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ARTICLE INFO ABSTRACT

Keywords: Emerging negative emission technologies (NETs) are considered as effective measures to reduce carbon dioxide
Bioenergy with carbon capture and storage emissions to achieve the climate goal set by the Paris Agreement, and bioenergy with carbon capture and storage
(BECCS) (BECCS) is one of the most important NETs. Integrating CO2 capture with biomass pyrolysis (PyrCC) is attracting
Negative emission technologies . L . . . o .

Pyrolysis increasing interest, because biomass pyrolysis has been widely used to produce biooil to replace fossil fuel for

decarbonizing the transport sector. In order to provide guidance to the selection of CO2 capture technologies, this
paper evaluated the technical and economic performances of PyrCC when different CO; capture technologies are
integrated, including monoethanolamine-based chemical absorption (MEA-CA), temperature swing absorption
(TSA), calcium looping (CaL), and chemical looping combustion (CLC). Generally speaking, CLC can realize the
highest capture amount of CO, with the lowest energy penalty. Meanwhile, CLC and CaL show the lowest lev-
elized cost of CO3 (LCOC), which are around 56$/tCO5; and on the contrary MEA-CA shows the highest one of 83
$/tCOs. In addition, the key process parameter of pyrolysis, reaction time, has clear effects on the performance of
CO» capture as the longer reaction time leads to an increased amount of captured COy and reduced energy
penalty. As a result, when the reaction time increases, the LCOCs of all assessed technologies decrease. Moreover,
the net present value and the payback time are also estimated for different technologies. At the carbon price of
70.1$/tCO,, MEA-CA and CLC show the longest and shortest payback time that are 5.9 years and 3.2 years

Economic analysis
Energy efficiency
Levelized cost of COy

respectively.

1. Introduction

According to the data observed by National Aeronautics and Space
Administration (NASA) [1], the global temperature has risen by 2.1 °C
since 1880; and 2016 and 2020 are tied together as the warmest years.
According to the Paris Agreement [2], the contracting countries need to
take effective measures to reduce greenhouse gas emissions, in order to
control the global temperature rise below 2 °C above pre-industrial
levels by 2050. To achieve such a goal, the report of the United Na-
tions Environment Programme (UNEP) highlights that the annual CO5
emissions in 2030 need to be reduced by 15 billion tons from the current
level [3]. The emerging negative emission technologies (NETs), which
can remove CO; directly from the air, have been considered as effective
measures to reduce CO, emission. The Intergovernmental Panel on
Climate Change (IPCC) report states if NETs can be widely deployed by
the end of the century, the goal of the Paris Agreement is possible to be
achieved [4]; otherwise, the probability of reaching the 1.5 °C target is
less than 50% [5].

* Corresponding author.
E-mail address: hailong.li@mdu.se (H. Li).

https://doi.org/10.1016/j.enconman.2022.115835

Bioenergy with carbon capture and storage (BECCS) is one of the
most important NETs, which combines CO; capture and storage (CCS)
with energy conversion and utilization of biomass. In general, the CO,
capture technologies developed for fossil fuel can be adopted to bio-
energy depending on their applicability. According to the report from
Global CCS institute in 2019, there were 18 BECCS projects globally,
mainly distributed in the North America, and Europe, with 5 already in
operation [6]. CO5 capture can be integrated with different biomass
conversion and utilization processes, such as with pyrolysis plants in
Norway and Netherland, with ethanol production plants in France,
Brazil and Sweden, with biomass combustion plants in Japan, with two
paper mills in Sweden, with a biomass gasification plant in the USA, and
with a biogas plant in Sweden [7-9].

To realize decarbonization of the transport sector, different measures
have been proposed and developed, one of which is to replace fossil oil
with biooil produced from pyrolysis of biomass. Biomass pyrolysis is a
thermochemical conversion process to heat biomass in an oxygen-
starved atmosphere and crack it to solid, liquid and gaseous products.
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The yield of liquid (biooil) can reach up to 70-75 wt% on dry biomass
basis [10]. After upgrading by hydrodeoxygenation, hydrocracking,
emulsification, steam reforming and esterification, it can be used as
vehicle fuel [11]. With the development of biomass pyrolysis technol-
ogies, integrating CCS with pyrolysis is attracting more attention for
achieving negative CO5 emission. The produced syngas in pyrolysis is
normally combusted in a separate burner to provide heat needed by
pyrolysis. Compared to biomass combustion, the flue gas (FG) of syngas
combustion contains higher volume concentrations of COy (CO2vo0l%).
For example, for the pyrolysis of wood at 500 °C with reaction time less
than 10 min, CO2vol% in the FG is 16%~19 vol% [12,13]. The higher
concentration of CO5 can favor CO, capture. However, studies about the
integration of COy capture with biomass pyrolysis (PyrCC) are rare.
Woolf et al. [14] compared the economic feasibility for the integration
of CO, capture with both slow and fast pyrolysis in a general way;
whereas, no concrete capture technology was considered. It was found
that the integration with slow pyrolysis was more feasible due to the
higher benefit from biochar; while if the price of biooil increased, fast
pyrolysis may be more beneficial when taking into account the produced
biooil. Lotte et al. [15] estimated the CO5 reduction potential of different
pathways in Denmark, including integrating CCS with pyrolysis. The
general analysis without considering the detailed capture technology
showed that it can contribute to a reduction of 2 MtCO4 by 2030. The-
odore et al. [16] conducted techno-economic analysis regarding the
integration of CCS with switchgrass pyrolysis. The results showed that
when the price of carbon was $116/tCO,, biooil produced from pyrol-
ysis with CCS can be competitive with fossil oil. However, no capture
technology was specified either. Schmidt et al. [17] assessed the eco-
nomic performance regarding integrating chemical looping combustion
(CLC) with pyrolysis. Results showed that CLC can potentially reduce the
cost of CO; capture. However, there was no discussion on potential CO4
capture. Cheng et al. [18] assessed the economic viability of biomass
thermochemical conversion technologies combined with CCS, which
included pyrolysis, hydrothermal treatment, gasification, and conven-
tional combustion. It was found that the slow pyrolysis of wood com-
bined with CCS had the best economic benefits. Nevertheless, there is no
consideration about different capture technologies.

The main obstacle to the application of CO; capture is the high cost,
although it has been significantly reduced from the 600$/tonne, which
was estimated by the American Physical Society in 2011, to 94-232
$/tonne in 2018 [19]. The capture cost varies clearly with different
capture technologies. To improve the economic feasibility of PyrCC and
promote the development of PyrCC, selecting a proper capture tech-
nology is of great importance, which is mainly determined by the CO2vol
% in the FG. According to the possible CO2vo0l%, the applicable capture
technologies include monoethanolamine (MEA) based chemical ab-
sorption (MEA-CA) [20], temperature swing absorption (TSA) [21],
calcium looping (CaL) [22] and chemical looping combustion (CLC)
[23,24]. Here, pressure swing adsorption (PSA) is excluded because TSA
was found more suitable according to the study of Bui et al. [25]. Even
though there are many studies comparing different capture technolo-
gies, for example: Gardarsdottir et al. [26], Ho et al. [27], and Yang et al.
[28], there has not been a comprehensive work that compares the
capture technologies suitable for pyrolysis from both technical and
economic perspectives. With the growing interest about integrating CO5
capture with pyrolysis, a guideline for decision making on technology
selection is of great significance.

In addition, biomass pyrolysis can generally be divided into slow and
fast pyrolysis, mainly depending on the heating rate and reaction time.
Fast pyrolysis is characterized with a high heating rate and short reac-
tion time; while slow pyrolysis is a slow thermal degradation of the
biomass with a low heating rate and long reaction time. The reaction
time can considerably affect the yields and properties of pyrolysis
products, and, consequently, affects the feasibility of PyrCC. Neverthe-
less, how the reaction time affects CO, capture remains unknown. In
order to bridge the knowledge gap and provide guidance about the
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selection of CO5 capture technologies, this work aims to compare the
performance of PyrCC and investigate the cost of COy capture under
different pyrolysis time and by using different capture technologies.

2. Process description and simulation models
2.1. Pyrolysis integrated with COz capture (PyrCC)

Fig. 1 shows the biomass pyrolysis with an external burner for
combusting pyrolysis syngas. Biomass is heated in the reactor with
absence or limited oxygen at different heating rates and temperatures
[29], and the produced volatiles and gases further flow into a cooler.
After cooling, the condensable gases are condensed and collected as
biocrude; whereas the non-condensable syngas, which mainly consists of
H,, CO, and CHy, is burnt in the burner to provide heat to the pyrolysis
process. When CO, capture is integrated, it can be added after FG
cleaning, which removes pollutants, such as NOy. In this study, wood is
chosen as raw material. Woody biomass is the currently most widely one
used in pyrolysis plants with considering their attractive properties such
as high energy density, large availability and low ash content [30-32].
Pyrolysis of woody biomass under dedicated conditions can achieve
much better overall energy and climate change performances than other
biomass feedstock [33].

The reaction time, which is counted from the moment the feedstock
enters the reactor to the moment it leaves the reactor, has been identi-
fied as key operating parameter. It can also reflect the heating rate once
the pyrolysis temperature is determined. In order to study the influence
of reaction time, the kinetic model proposed by Ranzi et al. [34] was
employed in the current work. The kinetic model was proposed and
developed based on devolatilization of three main biomass components
(cellulose, hemicellulose, and lignin) and used to predict yields of solid,
liquid and gas products from pyrolysis. The decomposition and product
formation upon reaction time can also be predicted by using the model,
which were validated against experimental measurements. Based on the
given kinetic parameters of the main reactions involved in pyrolysis,
Peters et al. [35] implemented Ranzi’s model in Aspen Plus, as shown in
Fig. 2. Wood is first decomposed into cellulose, hemicellulose, and lignin
in RDECOMP, which are further converted to biochar, biooil and syngas
in CELLA, HCE and LIG respectively. RCSTR is used to model CELLA,
HCE and LIG, in which the reactants, products, kinetic parameters of
each reaction and reaction time are specified. More details about the
Aspen Plus model, including the block information, can be found in
Appendix A: Table A.1 and A.2. It is assumed that all products are
completely separated and a complete combustion is achieved. The
compositions of wood and biochar used in the simulation are listed in
Table 1. The lower heating value of wood is 18.7 MJ/kg.

2.2. COy capture technologies

Four different capture technologies, which are selected according to
the applicability, are considered in this work, including
monoethanolamine-based chemical absorption (MEA-CA), temperature
swing absorption (TSA), calcium looping (CaL), chemical looping com-
bustion (CLC).

2.2.1. MEA based chemical absorption (MEA-CA)

MEA-CA is one of the most developed CO- capture technologies and a
general sketch of MEA-CA is shown in Fig. 3. In the absorber, the lean
solution absorbent reacts with CO5 to remove it from the FG. After ab-
sorption, the rich solution is sent to the stripper for solvent regeneration,
in which COy is released and the regenerated lean solution is recircu-
lated. To reduce the heat demand of solvent regeneration, a heat
exchanger is added to recover the heat from the regenerated lean sol-
vent. To simulate such a process, a rate-based model [38] is developed in
Aspen Plus with inputs summarized in Table 2.
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Fig. 1. Process scheme of pyrolysis integrated with CO; capture.
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Fig. 2. Aspen Plus flowsheet of pyrolysis.

Table 1
Elemental and industrial analysis of biomass and biochar [36,37].
Proximate Analysis (%, on dry basis) Ultimate Analysis (%, ash free and on dry basis)
Moisture Ash Volatile matter ~ Fixed carbon C H o N S
Wood 7.00 4.80 76.20 19.00 47.85 5.12 41.21 0.8 0.22
Biochar 0 11.40 44.11 44.49 77.33 3.20 17.37 0.68 1.42
TLEAN |
---------------------- HEAT [-----eemeemoemeeeeen

ABSORBER

{COOLER1
1
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[ MAKEUP |

Fig. 3. Aspen Plus flowsheet of MEA-CA.
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Table 2
Inputs of models for different capture technologies.
MEA-CA [38] TSA [39] CaL [43] CLC [44]
Inlet FG T/°C 31.7 Desorption temperature (Ty)/ 118 Carbonation/ 650  Air reactor Fuel reactor
°C °C
P/bar 1.061 Adsorption temperature (T.)/ 48 Calcination/°C 900 T/°C 1150 T/°C 835
°C
MEA concentration/wt 28.30 High pressure (Py)/bar 1x10°  Fg/Fo 30 P/bar 17.53  P/bar 16.63
%
Lean loading/(mol/mol) 0.297 Heating temperature (Thea)e/°C 128 Excess Oy/wt 5.00 NiO/kg/s 480.54
%
Parameters Adsorber  Stripper  Cooling temperature (T¢o01)/°C 38 NiAl,04/ kg/ 135.46
s
Number of plates 20 20
P/bar 1.061 1.819
T/°C 117.8
* Fg: adsorbent recirculation; Fy: adsorbent makeup.
N2+CO:2 ( Iy,
P Py
Vacuuming
T,— Ty N2+CO> Ty N2
Py, se— P, Py
Cooling Adsorption
——
CO2 T Ty
P!l
Heating
Fig. 4. Flowsheet of temperature swing absorption (TSA).
B10
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Fig. 5. Flow sheet of Calcium looping (CaL).
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2.2.2. Temperature swing absorption (TSA)

The process of TSA can be divided into four steps, as shown in Fig. 4:
(i) vacuumizing: the column filled with adsorbents is vacuumized before
FG is fed from the bottom; (ii) adsorption: CO3 in the FG is selectively
adsorbed on the adsorbent, which is Zeolite 13X in this work; (iii)
heating: the adsorbents are heated to Ty (118 °C) using heat transfer
fluid to release COy; and (iv) cooling: the temperature of the reactor is
cooled down to Ty, = 48 °C before the next cycle begins. To simulate such
a process, the model from Zhao et al. [39] is adopted, which is imple-
mented in Matlab. The model details can be referred to [39] and the key
inputs are also summarized in Table 2.

2.2.3. Calcium looping (CalL)

Cal is a promising CO» capture technology that may achieve a lower
cost than MEA-CA [40]. The CaL technology (as shown in Fig. 5) is
mainly composed of two steps, carbonation and calcination. The prin-
ciple of separation can be described by Reaction (1). FG enters the
carbonizer where CO5 and CaO undergo an exothermic reaction at
650 °C to form CaCOs; and CaCOs is separated and sent to the calciner to
be decomposed into CaO and CO; at 900 °C. After calcination, COs is
released and CaO is recirculated. Zhang et al. [41] and Gao et al. [42]
proposed to combine the carbonization of CaO with gasification, which
can reduce CO; and energy consumption. But both did not include the
calcination process. In addition, it is common to integrate CaL with fuel
conversion to achieve in-situ capture, which can result in a lower energy
consumption due to better heat transfer. However, this is not suitable for
the integration with pyrolysis. Since biochar is considered as an
important product and needs to be separated, adding CaO directly in the
reactor will make biochar separation difficult. Therefore, pyrolysis and
CO4 capture are separated in this work. The CaL is modelled in Aspen
Plus based on the work of Rolfe et al. [43]. The main inputs of the model
are shown in Table 2.

Ca0 + CO,=CaCO; AH = +179J o mol™ (€]
2.2.4. Chemical looping combustion (CLC)

The air combustion can be replaced by chemical looping combustion
(CLC), as shown in Fig. 6, which belongs to oxy-fuel combustion capture.
In the fuel reactor (FR), metal oxides react with hydrocarbons. Metal
oxides are reduced to metal, and hydrocarbons are converted to CO, and
H0. Since the oxidized gas mainly consists of CO2 and H20, CO- can be
separated after H,O is condensed. The reduced metal is oxidized in the
air reactor (AR) before the metal oxides are recirculated. In this work,
NiO/NiAl;04 is used as the oxygen carrier. The CLC model is also built in
Aspen Plus, according to the work of Khan et al. [44], and the inputs are
summarized in Table 2.

FR

S—
OO0
——

Energy Conversion and Management 266 (2022) 115835

2.3. Model Validation

For model validation, the absolute relative deviation (ARD) is used,
which is defined as follows:

(-xre[ - x,x[m)

Xref

ARD = x 100% (2)

where Xrerand X, are the reference value and simulated result of the key
output used for model validation.

2.3.1. Pyrolysis model

To validate the pyrolysis model, the yields of gas, oil and char are
compared with the experimental data from Ephraim et al. [45] and the
simulation results from Shahbaz et al. [46]. As shown in Table 3, the
biggest deviation is on char, which is 5.3%. In addition, since the gas
composition of FG, especially CO2vol%, can clearly impact the perfor-
mance of CO, capture technology, the model is also validated through
comparing the syngas composition. The simulation results from Visconti
etal. [47] is employed and results are also presented in Table 3. It can be
seen that the deviation on COs is only 1.2%.

2.3.2. MEA-CA model

To validate the model of MEA-CA, the simulated results are
compared with the experimental results of Li et al. [38], including rich
solvent load, captured CO,, reboiler temperature, reboiler load and CO4
purity, as shown in Table 4. The deviations are all below 5%.

2.3.3. TSA model

To validate the model of TSA, the simulated results are compared
with the simulated results of Zhao et al. [39] and the experimental data
of Merel et al. [48]. As shown in Table 5, the deviations are all below 5%.

2.3.4. CaL model

The CaL model is validated by comparing the flow rate of captured
CO9, CO4 capture rate and energy penalty of carbonator with the
simulated results of Rolfe et al. [43], Vorrias et al. [49] and Ortiz et al.
[50], and the experimental results of Arias et al. [50]. As shown in
Table 6, a good agreement can be observed with ARD below 4%.

2.3.5. CLC model

The validation of the CLC model is shown in Table 7, in which our
simulated results are compared with those simulated results from Khan
et al. [44] on outlet composition of fuel reactor and air reactor. The flow
rate of FG is 16.5 kg/s, and the mole fraction of CH4 is 89%. The
maximum deviation is about 7%.

€02 o
20 | —
AIR-OUT o>

MEO-OUTP o

Fig. 6. Flow sheet of chemical looping combustion (CLC).
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Table 3
Validation of the Pyrolysis model.
Input [45] (exp) [46] (sim) [47] (sim)
Feedstock poplar wood lignocellulosic biomass lignocellulosic biomass
T/°C 750 450 500
P/bar 1.013 1 1
Reaction time/min 0.5 30 20
Output [45] (exp) This study ARD /% [46] (sim) This study ARD /% [47] (sim) This study ARD /%
Gas/wt% 15.7 14.9 5.1 52 49.6 4.6
Oil/wt% 63.7 63.5 0.3 26 249 4.2
Char/wt% 20.6 21.6 4.9 22 25.5 5.3
Hy/mol% 41 42.1 2.7
CO/mol% 5 4.8 4
COy/mol% 26 25.7 1.2
CH4/mol% 17 17.9 5.2
H,0/mol% 11 9.5 13.6
Table 4
Validation of the MEA-CC model.
Input [38] [38] [38]
Tiean/°C 39.4 33.9 32.4
MEA% of lean/wt-% 28.3 31.6 33.5
Lean loading/(mol/mol) 0.297 0.314 0.254
FG flow rate/(kg/hr) 596.0 482.8 646.1
CO2 % 11.6 13.4 12.9
Output [38] Thisstudy ARD /%  [38] Thisstudy ARD /%  [38] Thisstudy  ARD /%
Rich loading/(mol/ 0.512 0.506 1.2 0.481 0.511 6.2 0.494 0.508 2.8
mol)
Captured CO,/(kg/h) 83.8 84.1 0.4 74.2 72.6 2.2 96.9 93.9 3.1
T reboiler/°C 121.1 122.2 1.0 117.2 119.3 1.8 125.3 126.5 1.0
Q reboiler/ (MJ/kgCO3) 4.11 4.19 1.9 4.33 4.47 3.2 4.01 4.03 0.5
CO,, purity/ (vol%) 99.1 99.0 0.1 97.6 97.4 0.2 98.9 98.4 0.5
Table 5
Validation of the TSA model.
Input [391] [39] [48]
COy/mol% 15 15 10
Tu/°C 118 112 140
Tp/°C 48 35 25
Output [39] This ARD [39] This ARD [48] This ARD/
study /% study /% study %
CO, purity/vol% 77.5 79.5 2.6 80 83.2 4 94 96.7 2.9
Energy penalty/ 7.2 6.9 4.2 6.3 6.0 4.8 8.8 8.56 2.7
(MJ/kgCO,)
Wnin/(kJ/kgCO2) 119 115 3.4 127 122 3.9
Effona/% 5.7 5.5 3.5 8.5 8.2 3.5
CO,, capture rate/% 65 67.3 3.5
Table 6
Validation of the CaL model.
Input [43] [49] [50] [51]
FG flow rate 291.6 kg/s 403.8 kg/s 699.25 kg/s 14.3 mol/s
CO, 94 wt-% 12.34 wt-% 20 wt-% 14 vol%
Fr/Fo 40 70 20 60
Output [43] This study ARD /% [49] This study ARD /% [50] This study ARD /% [51] This study ARD /%
Captured CO, 274.1 kg/s 269.0 kg/s 1.9 2.0 1.95mol/s 2.3
mol/s
Q carbonator 1262.0 MW 12656 MW 0.3 303MW  311.6 MW 28 711MW  696.7 MW 2.0
CO;, capture rate 93.93% 97.32% 3.6 77% 77.6% 0.8 88% 87% 1.1
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Table 7
Validation of the CLC model.

Input Fuel reactor Air reactor
Excess Oz/wWt% 5.00 NiO/kg/s 480.54
NiAl,04/ kg/s 135.46

Output (mol [44] This ARD/ [44] This ARD/
%) study % study %

CO, 34.66  33.69 2.8 0.03 0.03 0

H,0 65.06  66.01 1.5 1.08 1.08 0

Na 0.28 0.30 7.1 82.40 82.43 0.04

0, 15.61 15.58 0.2

Ar 0.88 0.88 0

Ni 54.65 54.97 0.6

NiO 23.36  23.04 1.4 78.01  78.01 0

NiAl,O4 21.99 21.99 0 21.99 21.99 0

3. Performance of fast and slow pyrolysis of wood integrated
with CO; capture

To assess the feasibility and performance of integrating CO, capture
with pyrolysis, a real plant is chosen as a case study, which produces
25,000 tonne biooil per year with an operation time of 7500 hr/year
[52]. The mass flow rate of wood is 21978 kg/h. The temperature and
pressure of pyrolysis are 500 °C and 1 atm respectively. By using the
validated models presented in Section 2, the performances of different
capture technologies are compared, and the influences on the energy
efficiency and costs of pyrolysis are investigated.

3.1. Studied cases

Pyrolysis process parameter such as temperature and reaction time
can considerably affect the yield and properties of products, which can
further influence the conversion efficiency of pyrolysis. Consequently,
change of the amount and properties of gas products from pyrolysis at
various conditions can also influence the performance of CO5 capture.
Temperature gives evident effects on yield of products from pyrolysis of
biomass, especially the liquid and gaseous products [53]. For both fast
and slow pyrolysis, the highest yield of liquid product is obtained in
temperature range of 450-550 °C, while the gaseous product yields in-
crease gently [54]. With the consideration of optimal production of
biooil through pyrolysis, temperature of 500 °C is selected in the current
work and attention is mainly focused on the effect of reaction time on
gas yield and further CO, capture potential. Fig. 7 displays the variation
of solid, liquid and gas yields with time. In general, as the reaction time
increases, the share of solid, i.e., biochar, increases, while the share of
bio-oil decreases clearly. On the contrary, the share of gas is not affected
by time very much. Moreover, when the reaction time is over 10mins,

65 4
60 v °
gas
557 bio-char
50 4 bio-oil
$ 45 4 v char of Dahawi et al. [55]
E 404 A (palm empty bunches, 450°C)
g ® char of Dahawi et al. [55]
3 35 (palm empty bunches, 500°C)
& 304 @ char of Dahawi et al. [55]
2 25 (palm empty bunches, 550°C)
CEG 20 A char of Sensoz et al. [56]
(pine, 500°C)
15
10
5 -
0 T T T T 1
0 5 10 15 20 25

Reaction time,min

Fig. 7. Yields of gas, oil and char as a function of reaction time based on
simulations.
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the variation of the shares become negligible (less than 4%). Some re-
sults on biochar yield collected from the literature [55,56] are also
added to verify the results are reasonable. In order to take into account
the impacts of reaction time, four cases are considered in this work as
shown in Table 8, which include three fast pyrolysis cases and one slow
pyrolysis case. The compositions of FG for the four cases are also listed in
Table 8, as they are needed as inputs for the simulation of CO4 capture.

3.2. Performance comparison of different CO2 capture technologies

To compare the performance of different CO5 capture technologies,
the purity of captured CO5, the amount of captured CO,, the energy
penalty of CO capture are used as key performance indicators (KPIs). In
addition, different processes need different forms of energy and even for
the same form, e.g., heat, the required temperature can also be different.
Therefore, it is unfair to compare the energy penalty directly since the
quality of the energy consumed by CO; capture is different. To fairly
compare different capture technologies, exergy penalty is also intro-
duced, which can be calculated as:

Exergy penalty = dE), + dE, 3)
T-

dE, = 0*(1 - =5) 4
Tp

dE, = electricity )

where dEj, is the exergy of consumed heat, in MJ/tCO, T¢ is the ambient
temperature, 293 K, T, is the temperature of needed heat, in K, and dE,
is the exergy of consumed electricity, in MJ/tCOx.

Fig. 8(a) shows the purity of captured CO2. Both MEA-CA and CaL
can achieve a high purity of captured CO, about 99.9 vol%. Nj is the
main impurity in the captured CO,, when CLC and TSA are used. For
TSA, multi-stage adsorption or a downstream CO» conditioning process
are needed to further increase the purity depending on the requirement
of CO, transportation and storage. Fig. 8(b) shows the flowrate of
captured CO, when the reaction time changes. Generally speaking, the
yield of syngas increases with the increase of reaction time, and there-
fore, it is possible to capture more CO5. There is no problem to capture
all CO,, however, pursuing a high capture rate may increase the energy
penalty. In this work, a capture rate of 90% is assumed for MEA-CA, TSA
and Cal. Since TSA has the lowest CO5 purity, the flowrate of captured
CO4 is higher than those from MEA-CA and CaL for the same CO capture
rate. For oxyfuel combustion capture technologies, such as CLC, nor-
mally all CO; is captured. Therefore, as illustrated in Fig. 8(b), CLC
shows the highest capture amount. Fig. 8(c) shows the changes of energy
penalty due to CO, capture. The increase of reaction time can result in
higher CO4vo0l% in the FG, which favors both the chemical absorption
and physical adsorption, i.e., MEA-CA and TSA. Nevertheless, the
change of COyvol% doesn’t affect CaL clearly. For CalL, the energy
penalty is mainly determined by the ratio of the adsorbent recirculation
to the makeup (Fr/Fo) [50]. This study assumed a constant ratio, which
is 30, so the change in energy penalty is not obvious. Comparing the
energy penalty of all studied capture technologies shows that CLC con-
sumes the least, which is followed by TSA, MEA-CA and CaL. Fig. 8(d)
shows the changes of exergy penalty, which varies in similar ways to the
energy penalty. CLC and CaL still consume the least and most exergy
correspondingly. However, the differences between CLC, TSA and MEA-
CC are much smaller, mainly due to the low temperature needed for
regeneration.

3.3. Performance of pyrolysis integrated with CO2 capture

To assess the influence of CO, capture on the performance of py-
rolysis, the energy efficiency was employed as KPI, which is defined as:
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Table 8
Pyrolysis condition, yields and composition of the produced gas of studied cases.
Cases Reaction time Shares of products Gas composition/vol%
Char/wt% Biooil/ wt% Gas/wt% CO, H,0 0O, N,
FP1 30s 12.49 58.76 28.75 15.93 13.51 4.59 65.97
Fp2 3 min 25.28 44.41 30.31 16.59 16.72 4.59 62.10
FP3 S5min 31.21 37.04 31.75 17.24 19.87 4.59 58.30
SP1 10min 55.7 9.37 34.93 18.50 26.03 4.59 50.88
* FP: fast pyrolysis; SP: slow pyrolysis.
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Fig. 8. The performance of CO; capture. (a) Purity of captured COo, (b) Variation of the amount of captured CO, with the reaction time, (c) Energy penalty of CO,

capture and (d) Exergy penalty of CO, capture.

Output ener,
Energy efficiency = u%
Input energy

©

where Output energy includes the calorific value of all pyrolysis products,

i.e., liquid and solid, and Input energy includ
calorific value of the feedstock.

es the supplied heat and the

This study assumes that syngas is burned to generate heat. However,
as CO, capture is integrated, it is not enough to cover the heat needed by

both pyrolysis and CO5 capture. Therefore,
rolysis feedstock, is combusted to fill in the

extra biomass, same as py-
gap of heat demand.

Table 9 shows the energy efficiency of different cases without and
with CO; capture. It is obvious that the efficiency of the pyrolysis system
decreases as the reaction time increases, and the energy efficiency de-
creases when the capture technology is included. As the reaction time
increases, the effect of CO5 capture on the energy efficiency of the sys-
tem gradually decreases. Different capture technologies have different
effects on the energy efficiency of PyrCC. The least impact is from CLC,
followed by TSA; while CaL has the greatest impact.

Fig. 9 shows the additional feedstock required when different CO,
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Table 9
Energy efficiency for different pyrolysis integrated with different CO, capture
technologies.

Case Parameters FP1 Fp2 FP3 SP4

Pyrolysis without CO, FG flowrate/(kg/hr) 6319 6662 6978 7677

capture
CO2% of FG/(vol%) 16 17 17 19
Energy efficiency 94% 87% 83% 69%
Pyrolysis + MEA-CA Captured CO,/(kg/ 2541 2670 2822 3046
hr)
Energy penalty/(MJ/ 4814 4701 4595 4445
tCO2)
Energy efficiency 81% 74% 71% 59%
Pyrolysis + TSA Captured COo/(kg/ 2674 2809 2942 3206
hr)
Energy penalty/(MJ/ 3590 3460 3330 3140
tCO2)
Energy efficiency 84% 77% 73% 61%
Pyrolysis + CaL Captured CO,/(kg/ 2541 2670 2822 3046
hr)
Energy penalty/(MJ/ 4944 4935 4886 4828
tCO3)
Energy efficiency 77% 71% 68% 56%
Pyrolysis + CLC Captured CO,/(kg/ 2824 2964 3104 3383
hr)
Energy penalty/(MJ/ 1303 1281 1247 1241
tCO2)
Energy efficiency 87% 80% 76% 63%
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Fig. 9. Variation of the need of additional feedstock due to CO capture with
reaction time.

capture technologies are adopted. In general, it varies in the same way as
the energy penalty of different technologies (as shown in Fig. 8(c)). In
addition, as the reaction time increases, the amount of captured CO5
increases and consequently more heat is needed. The impact of reaction
time on the additional heat is most obvious for CaL, due to the constant
Fr/Fo, which shall be optimized for different CO amounts.

4. Influence of CO5 capture on costs
4.1. KPIs

To compare the economic feasibility for different CO, capture tech-
nologies, only the cost associated with CO2 capture is considered. Lev-
elized cost of CO2 (LCOC), net present value (NPV) and payback time
(PBT) are chosen as the key performance indicators (KPIs) for evaluation
purpose.

LCOC is a common KPI to evaluate the cost of CO, capture, which
presents the cost over the life cycle of COy capture equipment. It is

Energy Conversion and Management 266 (2022) 115835

calculated by using Eq (7).

(CAPEX o (1 +i)" + OPEX e n)
total amount of captured CO,

LCOC = @

where CAPEX is the total investment cost ($), OPEX is the annual
operating cost ($), n is the life of the capture plant (year), which is
assumed to be n = 20; and i is the annual discount rate, i = 8% [57].

NPV and PBT are also commonly used to reflect the project profit-
ability. If the achieved negative emission can be traded in the carbon
market, profits can be made. NPV and PBT are defined by Eq (8) and (9)
respectively.

NPV =" (CI — OPEX),(1+i)' ®
=0

PBT = ﬂ 9
(CI — OPEX)

CI = CO; price x annual captured CO, (10)

where CI is the profit from carbon trading, t is the t-th year in the life-
time, and CAPEX is total capital cost.

CAPEX mainly includes equipment cost and installation cost. The size
of equipment is determined based on the simulation results. The six-
tenths rule [58] is used to estimate the equipment costs when the sys-
tem size varies. To consider the influence of time, e.g., inflation, the
chemical engineering plant cost index (CEPCI) [59] is adopted to
convert all costs to 2021. OPEX includes labor cost, maintenance cost
and other costs related to materials consumption (such as chemicals,
cooling water and electricity) in the operation, which is assumed pro-
portional to CAPEX. The details of CAPEX and OPEX can be found in the
Appendix B: Table B.1-4.

4.2. LCOC

Fig. 10 compares the LCOC of different capture technologies. In
general, with the increase of the reaction time, the LCOC of each capture
technology decreases slightly. From FP1 to SP4, the biggest change
comes from CaL, which is 8.0%. MEA-CA shows the highest LCOC for all
assessed cases. Compared to other technologies, the OPEX cost of MEA-
CA has the biggest share due to its high energy penalty. CLC and CaL
have very close LCOCs, which are the lowest. CLC and CaL also have
similar OPEX. Even though the absorber used by CaL is cheaper, more
labor work is needed to pretreat and change adsorbents, which deacti-
vate quickly [60]. Moreover, TSA has the highest CAPEX cost, which is
due to the high cost of the CO, adsorption column.

OPEX 0 IMEA-CAZZH TSA

90 - CAPEX [0 cCal cLc
80477 7! 7
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70 4
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Fig. 10. LCOC of PyrCC integrated with different capture technologies.
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4.3. NPV and PBT

To estimate NPV and PBT, the price of COj is taken from EU Carbon
Exchange data in December 2021 [61], which is 70.1$/tCO5.

Fig. 11 shows the variation of NPV for different technologies. CLC
shows the highest NPV in all studied cases because it has the lowest
capture cost and captures the most CO,, which further leads to the
highest profit. On the contrary, MEA-CA has the lowest NPV, mainly due
to its highest capture cost. For all capture technologies, with the increase
of reaction time, as more CO can be captured, the profit from carbon
credit increases, and in consequence, NPV rises.

Fig. 12 shows the variation of PBT. As the carbon price has a sig-
nificant influence on the economics of COy capture integration, a
sensitivity study is carried out. Naturally, PBT decreases with the in-
crease of the carbon price. In particular, the change of the carbon price
has the most significant effect on PBT of MEA-CA in comparison to
others. The PBT of MEA-CA drops from 20.5 years to 4.1 years when the
price increases from 40$/tCO; to 85$/tCO5. On the contrary, the PBT of
CLC and CaL are affected much less. Moreover, the PBT is not clearly
affected by the reaction time. The variation is usually less than 3 years
from FP1 to SP4.
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Fig. 12. Variation of PBT with CO; price for different capture technologies.
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4.4. Discussions

Compared with MEA-CA and TSA, CalL and CLC are less mature
[17,25]. Even though there are pilot tests, they haven’t been tested in
large scales, which implies there could be a big potential for cost
reduction in the future. In addition, the integration of CO5 capture is not
optimized. For example, for CaL, CO, capture is separated from pyrol-
ysis, which can potentially influence the heat integration and heat
transfer, and lead to a lower energy efficiency. So it is suggested in the
future work that more efforts shall be dedicated to the optimization
regarding the integration of CO5 capture with pyrolysis.

The scale of the capture equipment will also have a clear impact on
the cost of CO, capture. Under the same CO, concentration, a larger-
scale capture system can achieve a lower LCOC. In this study, the sim-
ple six-tenths rule is adopted, which can also result in uncertainties.

It is also worth to point out that in this study, only the pyrolysis in an
environment of Ny is considered due to the availability of data for model
development and validation. However, it is also interesting to investi-
gate the pyrolysis in other gas environments, such as CO, environment.
It will change the composition of pyrolysis syngas and CO2vol% of the
gas stream going into CO, capture. Meanwhile, only woody biomass is
selected as the raw feedstock for pyrolysis. Other types of biomass can
also be pyrolyzed, which can lead to changes in the yield of syngas, and
consequently changes in CO2vol% of FG. The variation of CO2vol% can
further affect the energy consumption and cost for integrating CO,
capture with pyrolysis. Even though the potential influences of CO2v0l%
have been analyzed, further investigation is still suggested to obtaining
more precise results for decision making. In addition, the operating
temperature of pyrolysis also varies, depending on pyrolysis technolo-
gies and properties of biomass. More systematic studies are suggested to
evaluating such effects of pyrolysis temperature on product distribution
and further the energy efficiency and economics for the integration of
CO4 capture. Moreover, the impacts of reaction time on the yields at
different operation temperatures also need to be understood more
deeply.

5. Conclusions

This paper performs a technical and economic analysis for inte-
grating CO2 capture with pyrolysis in order to achieve negative emis-
sions. 4 capture technologies are included, including MEA based
chemical absorption (MEA-CA), temperature swing absorption (TSA),
calcium looping (CaL) and chemical looping combustion (CLC). Based
on simulations on wood pyrolysis in Ny, the following conclusions are
drawn:

Technically, CLC is found to be superior to others due to its highest
CO4, capture rate with the lowest energy and exergy penalty; while CaL
has the highest energy and exergy penalty.

The pyrolysis reaction time shows clear impacts on the potential of
capture CO,. With increase of time, more CO5 can be captured with
lower energy penalty for all studied capture technologies.

The integration of CO5 capture with pyrolysis leads to the need of
additional fuel. The integration of CLC requires the least due to its lowest
energy penalty amongst the studied capture technologies.

CLC and CaL have the lowest levelized costs of CO5 (LCOC), which
are about 56$/tCOy; while MEA-CA shows the highest, which is 83
$/tCO3. As the reaction time increases, the LCOCs of all studied capture
technologies decrease.

Taking into account the profit from carbon trading, CLC and MEA-CA
show the highest and lowest net present value (NPV) and shortest and
longest payback time (PBT) respectively, which are sensitive to the
carbon price. At a carbon price of 70.1$/tCO», the PBT of CLC and MEA-
CA are 3 years and 6 years.
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