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Modelling suggests that the increased environmental emissions risk of trace components
from Post Combustion Capture are not sufficient to require additional actions to
further reduce exposure.
Carbon dioxide capture and sequestration and storage (CCS) has been proposed as a mechanism to reduce
carbon dioxide emissions from the industrial use of fossil fuels to produce electricity and other services. Although
injection of CO2 into geological formations has been applied for some time (for example, in enhanced oil recovery)
the scale of CCS required to significantly reduce atmospheric emissions is very much greater than current practice.
The scale and other issues potentially increase the financial, social and environmental risk substantially and an
intensive research effort is required to identify, assess and mitigate these risks.
Risks are evident across the capture, compression and transport and storage landscape, and will require explicit
treatment in project planning, assessment, permitting, and approval steps. Legislative, regulatory, policy, and
funding issues will all have an impact on the viability of CCS projects. In this report regulatory and approval
processes for CCS are briefly reviewed.
A potentially significant component of the risk associated with CCS will be due to trace species in the CO 2 stream.
These trace species will determine the need for and costs associated with gas-cleaning protocols to avoid
emissions issues, and potential operating problems.
Post combustion capture (PCC) of CO2 using amine solvent scrubbing is the most mature technology that could be
used for existing power stations. However amine-based PCC technology has the potential to emit toxic organic
compounds whose environmental and health impacts must be assessed prior to regulatory approval.
New CCS coal technologies have inherently lower emissions than traditional coal plants.
In all cases studied, emissions were found to be well below USEPA’s level
such that no action is required to further reduce exposure.
In this study a modelling framework for undertaking a risk assessment for population exposure to formaldehyde, a
potential emission from PCC processes, is described. The modelled results for a case study based on retrofitting
PCC to an existing Australian coal-fired power station showed that after installing PCC technology there would be
an increase in overall atmospheric concentrations of formaldehyde – however in all cases the increased risks to the
population of exposure were below the USEPA response level such that no action would be required to reduce
exposures. The ambient concentrations of formaldehyde would need to increase by a factor of approximately fifty
times to bring it to the levels at which the USEPA would require action. Development of atmospheric modeling
techniques for the dispersion of PCC emissions and for the atmospheric reactions of MEA is also described. The
dispersion calculations show that maximum-modeled concentrations of MEA do not exceed health guidelines.
In summary: the implications of the increased regulatory focus on the environment for the traditional environmental
issues associated with coal use in industry (air emissions, acid deposition, coal combustion product management)
will be profound. This report forms a solid foundation for environmental risk assessments, and more particularly
information on formaldehyde and MEA emissions from a Post Combustion Capture plant on a traditional coal fired
power plant.
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This report summaries progress of the project until May 2014 – the PhD that this work is based on is due for completion in 2016.

Quantification and Assessment of Environmental Risk in Carbon
Capture and Sequestration - Development of Risk assessment
procedures for trace PCC components
EXECUTIVE SUMMARY
Carbon dioxide capture and sequestration and storage (CCS) has been proposed as a mechanism to
reduce carbon dioxide emissions from the industrial use of fossil fuels to produce electricity and
other services. Although injection of CO2 into geological formations has been applied for some time
(for example, in enhanced oil recovery) the scale of CCS required to significantly reduce atmospheric
emissions is very much greater than current practice. The scale and other issues potentially increase
the financial, social and environmental risk substantially and an intensive research effort is required
to identify, assess and mitigate these risks.
Risks are evident across the capture, compression and transport and storage landscape, and will
require explicit treatment in project planning, assessment, permitting, and approval steps.
Legislative, regulatory, policy, and funding issues will all have an impact on the viability of CCS
projects. In this report regulatory and approval processes for CCS are briefly reviewed.
A potentially significant component of the risk associated with CCS will be due to trace species in the
CO2 stream. These trace species will determine the need for and costs associated with gas-cleaning
protocols to avoid emissions issues, and potential operating problems.
Post combustion capture (PCC) of CO2 using amine solvent scrubbing is the most mature technology
which could be used for existing power stations. However amine-based PCC technology has the
potential to emit toxic organic compounds whose environmental and health impacts must be
assessed prior to regulatory approval.
In this study a framework for undertaking a risk assessment for population exposure to one emission
product from a PCC plant, formaldehyde, is described. Due to the recycling of the solvent in PCC
plants, the lean CO2 flue gas could contain amines and oxidation products such as formaldehyde and
nitrosamines. In the atmosphere, formaldehyde also undergoes secondary reactions and can
contribute to ozone formation. Formaldehyde is a suspected carcinogen.
Probabilistic risk assessment for inhalation exposure to formaldehyde has been performed in the
upper Hunter area with and without PCC technology fitted to an existing power station. The
assessment consisted of background measurements of formaldehyde, modelled concentrations
using the TAPM model of power station emissions, and Monte Carlo simulations of risk probabilities
based on the modelled concentrations. The results show that cancer risk due to formaldehyde after
installing post-combustion capture technology does not cause large increases in the whole area but
a small increase near the emission source. The risk probabilities are well below the USEPA level of
concern where action to reduce exposure is required.
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A progress report was submitted to ANLECR&D on this project in June 2013. This final report
provides additional material to that report and summarises progress on the project up until May
2014. However as the major contribution to this project is the PhD project of Ye Wu in the
Department of Environment & Geography at Macquarie University which is not due for completion
until 2016 work on this project will continue until that time.
This report summarises additional measurements and assessments of atmospheric formaldehyde
concentrations to inform risk assessments. Large variations in background concentrations of
formaldehyde are observed and as a consequence the incremental increase in risk due to PCC
emissions of this compound will depend on prevailing concentrations of this species. In most
locations the increase will be minor.
Development of atmospheric modelling techniques for the dispersion of PCC emissions and for the
atmospheric reactions of MEA is also described. The dispersion calculations show that maximum
modelled concentrations of MEA do not exceed health guidelines.
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1

INTRODUCTION

1.1 Description of the Research Project
1.1.1

Why is this Research Project needed?

Carbon dioxide capture and sequestration and storage (CCS) has been proposed as a mechanism
to reduce carbon dioxide emissions from the industrial use of fossil fuels to produce electricity
and other services. Although injection of CO2 into geological formations has been applied for
some time (for example, in enhanced oil recovery) the scale of CCS required to significantly
reduce atmospheric emissions is very much greater than current practice. The scale and other
issues potentially increase the financial, social and environmental risk substantially and an
intensive research effort is required to identify, assess and mitigate these risks.
Risks are evident across the capture, compression and transport and storage landscape, and will
require explicit treatment in project planning, assessment, permitting, and approval steps.
Legislative, regulatory, policy, and funding issues will all have an impact on the viability of CCS
projects.
Hence there is a need to develop:




Best practice manuals for permitting;
Integrated monitoring, verification and accounting (MVA) capabilities
robust, equitable, transparent accounting procedures (with flexibility to adjust to changing
expectations re regulatory/ market considerations)

Identifying and quantifying risks is a first step in effective risk management strategies, and in the
development of permitting processes which protect human health and local ecosystems, and
ensure safe operation of CCS.
A significant component of the risk associated with CCS will be due to trace species in the CO2
stream, whether in IGCC product gases, post-combustion capture (PCC) solvent systems, or oxyfired combustion. These trace species will determine the need for and costs associated with:




gas cleaning to a standard required for acceptable lifetimes of water-gas shift and FischerTropsch catalysts used in IGCC systems;
impacts on amine and other solvents systems;
gas-cleaning protocols for oxy-combustion to avoid emissions issues, and corrosion
problems.

1.1.2

Project Objectives

The proposed work program will have two major components and related objectives:
1. An environmental risk input, closely aligned with economic and social considerations,
for the holistic development of best practice approaches to project planning,
assessment, and approval for CCS projects. A desktop review of relevant guidelines,
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legislation and international best practice is envisaged, together with input to the
development of integrated modelling, accounting and assessment procedures.
2. A comprehensive assessment of the impacts of gas quality on gas cleaning
requirements to ensure acceptable environmental and health risk. An experimental
study of the fundamental behaviour of trace combustion and gasification
components under conditions relevant to carbon capture systems is planned.
A progress report was submitted to ANLECR&D on this project in June 2013. This final report
provides additional material to that report and summarises progress on the project up until May
2014. However as the major contribution to this project is the PhD project of Ye Wu in the
Department of Environment & Geography at Macquarie University which is not due for completion
until 2016 work on this project will continue until that time.
In this report progress is summarised on:





Additional discussion of risks of the various approaches to PCC (Section 2.1.2)
Additional measurements and review of previous work on atmospheric formaldehyde
concentrations to inform risk assessments of this compound (Section 4.5)
Modelled predictions of MEA concentrations for the case study site in the upper Hunter
Valley in the vicinity of two large coal fired power stations (Section 5.1)
Development of atmospheric modelling capability for MEA reactions to predict product
formation (Section 5.2)
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2

BACKGROUND – ENERGY ISSUES & FUTURES

Technological and political initiatives to mitigate or adapt to greenhouse gas emissions are likely to
have a significant impact on energy intensive industries, and it is also likely that pressures to reduce
emissions of carbon dioxide and pollutant gases and particles will only intensify. An interesting
source for potential future developments in the energy sector is provided by the International
Energy Agency World Energy Outlooks (IEA 2010; IEA 2011).
These outlooks depend on critical assumptions about political decisions and energy subsidies,
projections of world economic activity and energy demand, so they are subject to significant
uncertainty in any quantitative sense. Nonetheless the thrust of the conclusions in recent Outlooks
is compelling, and the implications for coal use in industry significant. The 2010 Outlook observes
that “emerging economies, led by China and India, will drive global demand higher”, but that global
demand for each fuel source will increase, and that fossil fuels will continue to account for over onehalf of the increase in total primary energy demand to 2035. Non-OECD countries are likely to
account for more than 90% of the projected increase, and world electricity demand is expected to
grow more strongly than any other final form of energy.
Electricity generation is entering a period of transformation as investment shifts to low‑carbon
technologies — the result of higher fossil‑fuel prices and government policies to enhance energy
security and to curb emissions of CO2. In the New Policies Scenario, fossil fuels — mainly coal and
natural gas — remain dominant, but their share of total generation drops from 68% in 2008 to 55%
in 2035, as nuclear and renewable sources expand. The shift to low‑carbon technologies is
particularly marked in the OECD. Globally, coal remains the leading source of electricity generation
in 2035, although its share of electricity generation declines from 41% now to 32% .
In fact there are already indications that coal will remain a key player in meeting energy needs into
the future. Coal has met almost half of the increase in global energy demand over the last decade, as
shown in Figure 1. Maintaining current policies would result in an additional 65% increase in coal
use by 2035, but there is significant uncertainty about such projections. China’s consumption is a
critical determining factor, and current indications from its planning processes are that it will seek to
reduce the energy and carbon intensity of its economy with major impacts on coal markets.
Future investments in coal generating infrastructure are increasingly likely to be concentrated in
more efficient coal-fired power plants and carbon capture and storage (CCS) technology but there
are still significant barriers to overcome particularly for CCS. The Outlook concludes that “if CCS is
not widely deployed by the 2020s, an extraordinary burden would rest on other low-carbon
technologies to deliver lower emissions in line with global climate projections”.
The implications for the traditional environmental issues associated with coal use in industry (air
pollutants, acid deposition, ash management) of these changes in primary energy supply will be
profound. In OECD and developed economies ever more stringent controls on emissions of gas and
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particulate pollutants is already evident. The new EU Directive 2010/75/EU on Industrial Emissions
(EU 2010) will impose significantly more stringent standards for emissions of these traditional
pollutants and will reportedly result in plant closures without costly retrofitting of more effective air
pollutant control devices. Development of a legally-binding instrument for mercury control and
management is also likely to result in specific legislation for emissions from coal-fired plant, as coal
use is the largest anthropogenic source of this pollutant. Indeed the US and Canada have already
developed specific rules for mercury emissions.
It is worth emphasising that new technologies for coal use in electricity production aimed at CCS
have inherently lower emissions of traditional gas and particulate emissions, so that efforts to
reduce greenhouse gas emissions are likely to have co-benefits for traditional emission concerns.
There are also clear indications of a switch from coal to gas in OECD countries for new build
electricity plant.

Coal
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Oil

Gas
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Figure 1: Incremental world primary energy demand by fuel, 2000-2010 (from (IEA
2011))
2.1

Role of Carbon Capture and Sequestration

Achievement of climate targets which would avoid large increases in global temperature requires
the development and implementation of all technology options, not just CCS. It is considered
unlikely that the required emission reductions could be achieved solely by reduced demand; rather
increased renewables, nuclear and CCS will be required.
The IEA predicts (IEA 2013a) that by 2020 there will be ~2 000 GW of coal-fired and ~1800 GW of
gas-fired electricity generation capacity installed worldwide, or 58% of total electricity generation.
They further expect (IEA 2013a) that the deployment of CCS on new build power plants and
retrofitting it to existing plants will avoid the need to retire large parts of the fossil fuel fleet, and will
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improve the economic feasibility of CCS particularly where local geological formations allow for
storage. The potential contribution of CCS to the deployment of low-carbon energy technologies is
substantial, estimated by the IEA (IEA 2012b) to amount to approximately 20% of the emissions
reductions required to limit global temperature increases to no more than 2C (see Table 1).
Table 1: Emissions reductions and investment needs in the 2C scenario, by
technology (from (IEA 2012b))
CO2 savings
(Gt)
2050

Cumulative CO2
savings
(Gt)
2010 to 2050

Investment
needs
(USD trillion)
2010 to 2050

Bioenergy for heat and power
CCS in power generation
Concentrating solar power
Geothermal for heat and power
High efficiency, low emissions coal
Hydropower
Nuclear
Smart grids

1.7
3.3
1.7
0.5
n.a.
0.9
3.2
1.7

20.4
57.0
22.5
7.1
n.a.
19.4
59.6
36.4

0.5
2.6
2.6
1.3
1.9
3.0
4.0
5.0 to 6.0

Solar photovoltaic (PV)
Wind
Buildings

1.7
3.0

27.7
61.0

3.9
5.9

Energy efficient heating and cooling
equipment
Energy efficient building envelopes
Solar heating and cooling
Industry
CCS in industrial applications
Cement
Chemicals
Iron and steel
Transport

1.1

27.9

0.4

0.3
0.3

10.7
14.5

n.a.
n.a.

3.8
1.1
1.6
1.6

57.9
18.9
32.9
32.0

1.0
1.4 to 1.6
5.4 to 5.5
2.0 to 2.5

Electric and plug-in vehicles
Hydrogen fuel cell vehicles
Biofuels
Vehicle fuel economy

1.7
0.7
1.6
4.7

33.3
5.3
34
69.0

13.1
3.0
16.0
n.a.

Sector
Power generation

Notes: Emissions reductions listed in the 2DS are in comparison with the 6DS. Numbers should not be
summed to derive a total, as this may double count.
Smart grids include direct and enabled emissions reductions. Geothermal and biomass emissions
reductions and their investment needs are only for electricity. Cumulative emissions reductions for
biomass use in buildings are 3.1 Gt and in industry 4.9 Gt. Solar heating and cooling also includes
applications in industry (5.2 Gt cumulative). For biofuels, investment cost shown is for total fuel
purchases.
Source: Unless otherwise noted, all tables and figures in this chapter derive from IEA data and analysis.

11

Quantification and Assessment of Environmental Risk in Carbon Capture and Sequestration Development of Risk assessment procedures for trace PCC components
___________________________________________________________________________
However realising a contribution of that scale from CCS requires approximately 100 CCS projects to
be implemented by 2020 and over 3000 by 2050 (IEA 2009). The financial investments required to
achieve this are very large, as illustrated in Table 1. Current international policies (summarised in
Table 2) do not support the development of CCS on the scale required.
Table 2: Key policies affecting coal deployment in selected countries (from IEA (IEA
2013b)
Country or
region
Australia

China

European
Union

India

Indonesia

Policy

Impacts and goals of policy

Generator efficiency standards defined best practice
efficiency guidelines for new plants: hard coal plant
(42%) and brown coal (31%). Both based on higher
heating value net output.
Emissions trading will begin in 2015.
Carbon tax introduced in 2012.
11th Five-Year Plan (2006-10) mandated closure of
small, inefficient coal-fired power generation. 12th
Five-Year Plan (2011-15) caps coal production at 3.8
billion tonnes by 2015; all plants of 600 MW or more
must be SC or USC technology. Ongoing, mandated
closure of small, inefficient units.
Stringent emissions control for SO2, NOX and
particulates are mandated on new units from 2012
(SO2 = 50 mg/m3; NOX = 100 mg/m3; PM = 20 mg/m3).
New standards, including limits on mercury emissions,
are applicable from 2014 for existing plants.

New plants are likely to be SC
or USC technology.

Power generation covered by the EU ETS. In the first
two phases, over 90% of emissions credits were
“grandfathered” or allocated to power producers
without cost, based on historical emissions.
Beginning with Phase 3 in 2013, 100% of credits will be
auctioned.
European legislation required coal-fired power plants
to meet more stringent limits on air pollution by 1
January 2008. Units that do not meet the requirement
must close by 2016.
Emission limit values according to the Industrial
Emission Directive 2010/75/EU for new power plants
are: SO2, 100-300 MW = 200 mg/m3, > 300 MW = 150
mg/m3; NOX, 100-300 MW = 200 mg/m3 , > 300 MW =
150 mg/m3; PM, 100-300 MW = 20 mg/m3, > 300
MW= 10 mg/m3.
The 12th Five-Year Plan (2012 to 2017) states 50% to
60% of new coal-fired capacity added should be SC. In
the 13th Five-Year Plan (2017-22), all new coal plants
should be at least SC; energy audits at coal-fired plants
must monitor and improve energy efficiency.

GHG emissions reduction of
21% in 2013 compared with
2005 levels under the EU ETS.
Credit auctioning aims to
provide further incentive to
curb emissions from coal
plants.
Countries across Europe have
opted to close part of their
coal generating capacity rather
than meeting the cost of
compliance. In the United
Kingdom alone, more than a
quarter of coal capacity will
close by 2016.

Began indexing Indonesian coal prices to international
market rates (2011); put emissions monitoring system
in place.

Likely to increase coal prices
paid by importers of
Indonesian coal.

Between 2006 and 2011, 85
GW of small, inefficient
generation was shut down.
17% reduction (compared with
2010) in carbon intensity
targeted by 2015 (across all
power generation) and a 40%
to 45% reduction by 2020.

The 12th and future Five-Year
Plans will feature large
increases in construction of SC
and USC capacity.
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United
Kingdom

White Paper on Energy Market Reform recommends an
Emissions Performance Standard of 450 g CO2/kWh for
new coal and gas. Stricter limits on air pollutant
emissions imposed by EU legislation.

United
States

The US EPA proposed a number of rules in 2011,
including the Maximum Achievable Control Technology
rule, the Cross State Air Pollution rule, the Ozone rule
and the Air Combustion Residuals rule.

From 2014, no new coal-fired
capacity will be built without
CCS.
Of the current 25 GW of coalfired generating capacity, over
7 GW will close before 2016.
New plants are all likely to
have SC or USC technology.
The impact of pending EPA
regulation on the economics of
coal generation, combined
with low natural gas prices,
suggest limited coal capacity
additions in the future.

There is also wide recognition (IEA 2005) that creating the right legal and regulatory framework for
CCS is essential for the deployment of CCS . However, the delayed development of large scale CCS
projects has resulted in a lack of experience in regulatory agencies and industry of how regulatory
regimes would apply to CCS infrastructure, and to whether existing frameworks could be used for
regulation, or whether CCS would require essentially new approaches. Inevitably this results in
uncertainty, increased financial and development risk, with resultant increased cost.
Nonetheless existing development of small scale and demonstration CCS projects has resulted in
valuable learnings. A key recognition is that clarification of the long-term liabilities for CO2 held in
storage sites presents major regulatory challenges.
It is beyond the scope of this project to review the complex regulatory challenges involved in CCS,
and comprehensive reviews of this landscape are available (CO2 Capture Project 2012; IEA 2012a).
Here we provide some specific comments on the development of approaches.
1.2

Approaches to risk assessment in various locations
2.1.1

Introduction

Much of the discussion surrounding carbon dioxide (CO2) capture and storage focuses on funding,
feasibility, and technology development. Neither government nor industry is able to take the full risk
of developing and implementing Carbon Capture and Storage (CCS) technology on a plant-level
scale. Across the globe, individual countries and the EU are developing site assessment, monitoring,
and reporting policies for CCS programs.
According to the International Energy Agency (IEA 2012c), the United States and Australia have the
greatest motivation to develop CCS projects, with Australia having the most to gain as it has the
greatest proportion of its electricity derived from coal and its emissions from coal and gas
production per unit of GDP are the highest when compared against other developed countries.
Their findings also show that a suite of policies, each aimed at different points of market failure,
reduces emissions more cost-effectively than a single policy in isolation (IEA 2012c). The IEA
recommends (IEA 2012c) using a combination of policy instruments at any given point in the lifespan
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of a CCS project. However, given countries’ differing capacities for implementing CCS projects,
market structures, and environmental policy approaches, the success rate of individual CCS projects
varies.
Here the policy instruments used in different countries to ensure proper steps have been taken to
minimise and manage environmental risk at CCS sites throughout their lifetime are examined.
2.1.2

Risks and General Approach

Countries that have active CCS projects or have plans underway are on the whole borrowing existing
regulations from their oil and gas industries and applying them to CCS. CCS is being conceptually
treated as “oil/gas extraction in reverse”. Where subsurface pressure decreases with the extraction
of oil or gas, it increases with the addition of CO2. However, the final pressures of CO2 in
underground storage are not as high as those used in Enhanced Oil Recovery (EOR) or Enhanced Gas
Recovery (EGR) applications.
There are environmental risks at both the capture and storage phases of CCS. A comprehensive
review of the risks and some evaluation of their potential importance was undertaken by the UK
Environment Agency in 2011 (UK Environment Agency 2011), and is summarised in Table 3.
Table 3: Risk assessment issues for CCS (from UK Environment Agency (2011))
Issue
Permitting CCS technologies

Regulatory controls of CCS
CCS technologies

CCS substances

Staged implementation

CCS System operation

Amine releases into the air
Waste amine disposal
Carbon dioxide pipelines

Comment and conclusions
Environmental risks of CCS technologies can be controlled so they are no
higher than the risks posed by existing power stations and other industrial
processes
All of the risks can be controlled using existing regulatory powers
Each of the individual components of CCS (capture, transport and storage)
are established industrial processes so the risks are already well known and
effectively managed
All of the substances are already being used in established industrial
processes so the risks are largely known. The scale of CCS projects may mean
that large quantities of amines and their products may be released but these
risks can be managed (see below)
The staged nature of CCS development (ie laboratory to pilot to
demonstration to full scale) enables improvements in design and hence
decreased risk
Capture, transport and storage are likely to involve three different operators
located hundreds of kilometres apart. This raises questions about the overall
control of the system, such as how and where carbon dioxide will be vented
during emergency shutdowns
Could cause significant pollution without abatement
The quantity of waste amines produced by PCC could represent a risk if
sufficient hazardous waste disposal capacity is not available
Emergency and other releases may pose risks to occupational and
community health and safety. These should be able to be handled by existing
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Cooling water demand

legislation
CCS technology is likely to significantly increase cooling water requirements
because of the additional heat produced by amine regeneration, oxygen
separation in oxy-combustion and CO2 compression

Particular issues with amines in PCC have been a focus of international (Karl et al. 2011; Nielsen et
al. 2011a; Karl et al. 2012; Nielsen et al. 2012; da Silva and Booth 2013), and Australian (through
ANLEC funded projects to CSIRO) research. In this report a risk assessment approach to potential
exposure to amines and their degradation products is described in 3.
Risks associated with storage have also attracted significant attention. The most economical way to
store CO2 is in a supercritical phase (West Virginia Carbon Dioxide Sequestration Working Group
2011), and depending on temperature and pressure gradients, this occurs at depths greater than
762 metres, or 2,500 feet (USEPA 2013a).
The primary threat to groundwater from CCS is the possibility of CO2 mobilising organic or inorganic
compounds in ground or sea-water; and acidification or contamination by trace compounds stored
with the CO2. There are also risks for CO2 stored in saline fields; the saline could contaminate the
drinking water, or for the CO2 to displace subsurface drinking water. Finally, leaks from CO2
reservoirs have the potential to leak into soils and kill plants by displacing oxygen and lowering soil
pH. This could be due to well leaks, pipeline leaks, or seepage. Risk assessments should therefore
include both the movement of CO2 and any other contaminants that may become mobilised in a
low-pH environment (e.g. metals). These issues have recently been comprehensively reviewed
(Burant et al. 2012; Harvey et al. 2012; Jun et al. 2012; Song and Zhang 2012; Jun et al. 2013), and
methods developed for, for example, trace metal risk assessment in carbon sequestration
environments (Karamalidis et al. 2012), and integrated monitoring design to reduce risk (Seto and
McRae 2011).
Another possible risk in CO2 transport is of a major leak where CO2 would make up >7-10% of the
surrounding air. However, this risk is see to be comparable to that of oil or gas transport, and quite
minimal (IPCC 2005). However, in light of the risks to soil, plants, and drinking water sources, this
risk probably requires additional study. The Intergovernmental Panel on Climate Change (IPCC) has
stated that observations from engineered and natural analogues to underground CO2 storage wells
suggest that the fraction retained in appropriately selected and managed geological reservoirs is
very likely to exceed 99% over 100 years and is likely to exceed 99% over 1,000 years (IPCC 2005).
The power plant industry faces a few challenges that set it apart from the gas and chemical industry,
where CO2 is successfully removed with conventional absorption technology. First, the flue gas
flowrate of a typical coal-fired plant is 5-10x larger than similar streams in the gas and chemical
industry. Under normal operating conditions, a 600 Megawatt coal-fired power plant emits flue gas
at a rate of 500 m3/s. Thirteen percent of that of it is CO2; bringing the average daily CO2 emission to
11,000 tonnes (Merkel et al. 2010). The second challenge is the low partial pressure of CO2 at a
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typical plant. Because CO2 is not a major component of the effluent and the system is at
atmospheric pressure, there is little force available to drive the separation (Merkel et al. 2010).
Three technologies have shown promise in the development of post-combustion capture systems in
coal-fired power plants: solvent absorption, membrane separation; and solid adsorbents.
Membrane Separation
One of the leading post-combustion CO2 removal technologies is membrane separation. In this
technique, effluent gas streams are forced through a permeable membrane that separates CO2 from
the other effluent constituents. It is being promoted as a relatively straightforward and energy
efficient technology worth exploring for CO2 capture applications (Brunetti et al. 2010). Membrane
separation success depends upon three key factors: 1. The CO2/N2 selectivity; 2. The pressure ratio
established on either side of the membrane; and 3. The ratio of gas flow rates on either side of the
membrane (Bounaceur et al. 2006).
CO2/N2 selectivity is an inherent property of the material used for the membrane. There have been
several studies to improve the selectivity of various membranes in order to increase the purity of the
resulting CO2. However, high selectivity membranes would require millions of square meters of area
in order to be effective under typical power plant conditions (Merkel et al. 2010). The necessary
reduction in selectivity (to maintain a reasonable membrane size) can be compensated for by
increasing membrane permeability. More permeable membranes are still able to meet CO2 capture
targets, and in many simulations, an increase in membrane permeance is more important than
increases in selectivity under typical plant conditions (Merkel et al. 2010).
Establishing an effective pressure ratio is a second major consideration for a membrane system, and
is one that is largely within plant operators' control. The pressure differential across the membrane
is established either by compressing the gas on one side of the membrane or creating a vacuum on
the other; sometimes both are done simultaneously. Many companies that use membrane systems
favour compression systems because it allows for a smaller membrane area (Merkel et al. 2010). In
addition, the capital cost of compression equipment is significantly less than vacuum equipment of
the same power rating. Despite that, vacuum systems deliver savings in the long-term through
increased energy efficiency (Bounaceur et al. 2006);(Merkel et al. 2010). The cost of generating this
pressure differential remains a key issue.
The third major consideration in CO2 recovery using a membrane system is the stage cut, that is, the
ratio of the feed flow rate to the permeate flow rate. This ratio describes the CO2 recovery ratio.
The effluent of most coal-fired power-plants is about 10% carbon, and membranes do not recover
enough at this concentration to meet government requirements (Bounaceur et al. 2006). This can
be mitigated by increasing the amount of gas processed through the membrane, but that increases
the in-plant power requirements, reducing the efficiency of the plant (Brunetti et al. 2010).
Membrane performance is also affected by effluent gas impurities, such as heavy metals (Bounaceur
et al. 2006). Any membrane that is chosen for use in a coal-fired plant must either be chemically
resistant to such impurities, or they must be removed prior to CO2 separation.
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Still, membrane separation is an attractive technology in situations where the balance of CO2 in the
flue gas is >20% and there aren't stringent requirements for the purity of the remaining effluent.
Solid Adsorbents
The second leading carbon capture technology is solid adsorbents. Again, the premise of this
technology is simple: flue gas is forced through a line containing a solid material, which adsorbs the
carbon dioxide in the gas either through chemical kinetics or weak physical forces (García et al.
2011).
Several materials meet these requirements, including activated carbon (AC), zeolites, silica gels and
alumina-based materials (Martín et al. 2010). Each material has particular strengths which make it
well-suited for a particular removal scenario. For instance, AC is a popular choice due to the wide
range of materials from which it can be manufactured, its low cost, and its hydrophobicity. Zeolites
are also receiving considerable research attention for its high selectivity and tolerance for
regeneration (García et al. 2011).
The primary design consideration when incorporating solid adsorbent technology is maximising the
amount of CO2 a particular material can hold and minimising the regeneration requirements. As flue
gas is pushed through the adsorbent, the material fills with carbon and eventually breakthrough
occurs. The material is regenerated (the carbon is released) either through changing the
temperature or the pressure. Pressure regeneration involves releasing the CO2 through substantially
changing the pressure of the adsorbent bed. When regenerated through temperature, the bed is
purged with a heated, inert gas. Temperature regeneration is a more cost- and energy- effective
option, it leads to CO2 dilution (Plaza et al. 2010)). Pressure regeneration does not require purging
with an inert gas.
Though the premise of the technology is simple, solid adsorbents are "not particularly suitable for
post-combustion gas treatment" (Sayari et al. 2011). Case studies of adsorbent materials tend to
use binary (CO2/N2) gas streams for their demonstrations (Plaza et al. 2010); (García et al. 2011);
(Sayari et al. 2011), which gives no indications of how these adsorbents perform with other
contaminants and trace gases. In addition, the adsorption capacity at low (i.e., near-atmospheric)
pressures is not particularly high, and the hydrophilic materials preferentially absorb water over CO2.
Research is being conducted to circumvent these challenges, but the technology is not quite ready
for commercial-scale power plant applications.
Solvent Absorption
Solvent adsorption using amines is currently the leading CO2 capture technology. There are a large
number of commercial CCS demonstration projects that are using amine technology (Merkel et al.
2010); (Bounaceur et al. 2006), and the Carbon Capture project named amine adsorption the best
currently available technology from a survey of more than 100 technologies (Bounaceur et al. 2006).
Amines are a family of chemicals derived from ammonia, and monoethanolamine (MEA) is the most
common choice for use in power plant CCS systems. MEA is able to recover 90% or more of the CO2
in coal fired power plant flue gas (Brunetti et al. 2010). However, because amine adsorption is an
established technology, significant future improvements are unlikely (Merkel et al. 2010).
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The capture process consists of two steps: CO2 is absorbed in a liquid solvent, and then released in a
higher temperature desorber tower (CO2CRC 2012). The solvent is then recycled so it is ready to
absorb more CO2. Due to the recycling of the solvent, the lean CO2 flue gas could contain amines and
its oxidation products, such as formaldehyde and nitrosamines. After emission into the atmosphere,
amines can also react with OH radicals to form oxidation products as well (Nielsen et al 2011b).
Particular issues with amines in PCC have been a focus of international (Karl et al 2011; Nielsen et al
2011a; Karl et al. 2012; Nielsen et al 2012; da Silva and Booth 2013), and Australian (through ANLEC
funded projects to CSIRO) research. In this report a risk assessment approach to potential exposure
to amines and their degradation products is described.
Models
Models have been applied to a variety of engineered and natural systems as a way of predicting,
evaluating, and mitigating risk to humans and the environment. There remain several points of
uncertainty in the carbon capture process, which has led to a lack of consensus on the risk CCS
presents to the environment. These points of uncertainty include: measurement errors, modelling
assumptions, instrument noise, error propagation, stochasticity, as well as limited field data (Nord et
al. 2010; Seto and McRae 2011); (Sathre et al. 2012); (Corsten et al. 2013). There is little information
available on the impact CCS activities would have on terrestrial and fresh water ecosystems, as well
as human health.
Several studies have made an effort to quantify the impact of CCS activities and plant performance
using Life Cycle Assessment (LCA) approaches, which aims to include every aspect of a CCS system
from pre-production to final storage (Sathre et al. 2012); Corsten 2013 (Corsten et al. 2013). Others
address one portion of CCS activities, with an aim to comprehensively quantify a few elements (Seto
and McRae 2011). Monte Carlo simulations are popular (Koornneef et al. 2010)), as they place a
probabilistic range on each area of uncertainty. Deterministic equivalent modelling methods
(DEMM) have also been used (Nord et al. 2010), which removes some of the randomness found in
Monte Carlo simulations.
DEMM models have shown that pressure change across the plant was a key indicator of carbon
capture efficiency, while turbine inlet temperature was a key factor for plant efficiency and power
output (Nord et al. 2010). Seto and McRae (2010) call for the development of "integrated, systems
level tools" in order to safely monitor CCS activities--not just inside the plant, but along the transport
pipeline and within the storage area as well. They point out that these tools should take into account
the spatial variabilities of the CCS process.
Pre-Production
When using MEA, or any other solvent or material, in the power plant system, the environmental
costs must also be considered, as requiring use will lead to an increased demand. The manufacture
of MEA places an additional pollutant load on the environment, and the effects should be
considered when weighing the environmental costs of implementing a carbon capture process at a
coal-fired power plant.
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Two primary products of the MEA manufacturing process are NOx, SOx, ammonia (NH3), and their
products of photochemical oxidation (Sathre et al. 2012). In the environment, these compounds are
responsible for acidification and eutrophication (acid rain and algae blooms). Ethylene oxide is
another by-product of the MEA manufacture process with a high human toxicity. The chemistry of
NOx and its effects on local and regional airsheds is well documented (Seinfeld and Pandis 1998a),
and it is known to contribute to urban air pollution, acid deposition, and may also contribute to
ground-level ozone formation or retard it, depending on the ratio of VOCs in the airshed. The effect
is non-linear, and would be unique to each plant and its surrounding geography.
Effects of Removing Carbon from Flue Gas
The composition of flue gas emitted from plants using carbon capture technology is changed as a
result of the removal of CO2, and there is little understanding how the implementation of CCS
technology will influence air quality at a local and regional level. However, researchers have some
knowledge regarding specific compounds.
SOx must be thoroughly scrubbed from flue gas prior to CO2 separation, so SOx emissions will be
reduced in plants removing CO2 with MEA. This is because SOx reacts strongly with MEA, and in fact,
any remaining sulphur in the flue gas will react with the amine to form sulphate salts (Koornneef et
al. 2010); (Corsten et al. 2013). NOx emissions per kW/h energy produced are likely to increase
(Koornneef et al. 2010). NO2 will be removed prior to CO2 separation, as it too interacts with
amines, but that only accounts for 5-10% of flue gas, so the impacts of this removal will likely be
small (Corsten et al. 2013). There is little information about whether there would be any changes in
the amounts of VOCs that may be emitted from CCS activities. However, there will be some
contribution from the amine itself. As the solvent is used, it will degrade, and emit salts and
ammonia. Specific emission rates are uncertain; a variety of results have been reported (Koornneef
et al. 2010). Koornneef et al (2010) points out that it is difficult to determine and evaluate synergies
that may occur with the change in emission composition and the trade-offs required with any
accuracy due to model variance and the general lack of data from field measurements.
Transport and Storage
Transport and storage are perhaps the most mature components of the CCS chain due to their
established presence and routine use in the oil and gas industry. Long-distance pipelines are able to
safely transport oil and natural gas for thousands of kilometres, with minimal risk to human health
and the environment. Carbon storage is also practiced, albeit in a more limited capacity, in the oil
industry where CO2 is used for enhanced oil recovery activities.
Developments on the regulatory framework in various locations are next discussed.

2.2
2.2.1

Regulatory Frameworks in Specific Locations
The United States

The U.S. Environmental Protection Agency (EPA) is considering legislation that would place emission
restrictions on coal-fired power plants in the future. However, this restriction is for new plants only,
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and does not apply to existing plants or plants that utilise any fuel besides coal. These new
standards were the subject of two public hearings in May 2012.
On June 29, 2012, the EPA added a new step to the Greenhouse Gas (GHG) Tailoring Rule. This step
expanded the first two, which were issued in May 2010. It “established a common sense approach”
to GHG emissions under pre-existing Prevention of Significant Deterioration (PSD) and Title V
permitting programs. These two programs did not count CO2 emissions or their equivalents. The
policy affects new facilities that will emit 100,000 tonnes per year of CO2 or its equivalent and any
changes to existing facilities currently emitting the same amount that would increase their output by
an additional 75,000 tonnes. The EPA is applying these rules only to larger plants because they
determined that permitting authorities have not had “sufficient time to develop necessary
permitting infrastructure”. The EPA is finalising an approach to assist permitting authorities with
streamlining this process (US Federal Register 2012).
State and local permitting authorities are responsible for issuing GHG permits to business and
industry. This is in keeping with existing permitting processes and is intended to change as little
about the process as possible. The EPA published a series of white papers to summarise readily
available control technologies for a variety of industrial sectors, including electric generation,
cement manufacture, and landfills1. They are intended to provide basic technical information, but
not necessarily prescribe a particular technology or approach for any given industry.
The National Energy Technology Laboratory (NETL, part of the U.S. Department of Energy) recently
published a white paper tracking the number of new coal-fired power plants under development in
the United States (National Energy Technology Laboratory, 2012). They cite ten new power plants as
being under construction, with one nearing construction and an additional 13 permitted to begin
construction. This represents a net loss of 1,100 MW of capacity from the previous report, issued
December 2010. However, the permitted plants make up this loss by 200%, meaning that the total
change in capacity is a growth of approximately 1,300 MW. Construction in 2011 signified the
largest increase in construction of new plants (or additions to existing plants) since 1985. Growth
was virtually zero between the years of 1997 and 2003. Despite this lack of growth, the output of the
plants grew, indicating that plant capacity grew from 59% to 74% between 1990 and 2007. Capacity
fell to 64% in 2009.
In conjunction with tighter CO2 emissions regulations, the U.S. EPA established a new class of wells
(Class VI) to regulate CO2 sequestration activities. This class is regulated by the U.S. EPA Office of
Water as part of the Safe Drinking Water Act, within the Underground Injection Control (UIC)
Program (US Federal Register 2011). It is intended to protect drinking water resources, and
addresses monitoring and control issues across the lifetime of a well. Permitting operates in
conjunction with the GHG Emission permitting policy discussed above, which is administered by the
U.S. EPA falling under the Clean Air Act. The permitting is handled by the Regions. States were given
270 days to submit a primacy application under the guidance of EPA Headquarters during the
regulations’ comment period, which would grant the state the right to handle permitting and

1

See www.epa.gov/nsr/ghgdocs/electricgeneration.pdf for the white paper for electricity generation
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enforcement of Class VI wells. At the time the regulations passed, no state had submitted an
application. Therefore, federal regulations took primacy, and the EPA is responsible for permitting
and enforcement.
Obtaining necessary permits for a new, large plant or power station that uses CCS technology would
be challenging for owners, because they would be required to file for air emissions permits through
the state, and sequestration permits through their EPA Region Office, which are managed
independently of one another. In addition, there isn’t a streamlined database for the public to
search for businesses that have permits, though a few of the Region websites have permit
applications posted. Concerned individuals are unlikely to be aware of permits filed in their
communities.
The U.S. Department of Energy has partnered with the U.S. Environmental Protection Agency (EPA)
to begin several “learn by doing” projects, where consortia of business, academic institutions, and
other groups are being charged with developing CSS processes suitable to their particular region.
The expectation is that one or several best practice manuals (BPMs) will arise from this activity.
These projects are funded by the DOE, with an eye toward developing the technology to remove CO2
from coal-fired power plants first (as they are the most likely to come under regulation) in such a
way that it does not increase the cost of electricity by more than 30%, and does not significantly
reduce a power station’s output capabilities.
There are currently 3,769 miles (6,065 km) of CO2 pipeline in the United States used for enhanced oil
recovery operations (West Virginia Carbon Dioxide Sequestration Working Group 2011), which are
similar to or of the same design as those that would be used for CCS activities. From the period of
1994-2006, 18 “incidents” were reported on these pipelines, but no injuries or fatalities occurred.
Based on the number of incidents from the same time period around natural gas pipelines, the risk
of fatalities is much lower for CO2 pipelines than natural gas. Still, the IPCC recommends that care
should be taken when siting and organising pipelines, and care should also be taken in construction
and maintenance to minimise corrosion.
The U.S. EPA also recommends doing post-closure monitoring for 50 years, because it is thought that
that is how long it will take an underground storage site to return to regional hydrostatic pressure
levels and no longer be considered a danger.
The U.S. Congressional Budget Office (CBO) released a white paper summarising the results gained
from the $6.9 Billion that the United States has spent developing CCS projects and technologies.
They point out that individual utility companies make most of the decisions about technology
development in the electricity industry and right now, “they have little incentive to equip their
facilities with CCS technology to lessen emissions” (Congress of the United States Congressional
Budget Office 2012). In addition, they acknowledge that there is little drive for private investment in
CCS technology in the United States, due to a slow growth in demand for electricity. The majority of
the funds are being provided by government.
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The CBO suggests three courses of action: shift the DOE’s focus from demonstration projects to pure
research and development; adopt policies to encourage private investment in CCS-equipped plants;
and drop CCS funding altogether, and putting the burden of technology development on countries
that are currently seeing growth in demand (e.g., China and India).
The policies outlined below are no longer in effect, as they have been superseded by Federal law and
the EPA regulations outlined above. However, several states took steps to draft policies, which serve
as the foundation for future policies, should they seek to establish permitting and enforcement
primacy. Any policy developed by a state will be required to match or exceed the stringency of the
current Federal regulation.
2.2.2

CCS in Texas

Texas is the largest consumer of coal in the United States and is also a major centre of oil production
in the country. As such, there is double the incentive to participate in carbon capture activities, both
from an emissions perspective and a re-use perspective, since the captured CO2 could potentially be
utilised in enhanced oil recovery activities to boost production in ageing oil fields.
The Railroad Commission was granted jurisdiction over the land in which captured carbon is stored
with Texas Senate Bill (SB) 1387, which went into effect on September 1, 2009. In the bill, the
Commission was required to coordinate their activities with the Texas Commission on Environmental
Quality (TCEQ). SB 1387 granted the storage operator/owner and his/her heirs, successors, or
assigns are the owners of the stored CO2, unless it was found to be abandoned. In that case,
ownership would transfer to the owner of the surface land or the mineral estate. In a departure
from other states’ policies, the owner/operator was granted permission to extract the CO2. In order
to obtain a permit, the operator must submit a surface map showing property boundaries, wells, and
pertinent surface features, including water bodies, roads, houses, and pipelines. Section 5.203 (c)
requires geologic and topographic maps, cross sections, discussion of known or suspected fault lines.
It also requires data including depth, areal extent, mineralogy, permeability, porosity, and basic
geochemical analysis from sources such as logs, cores, and surveys. Finally, geomechanical data is
required, covering fractures, ductility, rock strength and stress.
During well operation, the owner/operator was required to specify areas for regular review, and
identify and implement any corrective action that may be needed on those wells. To perform this,
the Railroad Commission requested the use of computational models that consider areas and
volumes of CO2, and any other available data. The model should predict lateral and vertical plume
movement.
Wells were also required to be constructed with casing and cement of sufficient quality to protect
drinking water sources, prevent movement of fluid, and to allow proper testing and continuous
monitoring of CO2. Applicants were required to submit a plan to gather data after permitting and
before injection. This was to verify formation properties, assure conformance to well specifications,
and to gather baseline data. Sampling included temperature, pH, conductivity, reservoir pressure,
and static fluid level of the injection zone. Core analyses that are representative of the area were
also required. Mechanical integrity testing is required at the beginning of operations and every 5
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years thereafter. Owner/operators needed an operating plan, detailing injection rates and volumes,
injection pressure, source of the CO2, and chemical and physical characteristics of the injectate.
Once the well was in operation, the Railroad Commission required continuous monitoring of
pressure, rate and volume, corrosion, drinking water sources, and geochemical and geophysical
properties, with a plan for emergency and remedial response.
This plan has several differences from EPA regulations. It does not imply more than one confining
zone. There is no prohibition against storage above USDW. There is no default (50-year) postinjection monitoring period. Records were required be retained for 5 years, rather than 10 years
required by Federal regulations.

2.2.3

CCS in California

California was included in this assessment because they historically have been known to adopt
environmental regulations that are stricter than those set forth by the U.S. EPA. Currently, the state
has not adopted a set of CCS policies that differ from those set forth from the EPA, but they are
recommending investigating those policies and determining if any departures would benefit the
state. They have not yet determined which state agency should seek primacy for matters of
permitting. The state convened a working group in 2011, and from a series of meetings, developed a
list of suggestions and recommendations to consider.
1. That the state should consider legislating the creation of an industry-funded trust fund to
manage the costs of post-closure sites.
2. The owner of the surface land is also the owner of the subsurface area. As yet, the
implications of this have not been determined, and is open to refinement under any CCS laws.
3.
California currently has a law on the books2 that requires a statewide reduction in GHG
emissions to 1990 levels by the year 2020. Any policies surrounding CCS would have to fall within
the purview of this law. The California Air Resources Board is responsible for developing and
implementing regulations, programs, and reporting requirements.
2.2.4

CCS in West Virginia

West Virginia was selected for analysis because it had a power facility that is practicing carbon
capture and storage. The plant, Mountaineer Station in New Haven, WV, is owned by American
Electric Power. Phase I of a carbon capture plan was implemented in 2009. This phase captured the
emissions from a 30 MW slide slip from the 1,300 MW station, which was the equivalent of 0.1
MT/year of CO2. Phase II, which would capture 235 MW; 1.5 MT/Yr CO2 (90% capture), was planned
for launch in 2015, but has been cancelled despite the U.S. Department of Energy funding 50% of the
project, up to $334 million. The pilot project (phase 1) was scheduled to operate for 12-18 months,
and has now concluded.

2

Global Warming Solutions Act, AB 32, 2006
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The state is viewed as a strong contender to sequester and store CO2; due to geology--the entire
state is within the Appalachian Mountains. It also has a very active mining industry, and many of the
technologies are already in place to advance the implementation of CCS on a plant-level scale. The
working group estimates that with 90% capture of carbon emitted from existing plants, there would
be room to sequester carbon for ~50-150 years.

2.2.5

CCS in Washington State

In 2004, the state of Washington passed House Bill 3141, which requires new power plants
generating >25 MW to offset 20% of their emissions over the course of 30 years of plant operation
(NETL 2005). Regulation in Washington is geared toward reducing emissions rather than placing
heavy emphasis on any particular technology, including CCS. In a 2007 Bill (Senate Bill 6001), the
legislature set a goal to reduce emissions to 1990 levels by 2020, with a further 25% reduction by
2035. Additional legislation passed in 2010 (EHSB 2541) provides further support to the
development and conservation of Washington’s forestry resources.
If an organisation wishes to inject CO2 into a well in Washington, they must first obtain a state waste
discharge permit and cite a well that is below the lowest geologic formation containing potable
drinking water. Post closure, the owner or operator was required to establish a bank account to
address closure and post-closure expenses (WAC 2008).

2.2.6

CCS in North Dakota

The policy surrounding North Dakota’s handling of CCS is covered in two bills: State Bill (SB) 2095
addresses geologic storage and SB 2139 covers pore space. Both bills were signed into law in April
2009. Two features of these laws stand out. The first is that a commission was given the authority to
determine how much CO2 can be injected into a particular reservoir. The purpose of this is to
“facilitate using the stored carbon dioxide for such matters as carbon credits, allowances, trading,
emissions allocations, and offsets, and for other similar purposes. In the pore space bill, ownership
rights to the pore space were tied to ownership rights of the surface land. Details of permitting are
available.3

2.2.7

The United Kingdom

The UK has made 1 billion pounds available to support the capital expenditure of CCS projects in the
UK. The UK published (UK Government 2012) a roadmap in April 2012, detailing how they intend to
make CCS a commercially-viable and successful part of the energy portfolio. They envision having a
commercial CCS enterprise by the 2020s. The government sees the UK as a particularly benefitting
3

http://groundwork.iogcc.org/sites/default/files/NDCC38-22andNDAC43-05_04-2010.pdf
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from CCS, including having geologic storage options available in the North Sea, and a connection of
industries that would all benefit from CCS, which would be able to share infrastructure.
The ability to share infrastructure is potentially good as it may lower the cost of implementation and
potentially reduce the impact on the land by not having a network of pipes criss-crossing the
countryside.

2.2.8

The European Union

The EU established a framework programme CO2ReMoVe4 (research, monitoring, verification) in
2006 to assess risk assessment, monitoring, and on- and offshore capabilities.
Norway recently opened the world’s largest CCS Centre, the Technology Centre Mongstad (TCM). It
is primarily owned by the government, through their CCS agency Gassnova and Statoil, the primary
oil and gas company in Norway. The power station was built to incorporate CCS (rather than
retrofitted), and cost ~$1 Billion and has the capacity to capture up to 100,000 Tonnes of CO2 each
year5.
This is an amine plant, the current leading technology, and TCM‘s first research will involve liquidbased technologies. The plant has issued a Request of Interest for submissions of ideas and
emerging technologies that might also be tested at the site. The current deadline of submission is
July 1, 2013.
In addition to the power station, they also extract CO2 from the Sleipner gas field, which is also
owned by Statoil. Due to the country’s carbon tax and the high CO2 content that occurs naturally in
the field, storing the CO2 provides an economic benefit for the company.
The TCM currently retrieves CO2 from two different emission points. The first is from the cracker
facility at the existing Mongstad refinery, and the second is the gas-fired combined heat and power
plant, which is currently under construction. The CO2 emission permit, issued in 2006, stipulates that
the CO2 capture portion of the plant had to proceed in parallel with the construction of the cogeneration power station. Financial risk to the project was reduced by opening the plant in 2 stages:
the co-generation plant began operation in 2010, and the full-scale carbon capture portion is
expected to be fully operational in 2014. In addition, at the time the emission permit was granted for
the State and Statoil, a technology company was created at Mongstad to construct and operate the
plant. Statoil was named a 20% owner in the plant; Sasol and Shell make up the balance of
ownership.
Several emerging technologies will be tested in parallel at Mongstad to ensure that the technologies
are applicable on an international scale, and not just within Norway or the plant. In addition, the

4
5

http://www.co2remove.eu/
http://www.zeroco2.no/projects/european-co2-technology-centre-mongstad

25

Quantification and Assessment of Environmental Risk in Carbon Capture and Sequestration Development of Risk assessment procedures for trace PCC components
___________________________________________________________________________
Norwegian state established a state-owned company responsible for the development of CCS
technologies.
Norway also has extensive experience storing CO2--they have been storing it in the Sleipner case
since the mid-1990s in the Utsira bed. This is the only place in the world where large amounts of CO2
are being stored under the seabed6.

2.2.9

New Zealand

New Zealand (NZ CCS partnership 2011) identifies themselves as a “technology taker” in the
development of CCS technology, but state they are open to its use to minimise the country’s carbon
footprint. They are participating in the Australian Cooperative Research Centre for Greenhouse Gas
Technologies (CO2CRC), but do not have any projects of their own in operation or under
development at this time. They cite the current cost of carbon ($25/tonne) as one of the factors to
put off retrofitting an existing facility; it would not begin to become economically feasible until the
cost of carbon reaches $83/tonne. They estimate the cost of building a new plant and fitting it for
CCS technology if feasible at this price point (or just above).
“If, however, it leaked in sufficient quantities into a shallow aquifer or a lake or stream that was
used for drinking water, it could cause contamination. Leaks may also affect local ecosystems,
though there is considerable uncertainty about this. Small seepages may produce no detectable
impact, but relatively large releases may cause measurable harm”. (NZ CCS partnership 2011).

Some stakeholders in the discussion feel that New Zealand may have limited sites suitable for CCS,
given the country’s unique geology and seismic activity.
2.2.10 Canada
Though CCS activities fall variously under the jurisdiction of the federal and provincial governments
in Canada, the key driver of regulation in Canada is the fact that provincial governments have
jurisdiction over natural resources and property and civil rights. Therefore, the permitting and
regulation of CO2 injection into the subsurface falls under the jurisdiction of the individual province.
Each province has well-developed policies relating to oil and gas activity, as well as power
generation. However, depending on how the Canadian Environmental Protection Act (CEPA)
classifies CO2, the federal government may be allowed to regulate monitoring and reporting
requirements going into the future.
Due to its existing, extensive oil and gas activity, Alberta, Canada has a regulatory framework in
place that can be adapted to address CCS projects. The CEPA classified CO2 as a toxic, allowing the
federal government to regulate its release into the environment.
The Alberta Government has conducted7 a Regulatory Framework Assessment, analyzing the laws as
they pertain to CCS. It was due out in late 2012, but has not yet been released but is expected for
6

http://www.regjeringen.no/upload/OED/pdf%20filer/n%20CCS%20Norway%20230307.pdf
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the end of 2013. The environmental working group is assessing the quality of environmental
assessments; the safe transport of CO2; the CO2 purity, composition, and classification, surface and
subsurface reclamation and mitigation plans, and mitigating effects of CO2 emissions on air, land,
and water.
2.2.11 Summary – US locations
Table 4 summarises the different approaches to CCS regulation in the United States and illustrates
the variety of approaches to this issue.
Table 4: Summary of CCS regulatory approaches in the United States
US EPA (federal)

California

Texas

Emissions
restrictions on new,
coal-fired
plants
ONLY.
This
is
covered
under
Clean Air Act. CCS is
covered by Clean
Water Act.
Emissions
Permitting handled
through
EPA
Regional
Offices.
Water permitting
handled by

In line with EPA
regulations,
but
must also work
within efforts to
reduce emissions to
1990 levels by
2020.

Railroad
Commission
has
jurisdiction
over
land where CO2 is
stored.
Plant owner owns
CO2

White papers guide
best
available
technology, do not
prescribe particular
solutions.

Considering
establishing a trust
fund to manage
post-closure costs

Owner must show
map
detailing
property
lines,
wells, and surface
and
subsurface
features.
Geochemical/
mechanical
data
must
also
be
included.

North Dakota

Commission
determines how
much CO2 can be
injected into a
given reservoir,
with CO2 available
for use as carbon
credits, emissions
allocations, etc.

Washington

West Virginia

Focus on reducing
emissions; passed
law
to
reduce
emissions to 1990
levels by 2020.

Has several storage
options. Estimates
50-150
yrs
of
storage capacity.

Owner
must
obtain
state
waste discharge
permit

Owner must have a
bank account from
which post-closure
expenditures can be
withdrawn.

Carbon
Storage
classed
under
separate storage
Owner is allowed to
extract CO2
Allowed to store
CO2 above UGDW
sources

7

Well owner owns
both surface and
subsurface area.
Wells must be
below all UGDW
sources

http://www.solutionsstarthere.ca/29.asp
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3 Environmental Risk Assessment of Amines from post-combustion carbon
capture project
3.1

Background

As discussed in Section 1 above, carbon capture and storage technologies can provide a solution to
the problems of greenhouse gas emission. The three different stages of CCS: CO2 capture and
separation, CO2 transportation, and CO2 storage for thousands of years in an underground geological
facility or a depleted oil or gas field (Standing-Committee-on-Science-and-Innovation 2007) all have
potential environmental and other risks which must be evaluated and managed. In order to reduce
risk in the transportation and long-term storage of CO2, it is necessary for the CO2 from flue gas of
power plants to meet minimum standards of purity (Standing-Committee-on-Science-and-Innovation
2007).
Post-combustion capture is a leading candidate technology to achieve carbon capture from flue gas
through solvent absorption typically using amines (CO2CRC 2012). The basis of post-combustion
(PCC) technology is to capture carbon dioxide by solvent absorption typically using amines. The
capture process consists of two steps: CO2 absorption in a liquid solvent, and CO2 release in a higher
temperature desorber tower (CO2CRC 2012). Due to the recycling of the solvent, the lean CO2 flue
gas could contain amines and oxidation products such as formaldehyde and nitrosamines. After
emission into the atmosphere, amines can also react with OH radicals to form oxidation products as
well (Nielsen et al. 2011b). The oxidation products may have potential risks on the environment and
human health. In the atmosphere, formaldehyde undergoes secondary reactions and can contribute
to ozone formation (Karl et al. 2012; Luecken et al. 2012). Formaldehyde is a suspected carcinogen
(Larsen et al. 1992). Most nitrosamines have exhibited carcinogenic effects in laboratory animals and
bioassay studies (Låg et al. 2009). A previous study (Karl et al. 2011) considered nitrosamines under
a worst case scenario to assess environmental impacts. Karl et al considered the formation of
nitrosamines from two amines: MEA (a primary amine) and DEYA (a secondary amine). The
formation from MEA was based on chamber studies (Nielsen 2010). The yields from DEYA were
based on previous research (Pitts et al. 1978). However, nitrosamines were not detected in the
chamber study (Nielsen et al. 2011b). Nitrosamines formation is only confirmed from oxidation
reactions of secondary and tertiary amines (Pitts et al. 1978). The formation from primary amines
like MEA is still unclear.
Particular issues with amines in PCC have been a focus of international (Karl et al. 2011; Nielsen et
al. 2011a; Karl et al. 2012; Nielsen et al. 2012; da Silva and Booth 2013), and Australian (through
ANLEC funded projects to CSIRO) research. In this report a risk assessment approach to potential
exposure to amines and their degradation products is described.

3.1.1

Research problems/gaps

Available data in emission of amine from post-combustion is limited, although the ANLEC funded
work through CSIRO has begun to address this issue. According to previous studies (Pitts et al. 1978;
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Karl et al. 2012), amines could react with OH radical during sunlight to form three main products:
nitrosamines, nitramines, and amides after emitting. And amines oxidation products have risks on
human health and environment (Knudsen et al. 2009). Most nitrosamines are suspected to be
human carcinogens; several nitramines are mutagenic and carcinogenic in laboratory animals;
amides can cause skin irritation (Låg et al. 2009). However, there are still many unknown gaps in
atmospheric photochemical reactions and risks of amines and oxidation products (Pitts et al. 1978;
Låg et al. 2009; Karl et al. 2012; Nielsen et al. 2012).
As regulations on environmental risks of CCS are still under development (Standing-Committee-onScience-and-Innovation 2007), and references in Section 1.2 above. There is no specific regulation on
emissions from post-combustion capture technology, and environmental agencies are likely to use
their existing regulatory frameworks for the control of emissions from industrial facilities. In order to
implement commercial scale post-combustion capture technology on power plants, it will be
necessary to get a clear understanding of the potential environmental and health risks.

3.1.2

Research Questions

Based on the potential toxic compounds either directly emitted by PCC or formed from their
atmospheric reactions, the following research questions will be addressed project:





Do amine-based post-combustion carbon capture projects represent potential hazards to human
health and/or the environment?
What are the deposition rates of each pollutant as a function of distance from the power
stations?
What kind of environmental risks will be caused by these pollutants based on the
concentrations?
What suggestions and information can the project provide to relevant government departments,
and other relevant organisations?

3.1.3

Objectives of research project

The research project will evaluate impacts of amines from flue gas of post-combustion capture
facility on environment and human health through experimental studies of atmospheric
concentrations and modelling studies of atmospheric dispersion. This project will use available data
from post-combustion capture projects to simulate atmospheric transport, dispersion,
transformation, and deposition of amines and oxidation products. Concentrations as a function of
distance from the source and spatial distribution will be determined for pollutant species to obtain a
clear understanding of pollutant distribution. Through analysis and interpretation of obtained data,
the project will assess impact factors in emission and atmospheric movement to provide useful
information for regulation and large-scale commercial operation. The project will focus on the
retrofit of PCC technology to existing Australian power stations to assess the environmental impacts
from amines over a particular period.
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3.2

Risk Framework

The risk framework used in this study is based on well established processes and procedures for
assessing the environmental and human health risk of chemicals (Leeuwen and Vermeire 2007). The
overall approach may be described by the steps depicted in Figure 2, and the various specific steps
used for PCC described in the following sections.

Hazard Identification

Exposure Assessment

Effects Assessment

Risk Classification
Risk Benefit Analysis
Risk Reduction
Monitoring and review

Figure 2: Steps in the Risk Management Process
3.2.1

Hazard identification

According to previous studies (Shao and Stangeland 2009; Thong et al. 2012) MEA used as a solvent
in PCC can undergo thermal and oxidative degradation and oxidative degradation reactions. The
products of thermal degradation of MEA have been observed as oxazolidone-2, 1-(2 Hydroxyethyl)
imidazolidone-2 (HEIA), N-(2-Hydroxyethyl)-ethylendediamine (HEEDA), N-(2-Hydroxyethyl)diethylenetriamine (Trimer), N-(2-Hydroxyethyl)-triethylenetetramine (Polymer) and the cyclic urea
of trimer (Thong et al. 2012). Among these, Oxazolidone-2, HEIA, and HEEDA are less likely to be
emitted to the atmosphere due to low volatility (Thong et al. 2012). However, N-(2-Hydroxyethyl)diethylenetriamine (Trimer), N-(2-Hydroxyethyl)-ethylendediamine (HEEDA), and N-(2Hydroxyethyl)-triethylenetetramine (Polymer) may cause corrosion of plant materials (Thong et al.
2012).
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Oxidative degradation of MEA by impurities such as SO2, NOx and by oxygen present in the process
flue gas, results in oxidized products such as acetaldehyde, acetic acid, formic acid, oxalic acid,
glycine, and other degradation products (Thong et al. 2012). Moreover, effects of NOx on
degradation of MEA could form significant by-products which would have impacts on ecosystem and
human health. It has been shown, for example (Fostås et al. 2011), that MEA can degrade to
secondary amines (DEA) in the presence of NOx. DEA can form nitrosamine (NDELA) which was the
main nitrosamines observed. Fortunately NDELA is largely non-volatile. However, traces of two
volatile nitrosamines, NDMA and NMOR have been detected in these experiments (Fostås et al.
2011). In addition to these two nitrosamines, volatile DMA and MMA which are degradation
products of MEA in the presence of NOx, may form nitrosamine in the atmosphere after emission
(Fostås et al. 2011).
From these studies, the amine-based carbon capture process can produce some degradation
products which may cause plant corrosion or report to the liquid phase as amine-containing wastes.
However in this study the focus is on gas phase emissions and compounds. The main focus of this
project will be on atmospheric emission of flue gas from amine-base capture plants. Therefore, the
project will consider emissions of MEA, DEA, DMA, MMA, NDMA, NH3, formaldehyde, acetaldehyde,
acetone, methylamine, acetamide, and nitrosomorpholine (NMOR).

3.2.2

Exposure assessment

The project will simulate atmospheric degradation reactions using the CSIRO TAPM model.
Step 1: TAPM will be used to simulate transportation and deposition to attain possible
concentrations at ground level for different compounds emitted directly from stacks of carbon
capture plants without considering atmospheric degradation reactions for each compound.
Typically, a power station could emit 1.2 million tonnes of CO2 per year without CCS . Design
parameters for PCC plants assume capture rates of more than 85% of CO2 from the flue gas (Shao
and Stangeland 2009; Thong et al. 2012). The possible atmospheric emissions relating to CO2
captured based on a 350 MW simulated plant is shown below in Table 5 (Thong et al. 2012).
DMA, MMA, and NDMA could exist in the gas phase as well, but are likely to be present in only trace
amounts. Concentrations in flue gas exiting PCC plants are typically 2-10 ppm NOx, 1-5 ppm NH3, and
1-4 ppm amines (Karl et al. 2008). Calculations will be run for each compound listed in Table 5 to
simulate concentrations of each compound assuming maximum emissions, with a particular
emphasis on DEA, Formaldehyde, Acetaldehyde, and Nitrosomorpholine. The reason to choose them
is because DEA could form nitrosamine after emission in the atmosphere, and others have high risk
parameters for causing negative impacts on human and ecosystem health according to previous
studies. Some parameters of plant operation such as stack height, stack radium, exit velocity, and
exit temperature will be varied to determine optimal operating parameters to reduce risk according
to results from TAPM calculations.

31

Quantification and Assessment of Environmental Risk in Carbon Capture and Sequestration Development of Risk assessment procedures for trace PCC components
___________________________________________________________________________
Table 5: Potential atmospheric emissions and risk parameters of toxic compounds
from a PCC plant (based on data from (Thong et al. 2012)
Chemical Emissions

MEA
NH3
DEA
Formaldehyde
Acetaldehyde
Acetone
Methylamine
Acetamide
Nitrosomorpholine
(NMOR)

Maximum
Per Nm3 dry
of CO2 lean
gas
0.14 mg
0.12 mg
0.03 µg
0.27 mg
0.3 mg
0.33 mg
0.22 mg
1.1 µg
0.003 µg

Maximum
Per tonne
of product
CO2
443 mg
374 mg
84 µg
885 mg
966 mg
1.08 mg
703mg
0.4mg
8.9µg

NDMA

Inhalation
Unit Risk
factor
(µg/m3)

Tolerable
inhalation
threshold (Karl
et al. 2008)
10 µg/m3

6.00E-6
2.7E-6

2 mg/ m3
0.3 mg/ m3

2.00E-5
1.9E-3

Long term risk
threshold
of
nitrosamines: 4
ng/ m3

Critical load in
drinking water
(Karl et al.
2008)

Nitrosamine:7
ng/l (25 ng/l in
aquatic
organisms)
Nitramine:
1
µg/l

4.6E-3

The effects of different NOx ratios on the formation of degradation products will also be considered.
In Australia, there is no requirement for de-NOx technology to control emitted NOx, and hence the
concentrations of NOx in flue gas are often higher than those observed in other locations.
Step 2: Atmospheric degradation reactions of emitted amines and other products will also be
considered. It has been shown (Pitts et al. 1978) that DEA can form diethylnitramine with 32%
product yield under sunlight, and diethylnitrosamine with 2.8% yield in dark. Diethylnitramine has
been demonstrated to be a carcinogen (Pitts et al. 1978). Therefore, ground level concentrations of
DEA, diethylnitramine, and diethylnitrosamine will be calculated and compared to critical risk values.
For example, the critical value of diethylnitrosamine is very low (unit risk factor is 1.0E-2 (µg/m3)-1).
In addition, the product yields of nitroso compounds formed from MEA have been observed to be
less than 3% (Angove et al. 2010; Nielsen et al. 2011b). An initial screening calculation will use yield
determinations from previous studies (Pitts et al. 1978) of 2% nitrosamine, 7% nitramine, 9%
formamdie, and 30% acetaldehyde from MEA to determine upper limits using TAPM simulations.
It’s likely that the actual atmospheric processes will be more complicated as some previous studies
have found that dimethylnitramine could form dimethylnitrosamine in further reactions depending
upon the wavelength of irradiation (Mialocq and Stephenson 1986; McQuaid et al. 1991; Angove et
al. 2010).
Step 3: Consideration of water system impacts
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Due to long lifetime of some compounds in the atmosphere, the compounds could enter into water
system through dry and wet deposition. Details of these interactions mayl be added in the future if
necessary.

3.2.3

Probabilistic risk assessment analysis

Environmental and health risk assessment due to atmospheric emission from post-combustion
capture project will be performed by probabilistic risk analysis approach using @RISK software. The
assessment will conduct analysis of probabilistic risks based on different individual exposure
pathways to atmospheric emission from amines-based post combustion projects. Using the TAPM
model, the main atmospheric emission includes formaldehyde, acetaldehyde, MEA, and
methylamines. In an initial stage, the probabilistic risk assessment of individual exposure for
formaldehyde has been performed as formaldehyde is highly carcinogenic. In future work potential
risk by a complex mixture of toxic species will be assessed.

3.2.4

Atmospheric deposition

Ground level concentration in the atmosphere simulated from TAPM model will be used to estimate
ground deposition and the subsequent concentration in the soil due to the atmospheric deposition
processes in the neighbourhood of the capture plant. The total annual deposition flux Dtot (g m-1 year1
) resulting from a contribution from both dry and wet deposition flux will be calculated by the
following equation (gas and particle phases) based on Lonati and Zanoni (2012):

Dtot  Ddry  Dwet  Ca  Vd  Ca  W  H

(1)

Where
Ca (µg/m3) is the ground level concentration produced by TAPM
Vd (cm/s) is the dry deposition velocity
W (unitless) is the washout rate and
H (mm/year) is the annual mean rainfall depth.
In order to estimate washout rate for formaldehyde, we consider the washout rate in both belowcloud and in-cloud scavenging (Seinfeld and Pandis 1998b) using the equations below:

Wbc 


6  10 3 p0 k c
6 K c Z 
0
C g (t ) H * C aq
exp  
 D U H *
H * D pU t
p t







(2)

Where
Dp is diameter of one droplet
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H* is effective Henry’s law coefficient for the species
Z is fall distance
Ut is terminal velocity
Kc is species mass transfer coefficient (cm/s)
0
Caq
is initial concentration in the droplet, which is assumed to be zero

Cg is concentration in the gas phase, assumed to be the same as Ca concentration at the ground.
The in-cloud washout rate will be calculated using the following equation (Seinfeld and Pandis
1998b):


Wic  C g  K cD p2 N ( D p )dD p  C g

(3)

0

Where
Λ is the scavenging coefficient.
In order to calculate Λ, Levine and Schwartz (1982) used the cloud droplet distribution of Battan and
Reitan (1957) with parameters shown in Table 1:

N ( D p  ae

 bDp

(4)

)

Table 6: Cloud droplet distribution parameters, from Levine and Schwartz (1982)
Parameters
a
b

Value
2.87
2.65
5--40

Units
cm-4
cm-1
µm

By calculation using this method, Λ =0.2 s-1 for a cloud with 288 drops cm-3 and L=0.17 g/m3 (Seinfeld
and Pandis 1998b). The Λ value is suitable for the scavenging of a highly soluble gas like HNO3 for a
time of approximately 5 s (Seinfeld and Pandis 1998b). In this project, the scavenging coefficient of
formaldehyde can be determined by this method due to its high solubility in water.
Dry deposition velocity for COPCs (Chemical of Potential Concern) is assumed to be 0.02 m/s based
on the review by Weseley and Hicks (2000); similarly, the California EPA also recommended dry
deposition velocity for controlled sources of 0.02 m/s under the assumption of constant deposition
rate (CalEPA 2003). A worked example of this calculation is available (Intrinsik 2012).

3.2.5

Concentration of pollutants in soil
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The concentration of pollutants in soil due to total deposition and loss from soil will be calculated by
the following equation (USEPA 2005):

Cs 

Dtot  1  exp  k s  tD 
z  k s  BD

(5)

Where
ks (year-1 ) is the pollutant soil loss constant
z (cm) is soil mixing depth
BD (g/cm3) is the soil bulk density and
tD (year) is the time period over which deposition occurs (USEPA 2005; Lonati and Zanoni 2012). The
values for these parameters derived from literature data are shown in Table 7.
Table 7: Parameters for calculating pollutant dry deposition to soils
Parameters
Soil bulk density (BD)
Soil mixing depth (z)

Distribution model
Model parameters
[min, max] (g/cm3)
[0.7, 1.8]
Untilled (cm)
2
Tilled (cm)
20
Time period (tD)
(year)
20-30
Note: for soluble pollutant, soil mixing depth might be 1-cm depth(USEPA 2005)

References
(Tranter et al. 2007)
(Brzusy and Hites 1995)
(USEPA 2005)
(Brasington 2012)

To calculate concentrations in soil, data is required for the specific chemical soil loss constant, ks. The
US EPA recommends an equation to calculate soil loss constant for human health risk assessment
related to hazardous waste combustion (USEPA 2005).

k s  k sb  k se  k sr  k sl  k sv

(6)

where
ks = pollutant soil loss constant due to all processes (yr-1)
ksb = pollutant loss constant due to biotic and abiotic degradation (yr-1)
kse = pollutant loss constant due to soil erosion (yr-1)
ksr = pollutant loss constant due to surface runoff (yr-1)
ksl = pollutant loss constant due to leaching (yr-1)
ksv = pollutant loss constant due to volatilization (yr-1)
One potential site for PCC plants is at power stations in the upper Hunter Valley region in New South
Wales. In this location, data has been obtained for rates of soil erosion (Loughran and Elliott 1996). It
was found that the least erosion happened under grazing (0.07 to 1.5 t ha-1 year-1), whereas soil
erosion rates in vineyards were 9.0 to 13.8 t ha-1 year-1, and soil erosion in the forest was 0.5 t ha-1
year-1 (Loughran and Elliott 1996).
Loss constant factor due to biotic and abiotic degradation (ksb) for formaldehyde is obtained from
the HHRAP Companion Database and US EPA (USEPA 2005) and is 36.14 year-1.
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Pollutant loss constant due to volatilization can be calculated by soil half-life as follows (Swan et al.
1979; Intrinsik 2012).

K S 
t 1  1.58E  08   oc

 VP 
2

k sv 

(7)

0.693
t 1  365

(8)

2

Where
t½ is soil half
Koc is organic carbon partition coefficient (L/kg),
S is water solubility (mg/L), and
VP is vapour pressure (mmHg).
The detailed parameter values for formaldehyde for these factors are summarised in Table 8.
Table 8: Soil risk parameters for formaldehyde
Parameters
Koc-- organic carbon partition coefficient (L/kg)
S --water solubility (mg/L)

Values
2.21
550000

VP --vapour pressure (atm)

6.89

Kds—Soil-water Partition Coefficient (cm3/g)
ksb -- loss constant due to biotic and abiotic degradation (yr-1)

0.02
36.14

References
(USEPA 1996)
(SRC-SyracuseResearchCorporation
2005a)
(SRC-SyracuseResearchCorporation
2005a)
(USEPA 2005)
(Howard et al.
1991)

However, the Intrinsik worked example (Intrinsik 2012) mentioned that the soil loss constant for
organic COPCs (Chemicals Of Potential Concern) was only calculated by considering abiotic and biotic
degradation and volatilization processes while doing exposure risk assessment for formaldehyde.

3.2.6

Human exposure pathways

The risk model will take into account exposure pathways through inhalation, diet, dermal contact for
individual exposure, and subsequent health risk for residents in the study area. In order to do this,
parameters related to exposure pathways have been obtained from recommended values in the risk
assessment literature and in US EPA Guidelines and Protocols. The parameters are summarized in
Table 9 below.
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Table 9: Human exposure parameters for human health risk assessment
Parameter
AT-Averaging Time
ED-Exposure Duration

Distribution model
70yrs*365days

BW- Body weight (kg)

Lognormal

EF-exposure
(unitless)

Triangular [min, mode, max]

frequency

Model parameters
25550 days
Adult: 70 years
Child: 9 years
Adult: [66.44, 1.20]
Child: [23.03, 1.01]
[180, 345, 365]
350 d/year resident,
245 d/year worker

References
(USEPA 1989)
(CalEPA 2003)
(Arija V et al. 1996)
(Liao and Chiang
2006)
(Smith 1994)
(CalEPA 2003)

3.2.6.1 Direct inhalation of air
According to previous studies (USEPA 2007), the main exposure pathway to formaldehyde is from air
inhalation. Exposure through inhalation is related to concentration in the atmosphere, and breathing
rate (CalEPA 2003).

Ein 

C  DBR  A EF  ED

BW
AT

(9)

Where
A is inhalation absorption factor
For breathing rates and inhalation absorption factors, California EPA recommended
values for equation (9) will be used and are listed in
Table 10 (CalEPA 2003).

Table 10: Breathing rates and inhalation absorption factors (from (CalEPA 2003))
Parameters

Distribution model

A-inhalation absorption rate
DBR-Daily breathing rate
(L/kg BW* day)

Model parameters values
1

Gamma-Adult:

Location:193.99
Scale: 31.27
Shape: 2.46

Gamma- Child

Location:301.67
Scale:29.59
Shape: 5.06

3.2.6.2 Ingestion through food
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The ingestion exposure through food will focus on ingestions from plants. Although individuals could
be exposed through ingestion of meat and fish, meat and fish ingestions from potential study areas
are likely to be low compared to those from plants. The site specific fraction factor for food can be
calculated from equation (10).

Ef 

C f  IP  GRAF  L  EF  ED
AT

(10)

Where
GRAF is gastrointestinal relative absorption factor.
According to California EPA(CalEPA 2003), the GRAF value is 0.43 for dioxins; 1.0 for all other
chemicals. L is site specific fraction of produce homegrown or locally produced. USEPA (USEPA 1997)
recommended 0.15 for nonurban site; 0.052 for urban sites. IP is consumption of exposed, leafy,
protected or root produce (g/ kg BW*day), which have been listed in Table 11 in detail.
Table 11: Food ingestion parameters
Parameters
Distribution model
Model parameters valuesa
Adult:
(g/kg BW*day)
Exposed
Lognormal
[0.51, 1.20]
Leafy
Lognormal
[0.42, 1.15]
Protected
Lognormal
[-0.37, 1.18]
Root
Lognormal
[0.44, 1.17]
Child
Exposed
Lognormal
[0.83, 1.04]
Leafy
Lognormal
[0.43,1.03]
Protected
Weibull
[L: 0.13, Sc: 1.21, Sh: 0.71]b
Root
Lognormal
[0.84, 1.06]
Notes: a. parameters values is in logarithm mean and logarithm standard deviation
b. In Weibull distribution, value format is Location, Scale, and Shape

References
(CalEPA 2003)
(CalEPA 2003)
(CalEPA 2003)
(CalEPA 2003)
(CalEPA 2003)
(CalEPA 2003)
(CalEPA 2003)
(CalEPA 2003)

3.2.6.3 Ingestion through soil
This exposure pathway is related to incidental ingestion of soil depending on concentration in soil
and extent of exposure to soil (Lonati and Zanoni 2012). Equation (11) is used to describe this
pathway.

E soil 

C s  GRAF  SIR  EF  ED
AT

(11)

Where
SIR is soil ingestion rate, and
GRAF is default set to 1 in most cases (CalEPA 2003).
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According to the Californian EPA (CalEPA 2003), soil ingestion rates are 8.7 and 1.7 mg/kg body
weight-day for children and adults respectively.
3.2.6.4 Ingestion through water
Formaldehyde is highly soluble in water (USEPA 2007), and can be dissolved in drinking water
through rain fall, and dry deposition. The exposure is dependent on water ingestion rate and water
concentration, according to equation (12).

E water 

C water  WIR  ABing  Fdw  EF  ED
AT

(12)

Where
Fdwis fraction of drinking water from contaminated source, and
WIR is water ingestion rate.

Table 12 gives the source of data for water injection rates.Table 8Water Ingestion Rate

Table 12: Water injestion rates
Parameters
Distribution models
Model parameters value
Adult
Lognormal (ml/kg BW*Day)
[2.99, 0.63]
Child
Lognormal (ml/kg BW*Day)
[3.57, 0.50]
Note: parameters values is in logarithm mean and logarithm standard deviation

References
(CalEPA 2003)
(CalEPA 2003)

3.2.6.5 Dermal exposure
Dermal exposure occurs through direct contact of soil with skin and will depend on the amount of
skin surface area exposed, soil concentration and the soil loading of the exposed skin surface
(CalEPA 2003; Lonati and Zanoni 2012). Equation (13) is used.

E dermal 

C s  SA  SL  Ef  ABS  ED
AT  BW

(13)

Where
Edermal is exposure dose through dermal absorption (mg/kg/day)
Ef is exposure frequency
SA is surface area of exposed skin
SL is soil loading on skin
ABS is fraction absorbed across skin.
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The Office of Environmental Health Hazard Assessment from Canada recommends values for surface
area exposed and exposure frequency for children and adults, and these are listed in
(OEHHA 2000).
Table 13: Recommended Point Estimate Values for Dermal Exposure (OEHHA 2000)
Children (0-6 years old)

Adults (>6 years old)

SA-Surface Area Exposed (cm2)

2000

SL-Soil loading (mg/cm2)

Average=0.2
High-end=1.0

Average=5000
High-end=5800
Average=0.2
High-end=1.0

Ef-Exposure Frequency
(day/year)

350

Average=100
High-end=350

The fraction absorbed across skin (ABS) value is 0.1 for formaldehyde according to an environmental
impact assessment case from Canada (Intrinsik 2012).

3.2.7

Risk Estimation

Exposure values for each pathway and each grid point can be attained through calculation through
inputting concentration values of target species (eg, formaldehyde) calculated from TAPM, and
other parameters for each exposure pathways into Excel using the @RISK software. The @RISK
distribution function has been used to calculate values for the average and high-end parameters for
the assumed lognormal distribution.
Exposure through ingestion of food was calculated according to different vegetation types and
considering urban and non-urban consumption. Due to soil type difference, exposure through
ingestion of soil and dermal contact were calculated by considering untilled soil and tilled soil.
However, in order to consider the worst case scenario, exposure through ingestion of food only
consider ingestion from leafy plants due to the highest exposure value for this type of vegetation;
and exposure on untilled soil and exposure on tilled soil have been chosen to calculate risk of
exposure through ingestion of soil and exposure through dermal contact respectively by choosing
the higher value obtained for untilled and tilled soil.
Risk estimates were determined for both adults and children as receptors.

3.2.7.1 Cancer Risk method
Cancer risk has been calculated based on cancer slope factors for inhalation exposure and oral
ingestion. The oral cancer slope factor value was used for dermal exposure. The cancer risk
calculation formula is based on the USEPA method (USEPA 2012) without considering agedependent differences.
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Cancer Risk  Exposure dose  Cancer Slope Factor

(14)

3.2.7.2 Hazard quotient
By contrast the hazard quotient method is used to perform calculations for a single substance to
assess chronic health impacts (CalEPA 2003). The hazard quotient is calculated by dividing exposure
dose by chronic reference exposure level (CalEPA 2003) as described by equation (15).

Hazard Quotient 

Exposure Pathway Dose
Chronic Rference Exposure Level

(15)

Results for hazard quotient are determined by simply adding each exposure pathway dose together
to obtain a total exposure dose, which is divided by Chronic Oral Reference Exposure Level (RfC =
0.0098 mg/kg/day). However, the hazard quotient should be decided by distinguishing inhalation
and non-inhalation pathways according to California EPA (CalEPA 2003).

3.2.7.3 Results
Calculations were performed using both procedures based on formaldehyde concentrations
predicted for the upper Hunter Valley region using a source located at Bayswater power station and
with emission rates based on the data in Table 5. Values for probabilistic cancer risk are shown in
Table 14.
Table 14: Calculated probabilistic cancer risk values
Cancer Risk
Inhalation Exposure
Adults
Children
Ingestion from food
Non-urban
Adults
Children
Urban
Adults
Children
Ingestion from soil
Adults
Children
Dermal contact
Adults

Maximum value

Average Value

2.00E-07
2.74E-08

9.07E-08
1.25E-08

1.60E-09
1.45E-10

7.29E-10
6.59E-11

5.86E-10
5.02E-11

2.66E-10
2.28E-11

1.13E-18
4.10E-19

5.16E-19
1.86E-19

4.98E-13

2.26E-13
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Children

1.05E-11

4.76E-12

Although these results are based on a simple model, some conclusions may be drawn and enable an
extension of the approach.





inhalation exposure has both the highest maximum and average values for adults and
children
cancer risk values may be converted to the chances per million of developing cancer by
multiplying the value by 106 (CalEPA 2003). According to the average value of inhalation
rates, the inhalation exposure pathway has only 0.090726 and 0.012476 chance per million
of developing cancer for adults and children, respectively
Regarding the hazard quotient, only values greater than 1 have potential for causing health
effects (CalEPA 2003). Hazard quotients obtained by simply adding each exposure pathway
value together according to urban and non-urban sites and considering adult and children
receptors are 4-6 orders of magnitude below 1.

These exposure estimations do not include background concentration of formaldehyde from other
sources. A method for inclusion of background concentrations is described in Section Error!
Reference source not found. below.

3.2.7.4 Unit Risk Factors
Unit risk factors and other data relevant to PCC emissions and degradation products are listed in
Table 15: Unit risk factors for species of relevance to amine based PCC technologies. From this table
it is clear that important data for some compounds are not available and that this will introduce
significant uncertainty into any risk assessment. However these uncertainties can be allowed for by
using conservative assumptions about emission rates, unit risk factors and other key data.
Table 15: Unit risk factors for species of relevance to amine based PCC technologies
Class of
substance

Substance

Parent
amine
Major
Products
from
photooxidation
of MEA

Monoethanolamine
(MEA)
Formamide
( NH2CHO)
Formaldehyde
(CH2O)

Minor

2-(nitroamino)

Unit Risk Factors (ug/m3)-1
OEHHA
(OEHHA
2000)

EPA (EPA ;
USEPA
2013b)

Drinking
water
notification
level (mg/L)

CAS
number

Reference

141-43-5
Note: (a)
6.0 E-6

75-12-7
1.3 E-5

Have not been studied until

0.1

50-00-0

74386-

(Nielsen et
al. 2011b)
(CalEPA
2009;
Nielsen et
al. 2011b)
(Nielsen et
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product

Possible
but has
not been
detected
Reported
in
previous
studies

Minor
Products

ethanol
(O2NNHCH2CH2OH)
(nitramine of MEA)
2-nitroso
amino
ethanol
(ONNHCH2CH2OH)
(nitrosamine
of
MEA)1
NNitrosodimethylami
ne
(C2H6N2O)
NDMA

now (Karl et al. 2012)

NNitrosodiethylamine
(NDEA)

1.0 E-2

Amino acetaldehyde
(NH2CH2CHO)
Acetaldehyde
2-oxo
acetamide
(NH2C(O)CHO)
Acetamide
2-imino
ethanol
(HN=CHCH2OH)

4.6 E-3

2.7 E-6

2.0 E-5

0.00001 (30
times
NL
might have
cancer
risk)(Health
2010)
0.00001 (10
times
NL
might have
cancer
risk)(Health
2010)

2.2 E-6

82-6

al. 2011b)

9803327-3

(Nielsen et
al. 2011b)

62-75-9

(Bråten
2008)

55-18-5

(Låg et al.
2009)

6542-887
75-07-0

(Nielsen et
al. 2011b)
(CalEPA
2009)

6093921-1
60-35-5

(CalEPA
2009)

72442716-1(Z)
7244-183(E)

Note: (a) INHALATION: A moderate irritant to mucous membranes. EYES: Moderately irritating
to the eyes. SKIN: A mild to moderate irritant to the skin. (Chao and Wang 2001)
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4

4.1

INHALATION EXPOSURE ASSESSMENT OF FORMALDEHYDE FROM AMINE-BASED
PCC
Introduction

As discussed above, the lean CO2 flue gas from a PCC plant could contain amines and oxidation products
such as formaldehyde and nitrosamines. After emission into the atmosphere, amines can also react with
OH radicals to form oxidation products as well (Nielsen et al. 2011b; Karl et al. 2012). The oxidation
products may have potential risks on the environment and human health. In the atmosphere,
formaldehyde undergoes secondary reactions and can contribute to ozone formation (Luecken et al. 2012).
Formaldehyde is a suspected carcinogen (Larsen et al. 1992). Most nitrosamines have exhibited
carcinogenic effects in laboratory animals and bioassay studies (Låg et al. 2009). A previous study (Karl et al.
2011) considered nitrosamines under a worst case scenario to assess environmental impacts. Karl et al
considered the formation of nitrosamines from two amines: MEA (a primary amine) and DEYA (a secondary
amine). The formation from MEA was based on chamber studies (Nielsen 2010). The yields from DEYA were
based on previous research (Pitts et al. 1978). However, nitrosamines were not detected in the chamber
study (Nielsen et al. 2011b). Nitrosamines formation is only confirmed from oxidation reactions of
secondary and tertiary amines (Pitts et al. 1978). The formation from primary amines like MEA is still
unclear.
To understand potential products from post-combustion projects using MEA as solvent, CSIRO has
employed Aspen-Plus process simulation package to estimate potential emissions based on Tarong coalfired power station (Thong et al. 2012). From the simulation, a post-combustion plant can emit a maximum
of 885 mg formaldehyde while capturing one tonne of CO2 and a maximum of 8.9 µg nitrosamines
(nitrosomorpholine) per tonne CO2 captured (Thong et al. 2012). In large scale projects planned carbon
dioxide capture of 1 million tonnes per year may be envisaged (NVE 2006; Karl et al. 2011). Therefore, a
large scale project may emit large quantities of formaldehyde into the atmosphere. In the atmosphere,
formaldehyde is not only directly emitted from human activities such as biomass burning, livestock plants
and mobile sources (Luecken et al. 2012), but also can be formed from other compounds, for example,
secondary formation from degradation of VOCs (Atkinson 1997; Luecken et al. 2012). A previous study also
shows that formaldehyde can be formed from amine oxidation reactions with OH radicals (Karl et al. 2012).
Therefore, measurements of existing atmospheric concentrations of formaldehyde before post-combustion
technology is implemented are required to assess environmental and potential health impacts. In this
section a framework for assessing human health impacts is described using formaldehyde as the target
compound. In the future as more information becomes available on more toxic products such as
nitrosamines, the methodology could be extended to these species.
The Air Pollution Model with Chemical Transport model (TAPM-CTM) developed by CSIRO, is employed to
simulate atmospheric movement and reactions. TAPM-CTM has been validated to provide reasonable
simulations of atmospheric movement and reliable forecast of near-surface concentration values (Hurley et
al. 2005).

44

Quantification and Assessment of Environmental Risk in Carbon Capture and Sequestration - Development
of Risk assessment procedures for trace PCC components
___________________________________________________________________________
As formaldehyde is a carcinogenic compound, risk assessment on human health is also considered in this
study to understand cancer probabilities caused by the compound. The risk assessment follows US EPA risk
guidelines. The exposure to formaldehyde only considers the inhalation exposure path as inhalation is the
main source of exposure to formaldehyde (see Section 3.2.7 above). The risk assessment methodology
allows for uncertainties and variability in individuals and human activities, and can provide decision makers
with spatial information on risk assessment results. Probabilistic analysis can be more realistic in risk
assessment (Lonati and Zanoni 2012).
In this section, measurements of existing atmospheric concentrations of formaldehyde, simulated nearsurface ground concentrations after atmospheric dispersion at a selected site, inhalation exposure doses in
adults, and risk probabilities distributions are reported.
4.2
4.2.1

Methodology
Experimental

The sampling and analysis of formaldehyde was conducted by standardized sampling and analytic
procedures based on USEPA TO-11A method. Formaldehyde was collected by 2,4-dinitrophenylhydrazine
(2,4-DNPH) coated LpDNPH cartridges which were purchased directly from a commercial supplier (SigmaAldrich Co. (Supelco). The air sampling was conducted using a sampling train consisting of an active
sampling device, flow controller and a gas meter. This configuration allowed for the accurate determination
of the total volume sampled. An ozone scrubber was placed prior to the cartridge to reduce ozone
interference. Air samples were taken over 24-hours and for a continuous 3 day period in May 2013. The
sampling was undertaken at the Macquarie University campus to determine regional background values of
formaldehyde. In future work additional sampling will be carried out in the vicinity of the large power
stations in the upper Hunter Valley.
Formaldehyde was eluted from the cartridges by acetonitrile in a glove bag. The High Performance Liquid
Chromatography (HPLC) system was employed to determine concentrations in samples. The HPLC system
(Shimadzu) is fitted with an auto-injector to inject samples onto a reverse phase LC-18 HPLC column
(Supelcosil LC-18, 5µm, 250mm×4.6mm). The injected samples were separated using an isocratic method
with acetonitrile: water (60:40) mobile phase and were detected at a UV wavelength of 360 nm.
Formaldehyde contained in the eluted samples can be identified by comparing retention time of peaks
present in the chromatograms with known concentration in standards which were prepared using a
Formaldehyde-2,4-DNPH analytical standard (Supelco Inc.) dissolved in acetonitrile. The quantification of
concentrations used peak area corresponding to a calibration curve derived from the standards. The linear
regression R-square value is 0.9997, shown in Figure 3 below.
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Figure 3: Calibration for formaldehyde using standard injections to HPLC

4.2.2

TAPM-CTM simulation

The measured concentration values of formaldehyde were treated as background value input into TAPMCTM. TAPM-CTM model was run separately to simulate scenarios representing the scenario before and
after post-combustion technology. The study area selected was in the upper Hunter Valley. The outer
modeling grid which is 30 km X 30 km, centered on -38°17”00’latitude and 146°29”30’ longitude. TAPM
was configured to have five nested grids at 30 km, 10 km, 3 km, 1 km, and 300 m resolution. Each grid has
25 by 25 cells and 25 vertical levels. We assume that there were only two point sources from a full-scale
coal-fired power station. The stack parameters were based on Bayswater power station. Emission rates of
each compound were based on published data to convert to Bayswater Power Station conditions. Emission
rate of formaldehyde is 3.3 g/s. The year 2000 was chosen to be a representative year for the simulation of
meteorology. The model was run for a complete year (from 1st January to 31st December 2000). Carbon
Bond 2005 photochemical smog mechanism was selected to consider atmospheric chemical reactions.
4.2.3

Risk assessment

The risk assessment model focuses on inhalation exposure and cancer risk probabilities. Model parameters
have been defined by different probability distribution functions according to uncertainty. @RISK software
has been employed to simulate potential uncertainties to understand potential risks due to formaldehyde.
@RISK uses Monte-Carlo simulation to calculate risk values several thousand times to get risk probabilities.
The model is used to calculate potential individual exposure doses through inhalation exposure pathways
and subsequent cancer risks in the study area.
The inhalation exposure calculation follows USEPA risk assessment method by considering concentrations
of formaldehyde in the atmosphere, inhalation absorption factor, and daily breathing rate (USEPA 1992).
The inhalation exposure dose is calculated by equation (9), reproduced below.
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Ein 

C  DBR  A EF  ED

BW
AT

Where
A is inhalation absorption factor
Ca is atmospheric concentration value of formaldehyde (simulated by TAPM-CTM)
EF is exposure frequency
ED is exposure duration
BW is body weight, and
AT is average time.
Regarding breathing rate and inhalation absorption factor, California EPA recommended values for this
equation are summarized in Table 16 (CalEPA 2003). Data for other parameters in the exposure dose
calculation were collected from published papers, and have also been shown in Table 16. The risk model
was run through 1,000 iterations for this simulation.
The cancer risk calculation is performed by multiplying the inhalation exposure dose by a cancer slope
factor. The formaldehyde cancer slope factor is 0.021 (mg/kg/day)-1 (OEHHA 2009). Therefore, cancer
probabilities for individuals in the study area can be predicted by @RISK.

Table 16: Parameters used in risk calculations for formaldehyde inhalation exposure
Parameter

Distribution model &
Model parameters

References

AT-Averaging Time

25550 days

(USEPA 1989)

ED-Exposure Duration

Adult: 70 years

(CalEPA 2003)

BW- Body weight (kg)

Lognormal
Adult: [66.44, 1.20]
Triangular [min, mode,
max]
[180, 345, 365]
1

(Arija V et al. 1996)

Gamma [Location, Scale,
Shape]
Adult:[193.99,31.27,2.46]

(CalEPA 2003)

EF-exposure frequency
(unitless)
A-inhalation absorption rate
DBR-Daily breathing rate
(L/kg BW* day)

(Smith 1994)

(CalEPA 2003)
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4.3 Results and discussions
4.3.1

Existing atmospheric concentration of formaldehyde

The sampling and analysis results have been summarised in Table 17. The concentrations are very
consistent but additional measurements will be performed in future work to assess spatial, temporal and
meteorological impacts on concentrations.
The average concentration of the three days results (1.3 µg/m3) was treated as background value and as
input to the TAPM-CTM model.
Table 17: Background atmospheric concentrations of formaldehyde
Date

4.3.2

29-30
May

30-31
May

31 May--

Average
Concentration
(µg/m3)

1.2

1.4

1.4

Temperature
(ºC)

23.3

22.8

20.3

Humidity (%)

23

25

56

1 Jun

Atmospheric movement and dispersion simulation by TAPM-CTM

TAPM-CTM generated air quality concentrations for each day for different pollutant emissions. We only
focus on December data on the 1000 X 1000 meters grid domain in this paper. The study compares spatial
distributions of formaldehyde concentrations before and after installing post-combustion technology using
the measured atmospheric concentrations as input, shown as below (Figure 4).
These two contour maps show that there is a slight increase in the whole area, but an obvious increase
around the power station, at about 5-6 kilometers distance. When comparing before and after PCC
scenarios under different background concentrations (1 ppb and 2 ppb), maximum and hourly-average
formaldehyde concentrations at 2 ppb background value both show a large increase to the values at 1 ppb
background concentration (). However, maximum and hourly-average concentrations before PCC and after
PCC do not show large increases under the same background conditions. Concentration changes in the
comparison clearly depend on the different background values.
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a

b

Figure 4: Spatial distribution of formaldehyde hourly average concentrations with and
without PCC technology fitted to power station in the upper Hunter Valley. (a) without PCC;
(b) with PCC.

Figure 5: Predicted formaldehyde concentrations with and without PCC at 1 and 2 ppb
background values

4.3.3

Individual exposure and cancer risk analysis

Individual inhalation exposure calculations and cancer risk values have been conducted at each grid point
of TAPM-CTM 1000 X 1000m domain considering adult lifetime exposure (70 years). In this approach risk
assessment is based on the estimated probabilities of an event happening (Gerba 2006). In this study, the
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risk probability is the probability of the incidence of human cancer from post-combustion carbon capture
technology. The risk assessment can provide information to decision makers to undertake environmental
and health impact assessments of post-combustion carbon capture technology during the planning and
consent phase. As no full-size post-combustion project has been constructed in Australia such an approach
would be necessary to ensure that the plants met acceptable standards.

a

b

Figure 6: Risk analysis results for inhalation exposure to formaldehyde in the upper
Hunter Valley. (a) Cancer risk values before PCC, (b) Cancer risk values after PCC, risk
values to be multiplied by 10 -6; (c) Cancer risk probabilities (>1X10 -6) before PCC, (d)
Cancer risk probabilities (>1X10 -6)
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The risk analysis results are presented in Figure 6. Figure 6 (a) and (b) show mean values of individual
cancer risk for lifetime exposure before and after PCC. USEPA has levels of concern associated with
risk values ranging from one in a million to one in ten thousand (Gerba 2006). EPA’s goal is to keep
risk value below 1X10-6. EPA takes action when the risk value is greater than one in ten thousand
(Gerba 2006). In Figure 6 the risk values are all above 1X10-6, the maximum value is 1.982 X 10-6 and
1.985 X 10-6 at before PCC and after PCC, respectively. These values exceed the lower EPA goal, but
are well below the level where action is required. The impact of the introduction of PCC technology
is small: for example the average probabilities of risk larger than one in a million are 74.2% without
PCC, and 74.8% with PCC. From Figure 6 (c) & (d), there is a clear increase around the power station
when fitted with PCC technology. However the increase in probability is only 2.2% from 74.1% to
76.3% at 2 kilometers from the emission source.
4.4

Conclusions from scoping study

A probabilistic risk assessment for inhalation exposure to formaldehyde has been performed in the
upper Hunter area. The results show that cancer risk after installing post-combustion capture
technology does not cause large increases in the whole area but a small increase near the emission
source. In all cases the risk is below the USEPA’s level were action is required to reduce exposures.
In future work the measurement of background concentrations of relevant organic compounds will
be extended; sensitivity analysis of emission parameters will be undertaken; and impacts of other
more toxic oxidation products from post-combustion technology will be considered.

4.5

Additional measurements of formaldehyde in the study region and review of
previous studies

The impact of PCC emissions of formaldehyde and on atmospheric formation of formaldehyde from
MEA photochemistry will be through an incremental increase in ambient formaldehyde
concentrations. In this section new measurements of formaldehyde on the Macquarie Universirty
campus and in the upper Hunter Valley and a comprehensive review of previous atmospheric
measurements are reported.

4.5.1

The United States

4.5.1.1 Ambient formaldehyde values in New York City
In New York City, a study measured ambient HCHO concentrations in the summertime of 2009 at a
site at Queens College which is a residential area with a busy interstate express way 0.6 km to the
north and a highway within 5 km (Lin et al. 2012). A quantum cascade laser (QCL) was employed to
do the measurement from 15 July to 3 August 2009. The results show that the HCHO concentration
was around 0.4 to 7.5 ppb with an average value of 2.2±1.1 ppb (Lin et al. 2012). The daily peak
concentration value was reached between 11 am to noon while the minimum concentration was
observed in the early morning (Lin et al. 2012). The source of HCHO is from both primary and
secondary sources. During the sampling period, primary sources contributed to ambient HCHO
dominantly between midnight and 8 am, and insreased significantly at times of peak traffic density.
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After 9 am, the secondary sources became a major contributor to ambient HCHO concentrations,
and reached a maximum of more than 70% between 12 noon and 3 pm. Of the secondary HCHO
sources, isoprene accounted for 44% of the secondary HCHO, followed by methane (25%), and
propene (18%) (Lin et al. 2012). OH radical formation was assessed as well in this study with 67%
from HONO, 18% from HCHO, and 13% from O3.
4.5.1.2 Ambient formaldehyde in Houston area
Houston has a top rank seaport in the United States-Port of Houston (Wikipedia 2013). Several
studies have been conducted in the area (Chen et al. 2004; Dasgupta et al. 2005). The UCLA
multipath DOAS instrument was employed at La Porte Airport, near the ship channel (Dasgupta et al.
2005). At the same time, the Houston Regional Monitoring site (HRM-3) which is located downwind
from the heavily industrialized area of Houston ship channel and in the midst of a petrochemical and
a chemical manufacturing complex was also considered as part of the Texas Air Quality Study 2000
experiment (Dasgupta et al. 2005). Peak HCHO mixing ratios of more than 47 ppb were observed at
both HRM-3 and La Porte Airport with 3.3 ppb overall average mixing ratio. The high concentration
in Houston was caused by emission near the ship channel (Dasgupta et al. 2005). In another study
(Chen et al. 2004), a formaldehyde peak value of about 30 ppb was observed in summertime 2002.

4.5.1.3 Other U.S cities
In midtown Atlanta, a maximum concentration value of 18 ppb was detected on Jefferson Street
near a bus repair depot (Dasgupta et al. 2005). The peak values were reached by 11 am. By
associating the HNO3 peak, HCHO formation was partly caused by atmospheric oxidation reactions
(Dasgupta et al. 2005). The maximum values for other sites (Tampa rural, Philadelphia, and
Nashville) were observed to be between less than 10 ppb and just under 13 ppb (Dasgupta et al.
2005).

4.5.2

Mexico

4.5.2.1 U.S. & Mexico border—Tijuana
The Cal-Mex 2010 air quality study (Zheng et al. 2013) measured formaldehyde concentration values
at the U.S-Mexico border using proton-transfer reaction mass spectrometry (PTR-MS). The sampling
site was near the city center of Tijuana. The HCHO mixing ratio during the sampling period was in a
range of 1.0 ppb to 13.7 ppb (Zheng et al. 2013). The daily peak value of 6.3±2.6 ppb was reached at
10 am and a minimum of 2.8±1.3 ppb occurred near midnight. The early HCHO peak is likely to be
caused by primary vehicle emissions (Zheng et al. 2013). After sunrise, photolysis of HCHO decreased
the HCHO values, while a similar amount of OH production was maintained (Zheng et al. 2013). The
study results show that secondary organic aerosol (SOA) in this study area is likely related to the OH
generation from HCHO photolysis (Hodzic and Jimenez 2011; Zheng et al. 2013). The Tijuana study
(Zheng et al. 2013) also shows that HCHO in the area play a more important role than O3 in
producing OH radicals and diesel vehicles contribute more primary HCHO emission than gasoline
vehicles in this study area.
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4.5.2.2 Mexico City
The Mexico City Metropolitan Area (MCMA) is one of the most polluted cities in the world (Molina
and Molina 2002) with more than 3.5 million vehicles in the area (Lei; et al. 2007). The city is located
“inside an elevated basin at an altitude of 2240 m above sea level surrounded by mountain ridges on
the west, south and east, with a broad opening to the north and a narrow gap to the southsouthwest” (Lei; et al. 2007). A local ambient air monitoring network and the MCMA-2003 campaign
measured formaldehyde concentrations in Mexico City, observed maximum medium daily
concentration of around 17 ppb (Molina et al. 2007). A previous study (Volkamer et al. 2005) shows
that maximum monthly concentrations can be reach 35 ppb. MCMA-2003 study (Molina et al. 2007)
found that ozone which is greater in MCMA than US cities is a larger contributor to HOx source in
MCMA. However, the HCHO concentrations in MCMA are larger as well.

4.5.3

China

Due to rapid economic growth in China, energy consumption demand and number of vehicles have
increased rapidly (He et al. 2001). Recently, many cities of China have been suffering severe air
pollution. Formaldehyde formation can be generated from both primary source--emission from
vehicles and secondary source--photochemical oxidation (Duan et al. 2012). In addition, HCHO plays
a major role as a contributor to urban photochemical smog (Ras et al. 2009), and is a carcinogenic
compound (Låg et al. 2009). As a result, HCHO may need to be carefully controlled in China due to
environmental and human health impact. Detailed studies in three main cities (Beijing, Shanghai &
Guangzhou) are summarised below.

4.5.3.1 Beijing
Beijing has a very large of population and a dramatic increase in the number of vehicles (Wang et al.
2006; Li et al. 2010). Recently, Beijing has been suffering severe air pollution problems and haze has
become more frequent (Duan et al. 2012). Previous studies (Sun et al. 2006; Li et al. 2010) found
that volatile organic compounds (VOCs) including carbonyls are frequently present in the ambient air
of Beijing. Higher atmospheric concentrations of carbonyls were observed on haze days than on
clear days (Lü et al. 2009).
A recent study (Duan et al. 2012) has been conducted on haze days in Beijing. The sampling site was
located on the Tsinghua University campus surrounded by several institutes, a residential area, and
two roads. Meteorological data was measured for mean values of visibility, wind speed, relative
humidity, and temperature (4.6 km, 2.2 m/s, 83.4%, and 27.3˚C, respectively) (Duan et al. 2012). The
results (Duan et al. 2012) shows that formaldehyde is the most abundant carbonyl in all samples.
Ambient formaldehyde concentrations were observed in the range of 12.78 to 76.68 µg/m3
(converted to ppb unit: 10.39 to 62.34ppb), with an average of 28.98±11.98 ppb.
A previous study (Pang and Mu 2006) compared seasonal concentrations in Beijing from November
2004 to October 2005. The study compared concentration values for different sites and seasons. The
sampling sites included an urban site, a botanical park, a commercial site, transport hub site, and
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rural site. The urban site environment is similar to the sampling site at Tsinghua University. The
results (Pang and Mu 2006) show that average value of formaldehyde in the urban site in JuneAugust 2005 sampling period was 19.5±8.9 µg/m3 (equals to 15.85±7.24 ppb). The winter mean
value at the same site was observed at 4.2±2.8 µg/m3 (converted to 3.41±2.28 ppb). Comparing
different sites in the same season (e.g. Spring), the highest mean value was detected at a transport
hub site with 24.15±7.80 ppb, which was nearly two times higher than other urban sites. Vehicle
exhaust emission is likely to be the main source at the transport hub site. The lowest mean value
was observed in botanical park site with 3.58±1.14 ppb (Pang and Mu 2006). Natural emission could
be the main source in botanical park site as the site is 30 km away from the Beijing urban area (Pang
and Mu 2006).

4.5.3.2 Shanghai
Shanghai is the biggest industrial city in the Yangtze River Delta and the economic center of China
(Huang et al. 2008). An investigation of ambient carbonyls (Huang et al. 2008) was conducted from
25 to 28 January, 27 to 31 March (high air pollution days), 10 to 15 May, 25 to 30 July, and 10 to 16
October in 2007. The results show that the highest mean value of formaldehyde found in summer
was 25.91±5.96 ppb, and the lowest value was observed in autumn with 5.54±1.46 ppb. The mean
value of formaldehyde (23.96±7.41 ppb) was found on the high air pollution days, but was still less
than the value in summertime (Huang et al. 2008). Daily peaks of formaldehyde occurred in early
morning or early afternoon. The diurnal profile is similar with other observations from other cities
(Zheng et al. 2013). Primary sources are important locally, but secondary sources make significant
contributions in summer (Huang et al. 2008). High concentrations on high air pollution days could be
caused by long range transport (Huang et al. 2008).

4.5.3.3 Guangzhou
Guangzhou study site was selected in an institute with two residential areas and an expressway
nearby (Lu et al. 2010). The study collected samples on both clear days (17 to 19 November, 2005)
and haze days (30 November to 2 December, 2005). During the clear days, visibility was about 20-23
km, temperature was between 16.5 and 29.5 ˚C, relative humidity was from 40% to 80%, and
ultraviolet light was less than 1856 µw/cm2; on haze days visibility, temperature, relative humidity
and ultraviolet light was 1.5-3 km, 20-31 ˚C, 31% to 64%, and less than 1334 µw/cm2, respectively
(Lu et al. 2010). The concentration of formaldehyde ranged from 3.75 to 5.99 ppb with a mean value
of 4.89 ppb on the clear days. The value on the haze days was observed in a range of 5.07 to 20.08
ppb with mean value of 11.87 ppb (Lu et al. 2010). These results were lower than in a previous study
(Feng et al. 2005) from June to September 2003. The study (Feng et al. 2005) measured carbonyls in
seven different sites: bus station, restaurant area, small downtown, industrial area, botanical
garden, semi-rural, and residential area. The results show that bus station and restaurant areas were
the top two highest concentration areas with 54.45±12.11 ppb and 54.39±16.26 ppb, respectively.
The average value of formaldehyde in Guangzhou was observed at 11.22 ppb.
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4.5.3.4 Other cities in China
Atmospheric concentrations of carbonyls have been observed in many cities in China. Here these
results are briefly discussed. Concentrations measured between July-August 2004 in Xi’an averaged
8.05 ppb (Wang et al. 2007). Measurements conducted from March-April 2006 in Hangzhou shows
18.05 ppb in public places (Weng et al. 2009). A recent study in Guiyang (December, 2008-August,
2009) shows lower value (3.9 ppb) of formaldehyde (Pang and Lee 2010).

4.5.4

Australia

CSIRO conducted a Clean Air Research Program Project in Sydney which is the biggest city in
Australia. The study (Galbally et al. 2008) employed active sampling and PTR-MS instrument to do
sampling in two suburban: Bringelly (semi-rural area) and Randwick (residential area). During the
sampling periods (18 January to 27 February, 2007 in Bringelly and 28 February to 19 March, 2007 in
Randwick), the results show a range of 0.52 to 4.28 ppb with mean value of 2.11 ppb in Bringelly and
a range of 0.04 to 4.24 ppb with 1.22ppb in Randwick.

4.5.5

Italy

In the capital city of Italy Rome, a study (Possanzini et al. 2002) investigated four years observational
data from 1994 to 1997. The study considered seasonal profiles based on winter and summer
seasons. The samples were collected using DNPH cartridges. The results show hourly concentrations
of formaldehyde in a range from 8 to 28 ppb in summer and 7 to 17 ppb in winter (Possanzini et al.
2002). It was not possible to distinguish primary emissions from photochemical formation in winter
(Possanzini et al. 2002). The study also shows secondary sources contribute up to 30-35% in winter
and 80-90% in summer to total formaldehyde and acetaldehyde in urban area (Possanzini et al.
2002).

4.5.6

Brazil

4.5.6.1 Rio de Janeiro
The state environmental agency conducted air quality monitoring in downtown Rio de Janeiro which
is the second largest city in Brazil, with about 11 million population and about 1.2 million vehicles in
the city (Grosjean et al. 2002). The study collected samples from May to November 2000 including
winter season June to September. Average concentrations of 8.78±3.33 ppb were observed for
formaldehyde with peak values of 28.14 ppb observed (Grosjean et al. 2002). The results also show
that 43% ozone formation is dominated by formaldehyde. In the study, no clear seasonal variation
was shown in the observation data. This was likely due to low sampling frequency (Grosjean et al.
2002).

4.5.6.2 Niteroi
Niteroi sampling site was located in a commercial-residential area near Niteroi city. Sampling in the
Niteroi study (Ochs et al. 2011) was conducted from 9th to 14th January, 2010. The mean value of
2.62 ppb and a range of 0.23 to 7.19 ppb were observed in the study period (Ochs et al. 2011). The
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concentration values was lower than other study in Rio de Janeiro city (Grosjean et al. 2002). School
holiday and summer vacations were likely to reduce traffic in the city and result in the low
concentrations (Ochs et al. 2011).

4.5.7

Summary

The data discussed in this section is summarised in Table 18. Two observations may be made: the
formaldehyde concentrations cover a wide range; exhibit seasonal and diurnal variations; in polluted
international cities they exceed concentrations measured in Sydney, in some cases substantially.
Table 18: Summary of observed ambient atmospheric concentrations of formaldehyde
Location
(ambient air)
New York City, USA

Concentration
(ppb)

Comment

References

0.4-7.5

Range

15 July-3 August,2009

(Lin et al. 2012)

2.2±1.1

Median

15 July-3 August,2009

(Lin et al. 2012)

47

Maxima

August-September, 2000

(Dasgupta et al. 2005)

3.3

Mean

August-September, 2000

(Dasgupta et al. 2005)

30

Maxima

20 July-25 Sept. 2002

(Chen et al. 2004)

1.43-12.67

Range

26 June-07 July, 1999

(Dasgupta et al. 2005)

4.78

Median

26 June-07 July, 1999

0.42-18.25

Range

03-31 August, 1999

7.82

Median

03-31 August, 1999

0.33-9.53

Range

27 June-31 July, 2001

2.89

Median

27 June-31 July, 2001

0.37-9.38

Range

25 April-01 June, 2002

2.32

Median

25 April-01 June, 2002

Tijuana, Mexico

1-13.7

Range

15 May-30 June, 2010

(Zheng et al. 2013)

Mexico City, Mexico

3-27

Range

April-May, 2003

(Grutter et al. 2005)

35

Maxima

2003, Monthly

(Volkamer et al. 2005)

17

Maxima

Daily, 2003

(Molina et al. 2007)

10.39-62.34

Range

August, 2006

(Duan et al. 2012)

28.98±11.98

Average

15.85±7.24

Average

Urban Site, Aug.-Oct., 2005

(Pang and Mu 2006)

3.41±2.28

Average

Urban site, Nov.04-Jan. 05

24.15±7.80

Average

Transport site, Spring 2005

3.58±1.14

Average

Botanical park, Spring 2005

9.9-40.4

Range

Mar. 2007, high air pollution

23.96±7.41

Mean

25.91±5.93

Mean

Summer, 2007

3.75-5.99

Range

17-19 Nov. 2005, Clear days

4.89

Mean

Houston, USA

Nashville, USA
Atlanta, USA
Philadelphia, USA
Tampa, USA

Beijing, China

Shanghai, China

Guangzhou, China

(Dasgupta et al. 2005)
(Dasgupta et al. 2005)
(Dasgupta et al. 2005)

(Huang et al. 2008)

(Lu et al. 2010)
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2.07-20.08

Range

30 Nov-2 Dec.2005, haze days

(Lu et al. 2010)

11.87

Mean

54.45±12.11

Maxima

July-September, 2003

(Feng et al. 2005)

11.22

Average

Xi’an, China

8.05

Average

July-August, 2004

(Wang et al. 2007)

Hangzhou, China

18.05

Average

March-April, 2006

(Weng et al. 2009)

Guiyang, China

3.9

Average

Dec. 2008-Aug. 2009

(Pang and Lee 2010)

Sydney, Australia

0.52-4.28

Range

18 Jan.-27 Feb.2007, Bringelly

(Galbally et al. 2008)

0.04-4.24

Range

28 Feb-19 Mar2007, Randwick

8-28

Range

Summer, 1994-1997

7-17

Range

Winter, 1994-1997

Milan, Italy

1.5-13

Range

July-August, 2002

(Hak et al. 2005)

Rio de Janeiro, Brazil

8.78±3.33

Average

May-November, 2000

(Grosjean et al. 2002)

28.14

Peak

1.52-5.07

Average

Feb.-June 1998, Daily

(Corrêa et al. 2003)

21.97-112.6

Average

Feb-June, 2001, Daily

0.23-7.19

Range

9-14 January, 2010

(Ochs et al. 2011)

2.62

Mean

0.04-31.6

Range

June-December, 2000

(Bakeas et al. 2003)

12.9

Median

4.7

GM*

February, 1998

(Sakai et al. 2004)

Uppsala, Sweden

1.1

GM

*

February-May, 1998

(Sakai et al. 2004)

Kolkata, India

19.22±9.89

Mean

Summer, Nov. 2007-June 2008

(Dutta et al. 2010)

14.22±3.79

Mean

Winter, Nov. 2007-June 2008

Rome, Italy

Niteroi, Brazil
Athens, Greece
Nagoya, Japan

(Possanzini et al. 2002)

*

Note: GM means geometric mean.

4.5.8

Additional measurements of formaldehyde in the study region

As noted above formaldehyde in the atmosphere has been measured at a number of different
locations and seasonal and diurnal variations have also been evaluated albeit in a rather limited way
(Chen et al. 2004; Dasgupta et al. 2005; Pang and Mu 2006; Zheng et al. 2013). Formaldehyde is an
important and highly reactive component in the atmosphere (Chen et al. 2004), and plays an
indicator role for photochemical reactions in the atmosphere (Dasgupta et al. 2005). Meanwhile,
formaldehyde is suspected to cause cancers (Larsen et al. 1992). As formaldehyde is an emission
product from post-combustion capture project, it is important to understand existing atmospheric
concentrations before commercial operation inlikely Australian locations. We have previuosly
reported concentration values in Autumn-Winter during May-June 2013 in the Sydney area. These
results are presented in Section 4.3.1 and published in a Clean Air Society of Australia and New
Zealand Conference paper in 2013 (Wu and Nelson 2013). In previous studies concentrations may be
substantially higher than those observed in winter season; for example summer concentrations have
been observed to be five times higher than in winter (Pang and Mu 2006), the values were five times
Therefore, summertime atmospheric concentrations of formaldehyde must be evaluated to
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undertake a risk assessment of post-combustion carbon capture projects. The summer time results
will be used as input to simulate atmospheric dispersion and to conduct risk assessment for human
health.
4.5.8.1 Experimental Methodology
Additional sampling to that reported previuosly (Section 4.3.1) was conducted on the Macquarie
University campus, and at a site in the upper Hunter Valley near the existing coal fired power
stations. The same sampling equipment was used as previously (Wu and Nelson 2013). The sampling
and analysis of formaldehyde and acetaldehyde was conducted by standardized sampling and
analytic procedures based on USEPA TO-11A method. Formaldehyde was collected by 2,4dinitrophenylhydrazine (2,4-DNPH) coated LpDNPH cartridges which were purchased directly from a
commercial supplier (Sigma-Aldrich Co. (Supelco). The air sampling was conducted using a sampling
train consisting of an active sampling device, flow controller and a gas meter. This configuration
allowed for the accurate determination of the total volume sampled. An ozone scrubber was placed
prior to the cartridge to reduce ozone interference. Air samples were taken over 24-hours and for a
continuous 3 day period in December 2013. The sampling was undertaken at the Macquarie
University campus to determine regional background values of formaldehyde and acetaldehyde.In
the Hunter Valley samples were collected in August 2013.
Formaldehyde & acetaldehyde were eluted from the cartridges by acetonitrile in a glove bag. The
High Performance Liquid Chromatography (HPLC) system was employed to determine
concentrations in samples. The HPLC system (Shimadzu) is fitted with an auto-injector to inject
samples onto a reverse phase LC-18 HPLC column (Supelcosil LC-18, 5µm, 250mm×4.6mm). The
injected samples were separated using an isocratic method with acetonitrile: water (60:40) mobile
phase and were detected at a UV wavelength of 360 nm. Formaldehyde and acetaldehyde contained
in the eluted samples can be identified by comparing retention time of peaks present in the
chromatograms with known concentration in standards which were prepared using a mixture of 2,4DNPH analytical standard (Supelco Inc.) dissolved in acetonitrile.

4.5.8.2 Results
The sampling results are summarised in Table 19.
Table 19 Twenty-four hour average atmospheric concentrations of formaldehyde
and acetaldehyde
Date

Day 1

Location

Day 2

Day 3

Macquarie
University

13 Aug 2013
Hunter Valley

Average Concentration of
formaldehyde (ppb)

3.40

2.70

1.26

Average Concentration of
Acetaldehyde (ppb)

1.79

1.10

0.95

Average Temperature (ºC)

23.49

27.04

18.93

1.1
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Humidity (%)

57.65

50.56

77.57

Compared to previous measured results on the Macquarie campus in May to June 2013, the summer
results are higher than the winter results by a factor of 2.25 on average (as shown in Figure 7). The
results are consistent with others studies, but additional data is required to confirm these
observations.
Figure 7 Average concentration values of formaldehyde during summer and winter
samplings

The summer time result will be used as input to simulate atmospheric dispersion and to conduct risk
assessment for human health. In addition the incremental impact of PCC emissions of formaldehyde
on environmental and health risk will be based on the measurements and also on observed
concentrations reported in previous studies. It’s clear from the data summarised in Table 18 that
significantly higher concentrations have been observed in other international locations. Hence the
incremental impact of PCC emissions of formaldehyde on risk is likely to be lower in locations where
background atmospheric concentrations are lower. The impacts of this on overall risk will be
assessed using approaches similar to those applied in other locations (de Koeijer et al. 2013; Karl et
al. 2014).

5

Modelling of Dispersion and Atmospheric Chemistry of MEA

Health risk assessment of MEA emissions from PCC requires not only an evaluation of the products
of MEA decomposition such as that for formaldehyde, but also the dispersion and atmospheric
decomposition of MEA and its reaction products. This can only effectively be handled by an
atmospheric modelling approach. The model needs to include relevant dispersion of MEA under
realistic conditions, atmospheric reactions of MEA, and finally an assessment of the risk using
probabilistic techniques. Here progress is reported on dispersion calculations for MEA in the region
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of the case study site in the upper Hunter Valley, and initial development of a detailed model for the
atmospheric chemistry is summarised.

5.1

Atmospheric dispersion of MEA

The CSIRO-TAPM model was used to predict atmospheric concentrations of MEA in the vicinity of
the Bayswater Power Station based on an emission rate of 1.2441 g/s. The emission rate was based
on CSIRO data for MEA emission rates (Thong et al. 2012) scaled to the conditions of Bayswater.
Annual average and maximum concentrations of MEA are presented in Figure 8. These
concentrations may be compared with those recommended by the Norwegian Institute of Public
Health (Låg et al. 2011) who recommend “that the general population, over time, should not be
exposed to levels in the air higher than 10 μg/m3 MEA”. Average and maximum values presented in
Figure 8 are less than this recommendation.
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Figure 8: Maximum (top) and annual average (bottom) concentrations (g/m3) of
MEA in the vicinity of Bayswater power station; calculations based on TAPM
predictions using an emission rate of 1.2441 g/s and for the calendar year of 2000

5.2

Atmospheric Chemistry of MEA

Many computer models have been employed to simulate atmospheric reactions for chemical
compounds, such as CALPUFF, TAPM-CTM etc. However, none of these models include an MEA or
amine chemical reaction scheme. In order to fully understand degradation and dispersion of amines
like MEA and its oxidation products including the potentially toxic species formaldehyde,
nitrosamines, and nitramines, MEA photochemical reaction schemes must be combined with
existing models into existing models. To achieve this purpose, a box model including MEA
photochemical reactions is being developed.
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In order to assess the risk related to the atmospheric products of amine photooxidation, and that of
MEA in particular, a combination of computational, laboratory and smog chamber studies have been
used to characterize the reaction rates and products. The initial work of Pitts and co-workers (Pitts et
al. 1978) established the major photo-oxidation products of dimethyl-, trimethyl-, diethyl- and
triethylamine, and quantified the products for diethyl- and triethylamine.
More recently, interest in CCS has led to increased interest in the kinetics and
products of these reactions (Nielsen et al. 2011b; da Silva 2012; Karl et al. 2012; Onel
et al. 2012; Borduas et al. 2013; Lee and Wexler 2013; Onel et al. 2013; Qiu and Zhang
2013; Xie et al. 2014).
Table 20 summarises measured rates of reaction of MEA with the OH radical (the major
disappearance pathway in the atmosphere), and published information on the observed products in
chamber studies.

Table 20: Rates of reaction of MEA with OH, and observed products from photooxidation of MEA
kOH (cm3 molecule-1 s-1)
(7.02 ± 0.46) × 10-11
(7.61 ± 0.76) × 10-11
(9.2 ± 1.1) × 10-11
Major Products
Formamide, formaldehyde
Formamide, formaldehyde, isocyanic acid (HNCO)

Reference
Borduas et al (2013)
Onel et al.(2012)
Karl et al (2012)
Nielsen et al (2011b)
Borduas et al (2013)

The major concern for the atmospheric reactions of amines emitted from post combustion capture
facilities is the potential to form highly toxic, nitrogen-containing, products. These products include
nitrosamines and nitramines, and amides – all potential products of the sunlight promoted reactions
of amines, atmospheric oxidants like OH and nitrogen oxides (NOx). These products have been
observed in previous chamber studies (Pitts et al. 1978; Nielsen et al. 2012; Lee and Wexler 2013) of
a variety of amines. Nitramines may also be produced at night from reactions with the nitrate
radical, NO3 (Nielsen et al. 2012).
There is experimental evidence (Nielsen et al. 2011b; Karl et al. 2012) that the primary amine MEA,
unlike secondary and tertiary amines, does not form a stable nitrosamine in the atmosphere, but the
formation of the nitramine of MEA, 2-nitroaminoethanol has been confirmed (Karl et al. 2012).
In this work CALPUFF is chosen as a platform to simulate atmospheric dispersion and reactions of
MEA and its products. The Kinetic Pre-Processor KPP (KPP) model (Damian et al. 2002) is employed
to generate FORTRAN codes for MEA photochemical reactions. The mechanism and kinetic
information of MEA and oxidation products are based on previous EUPHORE chamber studies
(Nielsen et al. 2011b; Karl et al. 2012). To reflect the overall gas phase chemistry scheme in the
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atmospheric environment, Carbon Bond mechanism version 6 is deployed with the MEA mechanism
to perform the numerical integration. A Rosenbrock solver is used for integration of the differential
equation system of gas phase reactions (R. Sander et al. 2005; Sander et al. 2011). Initial
concentrations are taken from the chamber studies. For example, MEA was initially 410 ppb,
formaldehyde was 2 ppb, nitramine was 1*E-10 ppb, and nitrosamines were 0 ppb. The KPP model
was set up to calculate concentrations of MEA, formaldehyde (FORM), nitrosamines and nitramines
at six minute intervals. The model was run for 12 hours starting from 12:00 noon. As nitrosamine
can degrade to non-toxic products according to previous studies (Bråten 2008), a rate of degradation
of nitrosamines was assumed to be 1.91E-02 /s and this was used for the KPP calculations.
To check the validity of the KPP model, the results generated from this simulation were compared
with results from the EUPHORE study (Karl et al. 2012). Concentrations of the three major or most
important products have been calculated: MEA, nitrosamines and nitramines. As wall losses in
simulation chambers such as EUPHORE have to be included in any mechanism (Karl et al. 2012), a
separate model with wall loss included in the KPP pre-processor was used to determine the extent of
loss of MEA due to this pathway.
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Figure 9 MEA and Oxidation products simulation with wall loss

Figure 9 shows concentrations of MEA and its oxidation products when wall loss to the chamber
surface is included in the calculations. The MEA concentration decreased sharply, in good agreement
with results from the EUPHORE study. In this work, the modelled nitrosamines and nitramine
concentrations are increased by a factor of 100 for better visibility. The trend of concentration
changes is similar to those in the EUPHORE chamber (Karl et al. 2012). That study used the MECCA (
Module Efficient Calculating the Chemistry of the Atmosphere) to include a gas phase chemistry
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scheme incorporating “chemistry of C2-C4 alkanes, propene, isoprene and dimethyl sulphide” (Karl et
al. 2012). Considering that the present work only uses the Carbon Bond mechanism (version 6)
which includes a condensed chemical mechanism for tropospheric oxidants, the results are broadly
consistent with the experimental results.
Figure 10 MEA and Oxidation products simulation in the atmosphere

Results of simulated atmospheric reactions (now excluding the wall reactions) of MEA and oxidation
products are presented in Figure 10. The MEA concentration decreased slower than in Figure 9 due
to the exclusion of the wall loss pathway. Nitramine concentrations are slightly higher than the
result in Figure 9, as MEA degradation is slower without the wall loss. Overall, the model is adequate
to reflect the atmospheric reactions of MEA and its oxidation products. The FORTRAN codes can be
used to reflect these reactions as a box model.
5.2.1

Future work

In the next stage, FORTRAN codes generated from the KPP model will be combined with the
CALPUFF model as a box model to simulate spatial distribution and movement for main emitted
products from a post-combustion carbon capture project. The species included will be MEA,
formaldehyde, nitrosamines, and nitramines. The modelled results will be used as input parameters
in probabilistic risk assessment calculations to determine potential health and environmental
impacts.
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