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Forward

This project was carried out by Ricardo for the Environment Agency. The project delivers a
recommended monitoring strategy to enable validation of atmospheric dispersion and
chemistry models for amine-based carbon capture facilities. The strategy includes
consideration of suitable stack, in-plume and ambient air monitoring techniques for
amines, nitrosamines, nitramines and other parameters with examples of potentially
suitable commercially available instruments. This study does not provide a complete
review of all commercially available instruments. Information supplied by manufacturers for
specific instruments has not been verified, and no endorsement of individual products is
implied.
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Executive summary

Introduction & Background

The UK’s legally binding commitment to achieve net-zero greenhouse gas emissions by
2050 is driving rapid deployment of hydrogen and carbon capture, utilisation and storage
(CCUS) technologies. Many post-combustion capture systems rely on amine-based
solvents, which can release trace quantities of amines, nitrosamines, and nitramines into
the atmosphere. These species undergo complex atmospheric reactions, which include
the following:

o Nitrosamines are formed through reaction with nitric oxide (NO). Secondary and
tertiary amines react to form stable nitrosamines, whereas primary amines do not
react in this way. The main degradation route of nitrosamines is through photolysis
from interaction with sunlight.

« Nitramines form via reaction with nitrogen dioxide (NO,) and are generally more
stable to photolysis than nitrosamines. Nitramines degrade predominantly via
reaction with OH radicals.

The report aims to establish a monitoring strategy for these species, which are collectively
referred to as "N-amines and related compounds". The monitoring strategy covers stack,
ambient, and in-plume measurements, with the specific purpose of enabling validation of
atmospheric dispersion and chemistry models. These models are central to regulation of
carbon capture activities. The monitoring strategy provides a plan for field monitoring of
these substances in stack emissions, ambient air and in-plume.

Evidence review

A focused review of scientific literature identified 92 relevant studies covering monitoring
and modelling techniques, as well as general reviews.

The review found that amines and their by-products come from both natural sources
(plants, biomass burning) and human activities (industrial processes, fossil fuel burning,
cigarette smoke). Background levels have not been measured in the United Kingdom, but
very low levels have been reported in a study in Korea (Kim J.Y., et al. 2025) and this
indicates concentrations are likely to be low in the UK also — less than 1 nanogram per
cubic metre (ng/m?3). Carbon capture plants represent a new, controlled source where
accurate measurement is essential in order to understand the potential impact of N-
amines and related compounds on humans and the environment.

Two broad approaches exist for monitoring these substances:
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Passive sampling Active sampling

Non- Samples taken using a fixed, | Samples taken using a pump or fan to

automatic | stationary design, followed by | draw a flow of air through sample media

sampling [ laboratory analysis for laboratory analysis

Automatic | N/A Samples taken using a pump or fan to

sampling draw a flow of air through a detector or
sample media for onsite analysis,
resulting in near real time data

Potentially significant in-plume or ambient concentrations are orders of magnitude lower
than those measured in stacks, with required limits of detection typically in the parts per
billion or parts per trillion range — approximately equivalent to micrograms per cubic metre
or nanograms per cubic metre. Techniques that may be suitable include time integrated
sampling tubes, high-resolution mass spectrometry, and mobile instruments, though some
common tools (e.g., portable Fourier Transform Infrared spectroscopy (FTIR)) may not be
sensitive enough.

Several modelling software systems have been used as found in the literature to represent
N-amine dispersion and chemical transformation in the atmosphere. Model validation
requires separating dispersion performance from in-plume chemical transformation. This
may involve co-measuring an inert tracer alongside amines. The key model inputs typically
comprise the following:

o Stack: Concentrations of amines, nitrosamines, nitramines, nitrogen oxide (NO),
nitrogen dioxide (NO,), oxygen(Oz), and Volatile Organic Compounds (VOCs).
Water content and efflux parameters including volume flow rates and temperatures.

e Ambient/in-plume: Concentrations of amines, nitrosamines, nitramines, NO, NO,,
Os, VOCs, plus OH- radicals where feasible.

e Meteorology: wind speed, wind direction, temperature, solar radiation/cloud cover.
Evidence gaps include:

e Lack of standardised methods for measuring in-stack or ambient N-amines and
related compounds.

o Limited field validation of in-plume chemistry.

« Insufficient limit of detection capability in many existing commercial instruments.
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Sampling Strategy

A robust strategy requires clear research objectives. In this case, the objective is to enable
validation of amine chemistry models, which are used in combination with dispersion
models. The sampling strategy needs to provide for measurements at three types of
location: stack emissions; in-plume and at ground level. Sampling should take account of
meteorology, diurnal cycles, and other relevant pollutants (such as NO, NO,, Os, radical
species). In view of the novelty and variability of emissions, a multi-season (up to 1 year)
dataset would be ideal. The full details of the monitoring strategy can be found in Section 7
of the report.

Concept and Location

The objective is to monitor an operational CCUS facility using amine solvent(s), ideally
with greater than 1 million tonnes per annum (MTPA) capture capacity, not excessive
stack height (<100 m), and open surroundings. These conditions were identified as optimal
as a relatively large capacity plant is likely to have correspondingly higher emissions which
would be more readily detectable. Similarly, a lower stack height will reduce the dispersion
of pollutants compared to a taller stack, again improving the likelihood of detecting
released substances.

Survey Design
« One week campaigns, repeated across seasons.
o Downwind transects at distances of 20—1000 m, plus an upwind/background site.
o Multi-height monitoring where feasible (ground level and in-plume)

Case Study Site Assessment

The only currently operational permitted plant in the UK (Tata Winnington CHP) has
disadvantages with the scale of carbon capture operations, solvent used and access
restrictions. The most promising prospective sites for a model validation survey are likely
to be Net Zero Teesside and VPI Immingham.

Recommended Measurement Techniques

Recommended measurement techniques most suitable for measurement of amines and
derivatives for model validation are: I-CIMS-ToF-MS and SIFT-MS based techniques.
Information was obtained from suppliers of two examples of commercially available
advanced, high-sensitivity instruments based on these techniques: TOFWERK Vocus 2r
Flex I-CIMS-ToF mass spectrometer and SIFT mass spectrometer. Both require short,
heated sampling lines and could be mounted in a van. Based on the information obtained,
the Vocus system may be more sensitive as it does not require carrier gas for the analysis,
therefore less dilution occurs. The Vocus system may provide better resolution with the
option for PTR or AIM reactors offering flexibility in its configuration.. In the future other
monitoring equipment maybe available that could offer similar features to these monitoring
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equipment and should be considered on a case by case basis, for example we are aware
from the literature review that lonicon also produce a similar system to the Vocus. The
lonicon system has been used in a study undertaken in Norway but this is yet to be
published.

OH radicals could be measured via a Fluorescence Assay by Gas Expansion (FAGE)
instrument operated by specialist centres including the University of Leeds.

Instrument Costs

Indicative 2026 costs for amine-capable instruments were identified as follows:

Analyser type = Sample type Guide price range

GC-FID Non-automatic active samples £65 - £100k
HPLC (Inc MS) | Non-automatic active samples £100-£450K
FTIR Automatic active samples £50-£200k
PTR-ToF-MS Automatic active samples £400-£500k
SIFT-MS Automatic active samples £300-£400K
I-CIMS-ToF-MS | Automatic active samples £500-600K
VIA Adaptor for I-CIMS to measure online aerosol | £35-£40k
FIGAERO Adaptor for I-CIMS to measure offline gas and | £65-£70k
aerosol

Monitoring strategy

A monitoring strategy was developed as part of this project and can be found in Section 7
of this report. The monitoring strategy has been designed to gather the data to support the
understanding of atmospheric chemistry and validate the chemistry modules central to
current and future regulations. The concept is to measure the dispersion and chemical
reactions of N-amines and related compounds emitted from an operational case study
installation using amine based carbon capture.

The proposed monitoring strategy could be repeated under a range of environmental
conditions and/or at further installations to help develop the evidence base for model
validation.
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Overall conclusions

Robust N-amine monitoring for validation of atmospheric dispersion and chemistry models
is feasible but highly challenging due to:

« Very low atmospheric concentrations,

e Fastin-plume chemistry,

o Lack of standardised methods,

e Limited instrument availability and high cost.

A successful monitoring strategy must therefore integrate state-of-the-art, high-sensitivity
instruments, multi-location sampling, and alignment with model input requirements. The
most suitable deployment sites in the UK are high-capacity CCUS plants with accessible
downwind corridors.
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1. Introduction/Background

The UK government has set a legally binding target to reach net-zero greenhouse gas
emissions by 2050. In order to meet this commitment, there have been rapid
developments in technologies to reduce greenhouse gas emissions particularly in energy
production. As part of this commitment the government is supporting new investment in
hydrogen and Carbon Capture Use and Storage (CCUS) in industrial clusters across the
UK. Carbon capture installations are permitted by the Environment Agency under the
Environmental Permitting Regulations (England and Wales) 2016, as amended.

Amine based solvents are often used to absorb carbon dioxide in post combustion carbon
capture technologies. These processes can result in releases of amine-based reagents
and by-products. These chemicals can react in the air following release to produce a wider
range of chemicals which are dispersed into the environment.

The rapid development in these technologies and the emissions arising from them mean
that regulation will need to be supported by new or updated monitoring, modelling and
assessment techniques to enable pollutant emissions to be managed.

Alongside the more recent use of amines for removal of carbon dioxide from combustion
gas emissions, amines have been used for many years to remove hydrogen sulphide and
carbon dioxide from natural gas. Because of this, there is already a standard (CEN TS
2610:2023) for determination of amines in biomethane. A limit of 10 parts per million has
been set on the amine content of biomethane in natural gas for automotive use. The
presence of amines in natural gas and biomethane could comprise a potentially
confounding source of amines in ambient air.

Amines are derivatives of ammonia (NH3) with one or more hydrogen atoms replaced by a
hydrocarbon or other group (typically denoted as “R”). Amines can be characterised as
primary, secondary or tertiary depending on whether one, two, or three hydrogen atoms
have been replaced, respectively. The chemical processes and atmospheric chemistry
reactions of amines results in a wide range of reaction products.

These chemical processes result in the formation of other species, including:

- Nitrosamines, hydrocarbons with the generic chemical formula R1R2N-N=0.
Nitrosamines are formed through reaction with nitric oxide (NO). Secondary and
tertiary amines react to form stable nitrosamines; primary amines do not.

- Nitramines, hydrocarbons with the generic chemical formula (R1Rz2)-N-NOz2.
Nitramines are formed through reaction with nitrogen dioxide. Nitramines are
generally more photolytically stable than nitrosamines and they may persist longer
in the atmosphere than other amine derivatives. Degradation of nitramines is
predominantly affected by oxidation with OH radicals (L.Sorensen et al)
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Figure 1: Examples of N-amines: dimethylamine, dimethyl nitrosamine and dimethyl
nitramine
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Amines, nitrosamines (NS) and nitramines (NA) are collectively referred to as “N-amines”
throughout this report.

This project is designed to provide practical insights on how to measure the range of
relevant N-amines and related compounds, to support regulatory decision making. As
discussed above the chemical processes and atmospheric chemistry reactions of amines
results in a wide range of reaction products through nitrogen containing materials used in
the scrubbing reagent or atmospheric degradation products or both. Therefore throughout
this report we are considering how to measure relevant N-amines and related compounds.

The aim of the desk-based research project is to develop a monitoring strategy for amines,
nitrosamines, nitramines and related compounds to enable validation of atmospheric
dispersion and chemistry models central to regulation of carbon capture activities. The
monitoring strategy provides a plan for field monitoring of these substances in stack
emissions, ambient air and in-plume.

2. Literature review methodology

The purpose of the rapid literature review was to identify monitoring techniques that can
be applied to in-plume and ground level monitoring of N-amines and related compounds.
Also in-scope were searches for information about stack and flue gas monitoring of N-
amines and related compounds, atmospheric dispersion modelling of N-amines and model
validation, and amine plume chemistry. This section sets out the search terms and how
they were used. It goes on to explain how the references identified using the search terms
were screened to identify the most valuable and relevant research. We then present the
process for extracting evidence from the shortlisted references and synthesising findings.
This leads to the project conclusions and recommendations for techniques and survey
design principles for monitoring N-amines and related compounds to support model
validation.
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2.1 Development of search terms

A list of key search words and suitable Boolean combinations were developed in
consultation with the Environment Agency. These are provided in Appendix 1.

Search terms incorporated primary, secondary and tertiary key words within the following
categories:

e Primary terms: N-Amine species, certain precursors (though NOx ultimately scoped
out as searches too wide). E.g. “nitrosamine*”, “nitramine™”.
¢ AND Secondary terms (to screen out non-air quality literature): “ambient
concentration”, “concentration in air’, and “ug/m®, “ng/m*”, “ppt”, “ppb” and variants,
e AND Tertiary terms
o For monitoring techniques, e.g. “monitor*”, “measure*”, “GC-MS”, “LiDAR”,
“‘isokinetic”.
o For dispersion monitoring terms, e.g. “ambient”, “dispersion”, “ground level”.
o For modelling component terms, e.g. “amine plume chemistry”, “turbulence”,

“partition”, “reaction coefficient”.
o For sources, e.g. “stack gas*”, “carbon capture”.

Initial searches were carried out to establish which combinations were likely to be too wide
(>100 search results) or too narrow (no search results found). This allowed the search
terms to be refined. For example, searches using abbreviated amine species names — e.g.
AMP, MEA and DEA — were found to be identifying irrelevant hits, so these weren’t taken
forward. Searches using “amine” were generally found to be too wide, so this was only
used where searches using specific amine species terms were too narrow. Searches
using the ResearchGate engine were found to be consistently too wide, so the use of this
resource was discontinued.

Additionally, a filter was applied to search for literature published within the last ten years
(2015-2025), though some key papers were also found in supplementary searches which
are older than 2015, and have been included in the final shortlist as they are a key
reference for this research field.

2.2 Evidence search and screening

Over 200 searches were completed across Google (for grey literature), and Google
Scholar and Science Direct (for white literature). Targeted searches were also made for
specific research organisations and individuals known to be working in the field. During
these searches, titles were screened in as potentially useful, or screened out. A list of
searches carried out and their outcomes is provided in Appendix 2.

The evidence searches were supplemented with searches using Al — specifically Microsoft
Copilot 365, and OpenAl ChatGPT, to cross-check that no potentially useful literature had
been missed — particularly targeted towards ensuring that relevant grey literature was
included in the screening process.
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Following the completion of searches and title screening, a longlist of 170 screened-in
titles was compiled. These titles were then screened based on contents of the abstract or
executive summary. A final shortlist of 92 titles were screened in (see Appendix 3).

For abstracts screened in, the following information was captured (where it was included in
the title and/or abstract:

¢ Amine species specified
If the abstract included details of monitoring
o Ambient/plume monitoring
o Stack/flue gas monitoring
¢ Any monitoring techniques specified
e |If the abstract included details of amine modelling
o Model specified
e |f the abstract was specific to Carbon Capture and Storage or Carbon Capture and
Utilisation.
e |[f the paper is a literature/evidence review.

2.3 Evidence extraction

2.3.1 Ambient and plume monitoring techniques available

The first stage of data extraction focused on ambient and plume monitoring papers within
the shortlist of 92 titles. These papers were read and the following evidence was
extracted:

e Specific species measured in the study

e The location of measurement (i.e. in plume or ambient)

e Details of monitoring technique used and the measurements strategy
e Details of any method validation

e Limits of Detection (LOD) per species.

e |If the strategy involved, or could be adapted for, plume chasing

e Survey results

e Links to other key paper(s)

From there, a synthesis of monitoring techniques available was developed. Key papers for
each monitoring technique were reviewed, prioritising the most recent literature.
Advantages and limitations for each method were identified. The results of this analysis
are provided in Section 3.

2.3.2 Additional evidence synthesis

Following compilation of the shortlist of 92 titles we were able to identify areas where there
is a large body of evidence relating to specific monitoring techniques, and areas where
there are evidence gaps that are not fully covered by the literature.
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We also analysed available literature on amine plume chemistry and modelling, to
develop a list of data required by models for model validation to inform the development of
the monitoring strategy.

2.4 Supplementary evidence gathering

Following on from the literature review the Ricardo team also contacted a number of
instrument manufacturers and universities to collect additional information not available
through the literature review. Information was gathered from these sources through
telephone conversations, meetings and e-mail correspondence. Additionally instrument
manufactures sometimes supplied marketing materials for the equipment with details of
lower detection limits and precision.

3. Evidence review: amine model validation

3.1 Amine plume chemistry

As set out in the introduction, amines are derivatives of ammonia (NH3) with one or more
hydrogen atoms replaced by a hydrocarbon or other group (R). Amines are characterised
as primary, secondary or tertiary depending on whether one, two, or three hydrogen atoms
have been replaced, respectively.

Amines can undergo oxidation, either in the absorber tower or once released into the
atmosphere. These chemical processes result in the formation of other species including
nitrosamines and nitramines.

The mechanisms through which this transformation occurs are complex and differ by
amine type. The main mechanism is reaction with hydroxyl radicals (OH), but pathways
are also possible including reaction with chlorine radicals and nitrate radicals. The radicals
abstract an H atom from the N group, leaving an amino radical species that reacts with
oxides of nitrogen (NOx) namely nitrogen monoxide (NO) or nitrogen dioxide (NO2) to form
nitrosamines or nitramines respectively. The nitrosamine can be photolyzed, regenerating
the amino radical.

Primary amines cannot degrade to form stable nitrosamines. Secondary and tertiary
amines can form stable nitrosamines, but tertiary amines do not feature a labile -H group,
and as a result their propensity to form nitrosamines is limited compared to secondary
amines.

The rate of these reactions depends on a number of factors, including in-plume
temperature and availability of the hydroxyl radical. Hydroxyl radical concentrations are
driven by a range of complex reactions, and is broadly correlated with solar radiation,
which drives hydrolysis and radical formation. Hydroxyl radical availability is reduced in the
presence of high NOx concentrations such as those that would be encountered in a plume
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from a combustion process. This is because ozone is scavenged by NO to form NOz2, so
that ozone is no longer available to form hydroxyl radicals. This results in delayed amine
degradation. In order to validate amine chemistry in dispersion models, it is therefore
necessary to monitor concentrations of these species (NO, NO2 and ozone, as well as N-
amines and related compounds) at the stack and/or in the dispersing plume.

3.2 Information required for model validation

3.2.1 Available models

The literature review identified modelling exercises used to estimate N-amines formed in
air using the following models to quantify impacts of amine emissions in terms of
degradation products:

e ADMS6.0

e CALPUFF

e The Second-Order Closure Integrated PUFF (SCIPUFF) model combined with
chemistry (SCICHEM)

e Polyphemus/SSH-Aerosol (paired regional and local models)

e The Air Pollution Model (TAPM).

Details of the studies identified are included in Appendix 3. Many of these models
incorporate chemistry for specific amines; others, such as ADMS, provide generalised
reaction mechanisms and require species-specific parameters to be input by the user. At
the time of writing, the ADMS model is the only model on this list which is commercially
available. AERMOD is another widely used dispersion model for regulatory purposes in
the UK; this model does not include a module to represent amine chemistry, so is not
discussed further in this report.

The following chemical transport models have also been used to assess amine chemistry
and dispersion at resolutions up to 1km:

e Weather Research and Forecasting (WRF) model coupled with Chemistry (WRF-
Chem)

e WRF coupled with Unified the European Monitoring and Evaluation Program (WRF-
EMEP)

e The Community Multiscale Air Quality model (CMAQ)

3.2.2 Required information

To reduce the uncertainty in model validation, model inputs must be constrained as far as
possible. The key model inputs to be monitored are emission conditions at the stack,
background concentrations, local meteorological conditions, and reaction coefficients for
models where these are input by the user. Background concentrations can include both
concentrations of amines, nitrosamines and nitramines and levels of reactive chemicals in
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the atmosphere which are key for chemical oxidation processes, including hydroxyl and
other radicals, NO, NOz2, and Os. Information is also required on local topography and any
significant buildings which may affect plume dispersion.

How well the model predicts real-world monitored amine, nitrosamine and nitramine
concentrations is dependent on two main factors:

- Model performance in simulating dispersion of emissions from the release point
- Model performance with regards to simulating the chemical transformation of amine
emissions in the atmosphere

Models provide estimates and therefore include inherent uncertainty relating to input
parameters and atmospheric physics even when chemical transformations are not
present. In order to meaningfully validate model performance with regards chemical
transformation, it is therefore necessary to decouple the effects of dispersion and chemical
transformation on model results. This can be done by the modelling and monitoring of an
inert tracer species. It is suggested that this should be undertaken if budget and time
allows.

3.2.3 Stack measurements

Stack measurements are required to reduce uncertainty in model inputs and to provide
information on the initial composition before any atmospheric processing occurs. The
concentration of amines and degradation products at receptor locations is highly
dependent on the nature of the release, both in terms of efflux parameters and emission
concentrations. In order to set up the dispersion model correctly, efflux parameters
including the exhaust exit velocity or volume flow rate, exhaust temperature should be
monitored. If these efflux parameters are expected to be constant, hourly monitoring will
not be necessary, but in the case that they may vary significantly over time it will be
preferable to carry out hourly measurements. Note that regional models such as WRF-
Chem and EMEP do not include local detail including efflux parameters for individual
sources.

Emission rates (or emission concentrations if hourly monitoring of efflux rate is carried out)
should be monitored for the following species:

- Hourly or sub-hourly amine concentrations. The amine to be monitored will be
determined by the solvent used at the plant. It is recommended that where possible,
sites which use a solvent with a simple composition should be used. Ideally this
would be a single amine for which there is relatively low uncertainty in key kinetic
parameters. Sub-hourly concentrations may not be used to directly validate model
outputs but may be useful when identifying and investigating discrepancies
between model results and monitored concentrations.

- Hourly or sub-hourly nitrosamine and nitramine concentrations. Once again, the
species to be monitored will depend on the solvent used.

- NO and NOg, O2. These species are involved in amine degradation mechanisms.

- Total VOCs and speciated VOCs.

- Water content.
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3.2.4 Background concentrations

NO, NO2 and O3 levels should be measured at a location upwind of the case study site to
allow the contribution from the modelled source to be separated out from concentrations
already existing in air. Additionally, levels of OH radicals should be measured at this
location. This may require a responsive approach to the survey to move the measurement
location to ensure that it is upwind of the site. Alternatively, measurements could be taken
over an extended period, and the data selected to include only periods when the
background monitoring location was upwind of the case study site.

3.2.5 Local meteorology

Local meteorological conditions drive dispersion and can influence the rate of chemical
reactions in the plume. Meteorological conditions could be taken from existing
measurement stations, but local representative data would be preferable, in order to
reduce model uncertainty. Key meteorological parameters to be measured include the air
temperature, wind speed and direction, and cloud cover/solar insolation.

3.2.6 Ambient and in-plume monitoring:

Ambient and in-plume monitoring will need to include both primary species of interest and
chemical species that are involved with the reaction mechanisms. The key species of
interest will include concentrations of the unreacted amine, and ambient concentrations of
nitrosamine and nitramine, with each of these determined by the solvent used. In addition
to these primary targets, several related species will also need to be monitored, including
nitric oxide (NO), nitrogen dioxide (NO.), ozone (O3), and potentially ammonia (NH3) and a
tracer.

Table 1 summarises the model input parameters required for model validation for amine
chemistry, and suggests monitoring frequency for each parameter.

Table 1: Summary of required input parameters for model validation

Type Parameter ‘ Frequency

Stack measurement | Exit velocity (m.s™) /volume flow rate (m.s3)’ Hourly
Temperature (K) Hourly
Stack diameter (m) Constant
Stack height (m) Constant

T Any volume flow rates should be provided for given pressure, temperature, moisture content (%) and O,
content (%). Volume flow rates could alternatively be normalised to standard conditions.

18 of 112



Amine concentration (g.m?) Hourly
Nitrosamine concentration (g.m3) Hourly
Nitramine concentration (g.m) Hourly
Total and speciated VOCs (g.m) Hourly
Water content (% volume/volume) Hourly
02 (% by volume) Hourly
CO2 (% by volume) Hourly
Background NO concentrations upwind of source (ug.m) Hourly
concentration NO; concentrations upwind of source (ug.m) Hourly
O3 concentrations upwind of source (ug.m) Hourly
Amine concentration (ug.m) Hourly
Nitrosamine concentration (ug.m-) Hourly
Nitramine concentration (ug.m) Hourly
Total and speciated VOCs (ug.m=3) Hourly
Hydroxyl radical (OH-) concentration (ug.m) Hourly
Meteorology (local) | Wind speed (m.s™) Hourly
Wind direction (°) Hourly
Ambient temperature (K) Hourly
Cloud cover or solar insolation (W.m2) Hourly
Ambient/ in-plume NO concentrations downwind of source (ug.m) Hourly
concentrations NO: concentrations downwind of source (ug.m?) | Hourly
O3 concentrations downwind of source (ug.m) Hourly
Amine concentration (ug.m) Hourly
Nitrosamine concentration (ug.m=) Hourly
Nitramine concentration (ug.m) Hourly
Total and speciated VOCs (ug.m=) Hourly
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4. Evidence review: monitoring techniques to
support validation of N-amines modelling

4.1 Context

Amines and N-amines have a presence in the environment, coming from multiple natural
sources such as emissions from forests and a short-lived but more intense signal from a
forest fires, because amines and N-amines can be a product of combustion as well as
being emitted from normal biological processes.

Anthropogenic sources include combustion of organic material, adding to the general
background level. A common human health risk is exposure to amines from smoking
tobacco, as an acute direct and localised source. The background concentrations in the
atmosphere are not readily known in the UK (SEPA, 2013), one study in Seoul, Korea
found nitrosamine concentrations between 4.15 ng/m* and 5.11 ng/m3 in PM2.s samples
(Kim J.Y, et al., 2025)

Since at least the 1920s, amines have been used in industrial gas scrubbing in the gas
sweeting processes in the oil and gas industry.
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Figure 2: Example process flow diagram of a typical amine treating process used in
industrial facilities?
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This process is now being adapted and applied to carbon capture and storage (CCS).
Consequently, the proposed expansion of the use of amines in a still-contactor loop to
treat combustion emissions has the potential to release amines into the environment in the
abated flue gas emissions. This can result in the release and/or formation of nitrosamines
in the atmosphere, which is of concern with regard to the potential air quality, health and
nature conservation impacts of these chemicals.

2 Source: https://en.wikipedia.org/wiki/Amine gas treating accessed on 23/02/2026
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4.2 Monitoring methods

4.2.1 General measurement considerations

The focus of this project is to develop knowledge of emissions from processes using an
amine scrubber to extract carbon dioxide. We are primarily focusing on amines and their
reaction products emitted from the stack. The concentration of amines and derivates
could, in theory, be measured at any point between the source (stack release point) and a
ground level receptor, in practice, the workable areas we can measure amines are likely to
be (a) at source via stack sampling and (b) at ground level or near ground level between
the source and the receptor (C) in plume. In order to validate the modelling, monitoring
would be required in each of these locations.

As a starting point, we can consider measuring the N-amines and related compounds at
source. In any process using amines for carbon dioxide removal, there will be prior
knowledge of the amines used as feedstocks for the scrubber process. However, because
there are many oxidation routes for amines in the scrubbing process (SEPA, 2015), the
original stock amines are typically transformed into a range of derived chemicals by the
time they reach the sampling points which would normally be located on the emission
stack.

The next step is to evaluate whether source measurement could be used to assess risk to
the population and the environment, or for air quality model validation. The amine profile
changes further in the atmosphere, as exhaust gas from the process is passed through the
ductwork and to the top of the stack. These transformations are likely to continue under
different physical and chemical conditions as amines are released from the stack and into
the downwind plume, as it disperses.

In the next sections we have outlined the findings from the literature review describing
monitoring techniques that have been used in other studies and outlining the pros and
cons of those methods.

When developing the monitoring strategy, it will be important to take a holistic view of what
will be required. By first considering what monitoring is already in place at the stack and in
the local area. Existing stack monitoring may be able to be used to complement the
proposed monitoring strategy or be easily extended to incorporate some of the additional
measurements. In addition, there may be suitably located background monitoring stations
to provide some measurements and potentially able to provide housing for additional
monitoring equipment for other pollutant measurements. There may be suitable
meteorological stations that can provide the data required or modelled meteorological data
may be used.

Passive and active methods of measurement have been considered, including non-
automatic and automatic methodologies. Passive methods include methods where no
sample is actively taken. Methodologies such as a deposition collector or a diffusion tube
would be considered passive. Active methodologies include methods where samples are
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actively drawn into an instrument for sampling. Where the instrument is able to analyse the
sample in situ, this would be referred to as an automatic active method, however for
systems where a sample is stored within sample media such as a filter, with analysis
taking place in a laboratory off site, this would be considered a non-automatic active

method.

Non-automatic sampling

Table 2 Different sampling and analysis types

Passive sampling

Samples taken using a
fixed, stationary design.
Laboratory analysis occurs
off site

Active sampling

Samples taken using a
pump or fan to draw a flow
of air through sample media
for off-site analysis
(laboratory analysis)

Automatic sampling

N/A

Samples taken using a
pump or fan to draw a flow
of air through a detector or
sample media for onsite
analysis (near real time
data)

When considering the monitoring methods that would be suitable for use consideration
needs to be given to the levels agreed in the existing permits issued by the Environment
Agency for permissible release concentrations for N-amines®. The Environment Agency
uses Environment Assessment levels (EALS) to identify and mitigate potential operational
risks of N-amines through the permitting process with operators required to assess that
emissions from their proposed facilities do not exceed the relevant EALs. The following
table provides the EAL’s for amines and nitrosamines. The volumetric units have been
converted to mass concentrations in (ppm(v) and ppb(v)) at 20°C and 1013.25mbar.

3 The Environment Agency (EA) manages Part A(1) permits for large, high polluting industries and Local
Authorities manage less complex Part B and A(2) process. The Environmental Permitting (England and
Wales) Regulations 2016 require operators to use the Best Available Techniques (BAT) to minimize

emissions. The permits issued by the EA or Local Authority are legally binding covering the emission limits of

pollutants

23 of 112




Environment
Agency

[\

Table 3 Environment Agency Environmental Assessment Levels for amines converted to PPB(v) using conversion factors relevant to 20°C
and 1013.25 mbar

e > e

Mono-ethanolamine (MEA) 141-43-5 400 pg/m3 158 ppb(v) 100 pg/m3 39 ppb(v)
N-nitrosodimethylamine (NDMA) 62-75-9 0.0002 pg/m3 0.065 ppt(v)
2-(diethylamino)ethanol (DEELA) 100-37-8 110 pg/m3 23 ppb(v)

Diethanolamine (DEA) 111-42-2 3.0 pg/m3 687 ppt(v)
Diethylamine (DIiEA) / N- 109-89-7 330 pg/m3 109 ppb(v) 33 ug/m3 11 ppb(v)
ethylethanamine
Morpholine (MOR) 110-91-8 40 pg/m3 11 ppb(v)
N-nitrosomorpholine (NMOR) 59-89-2 0.037 pg/m3 7.7 ppt(v) 0.005 pg/m3 1.0 ppt(v)
Piperazine 110-85-0 15 pg/m3 4.2 ppb(v)

Note: ppt(v): parts per trillion by volume, equivalent to picomol/mol, ppb(v): parts per billion by volume, equivalent to nanomol per mol. ppm(v).



Environment
W Agency

4.2.2 Stack measurement of amines

In 2024, NPL produced guidance for the measurement of emissions from post combustion
carbon capture processes. (R.Harvey et al., 2024a) A key finding of the report highlights
that the chemical composition of the stack gas is atypical, colder than combustion gases
from other facilities (40-50 °C) and often saturated, leading to droplets of amine solvent
and aerosol formation. These aerosols can absorb amines and nitrosamines, making them
a major emission pathway. However, there is no standard method to measure aerosol
particle concentration. Stack gas composition depends on both the incoming flue gas and
chemical changes in the capture process, which can release MEA, degraded amines,
nitrosamines, nitramines, and ammonia. Solvent breakdown is influenced by factors such
as solvent age, presence of NOx or sulphur compound, metals from corrosion, oxygen
levels, and temperature.

Passive sampling of amines will not meet the Environment Agency specification for
isokinetic sampling, so these have not been considered further within this report. An active
automatic method (where the analyser quantifies the amine concentration directly, or a
periodic non-automatic method (where samples taken must be sent for laboratory
analysis) would be needed.

4.2.2.1 Non-Automatic techniques

The Environment Agency has published guidance for periodic determination of amines
and nitrosamines from carbon capture plants with solvent-based abatement (Monitoring
stack emissions: carbon capture plants with solvent-based abatement - GOV.UK and R.
Harvey et al., 2024b)).

Amines : Isokinetic sampling and impingement into chilled 0.1M hydrochloric acid and
analysis by gas chromatography and thermal energy analysis following the principles of
EN ISO 21877 (a methodology for determinations of ammonia). A sample duration of 4 to
6 hours is specified with a maximum operating temperature of no greater than 100°C.
Samples need to be stored below 6°C (including during transport to the analytical
laboratory). The analysis method should be selected to provide an uncertainty of 30%
(95% Confidence interval) and to achieve a sampling limit of detection (LOD) of 0.2ug/m3
or less.

Nitrosamines : a methodology developed by National Physical Laboratory (R. Harvey et
al., 2024Db) is referenced which involves isokinetic sampling and impingement into chilled
0.1M sulfamic acid. No sample duration is specified but after assembly the sampling
system needs to be covered to avoid sunlight and the maximum temperature of the
sampling system is 80°C. Samples need to be stored below 6°C and protected from light
exposure (including during transport to the analytical laboratory). Analysis is by gas or
liquid chromatography. Field trials to validate the method sampled flue gases over a
period of over 5 hours, with recovered samples analysed by gas chromatography —



thermal energy analysis and mass spectrometry. A Limit Of Detection (LOD) of 0.021-
0.024pug/m?® (at 273.15K, 1010.3kPa, 15% oxygen, dry gas) was reported for each of ten
nitrosamines (Annex C of report) but most samples indicated nitrosamines levels below
the LOD.

Non Automatic Active sampling

To measure speciated VOC’s non-automatic active sampling could be carried out in
accordance with CEN/TS 13649:2014 “Stationary source emissions: Determination of the
mass concentration of individual gaseous organic compounds. Sorptive sampling method
followed by solvent extraction or thermal desorption.” Specifically for the analytical
method of choice, a silica gel sorbent would be used. For exhaust gases with droplets
present, the guidance directs use of isokinetic sampling and application of an impinger-
based methodology based on EN ISO 21877 (as described above for carbon capture
plants).

Analysis should be carried out in accordance with the following standards:

e NIOSH 2002 for aromatic amines, using ethanol for desorption; and
e NIOSH 2010 for aliphatic amines, using dilute sulfuric acid for desorption

In both cases after desorption, gas chromatography (GC) is used to separate the amines
and any other VOCs, with detection using a flame ionisation detector (FID).

Many combinations of sampling, separation and analysis could conceptually be employed.
Older mass spectrometry techniques would suffer from many co-eluting species. As a
result, state-of-the-art techniques including two-dimensional GC-MS, tandem GC-MS and
HPLC or LC/MS/MS/MS (i.e. three MS stages with two fragmentation zones) would be
needed. Such equipment is more specialised, and is the basis for techniques such as
chemical ionisation mass spectrometry discussed later.

Amines are highly polar molecules and this, coupled with strong hydrogen bonding results
in what can be described as a “sticky” chemical. It is essential to consider this in the
design of any sampling system. For example, keeping sample probes and inlets short and
heated would help to drive the aerosol to gas phase. Also flushing the wetted parts of the
sample train with the sample gas to condition the sample line would be best practice,
similar with sampling for pollutants like hydrogen chloride, sulphur dioxide or ammonia.

Fourier Transform Infrared spectroscopy (FTIR) can be applied based on CEN/TS
17337, (FTIR use on typical stack gases), the measurement and detection principles are
used to determine amine concentrations at the PPM level, and are sold commercially for
in-situ detection of amines. The levels of detection that the FTIR are able to reach are not
likely to be sufficient to reach the 0.2ug/m?3 required by the Environment Agency guidance.

The method works by bringing conditioned stack gases into a measurement cell containing
an interferometer. An interferometer uses a polychromatic infrared light (IR) which is
focused through fixed and mobile mirrors where the beam is split and then refocused on a
detector. The multiple wavelength IR beam will be absorbed by the gases in the chamber,
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the absorption is specific to the IR frequencies matching the bond vibrations i.e. stretching
and bending of the bonds of the gases. The resultant interferogram is then computationally
resolved (Fourier transform) into a spectrum, the reduction in the IR intensity at the
specific wavelength is proportional to the concentration (Lambert-Beer law).

The amine bonds are ideal for FTIR, with characterised stretching and bending of the N-H
bonds at different wavelengths, and stretching of the C-N bond. However, there will be
interference from water and alcohols. The FTIR performance is enhanced by additional
computational multivariate analysis.

The Environment Agency guidance on monitoring stack emissions from carbon capture
plants with amine solvents recommends operating the heated elements of the sample
systems at <100°C for amines and <80°C for nitrosamines and breakdown products,
noting that thermal breakdown can occur at temperatures above 120°C (Environment
Agency, 2025).

A report from NPL however indicates that a method to monitor amines following the
monitoring standard CEN TS 17337:2019 with analysis via an FTIR analyser requires that
the sampling system and FTIR cell must be heated (usually to 180°C) to prevent
condensation and sample loss (Harvey et al., 2024a). Commercially available FTIRs may
be suitable to measure breakdown products but because they are heated to 180°C (to
prevent condensation damaging the analyser) they may cause breakdown of amine-based
solvents during the sampling process and bias the result. Further research and
development are needed on this issue.

Proton Transfer Reaction — Quadrupole Mass Spectrometry PTR-QMS

In 2018, the University of Oslo partnered with Technology Centre Mongstad (TCM) to
measure amines from a PCCC plant (L. Zhu et al., 2018). The PTR-QMS analyser was
configured in ‘NH3 mode’ as this has a higher proton density compared to most organic
species. To detect amines higher than that of NHs (i.e. with one or more hydrogen atom
substituted with another chemical group), the amines can be selectively ionized.

Table 4: Analytical performance of the lonicon PTR-QMS 300 (NHz mode) for amine
detection (L.Zhu et al 2018)

Name (Abbreviation) Product Response  LoDP Precision®
number ion (m/z) factoral (ppbV) (%)
2.2

Methylamine (MMA) 74-89-5 32 102 18
Dimethylamine (DMA) 204-697-4 | 46 71 1.1 24
Trimethylamine (TMA) 200-875-0 |60 41 1 3.1
Monoethanolamine (MEA) | 205-483-3 |62 99 0.3 3.4
Dimethylaminoethanol 203-542-8 |90 58 0.3 3.3
(DMEA)

Aminomethylpropanol 124-68-5 90 58 0.3 4.7
(AMP)

Diglycolamine (DGA) 929-06-6 106 48 0.8 6
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Methyldiethanolamine 105-59-9 120 34 0.9 5
(MDEA)

Piperazine (PZ) 110-85-0 87 48 0.5 4.6
Methylpiperazine (MEP) 109-01-3 101 43 0.3 5.1
Aminoethylpiperazine 140-31-8 130 19 0.6 6.8
(AEP)

N-(2- 103-76-4 131 29 0.4 6.9
hydroxyethyl)piperazine

(HEP)

2 normalized to i(m/z* 18) + i(m/z 35) = 10 pA
b 30-limit-of-detection, 1s dwell time.
¢ measured at 50 ppbV, 1 s dwell time.

This methodology is relatively cheap compared to a ToF-MS system, but it does mean the
analyser can’t detect the amines at such low concentrations or speciate all of the N-
amines and related compounds as required for this work. For this reason, it could be
considered for the stack measurements, where we might expect to see the highest
concentrations of amines. Over the last ten years, instrument manufacturers have started
to favour a newer system over QMS, although in this 2018 paper, the conclusions explain
that QMS was used in this case to save money as the ToF-MS is more expensive. The
exact instrument used is now obsolete, however the paper details a configuration that
might work on a different PTR-QMS instrument.

The Fusion PTR TOF-MS system is now available from lonicon and is now being used for
research work for monitoring in stacks, ambient and plume measurements in Norway
which is due to be published in 18-24 months’ time. The information provided by Advanced
Monitoring Solutions (adMS) suggests that these instruments could be used for both in
stack and ambient/ plume measurements but different configurations are likely to be
required to account for the much lower ambient/ in plume concentrations. Advanced
Monitoring Solutions have said they have been able to achieve detection limits in the
range of 0.2 to 1 ppt in clean air. However, they suggest that the main challenge is the
mass spectral interference which depends on the type of analyte (which nitrosamine) and
the sample matrix.

Selected-ion flow-tube mass spectrometry (SIFT-MS)

Selected-ion flow-tube mass spectrometry (SIFT-MS) is a real-time, direct-analysis
technique for detecting trace volatile organic compounds (VOCs) and inorganic gases. It
uses a direct injection system that eliminates the need for a pre concentration trap,
although it does require a source of helium or other inert carrier gas with a purity of
99.999% (grade 5.0). It utilizes soft chemical ionization via multiple reagent ions to

4i(m/z) represents the mass to charge ratio of an ion in mass spectrometry, calculated by dividing the ion’s
mass (m, in daltons) by its charge number (z, or charge state).
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quantify substances in air in near real time or headspace (samples) to sub-parts-per-billion
(ppb) levels within seconds. Analyte detection depends on its availability in the existing
library in the instrument software. Additional compounds can be added to the library if a
sample is provided. The limit of detection is compound dependant, the lower detection limit
changes depending on the sample time in configuration, where longer sample times lead
to lower detection limits. The precision and uncertainty of the instrument is determined by
multiple factors and would need to be tested but a relative standard deviation (RSD) of 5%
is typical for 50 repeat measurements.

Proton Transfer Reaction — Time of Flight Mass Spectrometry (PTR-ToF-MS).

PTR-ToF-MS was developed to identify and quantify volatile organic compounds in a
variety of samples including ambient air. Water is protonated to produce hydronium ions
(HsO") which are mixed with compounds in the sample and the proton transferred to the
VOC/N-amine. The protonated sample then passes through a tube which is subjected to a
voltage gradient, this affects the transfer speed through the tube (time of flight) and allows
separation of material by mass. The technique cannot distinguish between compounds
with same chemical formula and molecular weight (isomers) but can distinguish
compounds with different functional groups but the same molecular weight. Limits of
detection of the order of parts per billion/trillion (approximately equivalent to ug/m?® or
ng/m?3) have been reported (Haland, A. et al, 2022).

4.2.3 Ambient measurement of amines

For environmental n-amine measurements, it is necessary to gather high resolution data
using an instrument with a detection limit at sub ppb(v) levels (Haland, A.,et al, 2022). For
emissions modelling validation, it is also necessary to use ambient air monitoring methods
capable of monitoring over short time periods (minutes). The stack emissions methods
referenced in the previous section are therefore not likely to be adaptable due to lower
detection limits and short sample times required for ambient air measurements for model
validation. This means that non-automatic sampling for subsequent analysis by GC or LC
for aerosol phase amines or FTIR analysis to CEN TS 17337:2019 for gas phase amines
is not adequate, because the lower detection limit in field trials may not be low enough to
detect anything using these methodologies. In addition, the sample time achieved with
non-automatic sampling to CEN TS 13649: 2014 (adsorption onto silica gel tubes) and BS
EN ISO 21877: 2019 (isokinetic sampling onto liquid impingers) is too long (4-6 hours) to
support the proposed chemical model.

Higher volume sampling onto filters similar to that utilised on the national Toxic Organic
Micropollutants (TOMPs) network may not be possible due to the short lifespan of the
amines, plus would not provide both gas and aerosol phase samples. In addition, there are
no UK laboratories who have accreditation for such analytical methodologies in air.
Laboratories across Europe, in some cases have an analytical method for analysing
amines in pharmaceutical samples.
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Periodic sampling

In literature we have found some common approaches. In general, amines can be
sampled onto sorbent tubes or thermal desorption tubes. Particulate phase samples could
also be collected on filter media. If collected in the PM2.s5 or PM1o size fraction, or a size
fraction range if a cascade impactor is used, these approaches could be of value to
support a health risk assessment.

Using these non-automatic sampling methods, analysis of the amines can be carried out
at a commercial laboratory. Similar considerations apply as for stack sampling. However,
ambient concentrations would normally be much lower than in stack gas flows, likely to be
in the range of parts per billion(ppb(v)) to parts per trillion (ppt(v)). The use of more
specialised preparation methods is required, with the use of 2D gas chromatography (GC)
and GC with tandem mass spectrometry (MS) and high-performance liquid
chromatography (HPLC) with triple MS.

The techniques described above are periodic measurements. A high-volume sampler
would typically be used to provide a daily sample. In view of the volume sampled, coupled
with the right clean up and analysis it would be possible to run for a shorter sample time of
(for example) an hourly sample. However, management of samples collected at an hourly
frequency would be very labour intensive. Nevertheless, manual methods for air
concentration and deposition sampling and analysis may still be of value.

Nitrogen deposition is a related topic to airborne amine chemistry and dispersion.
Deposition of amines emitted from CCS processes will contribute to total nitrogen
deposition. A preparation method that can be used with ion chromatography may also be
of interest. This should be targeted towards improving the limit of detection for current
deposition sampling applied for evaluating total nitrogen deposition. This would be
particularly relevant in an area impacted by CCS, where the difference in the limit of
detection for ammonium/total nitrogen is likely to be an order of magnitude more than for a
mix of amines and degradation products.

Automatic sampling and analysis

An instrumental method that can provide a much more accurately time-resolved data set
would be valuable. As with stack sampling, it would be possible to use FTIR (there are
now ultra-portable models), but the overall limit of detection is unlikely to be sufficient for
ambient measurements. Nevertheless, FTIR should not be discounted as portable FTIR is
readily commercially available. However, an FTIR analyser is relatively expensive for
ambient measurements (as an approximate estimate, the price is of the order of £50k for a
FTIR compared with £13k for a top of the range NOx analyser). As discussed in relation to
stack measurement using FTIR, further research and development are needed regarding
requirements for heated lines for FTIR and the potential risks of skewing results due to
thermal instability of n-amines.

Proton Transfer Reaction followed by Quadrupole Mass Spectrometry PTR-QMS is mainly
suitable for the major solvent amines but does not provide adequate capability for minor
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degradation products such as nitrosamines and nitramines, whilst the analyser is slightly
cheaper, we have not considered this further for this project on that basis.

Proton Transfer Reaction (PTR) with time of flight mass spectrometry (TOF-MS) or
Chemical ionisation mass spectrometry (CIMS) also using TOF-MS may be of greater
interest.

Proton Transfer Reaction (PTR) mass spectrometry (MS)

Using this automatic technique, volatile organic compounds (VOC) are ionized by
hydronium ions forming a protonated VOC (for this study, a protonated amine), which can
then be quantified by mass spectrometry. The technique is described in the stack
measurement section above.

The rapid measurement frequency would be advantageous for measuring fast changing
compounds such as the amines that have often rapid change through oxidisation. The
equipment can be moved but are currently best used in a dedicated monitoring station or
mobile laboratory.

From our literature review it appears that PTR-ToF-MS has emerged as a leading tool for
monitoring amine emissions and their degradation products from post-combustion
carbon-capture (PCCC) plants because of its extremely high sensitivity and its capability
for continuous measurement. Traditional methods such as FTIR spectroscopy and offline
sampling are limited by detection thresholds, slow sampling rates, and challenges in
capturing non-target compounds. In contrast, PTR-ToF-MS can reliably quantify both
target and non-target amines at parts-per-trillion by volume (pptv) levels, offering the
sensitivity needed to track ultra-trace emissions in real-world flue-gas conditions
(Languille, et al, 2024).

Another core strength is the technique’s ability to deliver real-time, high-frequency data,
enabling operators to observe rapid fluctuations in emission profiles. This capability is
crucial for diagnosing process upsets, understanding solvent degradation dynamics, and
ensuring compliance with regulatory limits. The system’s wide chemical coverage also
allows simultaneous detection of amines, ammonia, aldehydes, nitrosamines, and other
degradation by-products, providing a comprehensive emissions fingerprint that offline
methods cannot match (Languille, et al, 2024).

While PTR-ToF-MS is highly effective, it has historically required specialised operational
expertise. To address this, Languille et al describe an innovative Remote Operations
Centre (ROC) model that relocates data processing, quality assurance, diagnostics, and
maintenance support away from the plant. This approach maintains high-quality emission
monitoring while significantly reducing on-site workload and expertise requirements,
improving scalability and cost-effectiveness for large industrial CCS deployment. By
combining sensitive instrumentation with centralised expert oversight, the system
becomes both robust and practical for long-term plant monitoring.
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Chemical ionisation mass spectrometry (CIMS)

CIMS is a modified PTR-ToF-MS instrument that has high sensitivity (pptv) and speed of
response, with an amine specific build having a 1-minute total integration time (Y. You et
al, 2014). Indeed, the amine set up is derived from that set up for NH3s, which was in turn
derived from that used for HNOs detection. (Nowick et al 2002 and 2007).

The incoming sample air is mixed with protonated ethanol or acetone (via a radioactive
source 2'°Po), the clustered Amine and NHs is prevented from further clustering, and to
effectively remove any weakly bound cluster ions (such as water) using a collisional
dissociation chamber (Tanner et al 1997; Fehsenfeld et al 2002), before entering the
mass spectrometer for detection and quantification.

Two instruments would be potentially suitable for environmental gas phase amine
measurements

TOFWERK in Switzerland sell a flexible ICIMS analyser using Time of Flight Mass
Spectrometry (TOF-MS). The manufacturer advises that the system best suited to our
application would be the Vocus 2r Flex. Since the Vocus novel design focuses ions with
RF (radiofrequency) fields, it offers around 10 x higher sensitivity than a conventional
PTR-MS system. This comes with two different reactors which can be switched within the
same unit if necessary.

e Adduct lonization Mechanism (AIM) reactor: The lower detection limit of the analyser is
1 pptv for xylene and would be sub ppb(v) for amines. This reactor could be ideal for
this application due to reduced impact from humidity. The AIM has a sensitivity of
10,000 M/AM. This mass to charge ratio allows the user to distinguish between VOCs
with a very similar mass. In previous studies carried out by the manufacturer, this
reactor has shown to be more suitable for amine and PFAS measurements using
protonated acetone dimers or NH,".

e Proton Transfer Reaction (PTR) reactor: this could also be used but it has much more
complex spectra and a higher volume of data to deal with that may not be needed for
this application. Having discussed the analytical performance of both reactors with the
manufacturer as part of this work, the manufacturer recommended the AIM reactor for
this reason, however following validation it may become apparent that the additional
spectra could be necessary for speciation.

This high sensitivity is needed to allow for identification of individual amines.
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Figure 3 (left) 1,200 (Blue), 5,000 (red) and 10,000 (green) m/z ratios (right) speciated amine
sample using the highest sensitivity of 10,000m/z
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Source: Vocus Flex adapted from https://www.youtube.com/watch?v=UHPuvXBTA88&{=831s using Microsoft CoPilot

The AIM can be interchanged with the PTR module if necessary. In both cases some work
would need to be carried out in order for the systems to be tuned for measurement of N-
amines and related compounds. Some work has already been carried out to measure
dimethylamine using a Vocus system (Y.Wang et al., 2020).
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Figure 4: Limits of Detection for TOFWERK Vocus 2r Flex instrument
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The instrument could not be used as part of a drone-based survey, but it could potentially
be positioned within an aircraft. However, an aircraft-based survey would not be able to
provide the near-field sampling needed for amine chemistry and dispersion model
validation. The instrument can also be located in a van for rapid deployment, this may be
an option for cost-effective rapid relocation of the monitoring instrument.

4.2.4 Aerosol-Phase Measurements

In addition to gas phase amines, it would be possible to measure aerosol phase amines if
the analyser was fitted with an alternative inlet system following an isokinetic sampling.
There are three options for doing so.

The Vocus Flex 2R chemical-ionisation time-of-flight mass spectrometer supports multiple
modular inlets designed for gas and aerosol-phase characterisation. Both VIA
(Vaporization Inlet for Aerosols) and FIGAERO (Filter Inlet for Gas and Aerosols) are listed
as compatible inlets within the Vocus CI-TOF system’s interchangeable inlet suite,
enabling analysis of aerosol species after controlled thermal desorption or vaporisation.
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The VIA and FIGAERO inlets are two alternatives for use with the Vocus Flex 2R to
enable aerosols measurements.

VIA for Continuous Aerosol-Phase Measurements
The VIA thermally vaporises aerosol particles, releasing:

e aerosol-phase amines (including salt forms),
e semi-volatile amine degradation products, and
e aerosol-bound nitrosamines/nitramines

into the gas phase for subsequent chemical ionisation detection. This makes VIA
particularly suited for continuous, high@Bfrequency (210 Hz) measurements in
environments where aerosol@phase partitioning is dynamic, such as immediately
downstream of the CCS stack or in the nearfifield plume. The Vocus Flex platform is
explicitly designed for mobile, field@deployable operation and maintains high mass
resolution (>10,000), which helps resolve nitrogencontaining species relevant to CCS
emissions.

In order to use the VIA system, it would be necessary to purchase and deploy two Vocus
Flex 2R analysers.

FIGAERO for Semi-Continuous Aerosol Composition Analysis

Where more detailed speciation or lower temporal resolution is acceptable, the FIGAERO
inlet can collect aerosols on a filter and then thermally desorb them in a controlled
temperature ramp (F.D. Lopez-Hilfiker et al., 2014). This provides quantitative profiles of
aerosol-phase amines and nitrosamines, including high-molecular-weight or low-volatility
species that may not fully volatilise under VIA conditions.

The FIGAERO inlet can be used with a single analyser, switching between gas phase and
aerosol modes.

CHemical Analysis of aeRosol ON-line (CHARON) for fusion lonicon

The third option identified from our literature review for aerosol phase monitoring is the
CHARON particle inlet which is specifically designed to be coupled with IONICON PTR-
TOF MS (Proton Transfer Reaction - Time of Flight Mass Spectrometry) instruments. This
is currently being in used in research that is not yet published.
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Figure 5: TOFWERK Vocus 2r Flex instrument located in a van for rapid deployment
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Images used by permission of TOFWERK

4.2.5 Use of Vocus Flex 2R for stack measurements

The Vocus Flex 2R instrument could potentially be used for stack and plume
measurements. However, a heated line would be needed to manage the humidity in the
sample. One of the limitations is that the line cannot be longer than approximately 10
metres, which would put severe limitations on the measurement location for a large, heavy
and sensitive instrument. A suitable sampling platform would be needed for stack
measurements.

4.2.6 Using Sift-MS for gas phase amines

The second instrument is the Sift —-MS, manufactured by Syft Technologies, New Zealand
(UK distributor is DaVinci). Some work has already been carried out to add nitrosamines to
the SIFT-MS database (V.S. Langford et al., 2015)
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Figure 6: Sift-MS instrument
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The instrument dimensions are 730 mm x 880 mm x 900 mm.

SIFT-MS uses helium or nitrogen carrier gas, but no gas chromatography column. The
instrument can measure N-amines to ppb(v) and sub ppb(v) levels. The upper range limit
is 100ppm(v).

The instrument measures gas phase concentrations only. It could potentially be used for
headspace analysis for particle phase amines, or testing could be carried out to use an
alternative inlet designed to strip relevant amines from the aerosol phase before analysis if
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necessary. However, this would need to be tested, as no specific methodology exists for
this at present.

The analyser is available in single and double polarity configurations, a single polarity
analyser uses positive ions, which would be a good option where only proton=transferred
amines need to be detected. Dual polarity systems include negative reagent ions which
significantly increases selectivity. The dual polarity system is also a more sensitive system,
and more likely to be able to achieve measurements with the required sensitivity for
nitrosamines (see Table 3). This would need to be confirmed via a pilot study.

This instrument could potentially be used for stack and plume measurements. However,
as with the Vocus 2r Flex, a heated line would be needed to manage the humidity in the
sample. This would result in the same limitations on measurement location. A suitable
sampling platform would be needed for stack measurements. The instrument could be
suitable for aircraft or van-based measurements but could not be fitted to a drone.

4.2.7 Plume measurement of amines

Unless the plume hits the ground, measurements will ideally need to be taken at a height
above the ground to ensure samples are taken within the plume. Current LIDAR
technology that is useful for remote sensing is not a viable option. Published studies have
made use of purpose-built measurement towers and high-rise buildings. Tower, drone or
aircraft measurement should not be ruled out, but this must be balanced against the study
objectives. Considering one of the objectives of the monitoring strategy is to understand
what is happening in the plume in order to aid in model validation, then it is advisable to
take measurements in the plume as well.

In principle, the ambient measurement techniques described above would be the optimum
method for taking measurements in the plume, as long as potential safety/practicality
issues regarding elevated sampling location can be addressed.

As part of this work, consideration as to the pros and cons of mobile plume measurements
over fixed measurements has been considered. A fixed analyser situated on a tower may
provide a longer continuous dataset that exceeds the analyser lower detection limit for an
extended period. This method would also require limited complexity once it's been
deployed. The downside of this is that it's dependent upon the meteorology during the
campaign, in particular wind direction. Compared to a mobile plume chasing campaign a
fixed measurement dataset would provide weaker detail of the chemistry as it moves away
from the stack.

When considering the mobile measurement, these provide a greater ability to perform
downwind transects at varying distances, which would provide information relating to
plume dilution and transformation. The data would also provide valuable information that
could feed into improved emission factors using observed concentration gradients
combined with dispersion modelling. Conversely, compared to fixed monitoring, the mobile
measurements probably miss some of the very near plume measurements within a few
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hundred metres of the stack, and would be more susceptible to local emissions unrelated
to the stack emissions being assessed.

Whilst aircraft plume chasing is possible, in the case of Carbon Capture and Storage
facilities, it is probably not suitable due to the relatively low stack heights, in addition the
high cost and suggestion of a short 1-week campaign doesn’t lend itself well to plume
chasing with aircraft as these are better suited to long range regional plume studies.

A complementary strategy to a field survey for understanding in plume chemistry could be
to develop an environmental test chamber, or loop in a laboratory. Known concentrations
of the various components could be added, and the conditions controlled. An amine/NH3
CIMS could then be used to sample and analyse the products as the amines react. This
would be a different study philosophy and would need to be complemented by a field
survey as envisaged in this study.

4.2.8 Hydroxyl (OH-) radical measurement

Hydroxyl and chlorine radicals are short-lived species in the atmosphere which are very
important initiators of amine chemistry in the atmosphere. Measurements would not be
required in stack, but data on environmental levels of these species would be valuable for
model validation.

The most viable techniques for measurement of hydroxyl radicals in ambient air are
identified as remote ultraviolet absorption and laser-induced fluorescence. (X.Li et al.,
2020). There are no commercially available instruments for these measurements. The
FAGE (Fluorescence Assay by Gas Expansion) technique is based on detection of Laser
Induced Fluorescence (LIF) detection of OH after excitation at 308 nm. The sample is
expanded into a chamber through a small pinhole. The FAGE technique is the approach
most commonly used in field campaigns (E.G. Alvarez et al., 2022).

The Atmospheric Measurement and Observation Facility (part of the NERC National
Centre for Atmospheric Science) provides information on a ground-based laser-induced
fluorescence instrument for the detection of OH, HO2, and ROz radicals. This is referred to
as Fluorescence Assay by Gas Expansion (FAGE). The instrument is operated by the
University of Leeds.
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Figure 7: NCAS FAGE instrument for OH radical measurement

Image used by permission of Atmospheric Measurement and Observation Facility/University of Leeds,
https://amof.ac.uk/instruments/fage/.

The instrument is housed in a custom-built 20-foot shipping container. It is not a mobile
instrument and should be used as part of a research contract with the operating
organisation. It may be suitable for this project for measurement of OH radicals at a single
location upwind of the installation.

4.2.9 Chlorine (Cl-) radical measurement

Alvarez et al (2022) confirm that “The reactive nature of atomic Cl means that its
concentrations are too low to be directly measured in the lower atmosphere.” Alvarez et al.
go on to say “measurements of chlorine containing species, however, can give us
significant insight into ... the scale of atomic Cl oxidation”. That is, the presence of chlorine
radicals can be inferred from measurements of chlorine-containing species, although this
is a complex process.

If chlorine radical-driven reaction processes are likely to be important, it is recommended

that a suite of relevant VOCs is measured at a suitable location away from the immediate
vicinity of the source. An atmospheric chemistry model can then be used to infer the likely
range of chlorine radical concentrations.

4.2.10 Nitric oxide/nitrogen dioxide measurement instruments

Stack emissions
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Chemiluminescence detection (CLD) is the reference method for NOx emissions
measurements in accordance with EN 14792:2017. However, NOx is now predominantly
analysed using FTIR. FTIR may have higher or lower detection limits compared to the
conventional measurement technique, but it has the advantage that it can be used to
additionally measure NH3 and other components. Some premium FTIR systems can be
configured to measure lower than CLD.

For stack emission measurements, we would recommend an FTIR analyser that has been
tested and demonstrated equivalence to CLD as it can handle high moisture
environments, does not need a heated line and can be configured to have excellent lower
detection limits suitable for stack sampling.

Ambient monitoring

The standard ambient monitoring reference method is a chemiluminescence NO/NOXx
analyser. The principle is to introduce a conditioned gas sample into a reaction chamber,
where any NO present will react with O3 to produce NOz in an elevated energy state. As
the NO2 transitions to a ground state it emits a photon that is detected. Any NO:2 already
present passes through the cell, so to detect this, the sample switches between a direct
injection and injection via a heated molybdenum converter that converts any NO2 present
to NO. When this passes to the reaction chamber the converted NO2 and NO originally
present react with the Os. This therefore measures total oxides of nitrogen (NOx). To
determine the level of NOz, the NO-only channel result is subtracted from the NOx channel
result, in accordance with EN14211:2012. This type of instrument is well established within
the UK national monitoring networks.

An alternative is to use a ‘blue light’ analyser such as a Cavity Attenuated Phase Shift
(CAPS) instrument. This uses the absorption of 405nm light directly by NO2. This
instrument switches between direct NO2 measurement and measurement via a reaction
change where any NO present is converted to NO2 and analysed. NOx is the sum of the
measurements from the NO2 and NO to NOz2 reaction chamber cycles.

There is a key difference in that the reference chemiluminescence analyser measures NO
directly and NOx by conversion and calculates the NO2z by subtraction. The ‘blue-light’
instrument measures NO2 directly, NO by conversion, and calculates the NOx by addition.

Table 5 NO; analyser types for ambient measurements
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Technology Example Lower Resolution Response
Instrument Detection Time
Limit
Teledyne 0.4 ppb(v) Sub-ppb <60 s
T200 (implied by
noise <0.2
Chemiluminescence (CLD) ppb)
Thermo 0.20-0.40 ~0.2 ppb 40-80 s
42iQ ppb(v) RMS
Aerodyne Not explicitly | 0.01 ppb(v) 1-2s
CAPS NO, |[stated (~0.2
Cavity Attenuated Phase PPD L
. precision)
Shift (CAPS) (also referred
to as “blue light”
instrument) Teledyne <40ppt(v) < 0.1.% of <40
T500U reading seconds to
(RMS) + 20 95%
ppt(v)

4.2.11 Ozone measurement instrument

Stack

Ozone would not normally be measured in the stack. Environmental measurement of
ozone is important as it is an input into modelling of amine chemistry in the atmosphere.

If ozone measurement within the stack should be required, it is suggested that FTIR
instrumentation is used to CEN/TS 17337:2019. Such a standard is not species-specific:
this would need to be configured for stack sampling with the appropriate spectral library.
However, measurement of ozone in stack emissions is not recommended for this project.

In plume / ambient monitoring

In keeping with the national ozone network, the instrument of choice will be based on
ultraviolet absorption. The instrument uses the absorption of light with a wavelength of 254
nm by ozone in accordance with EN14625:2012. The proportion of light absorbed is
directly proportional to the concentration. This type of instrument is well established within
the UK national monitoring networks.
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4.3 Indicative cost information

The cost of analytical equipment needed for N-amine measurements is high to very high,
some guideline prices are provided in the table below. The price guide range provided is a
price for equipment only, no operating costs have been included. These are 2026 prices
which have been obtained through direct conversations with manufacturers.

Table 6: Price estimates for analytical equipment to measure N-amines and related
compounds.

Analyser type Sample type Guide price range

GC-FID Non-automatic active samples £65 - £100k
HPLC (Inc MS) Non-automatic active samples £100-£450K
FTIR Automatic active samples £50-£200k
PTR-ToF-MS Automatic active samples £400-£500k
SIFT-MS Automatic active samples £300-£400K
I-CIMS-ToF-MS | Automatic active samples £500-600K
VIA Adaptor for I-CIMS to measure online | £35-£40k
aerosol
FIGAERO Adaptor for I-CIMS to measure offline | £65-£70k
gas and aerosol

The most expensive instrumentation is for environmental monitoring of amines, and for
environmental monitoring of OH and ClI radicals.

e Amines and related compounds: The TOFWERKS Vocus 2r Flex instrument costs
~£550k (2026 price) which includes the instrument, installation, initial user training and
the required control software.

e Amines and related compounds: The Sift-MS instrument costs £350k (single
polarity) or £500k (double polarity) including installation and training. Lead time is 8-12
weeks (ships from New Zealand).

Hire options may be available for these instruments.

e OH and Cl radicals: These instruments would be specialist research units and cannot
be purchased from a supplier. Measurement of OH and ClI radicals would need to be
commissioned as surveys from specialist institutions. Manchester University and the
Atmospheric Measurement and Observation Facility at University of Leeds (part of the
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National Centre for Atmospheric Science) may be able to provide this as a support
contract during a measurement programme.

Other instruments would cost less than 10% of the cost of the Vocus 2r Flex or Sift-MS
instruments. While purchase costs of other instruments are important, the survey
instrumentation costs are likely to be dominated by the purchase of one or more
environmental amine sampling instruments.

4.4 Summary of available monitoring techniques

The table below provides a summary of the monitoring techniques for ambient, in plume
and stack monitoring identified both through the literature search and discussions with
manufacturing suppliers. Within the table there is a summary of the advantages and
limitations of the monitoring techniques and where they techniques could be used to
sample.
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Table 7: Summary of available monitoring techniques for N-amines and related compounds

Monitoring technique

Benefits Limitations

Gas chromatography-mass Ambient Quantitative speciation of particle-phase Offline so only provides time-integrated
spectrometry (GC-MS) amines data (limited process insight)
Low detection limits (when combined with Limited gas-phase coverage
derivisation)
HPLC with triple MS Ambient Readily commercially available Offline so only provides time-integrated

data (limited process insight)

Fourier Transform Infrared
spectroscopy (FTIR)

Stack, ambient

Readily commercially available

Performance is enhanced by additional
computational multivariate analysis

LOD may be insufficient for stack or
ambient application

Proton-transfer-reaction time-of-
flight mass spectrometry (PTR-
ToF-MS) (for example, Vocus Flex
2R)

Ambient, in-plume
and stack

Ultra-fast “time-of-flight” measurements,
ideal for mobile deployment, plume chasing
and source mapping.

Shorter residence time in the sample flow
tube.

Note: The PTR reactor in the Vocus Flex 2R
instrument can be replaced with the AIM
reactor.

Selectivity limits for some amines due to
proton-affinity and overlapping ions

Passivation/heating often required.

Detection limits are instrument dependent




Monitoring technique

Benefits

Limitations

Selected lon Flow Tube (SIFT)

Ambient, in-plume

Very sensitive (ppt)

Speciation would need to be field tested

mass spectrometry and stack
Potential for speciation of N-amines The requirement for carried gas dilutes the
sample, which may make it less sensitive
than PTR-ToF-MS)
lon Chromatography (IC) & Ambient Quantitative speciation Offline so only provides time-integrated
Ambient lon Monitor-IC (AIM-IC) data (limited process insight)
Robust QA/QC
Sampling artifacts if denuders/foams not
Suitable for long-term trends and coarse used (e.g., Guangzhou study measured
networks. particle only)
Use of external calibration standards AIM-IC needs careful column selection and
unnecessary injection volume optimization to reach low
Limits of Detection.
Aerosol Mass Spectrometry Ambient Size-resolved bulk PM chemistry with Not molecularly specific
(AMS) and High resolution time minutes-level time resolution.
of flight Aerosol Mass Amine salts may be under-detected
Spectrometry (HR-ToF-AMS) with Links to other OA sources via PMF
PMF Interpretation relies on factor analysis and
Use of external calibration standards ion fragmentation tables.
unnecessary
Wet chemical method using Stack This method would capture both gas and Sample probes and inlets would need to

sulfamic acid impinger solution
and analysis using liquid

aerosol phases.

be short and heated.
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Monitoring technique Benefits Limitations

chromatography with tandem
mass spectrometer
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5 Sampling Strategy

There will be different drivers for sampling, so it is imperative to have a clear definition of
the project objective before investing time and resources into a specific strategy. Within
Section 7 of this report, we have proposed a research question and suggested a
monitoring strategy that may be followed to collect the information required to answer it.
Within this report we have provided an overview of the available monitoring equipment.
This is a developing field so new equipment may be available in the future. The current
instruments available to take measurements of N-amines and related compounds to
sufficient LOD are specialist or research equipment, rather than commercial nature.

The sampling strategy needs to consider the other parameters that need to be measured,
so that we can understand the impact of meteorological parameters, the time of day, and
concentrations of other pollutants and the atmospheric chemical mix. The other
parameters that would be required for model verification are discussed in Section 3.

It is equally important to select suitable sampling locations when designing a
measurement plan. These can be biased towards measurement to aid the fundamental
understanding of the concentrations of pollutant parameters from the source, along the
pathway and at a relevant receptor. As the Environment Agency is looking to undertake
measurements which will support model validation it will be imperative to include sampling
locations at the stack exit, in plume measurements and at ground level (receptor)
locations. This will enable a greater understanding of the atmospheric chemical reactions
that take place and aid future model validation to be undertaken. Further discussion on
monitoring locations is provided within Section 7.

Looking further into the future, once the chemical kinetics are sufficiently well understood
and predictable, the measurement can be biased to focus on relevant receptors where
regional or national level modelling predicts an impact, much like in a mature national
network.

5.1 Location and number of samplers

At its most basic, the locations to assess impact from a source would be a series of
transects, leading in four directions from the source, extending to a point where measured
concentrations are indistinguishable from background levels. At each location,
measurements would be taken at different heights. It would be unusual for the final
sampling plan to have all these points, so typically, for a human health or nature impact,
measurement would be confined to ground level, and the four radial transects would be
reduced to one upwind site and at least one downwind site. The upwind site could
potentially be substituted with a nearby background measurement location.

To characterise the impact from a CCS source, modelling in general should not be
discounted. A nominal substance can be modelled to enable identification of the most



likely zone where the plume would be expected to ground or where peak concentrations
are likely to be observed. In fact, this information should already be at hand as this would
have been covered in the air quality impact assessment that supports the design and
development of such a plant. If this is not available, at the very least, available
meteorological data would be analysed to understand the local prevailing conditions, so
that upwind and downwind sampling locations can be properly identified. This can be
used to identify a minimum of two locations.

5.2 Measurement systems — air concentrations of N-
amines

As identified earlier, the aim is to measure levels of individual amines, especially N-
amines. The study needs to be designed to build as a full a picture as possible. Hence, it
would be preferable to position an instrumental method (either PRT/MS or CIMS). The
averaging period would preferably have a fine resolution, ideally at least 15 minutes. The
Vocus Flex with VIA or Figaero are measurement options which could be used in order to
capture both gas and aerosol phase amines. The VIA has the advantage of capturing
aerosol phase amines in near real time, however this means you would need two separate
instruments for the gas phase and aerosol phase respectively. Using the Figaero it is
possible to measure both phases using a single instrument where alternate samples
switch between the gas and aerosol phase (F.D. Lopez-Hilfiker et al., 2014).

As an alternative, a mixture of non-automatic sorptive and particulate sampling can be
used, based on advanced analysis of dispersion patterns, as described above. This
technique would provide data over a longer time integrated average. This would be less
valuable for validation of the chemical transformation aspects of the model.

If non-automatic sampling is used as part of the measurement strategy, deployment of
high-volume sampling over a shorter period should be considered. At least separate
sampling should be carried out for day and night periods in the gas and particle phase.
The time of day has an influence, with photochemistry driving the atmospheric reactions of
amines, nitramines and nitrosamines. Additionally, in general amines will deposit to the
ground during daylight, but at nighttime, amines can get re-emitted from the ground,
behaving in a similar fashion to ammonia and ammonium. The daytime deposition and
nighttime re-emission of atmospheric amines are driven by temperature-dependent gas-
particle partitioning and bi-directional exchange with the surface. Amines are basic
compounds that exist in equilibrium between the gaseous phase and condensed phases
(aerosols or ground surfaces), a process highly sensitive to surface heating and ambient
temperature changes.

5.3 Measurement systems — deposition

There is interest in the levels of amine deposition as deposition of amines is a component
of the overall total N-deposition. Passive deposition sampling would be identical to that
used for rain precipitation chemistry carried out in the Environment Agency UKEAP
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network (Environment Agency, 2025), although it might be preferable to use glass as
opposed to high density polyethylene (HDPE). That network does not currently measure
amines, as the current ion chromatography is not sufficiently sensitive except in situations
where there is a strong amine signal.

As an illustration, ammonium ions may be detectable to ppt(v) levels but typically present
at ppb(v) levels. In contrast, amines would be detectable to ppb(v) levels but typically
present at pptv levels. The literature search identified advanced sample clean up methods
that could be used to enhance the detection limits achievable with this technique.

5.4 Other parameters to measure

Amines are readily oxidised, and this is exacerbated by the presence of combustion
gases. These reactions will continue in the plume, that will also be mixed with the
background level of acid gases. Nitrate is an important component of atmospheric acidity.
This is routinely measured using active denuders in the UKEAP network. The local
background levels of oxides of nitrogen (NOx), ozone (O3) and hydroxyl radical (OH-), as
well as local meteorological measurements are also key. Due to the challenges of
measuring OH radicals, it is expected that a single system would be deployed to measure
OH levels in air masses arriving at the case study process.

The importance of the meteorological conditions is that this can be used to identify when
the sampling location is directly downwind of the source. Meteorological measurements
can also be employed if using a far field model and / or backtracking models to rule out
any transitory background concentrations. These could arise from natural gas/biomethane
leakage or incomplete combustion, or large-scale wildfires which typically occur during dry
summer periods.

5.5 Length of Study

Environmental and seasonal conditions change over a full year, and there will be
variations between years so to better understand the situation, from a regulation point of
view, an ideal minimum study period would be a full year to evaluate seasonal factors. A
longer study period up to around five years could be considered to improve the chance of
capturing multiple meteorological conditions and understand the concentrations. Sampling
would be taken periodically during the overall study duration.

Unlike other more well-established pollutants it is difficult to estimate an annual mean from
a shorter dataset such as a six-month mean, because comparison with data from other
locations cannot be carried out as these data do not currently exist. However, a monitoring
strategy to encompass a series of shorter-term measurements over a longer time period
would still have value in the calibration of the model.
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5.6 Special measurement considerations

To understand the chemistry of the plume, measurements within the plume are needed.
This would be a significant challenge, as these measurements would need to be at height
via use of a tower. Ideally, this would need a series of towers downwind to where the
plume is forecast to flow.

The most sensitive instruments would need to be mounted on the tower, so that these can
capture the plume chemistry as the amines are transforming. Because of the complexity of
this approach, if it turns out not to be practicable, the use of towers could be kept under
review, depending on the outcome of a ground-based survey.

6. Evidence review: gaps

Our literature review found useful papers in each category that was searched for, and
some additional papers which provided literature review and commentary on the field of
research as a whole.

The primary field of research of interest were ambient or in-plume monitoring of
nitrosamines and nitramines. The majority of shortlisted papers are within this category —
comprising 27% of the shortlisted 92 titles (25 screened in titles). However, this area of
evidence is somewhat limited, as these were the only useful 25 titles available in this area.

18 papers were screened in which included a flue-gas or in-stack monitoring strategy, to
provide supporting information on N-amine monitoring. This was found to be a much wider
area of research than ambient or in-plume monitoring, and many papers in this field were
identified but not screened into the shortlist, in order to prioritise literature on ambient and
in-plume monitoring.

In terms of papers which concerned N-amines modelling, this was also a more limited area
of research, with only 17 papers found in this area.

Of the shortlisted 92 papers, 25 included an ambient or in-plume monitoring strategy, and
18 covered in-stack measurement strategies, which was considered to be potentially
useful supporting information.

Table 8 Types of literature in shortlist of 92 titles

Type of literature Number of papers % of papers
Study monitoring ambient or in-plume 25 27%
Study monitoring flue gas or in-stack 18 20%
Study involving modelling N-amines 17 18%

51 of 112



Literature review 22 24%

Other 10 11%

The rapid literature review confirms that there is currently a lack of unified standards for
measuring nitrosamines, nitramines and other degradation products, both in ambient air
and flue gas.

Of the ambient and in-plume monitoring studies in the shortlist of 92 titles, the only
common methods of method validation were a small number of studies which
implemented a novel technique in tandem with a more established technique and
compared the results, and for techniques analysing filter samples, the results were always
compared against blank filters.

One modelling study, Brecke Gundersen et al., 2024, presents a roadmap for
development of a dynamic modelling tool designed to use in-situ plume measurements of
amines, nitrosamines (NSAs), and nitramines (NAs) in addition to NOx, to validate an
atmospheric model of amines. They propose an improved atmospheric model which can
predict formation and transport of NSAs and NAs. There were two methods proposed to
be used to validate the model. The first within a small laboratory at the top of an
adsorption tower where the treated flue gas is released to the atmosphere, which allow for
study of amine processing and atmospheric chemical transformation, ultimately allowing
validation of NSA and NA formation rates under realistic conditions. The second validation
approach would be via in-situ plume measurements by a helicopter equipped with
unspecified instruments “capable of determining amines, NSAs, and NAs, in addition to
NOx (NO and NOg2), solar radiation (including NO2 photolysis frequency)”’. The study
acknowledges that such validation has not previously been conducted in this context.

7. Monitoring Strategy

In the previous sections a literature review has been undertaken to understand the input
requirements of the air quality dispersion models and their ability to model N-amine
chemistry. Research identified the measurements required for use in air quality models in
order to improve the modelling of N-amines and related compounds from CCUS plants.
The literature also investigated the monitoring techniques available to monitor N-amines
within the stack, in plume and in the ambient environment.

Using the information gathered in the previous sections of the report, recommendations for
a potential monitoring strategy to support amine chemistry model validation have been
developed. In the sections below we have first outlined the key considerations required for
the monitoring strategy. In the following sections we have made proposals on potential
monitoring locations and equipment to use for measuring the concentrations in stack, in
plume and ambient measurements for each of the key parameters relevant to air quality
model inputs and outputs.
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7.1 Key considerations for monitoring strategy

The starting point for the monitoring strategy is to confirm the purpose of such a study.
This is equivalent to the “problem formulation” phase of a research programme. This is the
process of defining and structuring a research issue into a clear, specific, and answerable
question. This research question can then act as the foundation for the study, from which
is derived the study scope, objectives, direction and methods, aimed at producing relevant
and useful outputs.

For this project, we propose the following formulation of the research question:

What information is needed to enable the results of dispersion and N-amine chemistry
models to be evaluated against real-world data, in order to provide quantitative data on
model performance and enable the model to be improved where possible?

What information needs to be collected in the real world to validate air quality dispersion
models of the secondary (N-amines) chemical reactions taking place?

Can current monitoring technology collect data to the required detection limits for N-
amines and their derivatives and if so where should they be positioned and what sampling
frequency should be used?

The monitoring strategy must consider:

e The monitoring metrics required in order to be useful to validate the air quality models,
this has been identified in Section 3 of this report.

¢ |dentification of suitable monitoring equipment for each metric which will reach the
detection limit of each pollutant and is suitable for the monitoring location such as
stack, in plume or background. These have been discussed in Section 4 and pros and
cons of the various methods have been provided.

e The additional field measurements such as meteorology and stack dimensions that will
be needed. Details of the required metrics have been provided in Section 3

¢ In the light of this, Identification of the requirements for an effective case study site for
a model validation survey. The potential options for case study sites are provided in
Section 7.3

A key consideration when devising the study will be to consider the limits of detection and
any other uncertainties of the monitoring equipment. These have been provided for the
different equipment (where available in Section 4). In a model validation study, these
would be considered in the context of model uncertainties to establish whether measured
and modelled values are statistically different. Within the modelling section 3.2.2 an option
to run an inert tracer species is described. This could be used to assess model
performance for dispersion without chemistry.
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7.2 Proposed monitoring strategy

Taking account of Environment Agency guidance on monitoring strategies (Environment
Agency, 2024) and the research into monitoring techniques and modelling methods, we
propose the following strategy for a monitoring survey.

7.2.1 Concept

The overall concept is to measure the dispersion and chemical reactions of N-amines and
related compounds emitted from an operational case study installation using amine-based
carbon capture technology.

The study could be repeated under a range of environmental conditions, and/or at further
installations if this is found to be helpful to develop the evidence base for model validation.
The more data is gathered, the more effective model validation can be. Model estimations
are affected by the following factors, and so measuring under different atmospheric
conditions and from different processes would allow a wider range of these factors to be
investigated.

e Wind speed and direction

e Air temperature

¢ Boundary layer height

e Surface roughness

e Atmospheric stability

¢ Levels of oxidants in the air including OH radicals, ozone and oxides of
nitrogen

e Discharge height, temperature and velocity

¢ Discharge concentrations and release rates of amines and related chemicals

e Presence of buildings/structures that could affect air flows and plumes

e Terrain gradients/topography

Many of these aspects are common to all dispersion modelling studies and have already
been extensively surveyed and built into dispersion model algorithms. This means that the
key factors are those which are specific to the reactions of amines and related compounds
in the atmosphere, highlighted in bold.

A survey over a 1-week period would be expected to sample under a range of air
temperature and oxidant levels, although a longer survey would continue to provide
valuable data. A survey at more than one installation would enable different release
conditions to be investigated.

7.2.2 Survey location

The measurements should be carried out at an operational installation using amine-based
carbon capture technology. The installation should have the following features:
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e CCUS plant should ideally have a carbon capture capacity of above 1 million tonnes
per annum (MTPA). This would correspond to an electricity generation capacity of
approximately 700 MWe for a combined cycle gas turbine, assuming that all the CO2
produced is captured in the CCUS plant. ( Calculated from information for three
permitted combustion processes provided by the EA: Net Zero Teesside CCGT;
Keadby 3 CCGT and steam turbine power station; VPl Combined Heat and Power
installation, Immingham). This is to optimise the likelihood that useful data can be
obtained on levels of n-amines and their degradation products by ensuring that the
process is of sufficient scale.

¢ Afinal discharge stack height of up to 100 metres. Ideally, the stack discharge should
not be strongly influenced by adjacent buildings — i.e. no buildings taller than 40% of
stack height within a distance of 5 stack heights. This is to optimise the likelihood that
useful data can be obtained by avoiding sites where too much dispersion in the
atmosphere would have taken place before measurements can be taken.

¢ Information available on stack location, height and diameter to enable dispersion and
chemistry models to be set up for validation purposes, as being key model inputs to
characterise the source.

e Open area surrounding the site to a distance of 1.5km metres in all directions from the
source if possible, or at least downwind of the prevailing wind directions. The project
team should have access to this area throughout the study duration and electrical
power should be available.

e Gradients should not exceed 1:10 gradient equivalent to a 10% slope, meaning a 1-
meter change in 10m horizontally. This is to enable measurements to be taken at a
range of locations, in an area where local topography does not materially affect the
dispersion of emissions (as this would introduce further complications into the
modelling process).

¢ Information available on process parameters (e.g. fuel composition and combustion
rate, temperature, oxygen level) to enable dispersion and chemistry models to be set
up for validation purposes.

e Access to suitable sampling ports for stack emissions measurement.

¢ Information available on the make-up of amines used for removal of CO2 to enable an
appropriate range of substances to be measured, and to enable dispersion and
chemistry models to be set up for validation purposes. For a permitted process, the
Environment Agency places information on the public register for all amines and
breakdown/reaction products present in the absorber which have the potential to be
emitted to air. This information should therefore be readily available.

¢ Plant should be operating normally throughout the survey period to enable reasonable
representation of operational parameters in a dispersion model.

7.2.3 Survey duration

The study should be carried out to gather hourly data over a period of at least one week.
This time frame has been chosen as a likely monitoring period whereby data would likely
to be able to be collected at the stack, in plume and background at the same time. This
period would enable measurements to be taken under a range of atmospheric conditions.
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A longer survey period would become increasingly costly, and it may be difficult to
maintain ongoing access and electrical power supply. Manual measurements should be
scheduled on each day of the survey and should be taken during daylight hours and
during nighttime to reflect the different atmospheric chemistry at night compared to during
the day.

If possible, the survey should be repeated during further 1-week periods to obtain data
under different weather and seasonal conditions. Using data which is measured under
different weather conditions will help validate and improve model performance under a
wider range of conditions, giving more accurate short-term and long-term data. Carrying
out the survey at more than one case study location would also help to extend the
robustness of validation processes. The value of additional measurements would have to
be considered alongside the associated costs of ongoing survey work.

7.2.4 Measurement locations

It is recommended that measurements should be made as close to the downwind side of
the stack exit as possible, and at a range of distances downwind. These distances which
would be determined depending upon the stack height and discharge temperature of the
plant. For example, for a 50m stack height, the following downwind monitoring locations
can be suggested: 20m, 50m, 100m, 300m, 400m, 500m, 1000m. These are suggested to
provide a suitable range of locations which would enable the dispersion and chemical
processes affecting amine concentrations to be sampled. The nature of atmospheric
dispersion processes is that an approximately logarithmic scale of distances as outlined
here typically results in approximately linear change in concentrations. It may be possible
to use existing modelling to identify the most suitable monitoring location distance. A
further set of measurements should be made at an upwind location. Ideally,
measurements will be taken for all parameters at all locations, although this may not be
practicable in view of available budget, equipment and/or personnel.

In addition, the height of the measurement locations will need to be considered in order to
measure both ground-level concentrations (relevant to public exposure) and in plume
concentrations (relevant and valuable for model validation). The height of monitoring
location will need to be proposed and agreed based on monitoring location chosen, in the
light of the expected dispersion of amines and other constituents in the plume.

7.2.5 In-stack measurements

The following measurements should be made throughout the survey period, or at least
whenever manual measurements are being made.

Monitoring techniques should be based on isokinetic sampling, as emissions from carbon
capture absorbers are typically below 100°C and often saturated with water vapour. This

means the flue gas may contain water droplets and solvent aerosols, leading to the non-

homogeneous distribution of pollutant concentrations. Unless demonstrated via a stack
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gas homogeneity test that no mist or droplets are present at the monitoring locations,
isokinetic sampling is required in such conditions to ensure representative measurements
by matching the sampling velocity to the actual stack gas velocity.

Table 9: Stack measurements

Parameter Frequency
Stack internal diameter (m) Single value
Stack Height (m) Single value

Exit velocity (m.s™") /lvolume flow rate (m.s)° Hourly

Temperature (K) Hourly

Amine concentration (ug.Nm) Hourly

Nitrosamine concentration (ug.Nm) Hourly or best available time resolution to

provide valid data

Nitramine concentration (ug.Nm) Hourly

Total and speciated VOCs (mg.Nm™) Hourly or continuous

NO and NOx (mg.Nm) Hourly or continuous

Water content (%volume/ volume) Hourly or continuous

Oxygen content (% by volume) Hourly or continuous

All concentrations are reported on a dry gas basis and normalised to standard conditions
(273.15 K, 101.3 kPa). Oxygen reference correction is applied only to combustion-derived
pollutants (e.g. NOx) in accordance with permit requirements (3% Oz for liquid or gaseous
fuels, 6% O2 for solid fuels, 15% O2 for engines and gas turbines, 11% O2 for was
incineration plants).

Speciation of VOCs would be in addition to the specific measurements of amines. Itis
recommended that a screening approach should be adopted using a technique capable of
detecting a wide range of potentially relevant VOCs other than amines.

Ambient/in-plume measurements: The following measurements should be made at the
downwind survey locations:

5 Actual volume flow rate given at the conditions of pressure , Temperature, moisture and oxygen content,
and (if relevant) CO- content.
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Table 10: Ambient/in-plume measurements

Parameter Frequency

NO concentrations downwind of source (ug.m?3) Hourly
NO: concentrations downwind of source (ug.m) Hourly
0O; concentrations downwind of source (ug.m) Hourly
Amine concentration (ug.m?3) Hourly
Nitrosamine concentration (ug.m) Hourly
Nitramine concentration (ug.m?3) Hourly
VOC (ug.m3) Hourly
Hydroxyl radical (OH-) concentration (ug.m) Hourly
Chlorine radical (Cl-) concentration (ug.m) Hourly

Background measurements: The following measurements should be made at the
upwind survey locations:

Table 11: Background measurements

Parameter Frequency

NO concentrations (ug.m) Hourly
NO: concentrations (ug.m?3) Hourly
O; concentrations (ug.m?3) Hourly
Amine concentration (ng.m=) with limits of detection below 1 ng/m? Hourly

Nitrosamine concentration (ng.m) with limits of detection below 1 ng/m? Hourly

Nitramine concentration (ng.m=) with limits of detection below 1 ng/m? Hourly

7.2.6 Meteorological measurements

The following measurements should be made at one of the survey locations, ensuring that
measurements are not strongly influenced by local features in accordance with World
Meteorological Organisation (WMO) guidelines and best practice as set out by the UK
Meteorological Office (Met Office 2026).

When measuring wind direction and wind speed if the site is a coastal site (many CCUS
plants are close to coast) sea breeze should be considered. It may be necessary to
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undertake vertical wind profiling if a coastal site is selected, in order to understand the sea
breeze effects on the emissions from source.

Table 12: Meteorological measurements

Parameter Frequency

Wind speed (m.s™) Hourly
Wind direction (°) Hourly
Ambient temperature (K) Hourly
Cloud cover (okta) or solar insolation (W.m?) Hourly

Solar insolation is the preferred choice of measurement as it provides an understanding of
the photochemical drivers.

7.3 Potential case study sites

As outlined within the key considerations for the monitoring strategy, the location for a
case study is very important. In the following section we have undertaken an investigation
into the CCUS sites that are currently operational and planned for the coming years. Then
using a ranking system highlighting potential positives and negatives we have selected a
potential site that could be used for the monitoring strategy. In this section although we
have highlighted a preferred monitoring location this will be largely dependent when the
CCUS sites come online/ are operational and when the monitoring strategy may be
possible to take place.

7.3.1 UK sites in operation

At the time of writing, only one permitted carbon capture plant is currently in operation in
the UK. This is the Winnington CHP Ltd plant in Cheshire. This is a plant with two
39.6MWe gas turbines and 21.4MWe of steam turbines with supplementary gas fired
boilers and 0.04 MTPA permitted CO2. (CHPQA 2021) The associated carbon capture
facility’s absorber column stack is 48m tall. From the most recent Application Variation
EPR/EP333NY/V006 issued on 26/11/2025:

“The CCU Plant is a directly associated activity, with exhaust gases from either
boiler F (Phase 1) or boiler D (Phase 2) being redirected to the CCU Plant. The
CCU Plant is designed to capture approximately 85% of the CO_ from the boiler
exhaust gases to be stored on site, primarily prior to use in the sodium bicarbonate
manufacturing processes at the adjacent sodium bicarbonate manufacturing plant
authorised by permit EPR/SP3630BE.The CCU Plant carbon capture solvent is
amine solution (c.34% Monoethanolamine (MEA)).”
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The Winnington CHP Ltd plant has emission limits for secondary amine emissions. These
are presented in Table 13, together with monitored emissions from the adsorber stack
from July 2025. These are sourced from EPR Compliance Assessment Report
EP3337NY/0587534. The table also shows the LOD of total nitrosamines is 0.007 mg/m?.
An LOD is not specified within the CHP Air Quality Assessment, the Compliance
Assessment Report of the Application Variation. However, a limit of detection of 0.007
mg/m? is cited in the Application Variation EPR/EP3337NY/V006. Environmental Agency
assessment conclusions:

“Emission concentrations for direct emissions of nitrosamines were based on
maximum monitored concentrations from the existing facility. Where measured
concentrations were below the limit of detection, the limit of detection of
0.007mg/m?3 (at 273K,101.3kPa dry gas and 15% O2) O) was used as the emission
concentration.”

This is in reference to the modelling in the CHP Air Quality Assessment. All nitrosamines
and nitramines are compared with the NDMA EAL in the absence of EALs for all
nitrosamines and nitramines. The CHP Air Quality Assessment states:

“In some cases the detected concentration was below the Limit of Detection and so
to calculate the total nitrosamines concentration, the limit of detection was summed
together (over estimating the actual concentration).

Table 13 Emission limit values, measured emission results and LODs for Winnington CHP

Parameter Proposed Emission result LOD (mg/m?3)
temporary limit (periodic

values (mg/m?3) emissions test
data 10th July
2025) (mg/m?)

Ammonia 69 3.5 NA
Monoethanolamine | 1.76 0.024 NA
Dimethylamine 1.01 0.024 NA
Total Nitrosamines | 0.05 0.019 0.007
(at 273K, 101.3 kPa,
dry gas and 3% O2)

Note: The ammonia limit value is numerically higher than in permit prior to the variation (the limit
was 23mg/m?® at 15% O,). The variation has resulted in replacement of CCGTs with boiler inputs.
As a result, the new reference O level is 3% for the limit of 69 mg/mNm?® which corresponds to a
limit of 23 mg/Nm? at 15% O, for NH.
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The relatively low COz2 capture capacity at this site of 0.04 MTPA, as well as the relatively
low emission concentrations observed to date® may make this site less suitable as a site to
measure N-amines and related compounds. Another potentially problematic issue is the
ability to locate instrumentation around the facility. The site appears to be relatively
restricted compared to the conceptual design set out in the preceding section (see figure
below), with surrounding industrial buildings and clusters of trees and woodland.

Additionally, wind direction appears to be varied, with the two closest meteorological
stations (Manchester Airport and Rostherne no 2) showing limited consensus, with
prevailing winds ranging from WNW to SSW (Manchester Airport) and NW to SE at
Rostherne no 2).

Figure 8 Imagery of surrounding the Winnington CHP Ltd Carbon capture absorber stack

Scale: 1:6,131

0 50 100 150 200 250 A © Ordnance Survey Crown Copyright and Database Rights 2026 AC0000807084
| I | S| I

© Ordnance Survey Crown Copyright and Database Rights 2026 AC0000807064
© Bluesky International Limited and Getmapping 2024.

Overall, Winnington CHP whilst already operational in the UK, is not considered likely to
be a suitable case study site for monitoring N-amines and related compounds. This is due
to the very small concentrations expected to be found (based on EA judgement of the

6 EA colleagues provided this information on project calls.
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site), potentially highly variable prevalent wind speed, and the limited suitability of the
study site.

7.3.2 UK sites permitted but not yet in operation

Investigation has also been carried out of potential sites in the Teesside and Humberside
industrial cluster, and other permitted amine-based carbon capture and storage planned
for the UK.

These are presented in Table 14 together with Winnington CHP Ltd. We have used a
colour shading within the table from light blue being least favourable, mid blue being the
mid-range option and dark blue representing the most favourable option.
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Table 14: UK permitted CCUS sites which could be potential locations for the monitoring strategy, with colour coding to indicate where
variables are ideal (dark blue), not ideal (light blue), and in between (mid-blue),

Solvent Operations CO; Stack Prevailing wind | Suitability of area surrounding the site
start Treatment height direction

MTPA

Variable with Limited. Selected locations are accessible
closest and may be suitable for monitoring if
Manchester power can be provided, but area is limited
Airport prevailing | by surrounding proximity to adjacent

wind direction industrial buildings, river and clusters of
SSW then WNW | trees and woodland, in the range of

and Rostherne prevailing wind directions.

no.2 prevailing
wind direction
SE-SSW then
NW (see
Appendix 4)

Winnington CHP MEA
Ltd, Cheshire

Phillips 66 Ltd Shell’s 2027-2028 Moderate. Somewhat built up with other
Humber Zero CCS, | CANSOL industrial sites to immediate NE and E.
Humber Vv Dependent on access to closed PRAX

facility site to NNE/NE. Additionally, further
to the ENE, area is open between
Immingham Bulk Terminal to Groupe CAT
Killingholme terminal, but access
unknown.




Solvent

Operations
start

Net Zero Teesside | Currently | ~2028
Power CCGT with | permitted
CCS, Teesside for MEA,
will vary
to
Shell’s
CANSOL
\Y
VPI Immingham Shell’s Some
LLP, CCP with CANSOL | sources
CCS, Humber V DC- 2027-2028,
103 others 2029.
Encyclis Protos MEA ~2029

EfW CCS,
Cheshire

CO;
Treatment
MTPA

0.4

Stack
height

105m

Prevailing wind
direction

Highly variable,
highest frequency
of counts from
SSE, then NW —
and not within UK
normal wind
direction.

(Hawarden wind
rose, Appendix 4)

Moderate. Relatively flat reclaimed
industrial land, some surrounding clusters
of trees. Some surrounding industrial
buildings to the SE which would limit any
plume chasing from NW winds.

Suitability of area surrounding the site
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Solvent

Operations
start

CO;
Treatment
MTPA

Stack
height

Prevailing wind
direction

Suitability of area surrounding the site

Moderate. Depending on power
availability. Gently rolling rural to industrial
landscape with some surrounding clusters
of trees.

Castle Cement Ltd, | Mitsubis | 2029 0.8 Up to 100m | Highly variable,
Heidelberg hi Heavy highest frequency
Materials, CCS for | Industrie of counts from
cement-works, s' (MHI) SSE, then NW —
Padeswood, North | proprieta and not within UK
Wales ry Advan normal wind
ced KM direction.
CDR
Process (Hawarden wind
™ rose, Appendix 4)
Keadby Generation | MEA ~2030 1.5 82m-97m | SW to SSW from
Ltd, CCGT with second closest
CCS, Scunthorpe site (Humberside
wind rose,
Appendix 4)
Unavailable data
for closest site
Doncaster Airport
from 2023-2025
Viridor Energy MEA, 2031 0.9 105m Highly variable,
Runcorn, EfW CCS | proposin highest frequency
, Cheshire g to vary of counts from
to SSE, then NW —

and not within UK

Limited, industrial area on Mersey Estuary
with flat terrain but lots of buildings
surrounding, as well as limitations in
direction of estuary.
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Solvent Operations CO; Stack Prevailing wind | Suitability of area surrounding the site

start Treatment height direction
MTPA
CANSOL normal wind
\ direction.

(Hawarden wind
rose, Appendix 4)

* Including process parameters, make-up of amines.
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Of the eight sites (including Winnington CHP Ltd), seven are located in England (in
Cheshire, Humber or Teesside), and one is located in North Wales. The sites in the table
above have been organised by the estimated operation date with those operational or
expected to be operational earliest at the top of the table with those with later dates at the
bottom. This may be a factor the Environment Agency want to take into consideration
when choosing a monitoring site.

In order to capture N-Amine emissions and related compounds the sites expected to have
larger carbon capture capacity may be a more suitable option. One site, VPI Immingham,
was identified as having a higher CO2 MTPA capacity with two further sites in mid-range
emissions (Net Zero Teesside and Keadby Generation Ltd).

Only Winnington CHP Ltd has a stack height below 50m, all other sites are expected to
have a stack height of over 82m or higher, with the majority over 100m. The lower stack
heights are preferable as it will mean that monitoring locations will be in a location nearer
to the plant which may make access and power supply easier. Castle Cement and Keadby
Generation Ltd have the lower stack heights so may be preferable monitoring locations.
However, there is not much difference between the stack heights apart from Net Zero
Teesside at 128m. We also considered the prevailing wind direction; some sites are more
likely to have a stable prevailing wind direction than others. Sites identified as preferable
were Phillips 66 Ltd, Net Zero Teesside, VPI Immingham and Keadby Generation Ltd.

In terms of solvent proposed to be used, all sites propose either use of MEA solvent or
Shell's CANSOLV, with the exception of the Caste Cement CCS in North Wales, which is
proposed to use Mitsubishi Heavy Industries' (MHI) proprietary Advanced KM CDR
Process™.

The solvents to be used are important in terms of likely emissions and concentrations of

N-amines and related compounds produced. The Environment Agency considers it likely
that the proprietary solvents would potentially produce higher levels of secondary amines
than MEA.

Based on the best available technical data and pilot plant results, Shel’'s CANSOLV CO2
capture system uses a propriety amine (DC-103 and new Alpha blends) engineered for
low volatility and high stability, considered a “high-efficiency” and lower- emission
alternative to MEA.

Overall, it is recommended that the choice be between Net Zero Teesside and VPI
Immingham. Another potential option is Keadby Generation Ltd, but this site is due to go
live later and has lower CO2 capacity. The final decision will need to be made based on
access arrangements and when the operations go fully live.

7.3.3 International sites

As of 28 July 2025, 77 commercial CCS projects were operational with an additional 44 Mt
per year of capture capacity under construction (Global CCS Institute, 2025). Several
“already operational” sites outside of the UK were initially investigated for their potential to



be a case study location — particularly those already experienced with pilot testing and air
quality monitoring.

Not all sites remain in operation (including pilot plants in Cologne, Germany and Le Havre,
France), and a number have limitations with surrounding geography not being suitable for
our proposed monitoring strategy (Including Triskelion, Spain; KVA Linth, Switzerland; and
Norway TCM and Norway Northern Lights).

However, ultimately it is considered that there are likely to be challenges in accessing the
required data on process parameters, including emissions data, and therefore these sites
have not been pursued.

7.3.4 Recommendation for case study site

It is recommended that the following sites would be most favourable for a case study
project:

e Net Zero Teesside

e VPl Immingham.

o Keadby Generation Ltd — however, this site is due to go live later than the NZT or VPI
facilities and has lower CO2 capacity.

The final decision will need to be made based on access arrangements and when the
operations go fully live.
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List of abbreviations

Abbreviation

Definition

ADMS Atmospheric Dispersion Modelling System
AMP Aminomethyl propanol

AMS Aerosol Mass Spectrometry (AMS)

AIM Ambient lon Monitor (AIM)

CALPUFF California Puff model

CAPS Cavity Attenuated Phase Shift

CERC Cambridge Environmental Research Consultants
CCUS Carbon Capture, Usage and Storage

CCS Carbon Capture and Storage

CIMS Chemical ionization mass spectrometry

CMAQ Community Multi-Scale Air Quality model

EA Environment Agency

EMEP European Monitoring and Evaluation Program
DEA Diethanolamine

DOAS Differential Optical Absorption Spectroscopy
FTIR Fourier Transform Infrared spectroscopy
LiDAR Light Detection and Ranging

MEA Monoethanolamine
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MTPA

Million tonnes per annum

N-amines Include amines, nitrosamines and nitramines.

NH; Ammonia

NO Nitrogen oxide

NO: Nitrogen dioxide

NOx Nitrogen oxides (nitrogen oxide and nitrogen dioxide)
NIOSH National Institute for Occupational Safety and Health
O3 Ozone

OH Hydroxyl radicals

UAV Unmanned aerial vehicle

UKEAP United Kingdom Eutrophying & Acidifying Network
VOCs Volatile Organic Compounds

WRF Weather Research and Forecasting Model
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Glossary

Definition

ADMS

Atmospheric Dispersion Modelling System, an advanced
dispersion model software by Cambridge Environmental
Research Consultants (CERC)

Aerosol

As suspension of solid particles or liquid droplets dispersed in a
gas.

Ambient

Outdoor air in the general environment. In air quality monitoring
terminology, this refers to air outdoors, usually at or near ground-
level.

Amines

Organic compounds containing carbon-nitrogen bonds that are
formed when one or more hydrogen atoms in ammonia are
replaced by a hydrocarbon or other alkyl or aryl groups (typically
denoted as “R”). Amines can be characterised as primary,
secondary or tertiary depending on whether one, two, or three
hydrogen atoms have been replaced, respectively.

Boolean

A fundamental concept in logic and computing (named after
mathematician Geore Boole,) representing a state that can only
be one of two values (true or false), which forms the basis for
Boolean algebra logic using AND, OR NOT operators.

Carbon Capture,
Usage and Storage
(CCU, CCS, CCUS)

Carbon Capture and Storage (CCS) are a set of technologies that
capture carbon dioxide from large industrial sources or from the
air and then store it permanently deep underground.

Carbon Capture and Usage (CCU) are a set of technologies that
capture carbon dioxide from large industrial sources or from the
air and repurpose it for use, e.g. in chemical, fuel or concrete
manufacturing, or for enhanced oil recovery.

Carbon Capture, Usage and Storage (CCUS) refer to the
technologies which capture carbon dioxide from large industrial
sources or from the air, for either repurposed usage (CCU) or
storage deep underground (CCS).
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Derivization

A sample preparation technique which chemically modifies a
substance being analysed to create a new compound, a
derivative with improved properties for better analysis — e.qg.
improved stability or detectability.

Feedstock Raw material that is burned to produce energy.

Flue gas The exhaust mixture of gases, water vapour and particulate
matter released from combustion processes in boilers, furnaces,
power plants and other heating systems.

GC-MS Gas Chromatography followed by Mass Spectrometry, an
analytical technique for measuring concentrations of compounds
in air samples

HPLC High Performance Liquid Chromatography an analytical technique

for measuring concentration of compounds in liquid samples

Impinger solution

A specific liquid medium used within an impinger bubbler device
to collect airborne chemical species for laboratory analysis.

In-plume The “plume” is the airborne cloud of contaminants released from a
specific source, which travels downwind, dispersing and mixing
with ambient air. “In-plume” refers to the location within the plume,
which is used in air pollution monitoring terminology as a location
for monitoring air pollutants.

lon A variant of liquid chromatography developed specifically to

chromatography analyse anions and cations

(IC)

lonisation The process where an atom or molecule gains or loses one or
more electrons, creating an electrically charged particle called an
ion.

Isokinetic Characterised by or producing a constant

LC-MS Liquid Chromatography followed by Mass Spectrometry

LiDAR Light Detection and Ranging (LIDAR) is a remote sensing method

for measuring ranges using light in the form of a pulsed laser.
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Limit of Detection
(LOD)

The lowest quantity or amount that something can be observed
with a sufficient degree of confidence of statistical significance. In
air quality monitoring, the lowest concentration a pollutant can be
reliably distinguish from background noise or a blank sample,
indicating its presence with a high degree of certainty, though not
necessarily precise quantification.

Mass spectrometry
(MS)

An analytical detection method which can be used with Liquid or
Gas Chromatography

N-amines

Amines, nitrosamines (NS) and nitramines (NA) are collectively
referred to as “N-Amines”.

ng/m3

Nanograms per cubic metre, a unit for measuring air pollutant
concentration, representing the mass (in nanograms) of a
substance within one cubic metre of air. It is a very fine measure,
often used for fine or ultrafine particulate matter (PM).

NHs;

Ammonia (NHs) is an inorganic chemical compound of nitrogen
and hydrogen. It mixes with other gases in the environment to
produce secondary pollutants which can be harmful to ecological
and human receptors.

Nitramines (NA)

Hydrocarbons with the generic chemical formula R2N-N=0,
where the R groups are hydrocarbon groups. Nitrosamines are
formed through reaction with nitric oxide (NO).

Nitrosamines (NS)

Hydrocarbons with the generic chemical formula (R'R?)-N-NO2,
where R' and R? are hydrocarbon groups. Nitramines are formed
through reaction with nitrogen dioxide.

Partition

A function of thermodynamic state variables, such as the
temperature and volume, which describes the system in
thermodynamic equilibrium,

Proton Transfer
Reaction — Time of
Flight Mass
Spectrometry
(PTR-ToF-MS)

An analytical technique with very high sensitivity and low
detection limits, this can be configured to measure a wide variety
of volatile organics, including speciated solvent amines as well as
their degradation products such as nitramines and nitrosamines
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Plume

An airborne cloud of contaminants released from a specific
source, which travels downwind, dispersing and mixing with
ambient air.

ppm(v)

Parts per million by volume, a unit for small concentrations (one
part of a substance for every million parts of a whole). Used for
trace contaminants in air, soil or water.

ppb(v)

Parts per billion by volume, a unit for very small concentrations
(one part of a substance for every billion parts of a whole). Used
for ultra-trace contaminants in air, soil or water.

ppt(v)

Parts per trillion by volume, a unit for extremely small
concentrations (one part of a substance for every trillion parts of a
whole). Used for ultra-trace contaminants in air, soil or water.

Please note that in some contexts, ppt can refer to the units “parts
per thousand”, a unit for much larger concentrations that parts per
million or parts per billion.

Reaction
coefficient

Sometimes referred to as “rate coefficient”, or “k”, refers to how
fast a specific reaction occurs under given conditions
(temperature, pressure), indicating the probability or efficiency of
collisions leading to reaction.

Receptor

Any person, property, species, or protected site vulnerable to air
pollutants.

Scrubber

An air pollution control device which removals harmful pollutants
from industrial exhaust streams before they are released into the
atmosphere. They work by brining the exhaust stream into contact
with a scrubbing medium (either a liquid solution or dry material)
which adsorbs or neutralises the contaminants through physical
or chemical processes.

Solvent

A substance used to dissolve another substance.

Stack

A vertical conduit or structure such as a chimney or flue, designed
to release gases from industrial sources into the atmosphere at
height, for better dispersion. It acts as a controlled exit point for
emissions and serves as a location for emissions monitoring to
measure compliance with emissions standards.
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Still-contactor loop

pg/m?

Micrograms per cubic metre, a standard unit for measuring air
pollutant concentration, representing the mass (in micrograms) of
a substance within one cubic metre of air.

VOCs

Volatile Organic Compounds which include a variety of chemicals,
some of which have harmful impacts to human health and/or
ecological receptors.

WRF

Weather Research and Forecasting (WRF) is a meteorological
model frequently used in air quality modelling to generate weather
inputs for air quality models. WRF can be coupled with air quality
models e.g. WRF-Chem, WRF-CMAQ, to simulate atmospheric
chemistry and aerosol effects alongside meteorology.
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Appendix 1: Literature search terms

Literature searches combined use of:

e Primary search terms for nitrogen containing amine species, or pre-cursors, AND
e Secondary search terms to focus the search results on concentrations in air (rather

than in water or other substances), AND

e Tertiary search terms relating to:
o Monitoring techniques (both general terms and specific known monitoring
techniques),

o Terms relating to where monitoring might be taking place

o Terms relating to modelling components.

Primary term

Secondary term

Tertiary Term |

nitrosodiethanolamine

*amine ambient concentration model validation
n-amine* ambient air model verification
nitrosamine* atmospheric chemistry field

nitramine* dispersion reaction coefficient

N- ppt atmospheric chemistry

Dimethylnitramine ug/m3 OR ng/m3 OR pg/m3 OR ppb(v) in-plume

OR ppt(v)
Diethylnitramine amines monitoring plume chemistry
N-nitrosodimethylamine ground level
N-nitrosodiethylamine stack
N-nitrosomorpholine emission*

N-nitrosopiperazine

monitor OR measure

piperazine

meteorology

Methyldiethanolamine

Partition

Monoethanolamine

Denuder

Diethanolamine

partition coefficient

2-Amino-2-methyl-1-
propanol

vapour pressure

Alkylamine Henry's Law
Ethylamine reaction coeffcient
amine emissions temperature depend*
amine modeling turbulence
N-nitrosodiethylamine LC-MS
N-nitrosomorpholine CIMS
nitrosodiethylamine DOAS
DimethylInitramine TOF-MS
Diethylnitramine derivatizastion OR
derivatisation
Methyldiethanolamine isokinetic
Alkylamine thermosorb cartridge
Ethylamine drones
piperazine model
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N-nitrosodimethylamine

temperature depend*

N-nitrosomorpholine

university of oslo

nitrosodiethylamine
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Appendix 2: List of literature searches carried
out

Over 200 searches were completed across Google (for grey literature), and Google
Scholar and Science Direct (for white literature). Many searches were carried out to
establish which combinations were likely to be too wide (>100 search results) or too
narrow (no search results found), or yielded results from an unrelated field, such as
pharmaceutical research.

This table includes a number of trial searches which were not progressed for these
reasons. Trialling search term combinations allowed the methodology to be refined. In
some cases where search terms yielded results which were too wide but generally found
to include some helpful results, the first 50 titles (5 pages) of results were taken forward to
title screening.

Search Total Total
- Key words/search string used Filter papers relevant Comments
engine found papers
1_AP Google university of oslo AND amines >10 2 | (first 5 pages
monitoring AND model validation pages scanned through for
title screening)
2_AP Google university of oslo AND amines >10 1 | (first 5 pages
monitoring pages scanned through for
title screening)
3_AP Science "*amine" AND "ambient 25,862 NA | Too wide
Direct concentration” AND "model
validation" OR "model verification"
4 AP Google "*amine" AND "ambient 2015-2025 9 NA | Searches showing
Scholar concentration" AND "model results for word
validation" OR "model verification" "examine". One
possibly relevant
paper only
concerned
monitoring in water
5_AP Google "nitrosamine" AND "ambient 0 NA | No results
Scholar concentration" AND "model
validation"
6_AP Google "nitrosamine" AND "ambient 1 1
Scholar concentration" AND "model
verification"
7_AP Google "nitramine" AND "ambient 0 NA | No results
Scholar concentration" AND "model
validation"
8_AP Google "nitramine" AND "ambient 0 NA | No results
Scholar concentration" AND "model
verification"
9 AP Research "nitramine" AND "ambient 6073 NA | Too wide
Gate concentration" AND "model pages
verification"
10_AP Research "nitrosamine" AND "ambient 6071 NA | Too wide
Gate concentration" AND "model pages
verification"
11_AP Science "N-nitrosodiethanolamine" AND 2015-2025 1 1
Direct "ambient concentration" AND
"field"
12_AP Science "nitrosamine*" AND "emission™*" 2015-2025 2 2
Direct AND "reaction coefficient"
13_AP Science "nitrosamine" AND "ambient 2015-2025 31 10
Direct concentration" AND "field"
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Total Total
Key words/search string used Filter papers relevant Comments
found papers

Search

engine

14_AP Science "nitramine" AND "ambient 2015-2025 (all also found in
Direct concentration" AND "field" search 14 AP)
15_AP Google "nitrosamine" AND "ambient 2015-2025 22 7 | (some useful titles
Scholar concentration" AND "field" found in previous
searches, 2 new)
16_AP Google "nitramine" AND "ambient 2015-2025 8 5 | (all also found in
Scholar concentration" AND "field" search 16 _AP)
17_AP Science "Dimethylnitramine” AND "ambient | 2015-2025 1 1 | (already found in
Direct concentration" AND "field" previous search)
18_AP Science "Diethylnitramine" AND "ambient 2015-2025 0 NA | No results
Direct concentration" AND "field"
19_AP Science "N-nitrosodimethylamine” AND 2015-2025 14 3
Direct "ambient concentration" AND
"field"
20_AP Science "N-nitrosodiethylamine" AND 2015-2025 1 0
Direct "ambient concentration" AND
"field"
21_AP Science "N-nitrosomorpholine" AND 2015-2025 5 2 | (already found in
Direct "ambient concentration" AND previous search)
"field"
22_AP Science "N-nitrosopiperazine" AND 2015-2025 0 0
Direct "ambient concentration" AND
"field"
23_AP Science "N-nitrosodiethanolamine" AND 2015-2025 1 1
Direct "ambient concentration" AND
"field"
24_AP Science "piperazine" AND "ambient 2015-2025 14 4 | 2 already found in
Direct concentration" AND "field" previous searches
25_AP Science "Methyldiethanolamine" AND 2015-2025 5 2 | (1 already found)
Direct "ambient concentration" AND
"field"
26_AP Science "Monoethanolamine" AND 2015-2025 12 6 | (all found in
Direct "ambient concentration" AND previous searches
"field" already)
27_AP Science "Diethanolamine” AND "ambient 2015-2025 13 4 | (all found in
Direct concentration" AND "field" previous searches
already)
28_AP Science "2-Amino-2-methyl-1-propanol” 2015-2025 5 2
Direct AND "ambient concentration" AND
"field"
29 AP Science "Alkylamine" AND "ambient 2015-2025 12 7 | (3 new)
Direct concentration" AND "field"
30_AP Science "Ethylamine" AND "ambient 2015-2025 15 11
Direct concentration" AND "field"
31_AP Science "amine emissions" AND 2015-2025 25 20
Direct "atmospheric chemistry"
32_AP Google validation of amine modelling in >10 NA | Too wide
ambient air pages
of
results
33_AP Google "nitrosamine” AND "ambient 0 NA | No results
Scholar concentration" AND "in-plume"
34_AP Google "nitramine" AND "ambient 0 NA | No results
Scholar concentration" AND "in-plume"
35_AP Google "nitrosamine" AND "ambient 0 NA | No results
Scholar concentration" AND "in-plume"
36_AP Google "nitramine" AND "ambient 0 NA | No results
Scholar concentration" AND "in-plume"
37_AP Google "Dimethylnitramine" AND "ambient 0 NA | No results
Scholar concentration" AND "in-plume"
38_AP Google "Diethylnitramine" AND "ambient 0 NA | No results
Scholar concentration" AND "in-plume"
39_AP Google "Diethylnitramine" AND "in-plume" 0 NA | No results
Scholar
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Total Total
Key words/search string used Filter papers relevant Comments
found papers

Search

engine

40_AP Google "N-nitrosodimethylamine" AND "in- No results
Scholar plume"
41_AP Google "N-nitrosodiethylamine" AND "in- 0 NA | No results
Scholar plume"
42 _AP Google "N-nitrosomorpholine" AND "in- 0 NA | No results
Scholar plume"
43_AP Google "N-nitrosopiperazine" AND "in- 0 NA | No results
Scholar plume"
44_AP Google "N-nitrosodiethanolamine" AND 0 NA | No results
Scholar "in-plume"
45_AP Google "piperazine" AND "in-plume" 9 1 | (1 already found)
Scholar
46_AP Google "Methyldiethanolamine" AND "in- 5 1 | (1 already found)
Scholar plume"
47_AP Google "Monoethanolamine” AND "in- 8 5 | (2 already found)
Scholar plume"
48_AP Google "Diethanolamine" AND "in-plume" 2 2 | (2 already found)
Scholar
49_AP Google "2-Amino-2-methyl-1-propanol” 1 1 | (1 already found)
Scholar AND "in-plume"
50_AP Google "Alkylamine" AND "in-plume" 0 NA No results
Scholar
51_AP Google "Ethylamine" AND "ambient 0 NA No results
Scholar concentration" AND "in-plume"
52_AP Google *amine* AND "ppt" AND "plume 2015-2025 13 9
Scholar chemistry"
53_AP Google *amine* AND "ppt" AND "ground | 2015-2025 285 5 | (first 5 pages
Scholar level" scanned through for
title screening) 4
new
54_AP Google "in-plume*" AND "meteorology" 2015-2025 1 1 | (1 already found)
Scholar AND "amine" AND "model
validation"
55_AP Google in-plume* AND "meteorology" 2015-2025 1 1 | (1 already found)
Scholar AND "amine" AND "model" AND
"atmospheric" AND "adms"
56_AP Google in-plume* AND "meteorology" 2015-2025 3 2 | (2 already found)
Scholar AND "nitrosamine” AND "model"
57_AP Google in-plume* AND "meteorology” 2015-2025 2 2 | (2 already found)
Scholar AND "nitramine" AND "model"
58_AP Google in-plume* AND "Partition" AND 2015-2025 1 0
Scholar "nitramine”
59_AP Google in-plume* AND "Partition" AND 2015-2025 2 1 | (1 already found)
Scholar "nitrosamine”
60_AP Google in-plume* AND "Denuder" AND 2015-2025 13 0
Scholar *amine* AND "model"
61_AP Google in-plume* AND "partition 2015-2025 6 0
Scholar coefficient"” AND "amine"
62_AP Google in-plume* AND "vapour pressure" | 2015-2025 10 2 | (2 already found)
Scholar AND "amine"
63_AP Google in-plume* AND "Henry's Law" AND | 2015-2025 3 2 | (2 already found)
Scholar "amine"
64_AP Google in plume* AND "reaction 2015-2025 12 0
Scholar coefficient" AND "amine"
65_AP Google in-plume* AND "temperature 2015-2025 7 0
Scholar depend™ AND "amine" AND
"model"
66_AP Google in-plume* AND "turbulence" AND 2015-2025 2 2 | (2 already found)
Scholar "nitrosamine”
67_AP Google in-plume* AND "turbulence" AND 2015-2025 4 2 | (2 already found)
Scholar "nitramine"
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Total Total
Key words/search string used Filter papers relevant Comments
found papers

68_AP Google nitrosamine* AND (LC-MS OR 2015-2025 (1 already found)
Scholar CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"

Search

engine

69_AP Google nitrosamine* AND (LC-MS OR 2015-2025 86 23 | (first 5 pages
Scholar CIMS OR DOAS OR TOF-MS) scanned through for
AND "stack" title screening) 15
new titles
70_AP Google "nitramine*" AND (LC-MS OR 2015-2025 31 8 | 2 new screened in
Scholar CIMS OR DOAS OR TOF-MS)
AND "stack"
71_AP Google "nitramine*" AND (LC-MS OR 2015-2025 2 1| (1 already found)

Scholar CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"

72_AP Google n-amine* AND (LC-MS OR CIMS | 2015-2025 9 0
Scholar OR DOAS OR TOF-MS) AND
"stack"
73_AP Google "n-amine*" AND (LC-MS OR CIMS | 2015-2025 0 NA | No results

Scholar OR DOAS OR TOF-MS) AND
"ambient concentration”
74_AP Google Ethylamine* AND (LC-MS OR 2015-2025 11 6 | (4 already found)
Scholar CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
75_AP Google Alkylamine* AND (LC-MS OR 2015-2025 5 2 | (1 already found)
Scholar CIMS OR DOAS OR TOF-MS)
AND "ambient concentration”
76_AP Google 2-Amino-2-methyl-1-propanol AND | 2015-2025 23 10 | (8 already found)
Scholar (LC-MS OR CIMS OR DOAS OR
TOF-MS) AND "stack”

77_AP Google 2-Amino-2-methyl-1-propanol AND | 2015-2025 0 NA | No results
Scholar (LC-MS OR CIMS OR DOAS OR
TOF-MS) AND "ambient
concentration"

78_AP Google "Methyldiethanolamine” AND (LC- | 2015-2025 16 7 | (6 already found)
Scholar MS OR CIMS OR DOAS OR TOF-
MS) AND "stack"

79_AP Google "Methyldiethanolamine" AND (LC- | 2015-2025 0 NA | No results
Scholar MS OR CIMS OR DOAS OR TOF-
MS) AND "ambient concentration”
80_AP Google "piperazine*" AND (LC-MS OR 2015-2025 6 1 | (1 already found)
Scholar CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
81_AP Google "monoethanolamine” AND (LC-MS | 2015-2025 4 2 | (2 already found)
Scholar OR CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
82_AP Google "N-nitrosomorpholine” AND (LC- 2015-2025 2 0
Scholar MS OR CIMS OR DOAS OR TOF-
MS) AND "ambient concentration”
83_AP Google "N-nitrosomorpholine™ AND (LC- 2015-2025 11 2 | (2 already found)
Scholar MS OR CIMS OR DOAS OR TOF-
MS) AND "stack"

84_AP Google "nitrosodiethylamine" AND (LC- 2015-2025 19 3 | (3 already found)
Scholar MS OR CIMS OR DOAS OR TOF-
MS) AND "stack"

85_AP Google "nitrosodiethylamine" AND (LC- 2015-2025 0 NA | No results
Scholar MS OR CIMS OR DOAS OR TOF-
MS) AND "ambient concentration"
86_AP Google "N-nitrosodimethylamine" AND 2015-2025 9 1 | (1 already found)
Scholar (LC-MS OR CIMS OR DOAS OR
TOF-MS) AND "ambient
concentration”

87_AP Google "N-nitrosodimethylamine" AND 2015-2025 40 2 | (2 already found)
Scholar (LC-MS OR CIMS OR DOAS OR
TOF-MS) AND "stack"
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Search

engine

88_AP Google "Diethanolamine*" AND (LC-MS
Scholar OR CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"

2015-2025

89_AP Google "Diethanolamine*" AND (LC-MS 2015-2025 51 4 | (first 5 pages
Scholar OR CIMS OR DOAS OR TOF-MS) scanned through for
AND "stack" title screening) (4

already found)

90_AP Google "Dimethylnitramine"” AND (LC-MS | 2015-2025 1 0
Scholar OR CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"

91_AP Google "Dimethylnitramine” AND (LC-MS | 2015-2025 9 3 | (3 already found)
Scholar OR CIMS OR DOAS OR TOF-MS)
AND "stack"
92_AP Google "Diethylnitramine” AND (LC-MS 2015-2025 3 1 | (1 already found)
Scholar OR CIMS OR DOAS OR TOF-MS)
AND "stack"
93_AP Google "Diethylnitramine" AND (LC-MS 2015-2025 0 NA | No results

Scholar OR CIMS OR DOAS OR TOF-MS)
AND "ambient concentration”

94 AP Google "N-Nitrosodiethanolamine" AND 2015-2025 1 0
Scholar (LC-MS OR CIMS OR DOES OR
TOF-MS) AND "ambient
concentration”

95_AP Google "N-Nitrosodiethanolamine" AND 2015-2025 18 7 | (6 already found)
Scholar (LC-MS OR CIMS OR DOES OR
TOF-MS) AND "stack"

96_AP Science "nitramine*" AND (LC-MS OR 2015-2025 5 5 | (3 already found)
Direct CIMS OR DOAS OR TOF-MS) new
AND "ambient concentration”
97_AP Science "nitrosamine*" AND (LC-MS OR 2015-2025 16 6 | (6 already found)
Direct CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
98_AP Science "n-amine*" AND (LC-MS OR CIMS | 2015-2025 0 NA | No results
Direct OR DOAS OR TOF-MS) AND
"ambient concentration"
99 AP Science "Ethylamine" AND (LC-MS OR 2015-2025 8 6 | (1 new, 5 already
Direct CIMS OR DOAS OR TOF-MS) found)
AND "ambient concentration"
100_AP Science "Alkylamine" AND (LC-MS OR 2015-2025 3 3 | (3 already found)
Direct CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
101_AP Science "2-Amino-2-methyl-1-propanol” 2015-2025 2 1 | (1 already found)
Direct AND (LC-MS OR CIMS OR DOAS
OR TOF-MS) AND "ambient
concentration”
102_AP Science "piperazine" AND (LC-MS OR 2015-2025 7 1 | (1 already found)
Direct CIMS OR DOAS OR TOF-MS)
AND "ambient concentration”
103_AP Science "monoethanolamine” AND (LC-MS | 2015-2025 5 1 | (1 already found)
Direct OR CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
104_AP Science "N-nitrosomorpholine™ AND (LC- 2015-2025 3 0
Direct MS OR CIMS OR DOAS OR TOF-
MS) AND "ambient concentration"
105_AP Science "nitrosodiethylamine" AND (LC- 2015-2025 2 2 | (2 already found)
Direct MS OR CIMS OR DOAS OR TOF-
MS) AND "ambient concentration”
106_AP Science "N-nitrosodimethylamine” AND 2015-2025 12 3 | (3 already found)
Direct (LC-MS OR CIMS OR DOAS OR
TOF-MS) AND "ambient
concentration”
107_AP Science "Diethanolamine*" AND (LC-MS 2015-2025 6 2 | (2 already found)
Direct OR CIMS OR DOAS OR TOF-MS)

AND "ambient concentration"
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(2 already found)

Direct OR CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
109_AP Science "Diethylnitramine” AND (LC-MS 2015-2025 1 1 | (1 already found)
Direct OR CIMS OR DOAS OR TOF-MS)
AND "ambient concentration"
110_AP Science "N-Nitrosodiethanolamine" AND 2015-2025 1 1 | (1 already found)
Direct (LC-MS OR CIMS OR DOES OR
TOF-MS) AND "ambient
concentration”
111_AP Google *amine AND (derivatizastion OR 2015-2025 5 3 | (3 already found)
Scholar derivatisation OR isokinetic OR
thermosorb cartridge OR drones)
AND "ambient concentration"
112_AP Science amine AND (derivatizastion OR 2015-2025 49 20 | 6 new, 14 already
Direct derivatisation OR isokinetic OR found
thermosorb cartridge OR drones)
AND "ambient concentration”
113_AP Google "nitrosamine" AND (derivatizastion | 2015-2025 1 1 | (1 already found)
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
114_AP Science "nitrosamine" AND (derivatizastion | 2015-2025 9 6 | (6 already found)
Direct OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
113_AP Google "nitrosamine" AND (derivatizastion | 2015-2025 13 4 | (2 already found) 2
Scholar OR derivatisation OR isokinetic new
OR thermosorb cartridge OR
drones) AND "stack"
114_AP Science "nitrosamine" AND (derivatizastion | 2015-2025 103 5 | (4 already found)
Direct OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "stack"
115_AP Google "nitramine" AND (derivatizastion 2015-2025 0 NA | No results
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
116_AP Science "nitramine" AND (derivatizastion 2015-2025 4 4 | (4 already found)
Direct OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
117_AP Google "nitramine" AND (derivatizastion 2015-2025 5 5 | (5 already found)
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "stack"
118_AP Science "nitramine" AND (derivatizastion 2015-2025 24 5 | (5 already found)
Direct OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "stack"
119_AP Google n-amine* AND (derivatizastion OR | 2015-2025 4 0
Scholar derivatisation OR isokinetic OR
thermosorb cartridge OR drones)
120_AP Science n-amine* AND (derivatizastion OR | 2015-2025 61 0
Direct derivatisation OR isokinetic OR
thermosorb cartridge OR drones)
121_AP Google "Dimethylnitramine" AND 2015-2025 8 1 | (1 already found)
Scholar (derivatizastion OR derivatisation

OR isokinetic OR thermosorb
cartridge OR drones)
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Search
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122_AP Science "Dimethylnitramine" AND 2015-2025 6 5 | (5 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones)
123_AP Google "Diethylnitramine" AND 2015-2025 2 1 | (1 already found)
Scholar (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones)
124_AP Science "Diethylnitramine" AND 2015-2025 2 2 | (2 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones)
125_AP Google "N-nitrosodimethylamine" AND 2015-2025 16 2 | (2 already found)
Scholar (derivatizastion OR derivatisation

OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"
126_AP Science "N-nitrosodimethylamine" AND 2015-2025 19 1 | (1 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"

127_AP Google "N-nitrosodimethylamine" AND 2015-2025 1 1| (1 already found)
Scholar (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration"
128_AP Science "N-nitrosodimethylamine" AND 2015-2025 6 3 | (3 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration"
129_AP Google "nitrosodiethylamine™ AND 2015-2025 12 4 | (4 already found)
Scholar (derivatizastion OR derivatisation

OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"
130_AP Science "nitrosodiethylamine™ AND 2015-2025 7 3 | (3 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"

131_AP Google "nitrosodiethylamine" AND 2015-2025 0 NA | No results
Scholar (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration"
132_AP Science "nitrosodiethylamine™ AND 2015-2025 2 2 | (2 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration”
133_AP Google "N-nitrosomorpholine" AND 2015-2025 10 3 | (3 already found)
Scholar (derivatizastion OR derivatisation

OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"
134_AP Science "N-nitrosomorpholine" AND 2015-2025 2 1 | (1 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"

135_AP Google "N-nitrosomorpholine" AND 2015-2025 0 NA | No results
Scholar (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration"
136_AP Science "N-nitrosomorpholine" AND 2015-2025 0 NA | No results
Direct (derivatizastion OR derivatisation

OR isokinetic OR thermosorb
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cartridge OR drones) AND
"ambient concentration"
137_AP Google "monoethanolamine” AND 2015-2025 0 NA | No results
Scholar (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration"
138_AP Science "monoethanolamine” AND 2015-2025 2 1 | (1 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration"
139_AP Google "monoethanolamine” AND 2015-2025 12 4 | (4 already found)
Scholar (derivatizastion OR derivatisation

OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"
140_AP Science "monoethanolamine” AND 2015-2025 38 2 | (2 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"
141_AP Google "piperazine*" AND (derivatizastion | 2015-2025 22 6 | (5 already found), 1
Scholar OR derivatisation OR isokinetic new

OR thermosorb cartridge OR
drones) AND "stack"
142_AP Science "piperazine*" AND (derivatizastion | 2015-2025 469 NA | Too wide
Direct OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "stack"

143_AP Google "piperazine*" AND (derivatizastion | 2015-2025 0 NA | No results
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient

concentration”
144_AP Science "piperazine*" AND (derivatizastion | 2015-2025 3 1| (1 already found)
Direct OR derivatisation OR isokinetic

OR thermosorb cartridge OR
drones) AND "ambient

concentration”
145_AP Google "Methyldiethanolamine" AND 2015-2025 0 NA | No results
Scholar (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration"
146_AP Science "Methyldiethanolamine" AND 2015-2025 0 NA | No results
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND
"ambient concentration”
147_AP Google "Methyldiethanolamine" AND 2015-2025 5 3 | (3 already found)
Scholar (derivatizastion OR derivatisation

OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"
148_AP Science "Methyldiethanolamine" AND 2015-2025 9 3 | (3 already found)
Direct (derivatizastion OR derivatisation
OR isokinetic OR thermosorb
cartridge OR drones) AND "stack"
149_AP Google "2-Amino-2-methyl-1-propanol"” 2015-2025 5 5 | (5 already found)
Scholar AND (derivatizastion OR
derivatisation OR isokinetic OR
thermosorb cartridge OR drones)

AND "stack"
150_AP Science "2-Amino-2-methyl-1-propanol” 2015-2025 14 4 | (4 already found)
Direct AND (derivatizastion OR

derivatisation OR isokinetic OR
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thermosorb cartridge OR drones)
AND "stack"
151_AP Google "2-Amino-2-methyl-1-propanol” 2015-2025 0 NA | No results
Scholar AND (derivatizastion OR
derivatisation OR isokinetic OR
thermosorb cartridge OR drones)
AND "ambient concentration"
152_AP Science "2-Amino-2-methyl-1-propanol” 2015-2025 2 1 | (1 already found)
Direct AND (derivatizastion OR
derivatisation OR isokinetic OR
thermosorb cartridge OR drones)
AND "ambient concentration"
153_AP Google "Alkylamine*" AND (derivatizastion | 2015-2025 5 0
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "stack"
154_AP Science "Alkylamine*" AND (derivatizastion | 2015-2025 147 0 | (first 100 titles
Direct OR derivatisation OR isokinetic scanned through for
OR thermosorb cartridge OR title screening)
drones) AND "stack"
155_AP Google "Alkylamine™ AND (derivatizastion | 2015-2025 2 2 | (2 already found)
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
156_AP Science "Alkylamine*" AND (derivatizastion | 2015-2025 4 3 | (3 already found)
Direct OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
157_AP Google "Ethylamine*" AND (derivatizastion | 2015-2025 18 2 | (2 already found)
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "stack"
158_AP Science "Ethylamine*" AND (derivatizastion | 2015-2025 184 0 | (first 100 titles
Direct OR derivatisation OR isokinetic scanned through for
OR thermosorb cartridge OR title screening)
drones) AND "stack"
159_AP Google "Ethylamine*" AND (derivatizastion | 2015-2025 0 NA | No results
Scholar OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
160_AP Science "Ethylamine*" AND (derivatizastion | 2015-2025 8 7 | (7 already found)
Direct OR derivatisation OR isokinetic
OR thermosorb cartridge OR
drones) AND "ambient
concentration”
161_AP Science in-plume* AND "meteorology” 2015-2025 19 5 | (5 already found)
Direct AND "nitrosamine" AND "model"
162_AP Science in-plume* AND "meteorology" 2015-2025 8 5| 1 new (4 already
Direct AND "nitramine" AND "model" found)
163_AP Science in-plume* AND "Partition" AND 2015-2025 1 0
Direct "nitramine" AND "model validation"
164_AP Science in-plume* AND "Partition" AND 2015-2025 3 0
Direct "nitrosamine” AND "model
validation"
165_AP Science in-plume* AND "Denuder" AND 2015-2025 3 1
Direct "nitrosamine" AND "model"
166_AP Science in-plume* AND "Denuder" AND 2015-2025 0 NA | No results
Direct "nitramine" AND "model"
167_AP Science in-plume* AND "Denuder" AND 2015-2025 27 2 | (2 already found)
Direct "amine" AND "model"
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Direct coefficient" AND "nitrosamine"
AND "model"
169_AP Science in-plume* AND "partition 2015-2025 3 0
Direct coefficient” AND "nitramine" AND
"model"
170_AP Science in-plume* AND "vapour pressure" | 2015-2025 14 3 | (3 already found)
Direct AND "nitrosamine"
171_AP Science in-plume* AND "vapour pressure" | 2015-2025 7 3 | (3 already found)
Direct AND "nitramine"
172_AP Science in-plume* AND "Henry's Law" AND | 2015-2025 2 1 | (1 already found)
Direct "nitramine"
173_AP Science in-plume* AND "Henry's Law" AND | 2015-2025 7 1| (1 already found)
Direct "nitrosamine”
174_AP Science "ambient concentration" AND 2015-2025 4 3 | (3 already found)
Direct "Henry's Law" AND "nitrosamine"
175_AP Science "ambient concentration"” AND 2015-2025 3 3 | (3 already found)
Direct "Henry's Law" AND "nitramine"
176_AP Science ambient concentration AND 2015-2025 0 NA | No results
Direct "reaction coefficient" AND
"nitramine"
177_AP Science in-plume* AND "reaction 2015-2025 2 2 | (2 already found)
Direct coefficient" AND "nitramine"
178_AP Science temperature depend* AND 2015-2025 20 0
Direct "nitrosamine" AND "model"
179_AP Science temperature depend* AND 2015-2025 3 0
Direct "nitramine" AND "model"
180_AP Science in-plume* AND "reaction 2015-2025 2 2 | (2 already found)
Direct coefficient" AND "nitrosamine"
181_AP Science "ambient concentration" AND 2015-2025 22 9 | 1 new (7 already
Direct "partition" AND "nitrosamine" found)
182_AP Science "ambient concentration" AND 2015-2025 9 6 | (6 already found)
Direct "partition" AND "nitramine"
183_AP Science "ambient concentration" AND 2015-2025 20 10 | (10 already found)
Direct "meteorology” AND "nitrosamine"
184_AP Science "ambient concentration" AND 2015-2025 21 15 | (14 already found) 1
Direct "meteorology" AND "nitramine" new
185_AP Science "ambient concentration" AND 2015-2025 15 1 | (1 already found)
Direct "turbulence™ AND "nitramine"
186_AP Science "ambient concentration" AND 2015-2025 5 1 | (1 already found)
Direct "turbulence™ AND "nitrosamine"
AND "model validation"
187_AP Science "ambient concentration" AND 2015-2025 13 5 | (5 already found)
Direct "vapour pressure" AND
"nitrosamine”
188_AP Science "ambient concentration" AND 2015-2025 6 5 | (5 already found)
Direct "vapour pressure" AND "nitramine"
189_AP Science "Dimethylnitramine” AND ("ug/m3" | 2015-2025 8 6 | (5 already found)
Direct OR "ng/m3" OR "pg/m3" OR "ppb"
OR "ppt") AND ("monitor" OR
"measure")
190_AP Science "Diethylnitramine"” AND ("ug/m3" 2015-2025 0 NA | No results
Direct OR "ng/m3" OR "pg/m3" OR "ppb"
OR "ppt") AND ("monitor" OR
"measure")
191_AP Science "Methyldiethanolamine" AND 2015-2025 22 6 | (6 already found)
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"
OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND
"stack"
192_AP Science "Alkylamine" AND ("ug/m3" OR 2015-2025 4 3 | (2 already found)
Direct "ng/m3" OR "pg/m3" OR "ppb" OR

"ppt") AND ("monitor" OR
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Search

engine

"measure") AND "ambient

concentration”
193_AP Science "Ethylamine" AND ("ug/m3" OR 2015-2025 7 4 | (4 already found)
Direct "ng/m3" OR "pg/m3" OR "ppb" OR

"ppt") AND ("monitor" OR
"measure") AND "ambient

concentration”
194_AP Science "2-Amino-2-methyl-1-propanol " 2015-2025 12 3 | (2 already found)
Direct AND ("ug/m3" OR "ng/m3" OR

llpg/m3ll OR Ilppbll OR Ilpptll) AND
("monitor" OR "measure") AND

"stack"
195_AP Science "2-Amino-2-methyl-1-propanol " 2015-2025 1 1 | (1 already found)
Direct AND ("ug/m3" OR "ng/m3" OR

"pg/m3" OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND
"ambient concentration"

196_AP Science piperazine AND ("ug/m3" OR 2015-2025 4 2 | (2 already found)
Direct "ng/m3" OR "pg/m3" OR "ppb" OR
"ppt") AND ("monitor" OR
"measure") AND "ambient

concentration”
197_AP Science piperazine AND ("ug/m3" OR 2015-2025 231 4 | (4 already found)
Direct "ng/m3" OR "pg/m3" OR "ppb" OR

"ppt") AND ("monitor" OR
"measure") AND stack"
198_AP Science N-nitrosodimethylamine AND 2015-2025 24 4 | (4 already found)
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"
OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND

"stack"
199_AP Science N-nitrosodimethylamine AND 2015-2025 6 1 | (1 already found)
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"

OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND
"ambient concentration”
200_AP Science N-nitrosomorpholine AND 2015-2025 3 0 0
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"
OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND
"ambient concentration"

201_AP Science N-nitrosomorpholine AND 2015-2025 10 2 | (2 already found)
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"
OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND

"stack"
202_AP Science "nitrosodiethylamine"AND 2015-2025 9 5 | (4 already found), 1
Direct ("ug/m3" OR "ng/m3" OR "pg/m3" new

OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND

"stack”
203_AP Science "nitrosodiethylamine” AND 2015-2025 9 5 | (5 already found)
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"

OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND
"ambient concentration"
204_AP Science "monoethanolamine " AND 2015-2025 65 12 | (12 alreaddy found)
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"
OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND

"stack"”
205_AP Science "monoethanolamine " AND 2015-2025 6 3 | (3 already found)
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"

OR "ppb" OR "ppt") AND
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("monitor" OR "measure") AND
"ambient concentration"
206_AP Science "Methyldiethanolamine " AND 2015-2025 1 0
Direct ("ug/m3" OR "ng/m3" OR "pg/m3"
OR "ppb" OR "ppt") AND
("monitor" OR "measure") AND
"ambient concentration"
207_AP Science ("Dimethylnitramine"” OR 2015-2025 6 1 | (1 already found)
Direct "Diethylnitramine" OR
"Methyldiethanolamine" OR "2-
Amino-2-methyl-1-propanol " OR
"N-nitrosodimethylamine” OR "N-
nitrosomorpholine" OR
"nitrosodiethylamine" or
"monoethanolamine") AND
"ambient concentration" AND
("model validation")
208_AP Google ("Dimethylnitramine" OR 2015-2025 0 NA | No results
Scholar "Diethylnitramine" OR
"Methyldiethanolamine" OR "2-
Amino-2-methyl-1-propanol " OR
"N-nitrosodimethylamine" OR "N-
nitrosomorpholine" OR
"nitrosodiethylamine" or
"monoethanolamine™) AND
"ambient concentration" AND
"model validation"
209_AP Google ("Dimethylnitramine" OR 2015-2025 121 NA | Too wide
Scholar "Diethylnitramine" OR
"Methyldiethanolamine" OR "2-
Amino-2-methyl-1-propanol " OR
"N-nitrosodimethylamine” OR "N-
nitrosomorpholine" OR
"nitrosodiethylamine" or
"monoethanolamine") AND
"dispersion" AND "model
validation"
210_AP Google ("alkylamine" OR "ethylamine" OR | 2015-2025 39 3| 1new
Scholar piperazine") AND "dispersion"”
AND "model validation" AND
"dispersion"
Tech_312 | Google "N-nitrosodiethanolamine"” AND 2015-2025 2 2 | (2 already found)
Scholar "DOAS"
Tech_321 | Google "NDELA" AND "TOF-MS" 2015-2025 19 1 | (1 already found)
Scholar
Tech_315 | Google "N-nitrosodiethanolamine" AND 2015-2025 5 2 | (2 already found)
Scholar "isokinetic"
Tech_323 | Google "NDELA" AND "isokinetic" 2015-2025 7 2 | (2 already found)
Scholar
Tech_332 | Google "MEA" AND "thermosorb 2015-2025 1 1 | (1 already found)
Scholar cartridge"
Tech_340 | Google "piperazine*" AND "thermosorb 2015-2025 1 1 | (1 already found)
Scholar cartridge"
Tech_343 | Google "Methyldiethanolamine" AND 2015-2025 5 1 | (1 already found)
Scholar "CIMS"
Tech_344 | Google "Methyldiethanolamine" AND 2015-2025 3 0
Scholar "DOAS"
Tech_347 | Google "Methyldiethanolamine" AND 2015-2025 13 3 | (3 already found)
Scholar "isokinetic"
Tech_348 | Google "Methyldiethanolamine" AND 2015-2025 1 1 | (1 already found)
Scholar "thermosorb cartridge"
Tech_349 | Google "Methyldiethanolamine" AND 2015-2025 8 0
Scholar "drones"
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Tech_351 | Google "MDEA" AND "CIMS" 2015-2025
Scholar

Tech_352 | Google "MDEA" AND "DOAS" 2015-2025 23 1 | (1 already found)
Scholar

Tech_355 | Google "MDEA" AND "isokinetic" 2015-2025 28 8 | (8 already found)
Scholar

Tech_356 | Google "MDEA" AND "thermosorb 2015-2025 1 1 | (1 already found)
Scholar cartridge"

Tech_357 | Google "MDEA" AND "drones" 2015-2025 41 0
Scholar

Tech_359 | Google "Diethanolamine” AND "CIMS" 2015-2025 19 2 | (2 already found)
Scholar

Tech_360 | Google "Diethanolamine” AND "DOAS" 2015-2025 3 0
Scholar

Tech_363 | Google "Diethanolamine" AND "isokinetic" | 2015-2025 28 5 | (5 already found)
Scholar

Tech_364 | Google "Diethanolamine" AND 2015-2025 1 1 | (1 already found)
Scholar "thermosorb cartridge"

Tech_365 | Google "Diethanolamine" AND "drones" 2015-2025 38 0
Scholar

Tech_372 | Google "DEA" AND "thermosorb cartridge" | 2015-2025 1 1 | (1 already found)
Scholar

Tech_375 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 8 4 | (4 already found)
Scholar AND "CIMS"

Tech_376 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 3 1 | (1 already found)
Scholar AND "DOAS"

Tech_379 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 16 5 | (5 already found)
Scholar AND "isokinetic"

Tech_380 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 1 1 | (1 already found)
Scholar AND "thermosorb cartridge"

Tech_381 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 10 0

Scholar AND "drones"
Test searches not progressed (too wide OR no helpful results)

Disp_1 Google "NO*" AND "ambient 2015-2025 9000 Too wide
Scholar concentration" AND "field"

Disp_2 Google "NO*" AND "ambient 2015-2025 6740 Too wide
Scholar concentration" AND "emission"

Disp_3 Google "*amine* AND "ambient 2015-2025 2,410 Too wide
Scholar concentration" AND "emission"

Disp_4 Google "NO*" AND "ambient 2015-2025 1520 Too wide
Scholar concentration" AND "plume"

Disp_5 Google "Formaldehyde" AND "ambient 2015-2025 964 Too wide
Scholar concentration" AND "emission"

Disp_6 Google "Formaldehyde" AND "ambient 2015-2025 883 Too wide
Scholar concentration" AND "field"

Disp_7 Google "*amine*" AND "ambient 2015-2025 842 Too wide
Scholar concentration" AND "emission"

Disp_8 Google "MEA" AND "ambient 2015-2025 480 Too wide
Scholar concentration" AND "field"

Disp_9 Google "OH radicals" AND "ambient 2015-2025 448 Too wide
Scholar concentration" AND "emission"

Disp_10 | Google "OH radicals" AND "ambient 2015-2025 428 Too wide
Scholar concentration" AND "field"

Disp_11 Google "MEA" AND "ambient 2015-2025 385 Too wide
Scholar concentration" AND "emission"

Disp_12 Google "*amine*" AND "ambient 2015-2025 303 Too wide
Scholar concentration" AND "field"

Disp_13 | Google "Formaldehyde" AND "ambient 2015-2025 236 Too wide
Scholar concentration" AND "plume"

Disp_14 Google *amine* AND "ambient 2015-2025 154 Too wide
Scholar concentration" AND "plume"

Disp_15 Google "MEA" AND "ambient 2015-2025 132 Too wide
Scholar concentration" AND "plume"
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Disp_16 Google "AMP" AND "ambient 2015-2025 Too wide
Scholar concentration" AND "field"

Disp_17 | Google "OH radicals" AND "ambient 2015-2025 108 Too wide
Scholar concentration" AND "plume"

Disp_18 Google "DEA" AND "ambient 2015-2025 103 Too wide
Scholar concentration" AND "emission"

Disp_19 Google "DEA" AND "ambient 2015-2025 90 Too wide
Scholar concentration" AND "field"

Disp_20 | Google "AMP" AND "ambient 2015-2025 86 Too wide
Scholar concentration" AND "emission"

Tech_1 Google "*amine" AND ("ug/m3" OR 2015-2025 72300 Too wide
Scholar "ng/m3" OR "mg/m3" OR "ppb"

OR "ppm" OR "ppc") AND
("monitor*" OR "measure*"

Tech_2 Google "*amine" AND ("ug/m3" OR 2015-2025 | 433000 Too wide
Scholar "ng/m3" OR "mg/m3" OR "ppb"
OR llppmll OR llppcll)
Tech_3 Google "nitrosamine*" AND ("ug/m3" OR 2015-2025 2480 Too wide
Scholar "ng/m3" OR "mg/m3" OR "ppb"

OR "ppm" OR "ppc") AND
("monitor*" OR "measure*")

Tech_4 Google "nitrosamine*" AND ("ug/m3" OR 2015-2025 5400 Too wide
Scholar "ng/m3" OR "mg/m3" OR "ppb"
OR "ppmll OR "ppC")
Tech_5 Google "n-amine*" AND ("ug/m3" OR 2015-2025 400 Too wide
Scholar "ng/m3" OR "mg/m3" OR "ppb"

OR "ppm" OR "ppc") AND
("monitor*" OR "measure*")

Tech_6 Google "n-amine*" AND ("ug/m3" OR 2015-2025 1490 Too wide
Scholar "ng/m3" OR "mg/m3" OR "ppb"
OR llppmll OR llppcll)
Tech_7 Google "nitramine*" AND ("ug/m3" OR 2015-2025 455 Too wide
Scholar "ng/m3" OR "mg/m3" OR "ppb"

OR "ppm" OR "ppc") AND
("monitor*" OR "measure*")

Tech_198 | Google "*amine" AND "LC-MS" 2015-2025 45100 Too wide
Scholar

Tech_199 | Google "*amine" AND "CIMS" 2015-2025 45100 Too wide
Scholar

Tech_200 | Google "*amine" AND "DOAS" 2015-2025 1060 Too wide
Scholar

Tech_201 | Google "*amine" AND "TOF-MS" 2015-2025 287 Too wide
Scholar

Tech_202 | Google "*amine" AND "derivatization" OR | 2015-2025 19600 Too wide
Scholar "derivatisation”

Tech_203 | Google "*amine" AND "isokinetic" 2015-2025 26200 Too wide
Scholar

Tech_204 | Google "*amine" AND "thermosorb 2015-2025 864 Too wide
Scholar cartridge”

Tech_206 | Google "nitrosamine*" AND "LC-MS" 2015-2025 3530 Too wide
Scholar

Tech_207 | Google "nitrosamine*" AND "CIMS" 2015-2025 3430 Too wide
Scholar

Tech_210 | Google "nitrosamine*" AND 2015-2025 651 Too wide
Scholar "derivatization" OR "derivatisation"

Tech_211 | Google "nitrosamine*" AND "isokinetic" 2015-2025 1250 Too wide
Scholar

Tech_215 | Google "n-amine*" AND "CIMS" 2015-2025 197 Too wide
Scholar

Tech_218 | Google "n-amine*" AND "derivatization" 2015-2025 95 Too wide
Scholar OR "derivatisation"

Tech_219 | Google "n-amine*" AND "isokinetic" 2015-2025 147 Too wide
Scholar
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Tech_223 | Google "nitramine*" AND "CIMS" 2015-2025 Too wide
Scholar

Tech_226 | Google "nitramine*" AND "derivatization" 2015-2025 104 Too wide
Scholar OR "derivatisation"

Tech_227 | Google "nitramine*" AND "isokinetic" 2015-2025 172 Too wide
Scholar

Tech_247 | Google "N-nitrosodimethylamine” AND 2015-2025 1980 Too wide
Scholar "CIMS"

Tech_250 | Google "N-nitrosodimethylamine" AND 2015-2025 319 Too wide
Scholar "derivatization" OR "derivatisation"

Tech_251 | Google "N-nitrosodimethylamine" AND 2015-2025 731 Too wide
Scholar "isokinetic"

Tech_255 | Google "NDMA" AND "CIMS" 2015-2025 2030 Too wide
Scholar

Tech_258 | Google "NDMA" AND "derivatization" OR | 2015-2025 328 Too wide
Scholar "derivatisation”

Tech_259 | Google "NDMA" AND "isokinetic" 2015-2025 717 Too wide
Scholar

Tech_262 | Google "N-nitrosodiethylamine" AND "LC- | 2015-2025 262 Too wide
Scholar MS"

Tech_263 | Google "N-nitrosodiethylamine" AND 2015-2025 1070 Too wide
Scholar "CIMS"

Tech_266 | Google "N-nitrosodiethylamine" AND 2015-2025 210 Too wide
Scholar "derivatization" OR "derivatisation"

Tech_267 | Google "N-nitrosodiethylamine" AND 2015-2025 315 Too wide
Scholar "isokinetic"

Tech_271 | Google "NDEA" AND "CIMS" 2015-2025 847 Too wide
Scholar

Tech_274 | Google "NDEA" AND "derivatization" OR 2015-2025 118 Too wide
Scholar "derivatisation”

Tech_275 | Google "NDEA" AND "isokinetic" 2015-2025 266 Too wide
Scholar

Tech_278 | Google "N-nitrosomorpholine" AND "LC- 2015-2025 63 No helpful results
Scholar MS"

Tech_279 | Google "N-nitrosomorpholine" AND 2015-2025 374 Too wide
Scholar "CIMS"

Tech_282 | Google "N-nitrosomorpholine" AND 2015-2025 61 No helpful results
Scholar "derivatization" OR "derivatisation"

Tech_283 | Google "N-nitrosomorpholine" AND 2015-2025 147 Too wide
Scholar "isokinetic"

Tech_287 | Google "NMOR" AND "CIMS" 2015-2025 362 Too wide
Scholar

Tech_290 | Google "NMOR" AND "derivatization" OR | 2015-2025 147 Too wide
Scholar "derivatisation”

Tech_291 | Google "NMOR" AND "isokinetic" 2015-2025 144 Too wide
Scholar

Tech_310 | Google "N-nitrosodiethanolamine" AND 2015-2025 172 Too wide
Scholar "LC-MS"

Tech_311 | Google "N-nitrosodiethanolamine" AND 2015-2025 175 Too wide
Scholar "CIMS"

Tech_313 | Google "N-nitrosodiethanolamine" AND 2015-2025 33 No helpful results
Scholar "TOF-MS"

Tech_314 | Google "N-nitrosodiethanolamine" AND 2015-2025 95 Too wide
Scholar "derivatization" OR "derivatisation"

Tech_316 | Google "N-nitrosodiethanolamine" AND 2015-2025 0 No results
Scholar "thermosorb cartridge”

Tech_317 | Google "N-nitrosodiethanolamine" AND 2015-2025 1 No helpful results
Scholar "drones"

Tech_318 | Google "NDELA" AND "LC-MS" 2015-2025 163 Too wide
Scholar

Tech_319 | Google "NDELA" AND "CIMS" 2015-2025 164 Too wide
Scholar
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Tech_320 | Google "NDELA" AND "DOAS" 2015-2025 No helpful results
Scholar

Tech_322 | Google "NDELA" AND "derivatization" OR | 2015-2025 7 Too wide
Scholar "derivatisation”

Tech_324 | Google "NDELA" AND "thermosorb 2015-2025 0 No results
Scholar cartridge"

Tech_325 | Google "NDELA" AND "drones" 2015-2025 7 No helpful results
Scholar

Tech_326 | Google "MEA" AND "LC-MS" 2015-2025 12800 Too wide
Scholar

Tech_327 | Google "MEA" AND "CIMS" 2015-2025 1160 Too wide
Scholar

Tech_328 | Google "MEA" AND "DOAS" 2015-2025 2350 Too wide
Scholar

Tech_329 | Google "MEA" AND "TOF-MS" 2015-2025 4460 Too wide
Scholar

Tech_330 | Google "MEA" AND "derivatization" OR 2015-2025 4770 Too wide
Scholar "derivatisation”

Tech_331 | Google "MEA" AND "isokinetic" 2015-2025 2660 Too wide
Scholar

Tech_333 | Google "MEA" AND "drones" 2015-2025 16600 Too wide
Scholar

Tech_334 | Google "piperazine*" AND "LC-MS" 2015-2025 13300 Too wide
Scholar

Tech_335 | Google "piperazine*" AND "CIMS" 2015-2025 68 Too wide
Scholar

Tech_336 | Google "piperazine*" AND "DOAS" 2015-2025 23 No helpful results
Scholar

Tech_337 | Google "piperazine*" AND "TOF-MS" 2015-2025 2780 Too wide
Scholar

Tech_338 | Google "piperazine*" AND "derivatization" | 2015-2025 5230 Too wide
Scholar OR "derivatisation"

Tech_339 | Google "piperazine*" AND "isokinetic" 2015-2025 81 Too wide
Scholar

Tech_341 | Google "piperazine*" AND "drones" 2015-2025 43 No helpful results
Scholar

Tech_342 | Google "Methyldiethanolamine" AND "LC- | 2015-2025 182 Too wide
Scholar MS"

Tech_345 | Google "Methyldiethanolamine" AND 2015-2025 80 Too wide
Scholar "TOF-MS"

Tech_346 | Google "Methyldiethanolamine" AND 2015-2025 154 Too wide
Scholar "derivatization" OR "derivatisation"

Tech_350 | Google "MDEA" AND "LC-MS" 2015-2025 1730 Too wide
Scholar

Tech_353 | Google "MDEA" AND "TOF-MS" 2015-2025 318 Too wide
Scholar

Tech_354 | Google "MDEA" AND "derivatization" OR | 2015-2025 635 Too wide
Scholar "derivatisation"

Tech_358 | Google "Diethanolamine" AND "LC-MS" 2015-2025 1320 Too wide
Scholar

Tech_361 | Google "Diethanolamine” AND "TOF-MS" | 2015-2025 422 Too wide
Scholar

Tech_362 | Google "Diethanolamine" AND 2015-2025 744 Too wide
Scholar "derivatization" OR "derivatisation"

Tech_366 | Google "DEA" AND "LC-MS" 2015-2025 7400 Too wide
Scholar

Tech_367 | Google "DEA" AND "CIMS" 2015-2025 347 Too wide
Scholar

Tech_368 | Google "DEA" AND "DOAS" 2015-2025 224 Too wide
Scholar

Tech_369 | Google "DEA" AND "TOF-MS" 2015-2025 2060 Too wide
Scholar
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Tech_370 | Google "DEA" AND "derivatization" OR 2015-2025 Too wide
Scholar "derivatisation"

Tech_371 | Google "DEA" AND "isokinetic" 2015-2025 223 Too wide
Scholar

Tech_373 | Google "DEA" AND "drones" 2015-2025 4660 Too wide
Scholar

Tech_374 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 193 Too wide
Scholar AND "LC-MS"

Tech_377 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 69 Too wide
Scholar AND "TOF-MS"

Tech_378 | Google "2-Amino-2-methyl-1-propanol” 2015-2025 117 Too wide
Scholar AND "derivatization" OR

"derivatisation"

Tech_382 | Google "AMP" AND "LC-MS" 2015-2025 25200 Too wide
Scholar

Tech_383 | Google "AMP" AND "CIMS" 2015-2025 641 Too wide
Scholar

Tech_384 | Google "AMP" AND "DOAS" 2015-2025 400 Too wide
Scholar

Tech_385 | Google "AMP" AND "TOF-MS" 2015-2025 13,800 Too wide
Scholar
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Appendix 3: Literature review shortlist

Literature review shortlist of 92 relevant titles screened in based on both title and abstract.

‘ Title Author(s) Year ‘ DOI/ URL ‘
An Update on Emission Monitoring of Amines and Amine Languille, Baptiste and Mikoviny, Tomas 2024 http://dx.doi.org/10.
Degradation by PTR-ToF-MS and Wisthaler, Armin 2139/ssrn.5073153
PPB-Level Monitoring of Amines and NO2 at the Klemetsrud | Languille, Baptiste and Mikoviny, Tomas 2022 http://dx.doi.org/10.
CO2 Capture Pilot Plant and Nielsen, Claus J. and Svendsen, 2139/ssrn.4294587

Trond and Tednes, Marius and Wisthaler,

Armin,
Atmospheric Emissions of Amines and Amine Degradation Drewry, Benjamin and Mikoviny, Tomas 2024 http://dx.doi.org/10.
Products from Aqueous Piperazine Scrubbing for Co2 and Wisthaler, Armin and Rochelle, Gary 2139/ssrn.5010951
Capture and Stevens, Carl
Technical considerations for the use of passive samplers to | Bigyan Dahal, Meredith G. Hastings 2016 https://doi.org/10.1
quantify the isotopic composition of NOx and NO2 using the 016/j.atmosenv.201
denitrifier method 6.08.006
Solvent degradation and emissions from a CO2 capture pilot | Randi Neerup, Valdemar 2023 https://doi.org/10.1
at a waste-to-energy plant E. Rasmussen, Sai H.B. Vinjarapu, Anders 016/j.jece.2023.111

H. Larsen, Meng Shi, Christina Andersen, 411

Karsten Fuglsang, Lars

K. Gram, Jonas Nedenskov, Jannik Kappel

, Peter Blinksbjerg, Sgren Jensen, Jakob

L. Karlsson, Sebastian Borgquist, Jens

K. Jarsboe, Sebastian

N.B. Villadsen, Philip L. Fosbgl
A MAP (Monitoring—Assessment—Priority) framework for Peng Chen, Xiao Li, Ningtong Yi, Xining 2025 https://doi.org/10.1
amine degradation products in carbon capture (Ning) Wang, Shengtao Ma, Yali Yang, 016/j.jhazmat.2025.

Xian Zhou, Yonggiang Ren, Shisen Xu, 140310

Xinghua Li
A new advance in the pollution profile, transformation Xinlin Shen, Jiangyao Chen, Guiying Li, Ta | 2023 https://doi.org/10.1

process, and contribution to aerosol formation and aging of
atmospheric amines

icheng An

039/d2eal0167e




Particles: A Review of Determination Methods, Abundances,
Origins, and Atmospheric Processes

Yun Xiao

8 A new method of simultaneous determination of Yifei Chen, Qinhao Lin, Guiying Li, 2022 https://doi.org/10.1
atmospheric amines in gaseous and particulate phases by Taicheng An 016/j.jes.2021.09.0
gas chromatography-mass spectrometry 27
9 A Quantitative Method to Measure and Speciate Amines in Amy P. Sullivan, Katherine B. Benedict, 2020 https://doi.org/10.3
Ambient Aerosol Samples Christian M. Carrico, Manvendra K. Dubey, 390/atmos 1108080
Bret A. Schichtel and Jeffrey L. Collett 8
10 | Areview of available analytical technologies for qualitative Sofia Lindahl, Cathrine Brecke Gundersen | 2014 https://doi.org/10.1
and quantitative determination of nitramines and Elsa Lundanes 039/C4EMO0095A
11 A systematic review of reactive nitrogen simulations with Haoran Zhang, Xueyu Zhou, Chuanhua 2024 https://doi.org/10.1
chemical transport models in China Ren, Mengmeng Li, Tengyu Liu, Xin 016/j.atmosres.202
Huang 4.107586
12 A theoretical study of the reaction kinetics of amines Saba Manzoor, Alexandra Simperler, Anna | 2015 https://doi.org/10.1
released into the atmosphere from CO2 capture Korre 016/j.ijggc.2015.05.
012
13 | A Way of Qualifying Amine Based Capture Technologies Helgesen and Gjernes 2016 https://doi.org/10.1
with Respect to Health and Environmental Properties 016/j.egypro.2016.
01.025
14 | Aerosol Measurement Technique: Demonstration at CO2 Thomas de Cazenove, Richard H.B. 2016 https://doi.org/10.1
Technology Centre Mongstad Bouma, Earl L.V. Goetheer, Peter J. van 016/j.egypro.2016.
Os, Espen Steinseth Hamborg 01.017
15 | Amine Emission Monitoring With Multi-Gas FTIR Protea Ltd 2024 https://www.protea.l
Technology td.uk/amine-
emission-
monitoring-with-
multi-gas-ftir-
technology
16 Amine-based Carbon Capture Secondary Emissions - A Rafay Anwar, Esther Praise Avor, Colin 2024 https://dx.doi.org/10
Study of the Regulatory Landscape Campbell .2139/ssrn.504476
4
17 | Amine-based carbon capture through an environmental Chen et al. 2025 https://doi.org/10.1
lens: Amine emissions and associated implications 016/j.jece.2025.119
605
18 Amino Acid and Amine Compounds in Fine Aerosol Yu Xu, Hong-Wei Xiao, Hao Xiao & Hua- 2025 https://10.1007/s41

810-025-00299-z

99 of 112



19 | Ammonia and amines emissions from residential biomass Du et al. 2025 https://doi.org/10.1
combustion in China from 2014 to 2030 016/j.jhazmat.2025.
137476
20 Ammonium-adduct chemical ionization to investigate Peeyush Khare, Jordan E. Krechmer, Jo E. | 2022 https://doi.org/10.5
anthropogenic oxygenated gas-phase organic compounds in | Machesky, Tori Hass-Mitchell, Cong Cao, 194/acp-22-14377-
urban air Junqi Wang, Francesca Maijluf, Felipe 2022
Lopez-Hilfiker, Sonja Malek, Will Wang,
Karl Seltzer, Havala O. T. Pye, Roisin
Commane, Brian C. McDonald, Ricardo
Toledo-Crow, John E. Mak, and Drew R.
Gentner
21 An Update on Emission Monitoring of Amines and Amine Languille, Baptiste and Mikoviny, Tomas 2024 https://dx.doi.org/10
Degradation by PTR-ToF-MS and Wisthaler, Armin .2139/ssm.507315
3
22 | AQMAU recommendations for the assessment and AQMAU 2021 https://ukccsrc.ac.u
regulation of impacts to air quality from amine-based post- k/wp-
combustion carbon capture plants content/uploads/20
21/11/AQMAU-
C2025-RP01.pdf
23 Atmospheric amines and ammonia measured with a Y. You1l, V. P. Kanawade , J. A. de Gouw, | 2014 https://doi.org/10.5
chemical ionization mass spectrometer (CIMS) A. B. Guenther, S. Madronich, M. R. 194/acp-14-12181-
Sierra-Hernandez, M. Lawler, J. N. Smith, 2014
S. Takahama, G. Ruggeri, A. Koss, K.
Olson, K. Baumann, R. J. Weber, A.
Nenes, H. Guo, E. S. Edgerton, L. Porcelli ,
W.H. Brune, A. H. Goldstein, and S.-H. Lee
24 Atmospheric Amines: Advances in Analytical Techniques, Qi Yu, Nan Fu, Jiajia Lu, Yukai Zhang, Wei | 2025 https://10.1007/s40
Emission Inventories, Regional Pollution, and Roles in New | Du & Junfeng Wang 726-025-00364-8
Particle Formation
25 Atmospheric Chemistry Modelling of Amine Emissions from | Manzoor, S; Korre, A; Durucan, S; 2014 https://www.dx.doi.
Post Combustion CO2 Capture Technology Simperler, A org/10.1016/j.egypr
0.2014.11.093
26 Atmospheric Chemistry of 2-Amino-2-methyl-1-propanol: A Wen Tan, Liang Zhu, Tomas Mikoviny, 2021 https://doi.org/10.1

Theoretical and Experimental Study of the OH-Initiated
Degradation under Simulated Atmospheric Conditions

Claus J. Nielsen, Yizhen Tang, Armin
Wisthaler, Philipp Eichler, Markus Mdller,
Barbara D’Anna, Naomi J. Farren,
Jacqueline F. Hamilton, Jan B. C.

021/acs.jpca.1c048
98
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Pettersson, Mattias Hallquist, Simen
Antonsen, Yngve Stenstram

27 | Atmospheric Emissions of Amines and Amine Degradation Drewry, Benjamin and Mikoviny, Tomas 2024 https://dx.doi.org/10
Products from Aqueous Piperazine Scrubbing for Co2 and Wisthaler, Armin and Rochelle, Gary .2139/ssrn.501095
Capture and Stevens, Carl 1

28 Automatic Precolumn Derivatization for the HPLC Huang Xiongfeng, Xu Qun, and Jeffrey 2016 https://documents.t
Determination of Aliphatic Amines in Air Rohrer hermofisher.com/T

FS-
Assets/CMD/Applic
ation-Notes/AN-
1012-LC-Aliphatic-
Amines-Air-
AN70115-EN.pdf

29 Best practices for the measurement of 2-amino-2-methyl-1- | Baptiste Languille, Audun Drageset , 2021 https://dx.doi.org/10
propanol, piperazine and their degradation products in Tomas Mikoviny , Erika Zardin, Christoph .2139/ssrn.381233
amine plant emissions Benquet, dyvind Ullestad, Magnus 9

Aronson, Eirik Romslo Kleppe, Armin
Wisthaler

30 | Comparison of sample preparation methods for the GC'. Alicia J. Reynolds, T. Vincent Verheyen, 2016 https://doi.org/10.1
MS analysis of monoethanolamine (MEA) degradation Samuel B. Adeloju, Alan L. Chaffee, Erik 016/j.ijggc.2016.06.
products generated during post-combustion capture of CO2 | Meuleman 021

31 Complete capillary electrophoresis process on a drone: Tomas Drevinskas, Audrius Maruska, 2020 https://10.1039/D0
towards a flying micro-lab Valdas Girdauskas, Gediminas Duda AY01220C

Jelena Gorbatsovac and Mihkel
Kaljurandac

32 Concentration level, health risk assessment and source Juanmei Wang, Xiaolong Zhou, Zhenyu 2023 https://doi.org/10.1
apportionment of nitrosamines in PM2.5 in Urumgqi during Hua, Na Jiang, Xiang He 016/j.apr.2023.101
winter time 756

33 Concentration, size distribution and dry deposition of amines | Fengxian Liu, Xinhui Bi, Guohua Zhang, 2017 https://doi.org/10.1
in atmospheric particles of urban Guangzhou, China Long Peng, Xiufeng Lian, Huiying Lu, 016/j.atmosenv.201

Yuzhen Fu, Xinming Wang, Ping'an Peng, 7.10.016
Guoying Sheng
34 Concentrations, sources and processes involving volatile Sarah Jane Lawson 2017 https://https://doi.or

organic compounds (VOCs) in the marine and terrestrial
background atmosphere of the Southern Hemisphere

9/10.5204/thesis.ep
rints.112764
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35 Contribution of ozonation forming the particulate nitrosodi- Choi, Na Rae ; Kim, Yong Pyo ; Lee, Ji Yi; | 2024 https://10.5194/egu
methylamine (NDMA) in the ambient air Kim, Eunhye ; Kim, Soontae ; Shin, Hye sphere-egu24-211
Jung
36 Deep Learning-Enhanced for Amine Emission Monitoring Lokendra Poudel, David Tincher, Duy-Nhat | 2025 https://doi.org/10.4
and Performance Analysis in Industrial Carbon Capture Phan, Rahul Bhowmik 8550/arXiv.2509.05
Plants 241
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Appendix 4 Wind roses for UK CCUS sites

Wind roses of 2020-2025 wind speed and direction from UK meteorological stations near
possible case study CCUS sites. Data from National Oceanic and Atmospheric
Administration, accessed via R packages worldmet and openair.
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