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ABSTRACT

To achieve the climate goal set by the Paris
Agreement, negative emission technologies (NETs) will
play an important role. Bioenergy with carbon capture
and storage (BECCS) is one of the most promising of
NETs. This work aims to find a suitable technology for
capturing CO, from fast pyrolysis, which include
Monoethanolamine based chemical absorption (MEA-
CC), temperature swing absorption (TSA) and calcium
looping (CCL) are considered. By using validated models,
the CO; capture rate, CO, purity and energy penalty are
employed as key performance indicators to compare the
performance of those technologies. It has been found
that CCL has the highest CO; purity, MEA-CC, TSA and CCL
have similar CO, capture rates and TSA has the lowest
energy penalty. Results provide insights and suggestions
about the selection of CO, capture technology for
pyrolysis.
Keywords: BECCS, Negative emission technologies, Fast
pyrolysis, Capture rate, Energy penalty

NONMENCLATURE

AH Chemical reaction heat

BECCS Bioenergy with carbon capture
and storage

CcC chemical absorption

CCL Calcium looping

CO: Carbon dioxide

Ex loss Exergy loss

MEA Monoethanolamine

N2 Nitrogen

NASA Natic_m_al Ae_ronautics and Space
Administration

NETs Negative emission technologies

P High pressure

PL Low pressure

Q reboiler Reboiler load

Q cab Carbonator load

Paper ID: 895
T cal Temperature of calciner
T carb Temperature of carbonator
TH High temperature
To Low temperature
T reboiler Reboiler temperature
TSA Temperature swing absorption

1. INTRODUCTION

According to the Paris Agreement, the contracting
countries need to take effective measures to reduce
greenhouse gas emissions, and control the global
temperature rise within 2°C and, for a better case, not to
exceed 1.5°C. In order to reach the target, the United
Nations Environment Programme reported that the
annual CO, emissions need to be 15 billion tons lower
than the current level in 2030 [1]. To achieve such a goal,
negative emission technologies (NETs) can have a big
contribution. Bioenergy with carbon capture and storage
(BECCS) is among the most promising of NETs [2], which
mainly consists of biomass conversion, CO, capture and
CO; storage.

Fast pyrolysis is a technology that decomposes
biomass into biooil, syngas and biochar under isolating
air and high temperature conditions. Due to its ability to
produce liquid oil, it has attracted huge attention for the
decarbonization of the transport sector. Therefore,
integrating CO, capture with pyrolysis is a promising
option of BECCS. However, different CO, capture
technologies are available and there has not been a
guideline regarding how to select the capture technology
for pyrolysis.

The objective of this article is to evaluate the
technical performance of some mature CO, capture
technologies, including MEA based chemical absorption
(MEA-CC), temperature swing absorption (TSA) and
calcium looping (CCL), in order to provide insights and
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suggestions about the selection of CO, capture
technology.

2. METHODOLOGY

Models for pyrolysis, MEA-CC, and CCL are
developed in Aspen Plus; while the TSA model is
developed in MATLAB. After model validation, the
performance of capture technologies is compared based
on simulations.

2.1 Model descriptions
2.1.1 Pyrolysis

Wood fast pyrolysis in nitrogen is considered in this
work. Wood is used as the raw material for pyrolysis,
which properties are shown in Table 1.

Fig. 1 shows the flowsheet model of pyrolysis. Wood
is first decomposed into cellulose, hemicellulose, and
lignin. RCSTR reactors are used to simulate the pyrolysis
based on the kinetic reactions provided by Ranzi et al.
[3]. The temperature and pressure of pyrolysis are 500°C
and 1 atm respectively. For fast pyrolysis, the residence
time is 30s. The produced syngas is combusted to
provide the heat needed by pyrolysis and CO; is captured
after combustion.
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Fig. 1. Aspen Plus flowsheet of pyrolysis
Table 1. Elemental and industrial analysis of
biomass and biochar
Proximate Analysis (%) Ultimate Analysis (%)
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Wood 250 45 528 17.7 473 51 406 08 02
Biochar 0 0 498 512 512 21 115 05 09
2.1.2 MEA-CC

Fig. 2 shows the rate-based model of chemical
absorption using MEA as solvent. The flue gas enters the
absorber after gas cleaning, in which CO; is removed. The
rich solution is sent into the desorber where heat is
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added to regenerate the solvent and release COx. In this
work, the inlet temperature of flue gas, the stripping
pressure and the reboiler temperature are 31.7°C,
181.9kpa and 117.8°C respectively.

e

Fig. 2. Aspen Plus flowsheet of MEA

2.1.3TSA

TSA is based on the principle that the gas quantity
adsorbed by adsorbent at low temperature is higher than
that at high temperature. Zhao et al. [4] divided TSA into
four steps: (i) Vacuuming: the column is vacuumized
before the flue gas is fed from the bottom; (ii)
Adsorption: CO; in the feed gas is selectively adsorbed on
the adsorbent, which is Zeolite 13X in this work; (iii)
Heating: to release CO,, the adsorbents are heated to Ty
(118°C) using heat transfer fluid; (iv) Cooling: the
temperature of the bed is cooled down to T,=48°C before
the next cycle begins.

2.1.4CCL

The CCL process (Fig. 3) is mainly composed of
carbonation and calcination according to the reaction:
Ca0 + CO, & CaC0O; AH = +179k] - mol™1 (1)

Carbonation is endothermic, in which CaO absorbs
CO; to form CaCOs; at 650°C. It can reach a CO;
conversion rate of 90%. Calcination is exothermic and
happens at a higher temperature, such as 900°C, to
release CO, and regenerate CaO, which can be
recirculated. The key operating parameters of CCL are
shown in Table 2.

2 Copyright © 2021 ICAE



ISSN 2004-2965

Fig. 3. Aspen Plus flow sheet of CCL
Table 2. Input parameters of CCL

carbonator calciner
T carb 650°C T cal 900°C
CO; capturerate  90%

2.2 Model validation

To validate the developed models, the simulated
results are compared with data collected in the
literature. The results are shown in Table 3-5. Good
agreements can be seen.

Table 3. The comparation of pyrolysis
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Table 5. The comparation of CCL

. Ortiz
Rolfe This Vorrias This C.et This
Parameter A. et I.etal.
al. [8] study (9] study al. study
’ [10]
Captured
274.1 269
COy/(kg/s)
Total CO:
capture 93.93 97.32 77 77.6
rate/%

Q car/ MW 1262 1265.55 303 311.564 711 696.7

Shahba This Shahba This Viscon This

Parami/ters/wt— zetal. stud zetal. stud tietal. stud
()
[5] y (5] y [6] y
Gas 39 32'9 52 49.6
Oil 3 4.77 26 24.9
Char 58 52'2 22 25.5
Ha 41 42.1
co 5 4.8
CO; 26 25.7
CHa 17 17.9
H20 11 9.5

3. PERFORMANCE EVALUATIONS AND DISCUSSIONS
3.1 Key performance indicators

In order to compare the performance of different
capture technologies, 3 key performance indicators are
used in this paper: CO, purity, CO, capture rate, and
energy penalty. CO, capture rate, and energy penalty are
defined by Eq (1) and (2).

CO, capture rate = W (2)
CO, emission
Ex,loss (3)

Energy penalty - CO; captured

3.2 Technology performance

As shown in Table 6, the highest purity is achieved by
CCL and MEA-CC, which is 99.9%. But TSA can only obtain
a purity of 90.2% with N, as the main impurity.

Table 6.CO2 purity of MEA, TSA and CCL
Technology MEA-CC TSA CCL
CO2 purity/% 99.9 90.2 99.9

Table 4. The comparation of MEA-CC

Liet This Liet This Liet This

Table 7 shows the capture rate. All studied
technologies can achieve capture rates around 90%.
Table 7. CO2 capture rate of MEA, TSA and CCL
Technology MEA-CC TSA CCL
CO; capture rate /% 90.03 90.00 90.03

Para;nete units al. stud al. stud al. stud
(7] y (7] y [7] y
Rich moj/mo 051 050 048 051 049 050
loading 2 6 1 1 4 8
Ca‘étgre‘j ke/h 838 841 742 726 969 939
2
- °c 121, 122.  117. 119. 125. 126
reboiler 1 2 2 3 3 5
Quor VR8O 441 419 433 447 401 403
2
P”(r:'éy of vol% 991 99.0 97.6 974 989 984
2

The energy penalty shown in Table 8 reveals TSA has
the lowest, which is only 2979 kJ/kgCO.. It is followed by
MEA-CC, which is about 3793.7 kl/kgCO,. CCL has the
highest, 4567.7 kl/kgCO,.

Table 8. Energy penalty of MEA, TSA and CCL
Technology MEA-CC TSA CCL
energy penalty /(kJ/kgCO2) 3793.7 2979.5 4567.7

4. CONCLUSIONS

In this work, three CO, capture technologies, MEA
based chemical absorption (MEA-CC), temperature
swing absorption (TSA), calcium looping (CCL), have been
compared for capturing CO, from wood fast pyrolysis.
Based on simulations by using validated models, the
main findings of this work can be concluded as follows:
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e MEA-CC and CCL can obtain higher purities than
TSA, which is only about 90%.

e MEA-CC, TSA and CCL can all obtain a CO,
capture rate of 90%.

e TSA has the lowest energy penalty, which is
2979.5 kJ/kgCO,; while CCL has the highest,
which is 4567.7 kl/kgCO,.
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