as well as the

price of raw materials and utilities are kept canst
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Table 6. Economic model assumptions

Parameter Value
Expected lifetime [y] (Martinez et al., 2014; Yagigal., 2010) 25.0
Project interest rate [%] (Martinez et al., 2014nY et al., 2010) 8.8
Capacity factor [%] (Martinez et al., 2014; Yangkt 2010) 80.0
CGO, emission allowance price [€4;] (Business Inside, 2020a) 23.74
Average GBP/EUR exchange rate 2017 (Bank of Engl20#19) 1.1418

3.3. Cost estimation for pulp and paper plant

Since economic studies on the pulp and paper indas¢ scarce, estimation of capital and
operating costs of the pulp and paper plant isbasaesearch published by Onarheim et al. (2017a).
These costs were calculated using Egs. (8)-(ICR.«, Eq (8), is the sum of the total plant cost
(TPC.¢) and other capital cost©CAPEX) which comprise spare parts, start-up, additidwell costs,
operation and maintenance, chemicals, owner's costsrking capital and interest during

construction. These are calculated as a fractidniPGf.

TCR. = TPC, + OCAPEX (8)

In order to account for unexpected expenditurerdingency planKC) was considered that, along

with the total invested cosTIC.), constituteSTPC,.

TPC,¢ = TIC,, + PC 9)

TIC,« was assessed using a scaling law that is the exalpaorrelation between the cost and the scale

of the plant, as shown in Eq. (10).
£ - (E)n (10)
Co S

In this empirical correlationC represents the actual capital cost &g the target capacity. The
corresponding variables with the subscript O réfethe reference value. A cost exponent for the
correction of capacitynj of 0.6 was considered. Furthermore, as the nefereapital costG,) was
reported for the year 2005, the scaled capital wastadjusted to the year 2017 by using the Chémica
Engineering Plant Cost Index, as shown in Eq. (CEPCI, 2019).

_~  CEPClyy
Cao17=Ca005 c5pg, e (11)

All the assumptions used to estimate the capitdl gperating costs are presented in Table 7. The
operating costs include the fixed and variable comepts. The former were assumed as a fraction of

the TCR.«, while the latter include the costs of raw matsriahemicals, utilities and costs related to
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waste disposal. Most economic assumptions weredbagethe data reported by (Onarheim et al.,
2017a) The utilities, raw materials and feedstodkgs were also obtained from the same study,
except for the sorbent price, natural gas pricethagrice of the electricity imported from theate
grid. The cost of electricity (87.3 €/MMi) was taken as the mean annual price of elegtrioit
industrial consumers for the year 2017 (BEIS, 2019)

Table 7. Assumptions for capital and operating coststimation of the reference pulp and paper plant.

Parameter Value

CEPCl y5 (CEPCI, 2019) 468.2
CEPCl ;7 (CEPCI, 2019) 567.5
Cost exponent for correction of capacity (Onarhetral., 2017a) 0.6
Project Contingency (PC) [€] (Onarheim et al., 2817 10.0% ofTI C,
Other CAPEX

Spare parts [€] (Onarheim et al., 2017a) 1.0% of TPC,«
Start-up CAPEX [€] (Onarheim et al., 2017a) 2.099BEC,
Additional fuel costs [€] (Onarheim et al., 2017a) 2.1% of TPC,«
Operation and maintenance [€] (Onarheim et al.7ap1 25.0% offPC,«
Chemicals and others [€] (Onarheim et al., 2017a) .3%0fTPC, &
Owner's cost [€] (Onarheim et al., 2017a) 7.0%RCE, «
Interest during construction, charged annually@arheim et al., 2017a) 8.0% TPC, ¢«
Working capital [€] (Onarheim et al., 2017a) 0.284BC, ¢
Fixed operating costs [€] (Onarheim et al., 2017a) 5.7% Of TCR.¢
Waste and disposal [€/a] (Onarheim et al., 2017a) 1.1% of TCR &
Raw materials and feedstock

Wood unit cost [€/f] (Onarheim et al., 2017a) 40.0
NaOH unit cost [€/tonne] (Onarheim et al., 2017a) 70.8
H,0, unit cost [€/tonne] (Onarheim et al., 2017a) 500.0
NaClQ; unit cost [€/tonne] (Onarheim et al., 2017a) 500.0
H,SO, unit cost [€/tonne] (Onarheim et al., 2017a) 50.0
Methanol unit cost [€/tonne] (Onarheim et al., 28017 350.0
Limestone unit cost [€/tonne] (Lisbona et al., 200artinez et al., 2014;

Yang et al., 2010) 6.0
Natural gas unit cost [€/GJ] (Perry et al., 2007) 3.0
Hog fuel unit cost [€/r] (Onarheim et al., 2017a) 18.8
Unit cost of electricity imported from the grid MW h] (BEIS, 2019) 87.3
Cooling water unit cost [€/fh(Onarheim et al., 2017a) 0.1
Process water unit cost [€/h{Onarheim et al., 2017a) 0.1

3.4. Cost estimation for calcium looping

Besides the costs associated directly with CalL ctist of the ASU @), the cost of CCU
(Cccu) and the costs related to the steam cyClg)(must be also considered. Although the reference
plant has an ASU, it is assumed that a new ASlddsired to cover the fdemand of CaL. The sum

of these costs, given by Eq. (12), constitute tit@ capital requirement of the capture plar€R..).
TCReap = CcaL + Casy + Cocu + Cxc (12)

The Cag; and Cecy Were estimated based on correlations availabléhenliterature, where the,O

flowrate and the brake power requirement were asetthe scaling factors. The investment cost of the
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361 Cal and the steam cycle are based on the indivith&ib of their components, presented in Eq. (13)

362 and Eq. (14).

363 CeaL = (1 + ipac)(Ceaic + Cearb + Cep + Cran) (13)

364  As shown in Eqg. (13), it was assumed that the itmvest cost of Cal also accounts for the piping and

365 integration cost, which is estimated using the mgpand integration cost indicatoirdc) of 5%
366  (Michalski et al., 2019).

367 Csc = Chpw + Cecon + Cis* Ceonp + Chrss + Cor (14)

368

369 The individual cost of each component, includintricar, carbonator, fuel preparation, fan and heat

370 exchangers was determined from the correlationsnsmneed in Table 8.Furthermore, all

371  assumptions considered in the estimation of the @gts are also included in Table 7. It is worth

372 noting that the fixed and variables costs were rassuto be 1 and 2% OFCR,, respectively.

373  Although the costs associated with sorbent and dnel the C@ transport and storage cost are not

374 included in these fractions, they are considerdfiercalculations.

375 Table 8. Assumptions for capital and operating coststimation of calcium looping

Unit operation Cost correlation
Air separation unit [@production rateing, (kg/s)] (Atsonios et al., Mo, 0.7
2013) Cag) = 2.92665 (28 9)
CO, compression unit [Brake power requiremeéhig, (kWe)] (Kreutz Wecoarc |
Steam turbine [Brake power outplitsr,gre, (KWe)] (Aminyavari et al., . 07 . 095
2016) STERR ¢ CST = 3744'3(WST,BRK) - 61'3(WST,BRK)
Heat exchanger high-pressure water [Heat exchaegefamy (m°)] G = 130(2HPW
(Lee et al., 2014) HPW = (0_093)
Economiser [Heat exchange aréason (M?)] (Lee et al., 2014) Accon
Cecon = 130(0 093)
?gf;)exchanger live steam [Heat exchange #edn)] (Shirazi et al., Cle = 2200(A %8
Heat exchanger condensate [Heat exchange Asga ()] (Lee et al., c - 130 Aconp
2014) COND ™ (o.093)
Heat recovery steam generator [Heat exchange Arga, (m°)] (Lee et c — 130 Arrse
al., 2014) HRs = 1 (0.093)
Calciner [Calciner heat fluxQ . (kWy)] (Michalski et al., 2019) Cealc = 13140 (Qq)°®
Carbonator [Carbonator heat flug,, , (kW)] (Michalski et al., 2019) Coup = 16591 (Qcarb)om
Fuel preparation system [Fuel flowraite(kg/s)] (Michalski et al., 2019) Crp= 14158479 (Ingp) %
Fan [Brake power requirement;an g (KWe))] (Michalski et al., 2019) Wi, src 0.67
Cran = 103193( = )
Fixed operating costs [€] (Martinez et al., 2014ny et al., 2010) 1.0% OCRc,p
Variable operating costs [€] (Martinez et al., 201dng et al., 2010) 2.0% G1CRcyp
Limestone price [€/t] (Lisbona et al., 2010; Maetret al., 2014; Yang
6.0
et al., 2010)
Natural gas price [€/GJ] (Perry et al., 2007) 3.0
Electricity exported to the grid [€/MW] (Onarheim et al., 2017a) 40.0
CO, transport and storage cost [€/t] (Romano et al22 7.0
Piping and integration costs indicator [%] (Michelet al.,
2019) 5.0
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As mentioned above, the third economic parameted ts evaluate the proposed system is the cost of
CO, avoided AC), defined in Eq. (15). This figure is calculatessbd on the levelised costs of pulp
and newsprint and the equivalent C&€missions(ecp,¢q) Of the pulp and paper plant with and
without CQ capture. It is also dependent on the annual pulgd aewsprint production,

Mpy1p and iy, respectively.

- LCOP LCON LCOP +m LCON
PUD (ip i *Minews) (Mpylp "'mNews) TNEWS Gty * M ews) (Mpylp +mNews) MPULD G + i ows) (Mpyip *MNews) MiNews (Mpyip *MNews) ref

eCOz,eq,ref €C0,,eqcap

AC=

(15)

4. Results and discussion

The techno-economic feasibility of the proposedeasyswas evaluated using the parameters
reported in Section 3 and the design specificatipresented in Table 5. To establish a direct
comparison basis, the key indicators were estimiateldoth the reference and the retrofitted pulg an
paper plants. To study the impact of CalL desigrifipations on the thermodynamic and economic

performance, a parametric study was carried out.
4.1. Techno-economic performance

The thermodynamic analysis (Taldg revealed that integration of CalL increases thaite
power requirement from 70.0 M\Mo 118.7 MW, In the base case, 85% of the total power required
by CalL was associated with the power requiremetite@fASU and CCU. Regardless of the increased
power requirement, the amount of electricity getegt@vercame the energy demand of the retrofitted
pulp and paper plant. In contrast to previous si@Kuparinen et al., 2019; Mdllersten et al., 2006
Onarheim et al., 2017a), in which integration ofirm@nscrubbing reduces the net power output, this
study showed that integration of CaL led to anease in the net power output. While the operation
of the reference pulp and paper plant relied oatetgty import of 27.7 MW, the retrofitted pulp and
paper plant became a net electricity export ass@oprting 9.6 MW, of electricityto the electric grid.
Therefore, the additional energy input requiredCial, reflected in 35% increase in the equivalent
fuel consumption, is recovered in the steam cy&léhough there are nBPECCA data available for
the pulp and paper industry, the specific primamgrgy consumption is more than double (5.7
MJ wv/kgCQ,) compared to the figures reported for the iron atekl industry (2.8 Mdv/kgCQ,)
(Tian et al., 2018) and the cement industry (2.38+3114,/kgCQ,) (De Lena et al., 2019; Rolfe et
al., 2018). It should be noted that the latter #ajuresented by De Lena et al. (2019), corresptnds
total CaL integration; for the tail-end case, thidue increased to 4.42 MW/kgCO, avoided. The
relative make-up of fresh sorbeufFr) can explain the difference observed betweenviiik and
previous studies. This difference can also bebaiteid to the fact that th8PECCA considers the

indirect CQ emissions. Therefore, the emissions associated eWdttricity import or export, the
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efficiency and emissions of the reference powereggion have an impact on the final figure.
Nevertheless, this work demonstrated that CalL jesar to post-combustion amine scrubbing that
requires a heat duty of 3-5.25 MJkgCG; for the solvent regeneration only (Cormos, 2015;
Kuparinen et al., 2019; Nwaoha and TontiwachwuthiRQ19).

The economic evaluation showed that the leveligedscof pulp and newsprint are 728.3 and 374.5
€/ADt without CCS and 824.4 and 411.1 €/ADt with &Cespectively. Thus, the levelised costs of
pulp and newsprint increase by 13% and 10%, reiseécton retrofit of Cal. It is noteworthy that
the effect of limestone replacement by lime mud w@ssidered in the economics evaluation, as use
of lime mud can reduce the cost of fresh sorbentiipyo 30%. The estimated ¢@voided cost is
39.0 €1tCQ (Table 9)This figure is comparable with the initial techn@eaomic studies considering
amine scrubbing (Hektor and Berntsson, 2009; MdGe&ial., 2012) and physical absorption
(Mollersten et al., 2006). However, when compareth wecent studies, which relied on up-to-date
costs, the cost of GCavoided for Cal is lower by around 50% and 65%ntfor post-combustion
amine scrubbing (52-131 €/tG)QNwaoha and Tontiwachwuthikul, 2019; Onarheinalket 2017a)
The superior economic performance of CalL can peogidfficient incentives for the pulp and paper

industry to invest in CCS.

Table 9. Summary of techno-economic performance

Reference pulp and  Retrofitted pulp and

Parameter

paper plant paper plant
Thermodynamic assessment
Gross power output [M\Y] 42.3 128.3
On-site power requirement [MyY/ 70.0 118.7
Net power output [MVY] 27.7 -9.6
Equivalent fuel consumption [\M,/ADt] 25458 35923
SPECCA [MJ wv/kg CGO;, avoided] - 5.7
Economic assessment
Levelised cost of pulp [€/ADt] 728.3 824.4
Levelised cost of newsprint [€/ADt] 374.5 411.1
Cost of CQ avoided [€1CQ| - 39.0

It needs to be emphasised that this work aimediamiify the potential of the CaL integration
in the pulp and paper industry. Therefore, themigttion of the steam turbine island retrofit was
considered outside of the boundary defined foret@nomic assessment. Therefore, the capital costs

for modifications of the existing turbines and geer were not accounted for in this study.

4.2. Sensitivity analysis

The techno-economic performance indicators werg fivaluated for a range of relative
make-up rates, varied between 0.01 and 0.06. Asrslio Figure 3, increasing the relative make-up
of fresh sorbent resulted in a nearly linear riséPECCA. The specific exported electricity to the

grid reduced on an increase in the make-up ratéchwis attributed to the fact that less heat is
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437 available in CaL for recovery. This can be explditgy the increase of fresh limestone fed to the
438  calciner and consequently, a higher sorbent coibrergas achieved in the carbonator and less solids
439  were recirculated. These results are in agreemighttiie previous study on Cal retrofit (Hanak and
440  Manovic, 2017). Once the retrofitted pulp and paplant becomes an electricity exporter, the net
441  power output reduction also has a negative impacthe SPECCA, increasing the equivalent fuel
442  consumption and the equivalent £€missions. Namely, an increment of 0.02 from ttieail value

443  of Fo/Fr(0.04), led to a 44% reduction in the amount otteleity exported to the grid and a 6% raise
444  in SPECCA (Figure 3). Considering the economic performanégure 4), an increase @fy/Fg

445  translates into a rise in the cost of pulp, newsg@nd the C@capture. An increment of 0.02 from the
446  initial value of Fo/Fgr (0.04), resulted in a 1% increase in the levelisest of pulp and newsprint
447  (Figure 4a) and a 7% increase in the cost of @ided (Figure 4b). However, for values below
448  0.02, the sorbent activity decay becomes more prmoced and limits the decrease of SPECCA
449  (Figure 3) and the levelised costs (Figure 4).rmcpce, this is not a desirable situation as Vevw

450  solid recirculation rate implies the need for largeactors and, therefore, higher operational costs
451  (Rodriguez et al., 2010)

452
6.2 E
§ 14.0%
g 60 12.0%,
= 2
o538 10.02
o 3
£56 80 3
2 60 ©
= 5.4 o
S 40 &
(Uﬂ (@)
o
5.0 0.0 (%
0.01 0.02 0.03 0.04 0.05 0.06
Relative make-up of limeston€&{F)
- = SPECCA Specific exported electricity
453

454 Figure 3. Impact of fresh limestone make-up rate 08PECCA and specific exported electricity.
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459 Figure 4. Impact of fresh limestone make-up rate orfa) levelised cost of pulp and newsprint and (b)ost
460 of CO, avoided.

461
462 Furthermore, as the costs related to CalL are wnne# sensitivity analysis was performed by

463  varying the main assumptions in the economic m¢fgure 5). The C@avoided cost was estimated
464 by varying (¥25%) the initial values of capitalxdid and variable costs of CaL as well as the CO
465  transport and storage, natural gas and limestdoespit can be observed in Figure 5 that the ahtur
466  gas price, which has been decreasing in the lastigeNorth America (Business Inside, 2020b), and
467 the CaL capital requirement are the two parametérsthe highest impact on the G@voided cost.
468  Importantly, a 25% reduction in these parametersesponded to a reduction in the £&Yoided cost
469  of 16% and 11%, respectively. It was also found tBaL fixed and variable costs along with the

470  sorbent price have a small impact (<2%) on the &®ided cost.
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Figure 5. Effect of the key economic parameters othe economic performance of the retrofitted pulp ad

paper plant.

Finally, the economic indicators were also asseseadidering the following scenarios:

Scenario 1: No C@emissions taxes and no credits for negative eamsgbase line scenario)

Scenario 2: Fossil Cemissions tax and no credits for negative emissfoarrent situation)

Scenario 3: Fossil Cemissions tax and credits for negative emissions
Before reporting the results obtained, it is wartbntioning that a negative G@&missions credit of
23.74 €tCQwas assumed, which is equal to the current price@f emission allowance under the
EU Emission Trading System (ETS) (Business Insifi£0a). It should be noted that for a direct
comparison, the economic indicators were also estich for the pulp and paper plant with and
without CQG capture.

As previously mentioned, Gemissions are considered as carbon neutral uhdecurrent
EU ETS biogenic. Therefore, only fossil €@®missions are subject to the price of ,Gfnission
allowances (Scenario 2). As shown in Figure 6,@li® emission allowance price levied on fossil
emissions results in a marginal increase of theligsd costs for the reference plant and no chéorge
the retrofitted plant. The GQemission allowance price is also shown to haveranmal impact on
CO, capture cost, as the G@voided cost changed from 39.0 €/t0@cenario 1) to 38.0 €tGO
(Scenario 2). This can be explained by the fadtdhaund 96% of the total G@missions produced
by the reference plant were biogenic. Nevertheliéss,clear from these figures that introductidn o
credits for negative emissions (Scenario 3) hassthengest effect on the levelised cost and, CO
avoided cost. This can be attributed to the pmafitained from the negative G@missions. In this
study, retrofit of CaL was characterised with aerall CQ, capture rate of 94%, corresponding to 0.9
MtCO,/a of negative C®emissions. Consequently, the levelised costsametrofitted plant reduced
by 6% (Figure 6a) and cost of g@voided (Figure 6b) decreased from 38.0 €i(32enario 2) to
16.9 €1CQ (Scenario 3). Thus, the G@apture cost and pulp and newsprint prices amngly

20



498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

affected by negative Gemissions credits. For that reason, a parametritysvas also carried out
by varying the C® emission allowance price between 0 and the valuehich the cost of CO
avoided equals zero. This analysis was performatbuScenario 3, and the results are shown in
Figure 7. The sensitivity analysis on electricitypiorted/exported price is also illustrated in Fegir
The cost of C@ avoided was estimated for three electricity pricé® €/ MW,h (price electricity
exported, base line), 87.3 €/MW (price electricity imported, base line) and 1201/ h. Under the
initial design assumptions (baseline), it was fothat the negative C{missions credit must be 41.8
€/tCO,, which means there is no cost associated withcapture and, therefore, the levelised costs of
the retrofitted plant equal the levelised costsedérence plant. The corresponding levelised cmists
pulp and newsprint would be 732.6 and 376.6 €/A8dpectively. Because in this analysis the fossil
fuel emissions were taxed, implying an additioratcthese values are slightly higher than the ones
presented for the reference pulp and paper pla@nggio 1). As also shown in Figure 7 the cost of
CO, avoided depends strongly on the electricity prigan example, an increase of 25% in the, CO
emission allowance pricmitial value presented in Table 6 (23.74 €4 @esults in cost of CO
avoided changing between 4.9 and 20.6 €4CO
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Figure 7. Impact of CO, emission allowance price and electricity price othe cost of CQ avoided under

scenario 3.

5. Conclusions

This study proposed a concept of the Kraft proe@ds inherent CQ capture for a pulp and
paper plant. Such a concept can be added to exiptifp and paper plants by integrating a CalL
process in the existing lime cycle. The techno-eadin feasibility of the proposed system was
assessed. Under the initial design assumptiongast found that the reference pulp and paper plant
can turn from electricity importer to electricitimorter. Moreover, the cost of GQwoided is
estimated to be 39.0 €tGOrhis figure is superior to that recently reportedpulp and paper plants
retrofitted with amine scrubbing using MEA as aveok. Such a superior performance can be
associated with the fact that the energy inputireguor sorbent regeneration in Cal is recovered t
generate additional electricity in the steam cycle.

A sensitivity analysis on techno-economic perforogamwas also carried out by varying
parameters, such as fresh limestone make-up redés associated to Cal, and the sorbent and fuel
prices. It was found that an increase in the makeate results in a linear rise 8PECCA and a
reduction in electricity exported to the electrigdg corresponding to an increase in the pulp and
newsprint prices as well as in the cost of,@@oided. The latter was strongly affected by tatural

gas price and CCS capital requirement. Further wbduld consider optimisation of the steam cycle
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545
546
547
548
549
550
551
552
553
554
555

556
557

558

integration in the pulp and paper plant with Cald ahould account for the cost of modifications to
the existing steam cycle.

This study showed that the pulp and paper indusay high potential to become carbon
negative, which with a change of policies would ;m&CS implementation feasible in this industry.
Yet, the CCS feasibility depends strongly on thelusion of biogenic emissions in the EU ETS
and/or on the attribution of credits for them. Adesng CalL as an emerging technology for,CO
capture in the pulp and paper industry, its impletaion would be viable with the recognition of
negative CQ@ emissions and a negative €@mission credit of 41.8 €/tGCapplied. Therefore,
biogenic emissions should be considered in futoteips and incentivised by the implementation of
negative CQ emissions credits. Therefore, further work is regglto develop policies that will
incentivise adoption of cleaner production techgms. Such policies should enable carbon-intensive
industries to become carbon neutral or, as in chske pulp and paper industry considered in this

study, even carbon negative.
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563

564 Nomenclature

565 a, & sorbent maximum average conversion model fittingupeter [-]
566 A heat exchanger area of equipment3[m

567 AC cost of CQ avoided [€/02avoided

568 b sorbent maximum average conversion model fiiagameter [-]
569 G capital cost of equipment j [€]

570 CalL calcium looping

571 CEPCI Chemical Engineering Plant Cost Index

572 CF, discounted cash flows through the project lifetiiile

573 DEA deaerator

574 €co2 direct CQ emissions from the pulp and paper plantfADt]
575 €coze specific CQ emissions associated with power generatiogdkiIW ]
576 €coeq equivalent C@Qemissions [kgo/ADt]

577 fi fo sorbent maximum average conversion model fittingupeter [-]
578 fi reaction extent [-]

579 Fo make-up rate (fresh limestone and lime mud) [knhol/s

580 Fr sorbent looping ra&mol/s]

581 G generator

582 HX heat exchanger

583 ipgc piping and integration costs indicator [%]

584 HP high pressure

585 IP intermediate pressure

586 LCOP levelised cost of market product, pulp [€/ADt]

587 LCON levelised cost of market product, newsprint [€/ADt

588 LP low pressure

589 Mg fuel flowrate [kg/s]

590 Moo O, production rate [kg/s]

591 n cost exponent for the correction of capacity [-]

592 MNews newsprint production per year [ADt/a]

593 Mpyip pulp production per year [ADt/a]
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594
595
596
597
598
599
600
601
602

603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

MEA monoethanolamine

NPV net present value [€]

OCAPEX other capital cost [€]

Pe specific energy [MWh/ADLt]

Pret net power output [M\Y]

PC project contingency [€]

q direct fuel consumption [MJy/ADt ]

Oeq equivalent fuel consumption [Md,/ADt]

Qj heat flux of equipment j [kKW

r discount rate [%]

ro fraction of never calcined limestone in the sysid

S target capacity [ADt/d]

SPECCA  specific primary energy consumption for £&vyoided [MJyy/K9cozavoided
t project lifetime [y]

TCR total capital requirement [€]

TIC total installed cost [€]

TPC total plant cost [€]

V'VJ- brake power requirement/output of equipment j [kW
Xave average sorbent conversion [-]

Greek letters

Ne electric efficiency [-]
Subscripts

0 reference value

ASU air separation unit
BRKP brake power

calc calciner

cap pulp and paper plant with €€apture
carb carbonator

CCuU CQ compression unit
COND condensate

e electric

eq equivalent

ECON economiser

FP fuel preparation
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630 HPW high-pressure water

631 HRSG heat recovery steam generator

632 LS live steam

633 MTPD metric tonne per day

634 ref reference pulp and paper plant without, C&pture
635 SC steam cycle

636 ST steam turbine

637

638 References

639  Aminyavari, M., Mamaghani, A.H., Shirazi, A., NajaB., Rinaldi, F., 2016. Exergetic, economic,

640 and environmental evaluations and multi-objectipgmization of an internal-reforming SOFC-
641 gas turbine cycle coupled with a Rankine cycle.lApperm. Eng. 108.
642 https://doi.org/10.1016/j.applthermaleng.2016.0@.18

643  Atsonios, K., Koumanakos, A., Panopoulos, K.D., kbais, A., Kakaras, E., 2013. Techno-economic

644 comparison of CO2 capture technologies employed matural gas derived GTCC, in:
645 Proceedings of the ASME Turbo Expo. p. VO02TO07AG1t§s://doi.org/10.1115/GT2013-
646 95117

647  Bank of England, 2019. Bank of England Statistintdractive Database | Interest & Exchange Rates |
648 Official Bank Rate History. http://www.bankofengthno.uk/boeapps/iadb/repo.asp.

649 Barker, D.J., Turner, S.A., Napier-Moore, P.A.,i&JaV., Davison, J.E., 2009. CO2 Capture in the
650 Cement Industry. Energy Procedia 1, 87-94. httjis:6rg/10.1016/j.egypro.2009.01.014

651 BEIS, 2019. Industrial electricity prices in the ERlUsiness Energy & Industrial Strategy, United
652 Kingdom.

653 Business Inside, 2020a. CO2 European Emission Altmes.

654 https://markets.businessinsider.com/commoditiestaor@pean-emission-allowances.

655  Business Inside, 2020b. Natural Gas (Henry HubYJBRh USD - Historical Prices.

656 https://markets.businessinsider.com/commoditiesfa&gas-price.

657  CEPCI, 2019. The Chemical Engineering Plant Cadxn https://www.chemengonline.com/pci-
658 home.

659 Cormos, C.-C., 2015. Biomass direct chemical logpar hydrogen and power co-production:
660 Process configuration, simulation, thermal intdgratind techno-economic assessment. Fuel
661 Process. Technol. 137, 16-23. https://doi.org/11640uproc.2015.04.001

662 De Lena, E., Spinelli, M., Gatti, M., Scaccabarp®i Campanari, S., Consonni, S., Cinti, G.,

27



663 Romano, M.C., 2019. Techno-economic analysis afiwal looping processes for low CO2
664 emission cement plants. Int. J. Greenh. Gas Co8®,0244—-260.
665 https://doi.org/10.1016/j.jggc.2019.01.005

666 Dean, C.C., Blamey, J., Florin, N.H., Al-Jeboori,.JM Fennell, P.S., 2011. The calcium looping cycle
667 for CO2 capture from power generation, cement nastufe and hydrogen production. Chem.
668 Eng. Res. Des. 89, 836—-855. https://doi.org/10.4@b&rd.2010.10.013

669  Dryden, I.G.C., 1982. The Efficient Use of Energgd ed. Elsevier. https://doi.org/10.1016/C2013-
670 0-00885-7

671  Eurostat, 2016. Sankey diagrams for energy bald@weember 2016.

672  Fennell, P.S., Pacciani, R., Dennis, J.S., Davidddéh, Hayhurst, A.N., 2007. The Effects of

673 Repeated Cycles of Calcination and Carbonation \dareety of Different Limestones, as
674 Measured in a Hot Fluidized Bed of Sand. EnergyuglB 21, 2072—-2081.
675 https://doi.org/10.1021/ef0605060

676 Fernandez-Dacosta, C., van der Spek, M., Hung, ©Rgionni, G.D., Skagestad, R., Parihar, P.,

677 Gokak, D.T., Strgmman, A.H., Ramirez, A., 2017 .9pextive techno-economic and
678 environmental assessment of carbon capture ainerngand CO2 utilisation in polyol
679 synthesis. J. CO2 Util. 21, 405-422. https://dgid®.1016/j.jcou.2017.08.005

680  Gardarsdattir, S.0., Normann, F., Skagestad, Rnskon, F., 2018. Investment costs and CO2
681 reduction potential of carbon capture from indagtpiants — A Swedish case study. Int. J.
682 Greenh. Gas Control 76, 111-124. https://doi.ordg06/j.ijggc.2018.06.022

683 Gerres, T., Chaves Avila, J.P., Llamas, P.L., Sam#&h, T.G., 2019. A review of cross-sector
684 decarbonisation potentials in the European energysive industry. J. Clean. Prod. 210, 585—
685 601. https://doi.org/10.1016/j.jclepro.2018.11.036

686 Grasa, G.S., Abanades, J.C., 2006. CO2 captureibapfiCaO in long series of
687 carbonation/calcination cycles. Ind. Eng. Chem..RBs8846—8851.
688 https://doi.org/10.1021/ie0606946

689 Griffin, P.W., Hammond, G.P., Norman, J.B., 20X®IUstrial decarbonisation of the pulp and paper
690 sector: A UK perspective. Appl. Therm. Eng. 13424562.
691 https://doi.org/10.1016/j.applthermaleng.2018.06.12

692  Hanak, D.P., Biliyok, C., Anthony, E.J., Manovic,,\2015. Modelling and comparison of calcium
693 looping and chemical solvent scrubbing retrofits@®2 capture from coal-fired power plant.
694 Int. J. Greenh. Gas Control 42, 226—-236. https:6dg10.1016/).ijggc.2015.08.003

28



695
696
697

698
699

700
701
702

703
704
705

706
707
708

709
710
711

712
713
714

715
716
717

718
719
720

721
722
723

724
725
726

Hanak, D.P., Manovic, V., 2018. Combined heat amalgr generation with lime production for direct
air capture. Energy Convers. Manag. 160, 455-466.
https://doi.org/10.1016/j.enconman.2018.01.037

Hanak, D.P., Manovic, V., 2017. Calcium looping ¢rstion for high-efficiency low-emission
power generation. J. Clean. Prod. 161, 245-25ps#fitloi.org/10.1016/j.jclepro.2017.05.080

Hektor, E., Berntsson, T., 2009. Reduction of gheeise gases in integrated pulp and paper mills:
Possibilities for CO2 capture and storage. Cleashfiel. Environ. Policy 11, 59-65.
https://doi.org/10.1007/s10098-008-0166-3

Ho, M.T., Allinson, G.W., Wiley, D.E., 2011. Comjson of MEA capture cost for low CO2
emissions sources in Australia. Int. J. Greenh. Gagrol 5, 49-60.
https://doi.org/10.1016/j.ijggc.2010.06.004

Intergovernmental Panel on Climate Change, 201snsary for Policymakers, in: Climate Change
2014 Mitigation of Climate Change. Cambridge Unsigr Press, Cambridge, United Kingdom
and New York, NY, USA, pp. 1-30. https://doi.org/M@17/CBO9781107415416.005

Kreutz, T., Williams, R., Consonni, S., Chiesa,Z005. Co-production of hydrogen, electricity and
CO2 from coal with commercially ready technologgrt®B: Economic analysis. Int. J.
Hydrogen Energy 30, 769-784. https://doi.org/106Lj0jhydene.2004.08.001

Kuparinen, K., Vakkilainen, E., 2017. Green PulgiMRenewable Alternatives to Fossil Fuels in
Lime Kiln Operations. BioResources 12, 4031-404#sty/doi.org/10.15376/biores.12.2.4031-
4048

Kuparinen, K., Vakkilainen, E., Hamaguchi, M., 20Rnalysis on fossil fuel-free operation in a
northern pulp and paper mill. Proceeding of Inteamal Chemical Recovery Conference, in:

Proceeding of International Chemical Recovery Caarfee.

Kuparinen, K., Vakkilainen, E., Tynjala, T., 20Bomass-based carbon capture and utilization in
kraft pulp mills. Mitig. Adapt. Strateg. Glob. Ctqare4, 1213-1230.
https://doi.org/10.1007/s11027-018-9833-9

Lee, Y.D., Ahn, K.Y., Morosuk, T., Tsatsaronis, @)14. Exergetic and exergoeconomic evaluation
of a solid-oxide fuel-cell-based combined heat poer generation system. Energy Convers.
Manag. 85, 154—164. https://doi.org/10.1016/j.entan.2014.05.066

Lisbona, P., Martinez, A., Lara, Y., Romeo, L.M)1D. Integration of Carbonate CO 2 Capture Cycle
and Coal-Fired Power Plants. A Comparative Studyitferent Sorbents. Energy & Fuels 24,
728-736. https://doi.org/10.1021/ef900740p

29



727
728

729
730
731
732

733
734
735

736
737
738

739
740
741

742
743
744

745
746
747
748

749
750
751

752
753
754

755
756

757
758

Martinez, A., Lara, Y., Lisbona, P., Romeo, L.M)12. Operation of a mixing seal valve in calcium
looping for CO2 capture. Energy and Fuels 28, 2@688. https://doi.org/10.1021/ef402487¢e

McGrail, B.P., Freeman, C.J., Brown, C.F., SulliverC., White, S.K., Reddy, S., Garber, R.D.,
Tobin, D., Gilmartin, J.J., Steffensen, E.J., 20@%ercoming business model uncertainty in a
carbon dioxide capture and sequestration projexseGtudy at the Boise White Paper Mill. Int.
J. Greenh. Gas Control 9, 91-102. https://doi.@.dM16/j.ijggc.2012.03.009

Metz, B., Davidson, O., de Coninck, H., Loos, Megyér, L., 2005. Carbon Dioxide Capture and
Storage. Cambridge University Press, Cambridge; Nexk; Melbourne; Madrid; Cape Town;

Singapore; Sao Paulo.

Michalski, S., Hanak, D.P., Manovic, V., 2019. Teckeconomic feasibility assessment of calcium
looping combustion using commercial technology ajgal tools. J. Clean. Prod. 219, 540-551.
https://doi.org/10.1016/j.jclepro.2019.02.049

Mollersten, K., Gao, L., Yan, J., 2006. CO2 capfarpulp and paper mills: CO2 balances and
preliminary cost assessment. Mitig. Adapt. Stra@@gb. Chang. 11, 1129-1150.
https://doi.org/10.1007/s11027-006-9026-9

Mollersten, K., Gao, L., Yan, J., Obersteiner, B0Q4. Efficient energy systems with CO2 capture
and storage from renewable biomass in pulp andrpajie. Renew. Energy 29, 1583-1598.
https://doi.org/10.1016/j.renene.2004.01.003

Nwaoha, C., Tontiwachwuthikul, P., 2019. Carborxile capture from pulp mill using 2-amino-2-
methyl-1-propanol and monoethanolamine blend: Teatonomic assessment of advanced
process configuration. Appl. Energy 250, 1202-1216.
https://doi.org/10.1016/j.apenergy.2019.05.097

Onarheim, K., Santos, S., Kangas, P., Hankalin2®¥1,7a. Performance and cost of CCS in the pulp
and paper industry part 2: Economic feasibilityaofine-based post-combustion CO2 capture.
Int. J. Greenh. Gas Control 66, 60—75. https:/i10.1016/j.ijggc.2017.09.010

Onarheim, K., Santos, S., Kangas, P., Hankalin2®¥1,7b. Performance and costs of CCS in the pulp
and paper industry part 1: Performance of aminedb@sst-combustion CO2 capture. Int. J.
Greenh. Gas Control 59, 58—73. https://doi.orgld061].ijjggc.2017.02.008

Perry, R., Green, D., Maloney, J., 2007. Perryanaical engineers’ handbook. New York: McGraw-
Hill, USA.

Rao, A.B., Rubin, E.S., 2002. A technical, econgraid environmental assessment of amine-based

CO2 capture technology for power plant greenhoasecgntrol. Environ. Sci. Technol. 36,

30



759

760
761

762
763
764

765
766
767
768

769
770
771
772

773
774
775

776
777
778

779
780
781
782

783
784

785
786
787
788

789
790

4467-4475. https://doi.org/10.1021/es0158861

Rodriguez, N., Alonso, M., Abanades, J.C., 201@rAge activity of CaO particles in a calcium
looping system. Chem. Eng. J. 156, 388—394. hitjus.6rg/10.1016/j.cej.2009.10.055

Rodriguez, N., Murillo, R., Abanades, J.C., 201@2&apture from cement plants using oxyfired
precalcination and/ or calcium looping. Environi. Sechnol. 46, 2460-2466.
https://doi.org/10.1021/es2030593

Rolfe, A., Huang, Y., Haaf, M., Pita, A., Rezva8i, Dave, A., Hewitt, N.J., 2018. Technical and
environmental study of calcium carbonate loopingsue oxy-fuel options for low CO2
emission cement plants. Int. J. Greenh. Gas Conf,085-97.
https://doi.org/10.1016/j.ijggc.2018.05.020

Romano, M., Martinez, I., Murillo, R., Arstad, Bloom, R., Ozcan, D.C., H., A., Brandani, S., 2012.
Process simulation of Ca-looping processes: Resmvguidelines, 2013, in: 11th International
Conference on Greenhouse Gas Control Technoldgle&§T 2012. Kyoto, Japan, pp. 18-22.
https://doi.org/10.13140/RG.2.1.1453.5847

Romano, M.C., 2013. Ultra-high CO2 capture efficiem CFB oxyfuel power plants by calcium
looping process for CO2 recovery from purificatiomts vent gas. Int. J. Greenh. Gas Control
18, 57-67. https://doi.org/10.1016/j.ijggc.20130W2

Sanchez-Biezma, A., Paniagua, J., Diaz, L., LorgRkpAlvarez, J., Martinez, D., Arias, B., Diego,
M.E., Abanades, J.C., 2013. Testing postcombusiiog capture with CaO in a 1.7 MW! pilot
facility. Energy Procedia 37, 1-8. https://doi.a@/1016/j.egypro.2013.05.078

Schorcht, F., Kourti, I., Scalet, B.M., Roudier, Sancho, L.D., 2013. Best Available Techniques
(BAT) Reference Document for the Production of Cetneime and Magnesium Oxide,
European Commission. Publications Office of thedpean Union, Luxembourg.
https://doi.org/10.2788/12850

Shao, R., Stangeland, A., 2009. Amines Used in C@@&ure - Health and Environmental Impacts.
The Bellona Foundation, available at: http://biLipznvO. https://doi.org/http://bit.ly/1fpznvO

Shirazi, A., Aminyavari, M., Najafi, B., Rinaldi,.FRazaghi, M., 2012. Thermal-economic—
environmental analysis and multi-objective optintima of an internal-reforming solid oxide
fuel cell-gas turbine hybrid system. Int. J. Hydrd=nergy 37, 19111-19124.
https://doi.org/10.1016/j.ijhydene.2012.09.143

Sun, R,, Li, Y., Liu, C., Xie, X., Lu, C., 2013. ilization of lime mud from paper mill as CO2 sorben
in calcium looping process. Chem. Eng. J. 221, 132~

31



791

792
793
794

795
796
797

798
799
800

801
802
803

804

https://doi.org/10.1016/j.cej.2013.01.068

Tian, S., Jiang, J., Zhang, Z., Manovic, V., 20b8erent potential of steelmaking to contribute to
decarbonisation targets via industrial carbon aapaimd storage. Nat. Commun. 9, 1-8.
https://doi.org/10.1038/s41467-018-06886-8

Xu, G., Jin, H.G., Yang, Y.P., Xu, Y.J., Lin, H.uBn, L., 2010. A comprehensive techno-economic
analysis method for power generation systems w2 €Capture. Int. J. Energy Res. 34, 321—
332. https://doi.org/10.1002/er.1559

Yang, Y., Zhai, R., Duan, L., Kavosh, M., PatchlgoK., Oakey, J., 2010. Integration and evaluation
of a power plant with a CaO-based CO2 capture sydtd. J. Greenh. Gas Control 4, 603—612.
https://doi.org/10.1016/j.ijggc.2010.01.004

Yao, Y., Marano, J., Morrow, W.R., Masanet, E., 20Quantifying carbon capture potential and cost
of carbon capture technology application in the.We8ning industry. Int. J. Greenh. Gas
Control 74, 87-98. https://doi.org/10.1016/j.ijg2218.04.020

32



Highlights

e Concept of the Kraft process with inherent CO, capture

e Calcium looping for CO, capture is integrated in the lime cycle

» Reference pulp and paper plant turns from importer to exporter of electricity

» Pulp and paper industry has a high potential to become carbon negative

« Economic feasibility needs the inclusion of biogenic emissions in emission trading
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