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ABSTRACT

This document provides guidance on the monitoring of emissions from Post Combustion
Carbon Capture Plants (PCC) that use amine-based solvents. This report is an update of the
NPL Report 3199 issued in May 2024, which is included in the online guidance for Best
Available Techniques (BAT) information for CCS - UKCCSRC. This new version replaces the
previous version, additional information has been included as a result of ongoing research in
this area.

In PCC plants the nature of the flue gas matrix, and the compounds produced by reactions
between the amine-based solvent and the combustion exhaust gas, present some unique
challenges. This means that “traditional” monitoring approaches and methods — whether
instrumental or manual — may not be fit for purpose and may require modifications.

This guidance identifies available instrumental or manual monitoring methods for the different
pollutants with associated performance characteristics where these are available and suggests
sampling duration. It also identifies limitations and adjustments required to the methods (where
relevant) due to the unique flue gas characteristics of PCC plants. The methods identified for
the measurement of amines and nitrosamines, have not been fully validated for the
measurement of these compounds so currently any result from any of these methods is subject
to a large amount of unquantifiable uncertainty.

This guidance acknowledges that PCC emissions is a new area within stack emissions
monitoring with a number of challenges linked to “new” species that have not been traditionally
measured with the added complication that they are found within a non-typical gas matrix. It
recognises that in addition to the development of new methods more validation and research
is required into existing methods, in order to meet the challenges posed by PCC stack
emissions. Areas where more research is required are identified within the guidance.

1 INTRODUCTION

This guidance document focuses on monitoring methods for Post Combustion Carbon Capture
Plants (PCC) emissions of amine-based solvent breakdown products and draws information
from science deliverables produced under the National Physical Laboratory led project,
Metrology for Post-Combustion Carbon Dioxide Capture using Amine-based Technologies.
Although, due to lack of fully validated methods the focus is the breakdown product emissions.
This guidance also provides some information on more “traditional” combustion emissions that
are expected from PCC plants such as NOx, SO, and CO;. These are usually monitored
through established reference methods but may need modification in the way they are applied
due to the unique PCC plant flue gas characteristics.

Monitoring flue gas emissions from industrial stationary sources is well established and is
carried out following reference methods, the validation of which is required by CEN/TC 264
‘Air Quality’ as they underpin legislation. These methods can be categorised into either
instrumental or manual methods.

Instrumental methods are based on different techniques and designs. They are divided into
two main categories, extractive and in situ and can be used for both periodic measurements
and as Continuous Emission Measurement Systems (CEMS) permanently mounted on stacks.
Typically, periodic measurements are carried out through extractive systems. These
continuously extract a sample from the flue gas and deliver it through a sampling system into
one or more analysers. Different designs of sampling systems are used (hot and wet, cold and
dry or dilution) depending on the compound being measured and/or the type of analytical
technique. The sampling system should deliver the sample gas with its composition unchanged
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to the analyser and depending on the type of analyser technique used at appropriate
conditions, e.g., temperature, pressure and flow. Instrumental techniques have the benefit of
providing results for a variety of compounds in real time.

In manual methods a sample is extracted from the flue gas, passed through sample media
which capture the compound being measured which is then recovered for “offline” analysis in
a laboratory. A commonly used technique for measuring gas phase pollutants, is the wet
chemistry technique in which the flue gas sample is extracted through a heated sampling
system before drawn by a pump through a series of absorbers with trapping solution. The
solution used is dependent on the compound to be measured (although this kind of method
may be not applicable to all the targeted PCC amine breakdown products). A filter may also
be added to the system to collect any particulates for further analysis and/or to protect the
downstream sampling system from particulates.

2 FLUE GAS PHYSICAL PROPERTIES AND COMPOSITION

Stack conditions in amine-based PCC exhausts are unlike most other combustion exhausts.
The gas temperature is usually around 40 — 50 °C which is significantly lower than typical
combustion flue gas temperatures. This means the gas is likely to be saturated as the hot
combustion gas is cooled below dew point. Additionally, there is the potential for water/solvent
to be present in droplet form. This can lead to super saturated conditions with larger droplets
of the amine-based solvent suspended in a matrix of saturated combustion gas.

Studies [1,2,3] have also shown that aerosols tend to form in the flue gas. Solid (soot, H.SO,
and salts) and liquid (vapourised water, ammonia and HCI) particles act as aerosols
coagulation/condensation nuclei, while absorption of amines and nitrosamines onto the
aerosols suspended within the flue gas is a significant discharge route. Amine emissions seem
to be proportional to the aerosol particle number concentration [4,5]. No method is currently
widely available to measure aerosol particle number concentration from PCC plants.

The bulk chemical composition of the stack gas will depend on the process exhaust feeding
the carbon capture process. Apart from reducing the CO; content, the carbon capture process
itself has the potential to alter the composition and relative concentrations of the flue gas
components.

There is a potential for the release of the solvent itself — commonly monoethanolamine (MEA).
Reactions between the combustion exhaust gas and amines in the solvent can also produce
a suite of secondary breakthrough by-products — secondary and tertiary amines, nitrosated
amines (nitrosamines), nitramines and ammonia, mainly via oxidation reactions and thermal
degradation. Most nitrosamines are known to be toxic, mutagenic and/or carcinogenic.

Several factors affect the rate of breakdown of the amine-based solvent including the age of
the solvent, nitrogen oxide levels in the stack gas, metal particles (from corrosion), sulphur
compounds, oxygen levels in the stack gas and temperature.

3 MONITORING OF EMISSIONS

3.1 MANUAL EXTRACTIVE SAMPLING

The presence of liquid aerosol in the flue gas means that the distribution of soluble or reactive
pollutant species within the duct must be assumed to be inhomogeneous. Where possible, any
manual extractive testing should therefore be carried out isokinetically (sampling at a flow rate

such that the velocity entering the sampling system is the same as the velocity of the flue gas
at the measurement point) at multiple points across the duct (grid sampling), according to the
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requirements of BS EN 13284-1 [6]. In cases where the moisture level of the bulk gas is below
saturation point, droplets of the solvent may still be present.

The potential for thermal breakdown of the amine-based solvent should also be taken into
account when sampling for breakdown products. Thermal degradation in the PCC stripper unit
has been noted to occur from 120°C upwards. The heated elements within a manual extractive
sample system (probe, filter, heated sampling lines) are typically operated above this
temperature (150 - 180°C depending on the monitoring method) to prevent condensation and
sample loss within the sample system. However, when sampling for breakdown products, in
order to prevent thermal degradation in the sample train, the heated elements of the sample
system must be operated below 120°C. During field trials the results of which have been used
to develop this guidance, a temperature of 80°C was used [16]. The selected temperature is
low enough to eliminate the risk of any “hot spots” within the heated elements of the sampling
system that would lead to thermal degradation of the sample, but also above the stack gas
temperature and so prevents further condensation in the sample system.

3.2 INSTRUMENTAL SAMPLING

A stack gas homogeneity test should be carried out according to the requirements of BS EN
15259 [7] and the associated Method Implementation Document (MID) for 15259 [8]. The MID
does not normally require a homogeneity test for ducts with a cross-sectional area less than
1m?2. Given the nature of the stack gas and the high probability of the presence of droplets, it
is strongly recommended that the test is carried out on all stacks, regardless of the cross-
sectional area value.

There are no specific requirements relating to sampling in saturated ducts in instrumental
monitoring standards, with the following exceptions:

. CEN TS 17337:2019 [9] (monitoring using an FTIR) states that sample gas
should be extracted isokinetically when droplets are present in the stack gas.

. CEN TS 17021:2017 [10] (monitoring SO2) states that if there are droplets
present it should be discussed with the local competent authority if the method
is suitable.

Based on the compound of interest, this guidance recommends in each relevant section when
instrumental methods should be implemented isokinetically.

Since there are no standard methods for CEMS in PCC stacks conditions, neither most of the
amines breakdown products already observed in PCC, the use of this kind of methods for
monitoring purposes should be validated beforehand.

4 PERIODIC MONITORING METHODS
4.1 AMINES/NITROSAMINES

Amine emissions from PCC plants are either directly from the amine-based solvent or from its
breakdown and reaction with the combustion gases. Breakdown products of the amine based
capture solvent include secondary and tertiary amines, nitrosamines and nitramines (among
other compounds).

The Environment Agency (EA) has produced a priority monitoring list of Amines in relation to
PCC emissions (Table 1). A comprehensive list of amine-based PCC breakdown products is
summarised in Annex 1, where it can be seen which of those species belong to the EA priority
list. Depending on the solvent used, other by-products may be generated, and other amines
may be of interest, some of these are also reported in Annex 1 in a separate group.
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On the other hand, currently, in the UK there is very limited analytical capability for amines
from stacks with appropriate Limits of Detection (LODs). The ones that can be currently
analysed in the UK have been indicated in Table 1. This limited capability for amine analysis
seems to currently apply across Europe as well.

Table 1. Environment Agency priority list of amines for PCC emissions.

Compound Acronym CAS Substance UK analytical
group capability

Methylamine MMA /MA 74-89-5 1 v
Trimethylamine TMA 75-50-3 1 v
Dimethylamine DMA 124-40-3 1 v
Ethylamine EA 75-04-7 1 v
Ethylmethylamine EMA 624-78-2 - -
Diethylamine DIEA 109-89-7 1 v
Triethylamine TEA 121-44-8 1 X
1,1-Dimethylethylenediamine DMEN 108-00-9 - -
Ethylenediamine EDA 107-15-3 1 X
Morpholine MOR 110-91-8 1 X
2- amino-2-methyl-1-propanol AMP 124-68-5 1 X
2-Diethylaminoethanol DEELA 100-37-8 1 X
2-(Ethylamino)ethanol EAE 110-73-6 2 X
Monoethanolamine MEA 141-43-5 1 v
3-Aminopropanol PLA 156-87-6 2 X
Piperazine PZ 110-85-0 1
Diethanolamine DEA 111-42-2 1 X
N-(2-Hydroxyethyl)-Ethylene-diamine = HEEDA 111-41-1 - -
N-Methyldiethanolamine MDEA 105-59-9 1 X
Hydroxyethylpiperazine PZE /HER 103-76-4 - -
N-Ethyldiethanolamine EDELA 139-87-7 2 X
Piperazin-2-one 2-PO 5625-67-2 - -
1,4-Piperazinediethanol BHEP 122-96-3 - -
1-formyl-4-(2-hydroxyethyl) piperazine = not known @ 25209-64-7 - -
Piperazine PZ 110-85-0 1 X
Tromethamine TRIS 77-86-1 2 X
N-(2-Hydroxyethyl)glycine HEGLY 5835-28-9 2 X
Triethanolamine TELA 102-71-6 2 X

4-(2-hydroxyethyl) piperazin-2-one 4HEPO 23936-04-1

The various amines and amine-based breakdown products exhibit a wide range of physico-
chemical properties. This means there is no single monitoring method that can adequately
capture all of the compounds of interest.

Since volatility was identified as one of the main parameters impacting the sampling and
measuring methods, the compounds have been classified according to volatility in the following
groups: Highest (> 2.3 kPa), High (0.01 - 2.3 kPa), Medium (0.001 - 0.01 kPa), Lower (0.00001
- 0.001 kPa) and Lowest (< 0.00001 kPa) (see WP1 report [17] and its Annex 1).

However, within the proposal above, for the purposes of monitoring, the relevant group of

species was divided into three groups (regrouping the previous groups): Highest volatility,
volatile (High and Medium volatility groups together) and low volatility (Lower and Lowest
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volatility groups together). The most appropriate monitoring methods for each group are
proposed below.

4.1.1 Highest volatility (vapour pressure > 2.3 kPa) — Amines only.

* Method A — Non-isokinetic sampling with dynamic dilution following

* requirements of CEN TS 13649: 2014 [11]. Adsorption onto appropriate tubes.

* Method B - Isokinetic sampling and liquid impingement into 0.1M HCIl or 0.05 M
H2SO4 - based on VDI 2467 part 2 [12] or BS EN ISO 21877: 2019 [13].

Sample duration: 4 - 6 hours
Storage: Samples must be stored below 6°C during storage and transit to the analytical
laboratory

Available Analytical Techniques:

e Method A: Gas Chromatography — Mass Spectroscopy (GC-MS), Gas
Chromatography-Flame lonization Detection (GC-FID) (MCERTS accredited UK labs
available for a limited number of amines). Non accredited analysis may be available
for a broader range of amines

o Method B: Gas Chromatography —Thermal Energy Analysis (GC — TEA) (non-UK
laboratory).

Typical analytical expanded uncertainty at 95% confidence interval:
Method A: 4-12%
Method B: ~ 30%

Typical sampling Limit of Detection (LOD):
Method A: Dependent on dilution ratio. Analytical LOD 1ug/tube
Method B: ~ 0.2ug/m?

Method B LODs quoted are from a non-UK analytical laboratory.

Limitations:

e Due to the lack of enough validation data for these methods (the field trials on a pilot
plant did not produce enough results above the LOD) a typical method uncertainty is
difficult to be determined without further validation studies. This in turn means that
currently any result from any of these methods is currently subject to a large amount of
unquantifiable uncertainty.

e Method A is a non-isokinetic method and therefore the sample will not be fully
representative of an in-homogeneous gas matrix.

¢ Dynamic dilution may not be suitable for gas matrices containing droplets - saturation
of the dilution head may occur resulting in sample loss.

e Capture efficiency and retention of highly volatile species may be poor when utilizing
Method B. There is no validation data to prove the efficiency of a wet chemical sampling
system for the capture of highly volatile amines.

e There are no accredited laboratories in the UK able to carry out the analysis for Method

B and a very limited number of amines of interest, in general can currently be analysed
in the UK and Europe.
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412

Volatile (vapour pressure 0.001 — 2.3 kPa) — Amines and Nitrosamines

Method A — Non-isokinetic sampling with dynamic dilution following requirements of
CEN TS 13649: 2014 [11]. Adsorption onto appropriate tubes. Amines only.

Method B — Non-isokinetic sampling with dynamic dilution following requirements of
CEN TS 13649: 2014 [11]. Adsorption onto Adsorption onto Thermosorb N
cartridges. — nitrosamines (potentially amines but need to be validated)

Method C - Isokinetic sampling and liquid impingement into 0.1M Sulfamic acid
(nitrosamines), 0.1M HCI or 0.05 M H2SO4 (amines) - based on VDI 2467 part 2
[12] or BS EN ISO 21877: 2019 [13]. This method has validation data for 8
nitrosamines (16).

Sample duration: 4 - 6 hours
Storage: Samples must be stored below 6°C during storage and transit to the analytical
laboratory. Samples for Method B must be analysed within a week.

Available Analytical Techniques:

Method A: GC-MS (non-accredited analysis available in the UK).
Method B: GC-MS (non-accredited analysis available in the UK)
Method C: GC — TEA (non-UK European laboratory).

Typical analytical Expanded Uncertainty at 95% confidence interval:

Method A: Dependant on species analysed

Method B: 10% - for nitrosamines, non- specified for amines (only lab analytical method)
Method C: 10% - for nitrosamines, non- specified for amines (only lab analytical method)
Method C: Standard deviation of validation data:

High volatility group 12% (recovery =100%)
Medium volatility group 20% (recovery 75-80%)

Typical sampling Limit of Detection (LOD):
Method A: Dependent on dilution ratio.
Method B: Dependent on dilution ratio
Method C: 0.2ug/m? - for nitrosamines

Limitations:

Due to the lack of enough validation data for these methods (the field trials on a pilot
plant did not produce enough results above the LOD) a typical method uncertainty is
difficult to be determined without further validation studies. This in turn means that
currently any result from any of these methods is subject to a large amount of
unquantifiable uncertainty.

Method B is applicable to volatile nitrosamines with a vapour pressure higher than
0.002 kPa. Potentially, it can be used for nitrosamines with lower volatilities but may
result in reduced capture efficiency.

Typically, in manual extractive testing the absorption efficiency of the first absorber (or
first two, when three are in line) of the sampling system is at least 95 % of the
concentration of the compound being measured. During laboratory trials of Method B,
the results of which have been used to develop this guidance, total absorber
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efficiencies for NDMA, NMEA, NDEA, NPIP & NDPA were found to be close to 100%,
however only 75-80% for NDBA, NPYR & NMOR (which are less volatile nitrosamines).
This would indicate that Method B is more suitable for high or intermediate volatile
nitrosamines, but further research is still required into different sampling configurations
(e.g., inclusion of a condenser before the impingers, as suggested in section 8 of WP1
report [17]), which may improve absorption efficiency.

e Method A and B are non-isokinetic methods and therefore the sample will not be
representative of an in-homogeneous gas matrix.

e Dynamic dilution may not be suitable for gas matrices containing droplets - saturation
of the dilution head may occur resulting in sample loss.

e The Method C UK non-accredited analysis technique has been developed and
validated for water nitrosamine samples. It requires a volume of at least 1 litre of sample
which means that PPC stack samples have to be diluted with water in order to reach
the required minimum solution volume. This dilution of the sample may increase the
uncertainty of the analysis.

e Currently, there are no accredited laboratories in the UK able to carry out the analysis
for all of the target species for all of the methods.

4.1.3 Low volatility (< 0.001 kPa) — Amines and Nitrosamines

. Method A — Isokinetic sampling onto treated glass fibre filter impregnated with
Potassium Hydroxide - applicable to NDELA but may be suitable for some other
low volatility amines. Analysis under a German Occupational Hygiene method IFA
8183 [14]. The analysis for this method is not currently available in the UK.

Sample duration: 4 - 6 hours

Storage: No specified information about storage temperatures of low volatility samples. During
field trials samples were stored below 6°C during storage and transit to the analytical
laboratory.

Available Analytical Techniques:
e Method A: GC — TEA (non-UK laboratory).

Typical analytical Expanded Uncertainty at 95% confidence interval:

Method A: 10% - for NDELA, non- specified for other nitrosamines or amines (this uncertainty
value refers only to the lab analytical method).

4.1.4 Available instrumental monitoring methods - Amines

e Method A: FTIR analyser to CEN TS 17337:2019.
The gas should be extracted isokinetically when droplets are present in the stack gas.

Limitations:
e FTIR instruments may not have a low enough LOD to provide a quantitative result.

e The sampling system and FTIR cell must be heated (usually to 180°C) to prevent
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condensation and sample loss. This may induce further breakdown of the amine-based
solvent within the sampling system, therefore biasing the result.

4.1.5 Available instrumental monitoring methods - Nitrosamines

Currently no suitable (tested and validated) instrumental methods (also called continuous
emissions monitoring methods) are available for periodic monitoring.

Proton Transfer Reaction Time Of Flight (PTR-TOF) mass spectroscopy and Selected lon Flow
Mass Spectroscopy (SIFT-MS) are relatively new analytical approaches with LODs and
accuracy that would be suitable for nitrosamine monitoring. Although these types of
instruments have been used for studies on PCC emissions, they have not been typically used
in the past for stack emissions and are currently very costly. Furthermore, no testing and
validation data has been found in the literature for the application of these techniques to PCC
stack monitoring.

4.2 AMMONIA

The source of ammonia emissions from PCC plants is from the breakdown of the amine-based
solvent and reaction with the combustion gases.

4.2.1 Available manual monitoring methods.

* Method A - Isokinetic sampling and liquid impingement BS EN ISO 21877: 2019 [13].
Sample duration: 30 minutes — 1hour

Available Analytical Techniques:
e Method A: lon Chromatography (accredited analysis widely available in the UK).

Typical Method Expanded Uncertainty at 95% confidence interval:
Method A: 10-15%

Typical sampling Limit of Detection (LOD):
Method A: 0.05 - 0.1 mg/m3

4.2.2 Available instrumental monitoring methods.

e Method A: FTIR analyser to CEN TS 17337:2019.
The gas should be extracted isokinetically when droplets are present in the stack gas.
Limitations:

e The sampling system and FTIR cell must be heated (usually to 180°C) to prevent

condensation and sample loss. This may induce further breakdown of the amine-based
solvent within the sampling system, therefore biasing the result.
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5 CONTINUOUS EMISSION MONITORING SYSTEMS
5.1 CEMS SELECTION

CEMS systems should be selected according to the usual permitting requirements of the
process with regards to MCERTS certification to the appropriate certified ranges.

Care must also be taken to ensure that the system is capable of handling saturated gas
streams containing droplets. In-situ cross stack and in stack CEMS may not be suitable, due
to the presence of droplets. Extractive systems should be installed with a heated sampling
probe to ensure no loss of sample, especially for reactive species such as HCI, NH3; and SOs.

Special consideration should also be given to the representative sampling of reactive species
that could potentially be dissolved in entrained droplets.

Most extractive CEMS sampling systems draw sample gas at a fixed rate and are designed to
sample a homogenous gas. Sampling an aerosol at a fixed rate, unrelated to the stack gas
velocity, will result in a non-representative sample being extracted. Consideration should be
given to the isokinetic extraction of the CEMS sample gas. Currently, there is no commercially
available solution specifically designed for this purpose. There are, however, automatic iso-
kinetic samplers from several manufacturers, designed for the long term sampling of dioxins
or biogenic carbon. These systems could be adapted to incorporate a ‘side-stream’ connection
for the CEMS sampling system into the main iso-kinetic sample stream. Effort should be
devoted to the corresponding testing and validation before using this option for PCC stack
monitoring purposes.

5.2 CARBON DIOXIDE

Where CO, CEMS are to be installed — to assess capture efficiency - it should be noted that
most MCERTS certified CEMS have certified ranges 15 - 30% v/v. The concentrations in PCC
exhausts are likely to be substantially below this (as low as 0.2%v/v). The uncertainty of the
measured values from such analysers will be very high at these levels of CO..

5.3 CEMS VALIDATION/CALIBRATION

CEMS systems should be validated according to the permitting requirements of the process
(BS EN 14181:2014 [15] for large combustion plant or waste incinerators).

For reactive species such as HCI, NHs and SO2, a CEMS that is extracting sample from a fixed
point at a fixed rate is unlikely to be representative. For these species, the calibration should
be carried out using the appropriate standard reference method and carrying out parallel
measurement against the CEMS using multipoint isokinetic sampling.

6 FUTURE WORK PROPOSALS

PCC emissions are a new area within stack emission monitoring, with complexities arising from
the requirement to sample “new” species (e.g. amines and nitrosamines), that have not been
typically monitored or regulated in the past. There is an added challenge in that these
emissions are found within non-typical flue gas characteristics. Although research into new
methods and validation of existing methods is being carried out (such work has formed the
basis of this guidance document) further work is still required in order to enable the industry to
meet the challenges posed by PCC stack emissions. We identify below some key areas for
future work:
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Development of UK analytical capability for the priority list of nitrosamines and
amines: Currently analysis options are limited for these species. Analytical
methods are not specific to stack samples (matrices) or are not available at the
appropriate limit of detection.

Investigation into the significance of thermal degradation of amines in heated
sample systems: This affects both periodic monitoring techniques and the
selection of CEMS.

Investigation into different sampling configurations for manual extractive
techniques: Different sampling configurations may improve absorption
efficiency within the sampling system for some amines/nitrosamines.

More investigation is required into the effects of particulates and aerosols on
PCC emissions.

Validation of the methods listed in this guidance document in accordance with
the requirements of CEN TC 264.

Sampling and analysis methods prepared for future standardisation under ISO
TC 146 or CEN TC 264.

Expansion of current test bench capability in the UK to allow more
comprehensive laboratory and validation testing for breakdown products
(including specific tests for species having different ranges of volatility).
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