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Résumé — Emissions atmosphériques des installations de captage de CO, en postcombustion par les
amines — Aspects réglementaires — Le captage en postcombustion (PCC, Post Combustion
Capture) du CO, par les amines est une technologie immédiatement disponible & méme d’étre
déployée pour réduire les émissions de CO, des centrales électriques au charbon. Cependant, il
est probable que les installations de PCC rejetteront de faibles quantités d’amines et de
produits de dégradation des amines dans les gaz de fumées traités. Les effets
environnementaux potentiels de ces émissions ont été examinés dans diverses études partout
dans le monde. En se basant sur les gaz de fumées d’une centrale électrique au charbon ultra-
supercritique de 400 MW, des simulations avec Aspen-Plus du procédé PCC ont été utilisées
pour prédire les émissions atmosphériques potentielles de la centrale. De nouvelles données
issues de divers projets de recherche menés dans ce domaine ont réduit significativement la
perception du risque de rejet d’amines et de produits de dégradation d’amines dans I’atmospheére.
En plus de la réduction des émissions de CO,, la technologie PCC est aussi 4 méme d’assister la
réduction des émissions de SO, et de NO,. Cependant, certains autres polluants, tels que NHj; et
les aérosols, risquent de voir leurs émissions augmenter si des technologies de contréle
appropriées ne sont pas adoptées. Pour étudier la photo-oxydation atmosphérique des amines,
des tentatives de développement de modéles des réactions chimiques permettant ’évaluation de
la qualité de l'air ont été effectuées. Cependant, une recherche plus approfondie dans ce
domaine reste nécessaire pour estimer la réactivité des solvants aminés en présence d’autres
polluants tels que les NO, et les autres composés organiques volatiles présents dans I’air.

Les directives de qualité de Iair existantes devront peut-étre étre mises a jour afin d’inclure les
limites des autres polluants tels que NHj, les nitrosamines et les nitramines, lorsque plus
d’information sur leurs émissions devient disponible. En termes de directives de qualité de I’air
et autres aspects réglementaires, cet article se focalise sur la description des prédictions des
concentrations des principaux polluants potentiellement rejetés par une centrale au charbon,
prédictions obtenues par des simulations de procédé ASPEN-Plus PCC.

Abstract — Emissions to the Atmosphere from Amine-Based Post Combustion CO, Capture Plant —
Regulatory Aspects — Amine-based Post Combustion Capture (PCC) of CO5is a readily available
technology that can be deployed to reduce CO, emissions from coal fired power plants. However,
PCC plants will likely release small quantities of amine and amine degradation products to the
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atmosphere along with the treated flue gas. The possible environmental effects of these emissions
have been examined through different studies carried out around the world. Based on flue gas from
a 400 MW ultra-supercritical coal fired power plant Aspen-Plus PCC process simulations were used
to predict the potential atmospheric emissions from the plant. Different research initiatives carried
out in this area have produced new knowledge that has significantly reduced the risk perception for
the release of amine and amine degradation products to the atmosphere.

In addition to the reduction of the CO > emissions, the PCC technology will also help in reducing SO .
and NO , emissions. However, some other pollutants such as NH 3 and aerosols will increase if appro-
priate control technologies are not adopted. To study the atmospheric photo-oxidation of amines,
attempts are being made to develop chemical reaction schemes that can be used for air quality assess-
ment. However, more research is still required in this area to estimate the reactivity of amino solvents
in the presence of other pollutants such as NO, and other volatile organic compounds in the back-
ground air.

Current air quality guidelines may need to be updated to include limits for the additional pollutants
such as NH3, nitrosamines and nitramines once more information related to their emissions is avail-
able. This paper focuses on describing the predicted concentrations of major pollutants that are
expected to be released from a coal fired power plant obtained by ASPEN-Plus PCC process sim-

ulations in terms of current air quality regulations and other regulatory aspects.

INTRODUCTION

The world’s dependency on coal and gas for its major
share of energy demand requires the development of a
comprehensive approach for capturing and storing CO,
emissions produced during the combustion of these
energy sources (IPCC, 2005). It is likely that some
expected greenhouse gas reduction programs are being
delayed until a carbon technology can be developed and
deployed. Currently carbon tax are being introduced in
different countries around the world including Australia
and new performance standards limiting carbon dioxide
emissions from power plants are being planned or intro-
duced (European Commission, 2013). On March 27,
2012, the USEPA (United States Environmental Protec-
tion Agency) announced new standards that limit CO,
emissions to 1000 Ib per megawatt-hour (454 kg MWh ")
(USEPA, 2012). This means that all new coal-fired power
plants may be required to adopt new technologies to
capture or reduce their anticipated emissions. Therefore,
any proposed carbon capture technology should be
developed in concert with any emerging environmental
regulations.

Carbon Capture and Sequestration (CCS), has been
widely recognised as a technology that can be used to
mitigate the CO, emissions from power plants and from
other energy intensive facilities. The technology is based
on separating the CO, from a selected flue gas to pro-
duce a pure CO, stream that can be captured. The cap-
tured pure CO, will be compressed to a dense fluid
that can be transported and injected in the underground
for long term storage. Currently, the most effective and
available technology for CO, capture from the flue gas

of power plants is based on the chemical interaction

between the flue gas and selected organic solvents occur-

ring in an absorber/stripper system that can selectively
absorbs then releases CO,.

A typical 400 MW pulverised coal fired power plant
produces about 1 000 000 m* of flue gas per hour, con-
taining CO,, H,O, N,, O,, NO,, SO, and fly ash. The
large quantities of gases that must be managed to carry
out efficient CO, capture presents a technical and scien-
tific challenge for the following several reasons:

— the high volume of gas to be treated (for a 400 MW
plant around 5 000 t of CO, per day should be
treated);

— the flue gas is at atmospheric pressure and the CO» is
diluted (under 15% CO.);

— the flue gas contains other trace impurities and oxygen
that will affect the separation efficiency.
Amine-based Post Combustion CO, Capture (PCC)

technology that is commercially available although it

has not been tested at full scale power generation plants

(GCCSI, 2012). Nevertheless, PCC shows promise as a

near-term solution to capture CO, from flue gas of fossil

fuelled power plants. This technology can be easily
deployed and retrofitted to the existing fossil-fuelled
power plants. Amine solvents can degrade under the
interactions with different compounds existing in the flue
gas and under different plant operational conditions to
produce different degradation products. While the most
widely used and discussed solvent is the aqueous solution
of 0.3 g/g MonoEthanolAmine (MEA), different sol-
vents are being synthetised and tested in the aim to
improve the overall properties and performance of
CO; capture.
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A number of PCC pilot plants from around the world
using MEA (Moser et al., 2011; Knudsen et al., 2011;
Strazisar et al., 2003) have reported the presence of dif-
ferent degradation products at different sections of the
plant, resulting from the interaction between the flue
gas constituents and the amines. These products reduce
the efficiency of the solvent and create a challenge for
the management of wastes materials. Some of these
products have the potential to be directly released from
the plant as gaseous compounds while others may be
entrained in droplets to reach the atmosphere. In the
atmosphere, amines and their degradation products
can undergo further chemical reactions to produce new
products, some of which may be toxic (IEAGHG,
2012; Karl et al., 2012; Pitts et al., 1978; Grosjean,
1991). For amine-based PCC plants, therefore, the iden-
tification and quantification of major degradation prod-
ucts of health and environmental concern are required.
The degradation compounds will be reported to regula-
tory agencies to assess the environmental impacts of the
plant emissions. It is important that any potential risks
associated with these releases are identified and miti-
gated before PCC systems are deployed for capturing
CO, from coal fired power plant flue gas.

The assessment of the potential health and environmen-
tal impacts of amines and amine degradation products
being released to the atmosphere from PCC plants has
lately attracted a lot of research around the world (Koorn-
neef et al., 2012; Brakstad et al., 2010; Thitakamol et al.,
2007). This research is intended to reduce gaps in the cur-
rent knowledge and to provide a better understanding of
the various issues related to the atmospheric fate of amine
release to the atmosphere. In the current paper, the use of
MEA to scrub the CO, from a coal-fired power plant forms
the focus of the following discussion. Results and analysis
of major degradation products will be discussed. This
paper focuses on application of process simulation
towards predicting the atmospheric emissions from an
amino solvent based post combustion capture plant.

1 MAIN DEGRADATION PRODUCTS

The amine used to capture CO, has the potential to
degrade in the process and in the atmosphere after being
released from the plant. Solvent will degrade in the pro-
cess under the influence of the plant operating conditions
and by interaction with the flue gas chemical contents
and in the atmosphere by interacting with the back-
ground air chemical species.

Despite considerable efforts to understand the amine
degradation pathways occurring in the process,
there are still many gaps in the knowledge. Solvent

degradation is a challenging issue that affects the perfor-

mance the CO, capture of amine-based PCC system and

may also increase corrosion rates which reduce equip-

ment life (Reynolds et al., 2012; Gouedard et al., 2012;

Lepaumier et al., 2011). For MonoEthanolAmine

(MEA), a common and widely studied amine solvent,

two recognised degradation pathways are:

— oxidative degradation driven by oxygen and other
constituents in the flue gas entering the absorber
(Bedell, 2009; Goft, 2005; Sexton and Rochelle, 2006),

— thermal degradation driven by high temperatures in
the process (Davis, 2009; Thitakamol ez al., 2007).
Oxidative degradation takes mainly place in the absor-

ber while the thermal degradation occurs mainly in the
stripper process. The solvent degradation is responsible
of the production of many intermediate and final species
in the process. The volatility of these compounds can be
used to predict the most likely compounds that are likely
to leave the plant to the atmosphere. Volatile (and some
less volatile species) may be emitted at different concentra-
tions to the atmosphere while others can accumulate in the
liquid and solid waste in the reclaimer. The accumulation
of non-volatile contaminants in amine solutions may also
create undesirable operational problems.

It has long been recognised that CO,, O,, SO,, NO,
and other compounds in flue gas from coal fired power
plants undergo complex chemical reactions with MEA
to produce different degradation products. The presence
of selected trace metals such as Fe and Cu was found to
catalyse these paths (Goff and Rochelle, 2004; Sexton
and Rochelle, 2009). Ammonia, aldehydes, amides and
hydroxyacetaldehyde were recognised as primary prod-
ucts resulting from this degradation (Sexton and
Rochelle, 2011; Chi and Rochelle, 2002). Reactions
between aldehydes and oxygen produce carboxylic acids
that may dissociate in the solution to form heat stable
salts. In addition, ammonia formed by solvent degrada-
tion reacts with MEA in the presence of oxygen to form
amides and alkylamines.

Because of the complexity involved in describing the
appropriate chemical reaction pathways of the solvent
degradation, different degradation mechanisms have been
proposed but these mechanisms are still far from being
complete (Angove et al., 2011a, 2011b). As a result of
the complexity of properly describing the chemistry of
amine degradation, the appropriateness of process model-
ing results would depend on the accuracy of the adopted
chemical reaction scheme.

Nitrosamines and nitramines were reported as possi-
ble degradation products resulting from the interaction
between organic amines and nitrosating agents such as
nitrate and nitrite (Masuda et al., 2000; Attalla and Azzi,
2009, 2010; Brakstad et al., 2010; Pedersen et al., 2010).
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Sun et al. (2011) reported that carbonyl compounds for-
med by oxidative degradation of amine have the poten-
tial to catalyse the nitrosation of amines. These
compounds are of major concerns because their poten-
tial risks on human health. However, it is unclear how
much of these substances will be formed and emitted
during the capture process or formed in the atmosphere
after emission. It is known that in the atmosphere and
under the influence of sunlight nitrosamines can be read-
ily photolysed while nitramines have longer lifetimes.
More research is needed for the identification and quan-
tification of nitrosamines and nitramines.

In summary, despite the substantial progress achieved
lately in identifying the generation of by-products in the
process, there are still many uncertainties that need to be
properly addressed.

Amines and their degradation products that leave the
PCC plant to the atmosphere will undergo chemical and
physical transformation in the atmosphere. Chemical
transformations will be driven by complex atmospheric
chemical reactions while the meteorological conditions will
control the transport and dispersion of these pollutants
(Angove et al., 2012; Attalla and Azzi, 2009). Additional
degradation products could be generated depending on
their interactions with the surrounding ambient air chem-
ical compounds. The non-linear chemistry of the process of
the secondary pollutants formation makes it hard to estab-
lish linear relationships to predict these anticipated species
and their concentrations. It has been reported that NHj,
aldehydes, amides and particles are produced during the
atmospheric photo-oxidation of amines (Angove et al.,
2012; Karl et al., 2012).

To study the atmospheric degradation of MEA and
other amine solvents, the CSIRO smog chamber has
been used to carry out experiments at different condi-
tions to develop the database needed to elucidate the
major degradation pathways for amines. The smog
chamber data are used to develop and validate chemical
mechanisms that can be embedded in air quality models
to determine the ground level concentrations of pollu-
tants of concerns. Air quality modeling results can be
communicated to stakeholders and regulators to show
the environmental performance of the plant. Figure 1
shows an example of the smog chamber results (Angove
et al., 2012). In this example, NH; and O5 concentrations
are seen to increase as a function of time due to photo-
oxidation of MEA in the presence of NO.,.

2 IDENTIFICATION OF EMISSIONS FROM THE PLANT

The current assessment was based on the results
obtained using ASPEN-Plus PCC process simulations

to determine potential emissions of MEA and its degra-
dation products in the treated flue gas of an MEA-based
CO, capture plant attached at the end of a 400 MW
ultra-supercritical coal fired power plant (IEAGHG —
report 2012/07). The PCC plant was assumed to use
30% w/w aqueous MEA solvent at the operating condi-
tions specified in Table 1 (Do et al., 2012).

The process flow sheet developed by Fluor Daniel Ltd
and given in the IEA GHG PH4/33 report that repre-
sents the industrial process concept based on the
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Figure 1

Smog chamber results of an MEA photo-oxidation experi-
ment showing the formation of selected degradation prod-
ucts (Angove et al., 2012).

TABLE 1

Feed flue gas data of the selected ultra supercritical coal-fired power
plant used for the simulation (IEAGHG - Report 2012/07)

Ultra-supercritical coal fired
power plant
Flow rate (tonnes/h) 2973
Temperature (°C) 50
Pressure (kPa) 102.3
Composition
O, (mole %) 4.3
CO, (mole %) 12.4
H,O (mole %) 12.2
N, (mole %) 71.1
SO, (mg/m°) 10
NO, (mg/m?) 200
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Figure 2
Standard amine-based PCC process flow sheet (Fluor, 2004).

standard amine-based PCC process was adopted for
the reported ASPEN-Plus PCC process simulations
given in “IEAGHG - report 2012/07”. Figure 2 shows
a generic process flow sheet that explains the indus-
trial CO, capture process concept narrated in the
same [IEA report.

The CO, capture system consists of three main ele-
ments: a Direct Contact Cooler (DCC), where the flue
gas is conditioned and prepared for the absorption pro-
cess; an absorber, where CO5 is absorbed into the amine-
based solvent through a chemical reaction; and a regen-
erator (or stripper), where the concentrated CO, is
released and the original solvent is recovered and recy-
cled back through the process.

The flue gas is first cooled in the DCC then contacts a
circulating sodium hydroxide (NaOH) scrubbing solu-
tion to remove up to 98% of SO,. Removal of SO, would
minimize the build-up of heat-stable salts in the down-
stream absorber-regenerator loop.

In the CO, stripping section, the CO, is liberated from
the solvent using steam, producing a low pressure CO,
product stream and regenerating the solvent for CO,
capture use. The CO, rich solvent leaves the bottom of
the absorber and is pumped to the solvent regeneration
section of the plant. This is the section where the weakly
bonded compound is broken down with the application
of heat to liberate the CO, and leave reusable solvent
behind. The rich solvent from the absorber is first heated
in a heat exchanger and then enters the stripper where
the rich solvent flows down the stripper through the
packed beds counter current to the stripping steam
which removes the CO, from the rich solvent. The sol-
vent collects on the bottom chimney tray and is sent to
the reboiler where low-pressure steam, which is extracted
from the cogeneration plant, is used to heat the loaded
solvent. The resulting vapor at the top of the stripper
contains CO, saturated with water. In the stripper, the
CO, is separated from most of the moisture, yielding a
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rich CO, stream that is sent to the CO, product compres-
sor. The lean solvent (i.e., with CO, removed) is routed
back to the absorber via the rich/lean heat exchanger.

A slipstream of the lean solvent is periodically treated
in a solvent reclaiming section to remove contaminant
by-products that can gradually build up in the circula-
tion loop. Oxidative degradation and the presence of
acid gas impurities in the flue gas lead to the formation
of heat-stable salts in the sorbent stream, which cannot
be dissociated even on application of heat. To avoid
accumulation of these salts in the solvent stream and
to recover some of this lost solvent, a slip stream of
hot lean solvent from the bottom of the stripper is
removed through a semi-continuous reclaiming opera-
tion and sent for proper disposal. The rate at which this
reclaimer effluent waste stream is generated varies
according to the capacity and running conditions of
the CO, capture system. The reclaimer effluent com-
prises heat-stable salts, non-volatile solvent degradation
products, and unrecovered solvent. Typical disposal
measures for this type of waste are incineration and
landfilling.

The SO, concentration in the feed flue gas from the
selected power plant was set at 10 mg/m? in accordance
with the flue gas desulphurisation plant operation
upstream and 95% of 200 mg/m’ concentration of
NO, in the flue gas was considered to be NO with rest
being NO..

The CO; capture plant releases the CO, lean stream to
the atmosphere from the top of the absorber. During the
process, chemical compounds are produced as a result of
complex chemical reactions occurring in the absorber.
Some of these products continue to recycle in the plant
while others such as amines, ammonia, aldehydes, car-
boxylic acid etc. may be released to the atmosphere.

The bulk composition of the treated flue gas would
differ from the incoming flue gas primarily in CO, and
water. Furthermore, the CO, capture system would per-
form trim SO, removal and would also remove some
ammonia, HCl, and HF, plus part of the particulates
and a portion of the NO,. The incoming flue gas con-
tains NO, as nitrogen oxide (NO) and nitrogen dioxide
(NO,). The majority of the NO would pass directly
through the CO, capture system.

Approximately 95% of the NO, would be absorbed
either in the DCC or in the CO, capture system. The
CO, capture system would not generate additional
NO, components. The CO, capture system would add
trace amounts of solvent, ammonia, and other VOC into
the flue gas. The incoming flue gas contains SO, as SO,
and sulfur trioxide (SOs3). As a result of the pre-treat-
ment and further removal in the CO, absorber, the vent
gas would be effectively free of SO,. All of the incoming

SO; present as very fine mist would be emitted with the
CO; capture system vent. The CO, capture system would
not generate hydrocarbons or CO. Any hydrocarbons or
CO present in the incoming flue gas would be vented out
through the CO, capture system stack.

The operating conditions of the absorber top control
the amount of the concentrated vapour that is expected
to be emitted to the atmosphere. MEA and its degrada-
tion products may be released to the atmosphere in
accordance with to the vapour pressures of the gas con-
stituents which are dependent on the absorber tempera-
ture and concentrations in the solvent. For the
considered case study, the used demineralised process
water and cooling water inlet temperature were set at
12°C and the maximum rise in cooling water tempera-
ture was restricted to 7°C.

The concentrations of MEA and its degradation prod-
ucts obtained in the CO, lean gas stream represent the
theoretical vapour phase emissions of these chemicals
in the treated flue gas and not the physical liquid entrain-
ment based emissions at the plant operating condition.
For the purposes of this paper, the highest value of
0.13 m? per million m® in the range given in the Hand-
book of Gas Processors Suppliers’ Association (2004)
was used to estimate physical carryover of wash water
in the treated gas that leaves the wash section. From
the quantity of entrained wash water and its chemical
composition, the actual physical entrainment losses of
MEA solvent and its degradation products were calcu-
lated. The chemical composition of the entrained wash
water was considered to be same as that of the wash
water circulating inside the wash section at steady state
operation.

The process simulation assumed CO, absorber to
have 32 theoretical stages whereas the solvent regenera-
tor (stripper) was assumed to have 38 theoretical stages.
The high number of stages was used to get a smooth tem-
perature profile and achieve a maximum likely rise in
temperature along the absorber and stripper. This was
used to study the effect of maximum temperature rise
on the degradation of MEA. For practical purposes
the columns should be further optimised. Both the
absorber and the stripper were assumed to operate
according to chemical rate kinetics with mass transfer
considerations (ASPEN Rate-Sep Models). The water
wash tower (after the absorber) was assumed to have
three theoretical stages and the flue gas temperature at
the outlet of the wash tower was set at 45°C. The electro-
lyte NRTL model from ASPEN’s property data bank
was used to track the ionic species generated during
the CO, absorption/regeneration process and determine
the overall physical properties of various process
streams.



M. Azzi et al. | Emissions to the Atmosphere from Amine-Based 799
Post Combustion CO, Capture Plant — Regulatory Aspects

The major pathways leading to solvent loss during the
CO, absorption process are linked to:
— physical liquid entrainment in the treated gas,
— vapour phase carryover in the treated gas,
solution degradation,
— mist formation produced by nucleation of SO; present
in the incoming flue gas.

2.1 Simulation Results

During normal operation, the CO, capture system vent
would emit the treated flue gas. The bulk composition
of the treated flue gas would differ from the incoming
flue gas primarily in reduced CO, and water emissions.
Furthermore, the CO, capture system would perform
trim SO, removal, as discussed above, and would also
remove some ammonia, HCI, and HF, plus part of the
particulates and a portion of the NO,. The incoming flue
gas contains NO, as nitrogen oxide (NO) and nitrogen
dioxide (NO,). The majority of the NO would pass
directly through the CO, capture system. Approximately
95% of the NO, would be absorbed either in the DCC or
in the CO, capture system. The CO, capture system
would not generate additional NO, components. The
CO; capture system would add trace amounts of solvent,
ammonia, and other VOC into the flue gas.

The incoming flue gas contains SO, as SO, and sulfur
trioxide (SO3). Over 98% of the incoming SO, would be
removed in the DCC. The remaining SO, in the flue gas
would react with the amine-based solvent in the CO,
capture system; therefore, the vent gas would be effec-
tively free of SO,. However, for achieving improved sol-
vent performance, it is recommended to reduce SO;
below 10 mg/m? before entering the absorber. SO; con-
tributes to solvent losses due to the potential formation
of aerosols that would be emitted with the CO, capture
system vent. The CO, capture system would not generate
hydrocarbons or CO. Any hydrocarbons or CO present
in the incoming flue gas would be vented out through the
CO, capture system stack.

The CO, capture system was designed to achieve a
90% CO, capture efficiency during steady-state opera-
tions. While the CO, capture system may offer the addi-
tional benefit of reducing some other residual emissions
as described above, these other reductions would be
ancillary benefits and not the focus of the CO, capture
process.

With the exception of VOC emissions (i.e., amine sol-
vent and acetaldehyde, as discussed below), the CO, cap-
ture system is not expected to increase the emission rates
of any regulated emissions in the flue gas stream exiting
the facility.

The chemical reactions used in the current simulations
were based on information available in the open litera-
ture. However, because of the gaps in the available infor-
mation not all reactions could be modelled and not all
compounds were available in the Aspen-Plus database.
To overcome these difficulties, we have utilised the fol-
lowing power-law kinetic model developed by Uyanga
and Idem (2007) to predict the rate of MEA degradation:

—RMEA = 0'00745*6745258/RT*[MEA]1'9*[(:02}70'3
{[SO2I** + [05)*%}

where, —Ryga 1S the rate of O,- and SO,-induced degra-
dation of MEA (mol/(L.h)) and R the gas constant
(8.314 J/(mol.K)). [MEA], [SO,], [O,], and [CO,] are
the respective concentrations of MEA, SO,, O,, and
CO; (presented in units of mol/L).

The simulation results show that NHjs, aldehydes,
amides will be emitted from the plant at different rates.
However, the three principle heavier degradation prod-
ucts oxazolidone and other low volatility products
shown in Table 2 were found to have extremely low emis-
sion levels in the current simulation. The selected single
stage water wash appeared to be very effective in remov-
ing these low volatility compounds. In addition, carbox-
ylic acids (HCOOH) that are produced during the

TABLE 2

Likely maximum atmospheric emissions of MEA and its degradation
products from the water wash tower (IEAGHG, 2012)

Emissions Total (mg/Nm>(dry))
MEA 1.38E-02
Ammonia 1.14E+00
DEA 4.43E-05
Formaldehyde 2.99E-01
Acetaldehyde 3.16E-01
Acetone 3.84E-01
Methylamine 2.44E-01
Acetamide 1.94E-04
HEEDA 6.72E-13
Oxazolidone 1.55E-09
HEIA 2.98E-12
Trimer 0.00E + 00
Cyclic urea 0.00E + 00
Polymer 0.00E + 00
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degradation of MEA are trapped as stable salts in the
solvent.

Emissions of SO, from the flue gas slipstream would
be effectively eliminated and emissions of HCI, HF
would be substantially reduced when the capture system
is operational. Emissions of amine solvent NHj, and
acetaldehyde, which may be formed by reaction of the
amine-based solvent with oxygen present in the flue
gas, would be increased.

As mentioned earlier, it has been recognised that the
use of amine-based solvents to capture CO, may result
in emissions of a group of nitrosamines and nitramines
that are potentially harmful for human health and the
environment. These substances that are formed in the
PCC process during interactions between the amines
and selected flue gas constituents may exist at extremely
low concentration levels. It is anticipated that small
amounts of these compounds may be emitted with the
treated flue gas to air or captured in other waste streams.
The exact reaction mechanisms describing the formation
of these substances are very complex and more knowl-
edge is needed before proceeding with any predictions
of these substances. The modeling results of nitrosa-
mines and nitramines were not included in the present
paper.

Table 2 summarizes the estimated concentrations of
the treated flue gas exiting the CO, capture facility. It
shows the likely atmospheric emission compounds and
their calculated concentrations in the vapour and droplet
phases for the selected case study of a post combustion
CO, capture plant that processes coal-fired power plant
flue gas using 30% w/w aqueous MEA solution. The
shaded section of Table 2 highlights the predicted extre-
mely low concentration values of some of these
compounds.

The list of the identified compounds that are expected
to be released from a PCC plant includes reactive species
that are likely to affect the levels of air pollution present
over downwind areas depending on the type of the pre-
vailing ambient conditions. Each of these compounds
would generate different types of pollution ranging from
the production of ozone, NHj; aerosols, NO,, etc.
Amines degradation in the atmosphere has attracted a
lot of attention where different research programs were
initiated to improve our understanding on the topic.

3 EMISSION STANDARDS AND LEGISLATION

Emissions from amine-based PCC plant would be exam-
ined in terms of their types and amounts. The ambient
concentration of each pollutant is determined by the
amount of emissions released from the plant and the

prevailing meteorological conditions that are able to
transport and dilute such emissions. Analysis of poten-
tial short-term and long-term air quality impacts of the
proposed plant and the use of applicable regulations
are the basis for qualifying future operation of a PCC
plant. Mitigation measures will be recommended, as nec-
essary, to reduce significant air quality impacts.

Environmental setting and environmental impacts
could be used to assess emissions from an industrial
plant:

— environmental setting consists of the description of
existing regional and local environmental conditions
relevant to the plant location;

— environmental impacts describe the significance of the
anticipated pollutant emissions relatively to the exist-
ing environmental thresholds above which the antici-
pated emissions would have significant effects on the
environment.

Regulatory agencies specify maximum acceptable lev-
els of air pollutants for a selected region. Emissions of
carbon monoxide (CO), NO,, SO,, Hydrogen Fluoride
(HF), Hydrogen Chloride (HCI), and Particulate Matter
(PM) from the flue gas are currently authorized under
existing air permits issued by regulators. Permit altera-
tions are used to update a permit in cases where there
is no increase in emission limits.

Future deployment of amine-based PCC capture
plant of CO, will be associated with emissions of differ-
ent pollutants in the gaseous and droplet phases to the
atmosphere. These emissions can be reduced by deploy-
ing the appropriate control technology such water wash
systems and demisters. If nitrosamines were found to be
emitted at concentrations that may raise health con-
cerns, UV destruction techniques (IEA GHG, 2012) or
other techniques can used to resolve this issue.

Aspen-Plus PCC process simulations were used to
provide a reasonable assessment for the emissions
expected from the plant. The results obtained would
depend on the accuracy of the inputs used to execute
the simulations. The outputs of the Aspen Plus model-
ing scenarios provide the knowledge needed to deter-
mine which of these compounds should be targeted
for further air quality modeling to determine its fate
in the environment. The air quality assessment of emis-
sions to air will need to address all expected plant
operations including the business as usual operations.
The air quality modeling results will be used to provide
the required information for regulators, stakeholders,
and the industry to assess the plant operation in terms
of meeting the current air quality regulations. If emis-
sion levels are exceeding the implemented guidelines
other control technology may be implemented to
reduce selected compounds.
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Emissions from PCC plants could contain chemical
substances related to the used amines and their degrada-
tion products that may raise different environmental
concerns. Consequently, industrial-scale PCC systems
will be subject to pollution mitigation regulations. Cur-
rently, little is known about the health risks related to
amines that are expected to be emitted from PCC. Most
countries have legislations that regulate emissions of
common pollutant species, especially for the following
“criteria” pollutants, which are considered as the mea-
sure of pollution in air (Azzi et al., 2012). These are
ozone, carbon monoxide, sulphur dioxide, nitrogen
dioxide, lead and particulate matter as these are com-
monly found in the air. These pollutants have been reg-
ulated by developing human health-based and/or
environmentally-based criteria for setting permissible
levels. The set of limits based on human health is called
primary standards. Another set of limits intended to pre-
vent environmental and property damage is called sec-
ondary standards.

Ozone is not likely to be produced directly in the PCC
process but it will be produced by secondary atmo-
spheric chemical reactions (see Fig. /). In addition to
the criteria pollutants there is a large number of other
toxic materials that are of concern globally. In the
United States, more than 180 substances have been clas-
sified as Hazardous Air Pollutants (HAP) and similar
lists have been adopted in many other countries. Regula-
tory agencies throughout the world either have already
developed, e.g. the US, or are now actively developing
rules for industry and other sources to minimise emis-
sions of these materials. Some of the compounds that
have been identified as potential atmospheric emissions
from PCC units are classified as Toxic Air Contaminants
(TAC) such as the identified formaldehyde and acetalde-
hyde. Table 3 shows the potential contribution of each
pollutants to atmospheric pollution where air quality
regulations should be met.

TAC are defined as air pollutants that may cause or
contribute to an increase in mortality or in serious ill-
ness, or may pose a hazard to human health. For these
compounds there is no threshold level below which
adverse health impacts may not be expected to occur
even at low concentrations. Best available control tech-
nology for toxics is used to reduce these pollutants to
the lowest possible level. A toxic-emission inventory
would be required by regulators. This would also apply
to the groups of nitrosamines and nitramines.

The deployment of PCC units will affect the emission
inventories for compounds that are anticipated to be
emitted from the plant. It is expected that SO, and
NO, will be reduced during the PCC operations. How-
ever, volatile organic compounds and NHj; will increase

TABLE 3
Potential contribution of each pollutant to atmospheric pollution
Pollutants Potential contribution to
atmospheric pollution

MEA Potential of photochemical smog
oxidants formation
Ammonia Secondary aerosols

DEA Potential of photochemical smog
oxidants formation

Formaldehyde Potential of photochemical smog
oxidants formation

Acetaldehyde Potential of photochemical smog
oxidants formation

Acetone Potential of photochemical smog
oxidants formation

Methylamine Potential of photochemical smog
oxidants formation
Amides Secondary aerosols

along with some other compounds such as amides and
nitrosamines. There is also clear indication that aerosols
would also increase as primary emissions from the plant
and as secondary products produced by chemical reac-
tions in the atmosphere. Appropriate air quality assess-
ment of the potential impacts of the plant on human
health and the environment would require the following:

— an updated emissions inventory that includes all
major compounds that are expected to be emitted
from the plant;

— atmospheric chemical reactions mechanisms describ-
ing the degradation of reactive species in the
atmosphere.

Air emissions standards are also needed to evaluate
exposure and health impacts resulting from different
plant operating scenarios. All these requirements are to
be understood before the deployment of commercial
plants.

CONCLUSION

Amine-based post combustion capture of CO, technol-
ogy is a readily available technology that can be used
to reduce CO, emissions from coal fired power plants
but it is important that emissions from the deployment
of PCC meet the implemented air quality regulations.
The deployment of PCC will reduce SO, and NO,
emissions from the normal flue gas emissions. However,
some other pollutants will be produced if appropriate
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control emission technologies were not adopted. Of
these pollutants, NH; and aerosols emissions can be
assessed with current air quality models to determine
their air quality impacts. Attempts are being made to
develop chemical reaction schemes to describe the
photo-oxidation of MEA emissions and other amines.
However, this topic is far from being complete and more
research is still required to improve this area.

Current air quality guidelines may require to be
updated to include limits for NHj3, nitrosamines and
nitramines once more information related to their emis-
sions is conclusive and being made available.
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