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List of abbreviations 
 
ACC:  Aker Clean Carbon 
AMP:  Aminoethylpropanol 
CCS:   Carbon capture and storage 
CF:  Characterisation factor 
CML:  Leiden University Institute of Environmental Sciences 
CO2:  Carbon dioxide 
CONCX: A Gaussian distribution model that calculates concentrations downwind of an emission 

source at various wind speeds and under various atmospheric stability conditions 
CTU:   Comparative toxic units 
DALY:  Disability adjusted life years 
DNEL:  Derived no effect level 
EC50: A statistically or graphically estimated concentration that is expected to cause one or more 

specified effects in 50% of a group of organisms. 
ECHA: The European Chemicals Agency 
ED50: The chronic dose of a substance with mode of action affecting 50% of the human 

population. “A statistically or graphically estimated concentration that is expected to be 
lethal to 50% of a group of organisms under specified conditions” (ASTM 1996). 

EDecIDe:  Environmental Decision Support for Innovative EcoDesign for CCS (project name) 
EDI:  Economic-Damage Index 
EDIP:  Environmental Design of Industrial Products 
EIA:   Environmental impact assessment 
EPS:  Environmental Priority Strategies in product design 
ERA:   Environmental risk assessment 
EUPHORE:  the European Photochemical Reactor, Valencia, Spain 
NIPH:  Norwegian Institute of Public Health (Folkehelseinstituttet)  
GHG:   Greenhouse gas 
HC50: The median hazardous concentration affecting 50% of the species. Also defined as: 

“hazardous concentration at which 50% of the species are affected at a level of an EC50 
level”  

HCl:  Hydrogen chloride 
ILCD:  International Reference Life Cycle Data System 
IPCC:  Intergovernmental Panel on Climate Change 
IUPAC: International Union of Pure and Applied Chemistry 
JRC:   Joint Research Centre (the European Commission’s in-house science service) 
KLIF: The Climate and Pollution Agency, a directorate under the Norwegian Ministry of the 

Environment 
LCA:   Life cycle assessment 
LCIA:   Life cycle impact assessment 
LOEC:  Lowest observable effect concentration 
LOEL:  Lowest observed effect level 
MDEA:  Methyldiethanolamine 

MEA:   Monoethanolamine 
MPL:   Maximum permissible level 
NDMA: n-nitrosodimethylamine 
NEL:  No effect level 
NILU:  The Norwegian Institute for Air Research 
NIPH:  The Norwegian Institute for Public Health 
NL:  Negligible level 
NOEL:  No observed effect level  
NOx:  Nitrous oxides 
OEL:  Occupational Exposure Limit 
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PAF:  Potentially affected fractions of species 
PEC:  Predicted environmental concentration 
PNEC:  Predicted no effect concentration 
PNEL:  Predicted no effect levels 
RA:   Risk assessment 
REACH:  Registration, Evaluation, Authorisation and Restriction of Chemicals (European regulation 

for chemicals) 
ReCiPe: A life cycle impact assessment method created by RIVM, CML, PRé Consultants, Radboud 

Universiteit Nijmegen and CE Delft. 
RIVM: The Dutch National Institute for Public Health and the Environment 
RMM: Risk management measures 
SETAC:  Society for Environmental Toxicology and Chemistry 
SOx:  Sulphur oxides 
TCM:   Test Centre Mongstad 
TRACI: US Environmental Protection Agency’s Tool for the Reduction and Assessment of 

Chemical and other environmental Impacts 
UNEP:  United Nations Environment Programme 
USES-LCA: A ’nested multi-media fate, exposure and effects model’ described in Van Zelm et al. 

(2009). 
UseToxTM:  The UNEP-SETAC toxicity model (a consensus model for chemical impact characterisation 

related to human toxicity and freshwater ecotoxicity). 
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Summary 
 

This report contains a first attempt at introducing the environmental impacts associated with amines and 

derivatives in a life cycle assessment (LCA) of gas power production with carbon capture and comparing 

these with other environmental impacts associated with the production system. The report aims to identify 

data gaps and methodological challenges connected both to modelling toxicity of amines and derivatives 

and weighting of environmental impacts. 

 

A scenario based modelling exercise was performed on a theoretical gas power plant with carbon 

capture, where emission levels of nitrosamines were varied between zero (gas power without CCS) to a 

worst case level (outside the probable range of actual carbon capture facilities). Because of extensive 

research and development in the areas of solvents and emissions from carbon capture facilities in the 

latter years, data used in the exercise may be outdated and results should therefore not be taken at face 

value. 

 

The results from the exercise showed: 

 

 According to UseTox®, emissions of nitrosamines are less important than emissions of formaldehyde 

with regard to toxicity related to operation of (i.e. both inputs to and outputs from) a carbon capture 

facility.  

 If characterisation factors for emissions of metals are included, these outweigh all other toxic emissions 

in the study.  

 None of the most recent weighting methods in LCA include characterisation factors for nitrosamines, 

and these are therefore not part of the environmental ranking. 

  

These results shows that the EDecIDe project has an important role to play in developing LCA 

methodology useful for assessing the environmental performance of amine based carbon capture in 

particular and CCS in general.  

 

The EDecIDe project will examine the toxicity models used in LCA in more detail, specifically UseTox. 

The applicability of the LCA compartment models and site specificity issues for a Norwegian/Arctic 

situation will be explored. This applies to the environmental compartments and dispersion models 

inherent in the LCA UseTox model. The characterisation factors (CFs) available in the current version of 

UseTox have several data gaps concerning relevant amine degradation products. Further work will be 

performed in order to calculate relevant CFs for missing degradation products. The relatively high 

importance of formaldehyde will also be scrutinised further. 

 

The EDecIDe project is also studying the important dimensions to be included in a weighting method, in 

relation to CCS projects and Nordic or Arctic conditions in particular. As a result of this, future work will be 

adjusted to make sure relevant compounds and models are part of the weighting method. 

  

 

 





 

  

1 Introduction 

This report is part of the output from the EDecIDe project1. The project is sponsored by the Norwegian 

Research Council (under the CLIMIT programme), Statoil and Shell2 and has as its main objectives to 

contribute to increased knowledge about environmental impacts and benefits of CCS and enabling 

development and choice of the most environmentally efficient solutions for CCS. These objectives are 

to be reached through three work packages where 1) aims to incorporate human and ecotoxicological 

effects into the existing life cycle assessment methodology, 2) aims to develop a weighting model with 

weighting factors relevant for CCS and Arctic/Northern and Norwegian conditions, and 3) aims to 

compare electricity generated from a gas power plant with CCS to other electricity generation 

technologies.  

 

The current report mainly documents results achieved in the first work package, however it is also 

relevant for the two other work packages, as a weighting exercise is included and results are 

compared to gas power production without CCS. It should be noted that this report represents 

knowledge and analysis performed during the first part of the EDecIDe project and aims to document 

data gaps and methodological issues related to performing LCA for CCS that will be worked on further 

in Work Package 1. Thus, this report does not represent the final answer and values for 

environmental impacts presented in the report do not correspond to actual values one may find from a 

running CCS facility. 

 

The interest in CCS is connected to established knowledge of how emissions of greenhouse gasses 

(GHGs) are expected to cause climate change. The combustion of fossil fuels to supply energy is a 

major source of carbon dioxide (CO2), which is described as the main greenhouse gas (IEA 2007). 

The term CCS stands for carbon dioxide (CO2) capture, transport and storage. Norway is actively 

engaged in developing carbon capture related to gas power production, and it has even been denoted 

by the Prime minister as the Norwegian “moon landing”. The reason for implementing carbon capture 

and storage is recognition of the potential harm mankind may encounter due to climate change and 

elevated levels of greenhouse gases (GHGs) in the atmosphere. Implementing CCS would be free 

from trouble if one could obtain the same function and only remove GHGs. However, capturing and 

storing carbon requires energy and also additional processes with possible detrimental effects on the 

environment. Assessing the environmental performance of CCS thus demands that the impact of a 

reduced GHG emission level is compared to the other consequences inflicted.  

 

In order to decide whether or not to install carbon capture on a gas power facility and what type of 

carbon capture technology to use, several criteria are involved, for instance cost, environmental 

performance and energy efficiency. Any assessment of any technology must relate elements of the 

system under scrutiny to one or more dimensions (such as costs or environmental risks) that we are 

interested in. If the probability of environmental risks is low or the consequences minor, they are 

usually neglected. Adams and Davidson (2007) write: 

  

                                                 
1
 EDecIDe is an acronym for Environmental Decision Support for Innovative EcoDesign for CCS 

2
 Statkraft resigned from the project on the 1

st
 of January 2012 in order to focus their activities strictly on hydro and 

wind power. Shell has joined the project as a partner in the finishing stages of writing this report. 
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“From an environmental perspective, the optimum technology for coal-fired power generation 

will depend on the relative importance given to the consumption of different resources and the 

environmental impacts of different types of wastes and emissions”  

 

The same is true for gas-fired power generation, and the decision to include CCS should be based on 

a thorough assessment of environmental benefits and impacts.  

 

Some decision criteria have threshold limits where installing carbon capture would be unacceptable. 

Recently there has been a debate in Norway considering emissions of amines from post combustion 

carbon capture, with a special focus on nitrosamines and nitramines. Some of these compounds are 

known to have carcinogenic effects and the authorities have set emission limits that carbon capture 

facilities cannot exceed. Other pollutions such as noise and emissions of NOx and SOx are also 

regulated. Technology Centre Mongstad (TCM) in Norway has been set up to test carbon capture 

technologies at near full scale. TCM received an emission permit from the authorities in November 

2011. The emission permit describes all the environmental impacts that have to be monitored. 

Common to all the issues that are included is that they are coupled to the specific geography. Hence, 

environmental impacts at Mongstad and the vicinities are accounted for, but no considerations are 

made for changes in environmental impacts in the wider value chain due to introduction of carbon 

capture.  

 

There is a range of options for capturing CO2 in the generation of electricity and these are normally 

divided into three categories: post-combustion capture, pre-combustion capture, and oxyfuel 

combustion capture (see for instance Bennaceur et al. 2008). These technologies have different pros 

and cons and are in different development stages. The Norwegian commitment to CCS has focused 

on post-combustion technologies. Even post-combustion technologies can be differentiated as 

different chemical solvents, sorbents or membranes can be employed. This report focuses on post-

combustion CO2 capture with amine based solvents. 

 

At the time when the work presented in this report was performed, there was no gas power plant 

operating with amine based carbon capture. Thus expected emission levels are based on modelling 

of: a) the composition and amounts of compounds emitted from the stack and removed in waste 

water, b) degradation products formed in the atmosphere, and c) levels of deposition of compounds. 

Neither the operating permit, nor the environmental impacts assessment (EIA) provide any insight into 

how to rank the importance of environmental impacts. Hence, different tools are needed in order to 

compare different capture technologies or to compare electricity generation from a gas power plant 

with CCS to other ways of generating electricity.  

 

The key issue is achieving appropriate trade-off between different environmental impacts. For 

instance, it is intuitively difficult to find a common basis for assessing the potential future 

consequences of climate change, as opposed to the effects of current local noise pollution, at an 

industrial site. Life cycle assessment (LCA) is a method developed for studying environmental 

impacts from the life cycle of products or product systems. One of the objectives of the method is to 

compare alternatives on a wide range of environmental criteria. LCA has been used to evaluate CCS 

options and Zapp et al. (2010) have made a review of 14 LCA studies of CCS. These are categorised 

according to the fuel sources investigated, capture technologies employed, system coverage and 
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range of impacts covered. Toxicity has been explicitly studied in seven of the studies and Zapp et al. 

write: 

 

“One impact category which is significantly affected by CCS technology is the Human Toxicity 

Potential (HTP). Those studies which include this category often show an increase from nearly 

200% for systems with CCS. Unfortunately, HTP is one of the impact categories with still high 

research demand for consolidation of exposure pathways of emissions and on selecting the 

most appropriate impact model with its impact indicator. Although HTP is considered in most 

studies several impact indicators used make a wider comparison impossible” (pp. 37 – 38).  

 

Veltman, Singh and colleagues at the Norwegian University of Science and Technology has published 

several articles related to LCA and CCS after Zapp et al.’s review. One of these is specifically directed 

at toxicity (Veltman et al. 2010). However it considers toxicity potentials for Monoethanolamine (MEA) 

and some aldehyde degradation products, but not nitrosamines nor nitramines. These toxicity data 

are used by Singh et al. (2011a, 2011b, 2012) where they are used in a consistent manner for life 

cycle impact assessment comparing different power production technologies with and without CCS. 

Thus, these articles do not answer the question whether the toxicity related to nitrosamines and 

nitramines is important in comparison to other environmental impacts. They do, however, relate to 

how toxicity is assessed in an LCA. 

   

The basis data for toxicity assessments, emissions from the facility, are the same for a risk 

assessment (RA) and an LCA; the underlying system should thus be comparable. The aim of LCA to 

cover a wide range of impacts in order to provide a holistic approach may, however, pose problems. 

How should one approach the larger issues, as well as the details? One example is the choice 

between producing 1 kWh of additional electricity, and reducing electricity consumption, while also 

addressing the details required for such an analysis, i.e. specific emissions of specific compounds in a 

specific process. Another challenge is communicating these issues simultaneously. This means that 

LCA can be seen as essential, otherwise how else can scientists communicate clearly to the public 

which environmental risks are of concern, if they do not know what is more important? 

 

The main aim of this report is to identify where current LCA methods and inventory data need 

improvement. This is done through a modelling exercise combining a previously performed LCA of a 

gas power plant with CCS (Modahl et al. 2009) with modelled emission data of amines and 

degradation products (Berglen et al. 2010). The exercise may give an indication as to whether current 

knowledge shows that emissions of amines and related degradation products are important in 

comparison to the possible mitigation of GHG emissions and other environmental harms or benefits 

associated with a gas fired power plant with CCS. However, the main focus of this study is to 

investigate the models included in LCA. An important feature of the report is a comparison of the 

models used in the LCA process in relation to other models for assessing environmental harm. In 

order to do such a comparison, one needs a brief overview of the current knowledge about 

nitrosamines and nitramines in relation to carbon capture and storage. 
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1.1 Structure of the report 

The remaining sections of the report are structured as follows: 

 Chapter 2 gives a brief overview of the LCA method and a discussion on differences and 

similarities between LCA and other models for assessing environmental performance, especially 

risk assessment (RA). 

 Chapter 3 provides a brief overview of relevant studies and the current knowledge relating to 

nitrosamines and nitramines relevant for carbon capture and storage. The overview is connected 

to work performed for TCM. However, this connection is limited to the deployment of certain data 

into the model.   

  Chapter 4 describes the case study where a gas fired power plant with carbon capture based on 

post combustion capture with amines. Parameters and assumptions are displayed and discussed. 

  Chapter 5 presents the results from the inclusion of toxicity assessment in the LCA for the case 

study described in Chapter 4. The results from the life cycle impact assessment (including toxicity) 

are then weighted, using weighting models already existing in LCA literature and software (EDIP 

2003, EPS 2000, ReCiPe). 

 Chapter 6 discusses the results and draws some conclusions from the work presented in this 

report. 

 Chapter 7 focuses on which data gaps and methodological issues will be addressed in the 

continuation of the EDecIDe project.  
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2 Environmental Assessment Methodology 

This chapter gives a short introduction to environmental assessment methodologies. However, as the 

EDecIDe project is based on LCA methodology, more focus is given to LCA in general and more 

specifically how toxicity modelling is incorporated in LCA. Consequently, although there isn’t a large 

focus on risk assessment methodology, this chapter contains a comparison between LCA and risk 

assessment on a methodological level. This comparison is revisited when results from the analysis 

documented in this report are discussed in relation to previous studies of amine based carbon capture 

facilities in Norway. 

 

A more thorough presentation of LCA follows, but generally speaking LCA is the only environmental 

impact assessment method with a product orientation. Other environmental assessment methods 

often focus on a given facility (such as in the method referred to as Environmental Impact 

Assessment) or on one specific compound (such as in Substance Flow Analysis or Risk Assessment). 

While LCA includes global scope for emissions and impacts, other assessment methods are 

predominantly local or regional.  

 

 

2.1 LCA 

“Life cycle assessment is described by Baumann and Tillman (2004) as an environmental systems 

analysis tool. Other examples of systems analysis tools given are Environmental Impact Assessment 

(EIA), Ecological Risk Assessment (ERA), Material Flow Analysis (MFA) and Cost Benefit Analysis 

(CBA). The life cycle inventory part of LCA focuses upon technical systems. Baumann and Tillman 

(2004) describe technical systems as managed and controlled by social systems and existing to 

supply people (social systems) with products and services. In this system view, technical systems use 

resources (from natural systems) and emit pollution and wastes to natural systems. Natural systems 

are affected by the pollutants and waste emitted. Social systems determine to what extent the 

changes in natural systems are interpreted as problems. The weighting step in LCA reflects the 

values and preferences within social systems. Baumann and Tillman state that since LCA models all 

three systems [technical, social and natural], it is necessarily multi-disciplinary” (Askham 2011). 

 

The historical roots of LCA can be traced back to energy analysis methods from the 1960s (Brekke 

2009). After an active period in the early 1970s – particularly associated with studies on packaging 

and waste – where the US Environmental Protection Agency (EPA) considered including LCA in its 

regulatory framework, LCA was almost unused until the late 1980s. A common initiative between the 

society for environmental toxicology and chemistry (SETAC) and United Nations Environmental 

Programme (UNEP) in 1989 led to description of guidelines and a process for standardisation. Since 

then, the methodological framework has been refined and encompasses an increasing number of 

environmental impact categories. The foundation in systems analysis, in order to keep track of 

potential trade-offs has always been, and still is, an important feature of LCA (Askham 2011). 
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2.1.1 The main aim of LCA 

ISO 14044 (2006) describes Life Cycle Assessment (LCA) as a technique for better understanding 

and addressing the environmental impacts associated with products and services. It is a standardised 

method with a clear focus on the function of a product or service, with the intention of minimising total 

environmental impacts associated with fulfilling this function. LCA relates to functions, because we do 

not establish systems to spend money or to pollute but to fulfil needs. Hence, instead of comparing for 

instance two different paints litre by litre, they are compared on the basis of how they actually fulfil 

their function. This means that the different coverage properties and different maintenance regimes of 

the two paints are taken into account. For CCS, this means that CCS itself is not the function to be 

studied but rather the main process where a carbon dioxide emitting source is being employed, 

whether this is related to power production or production of steel or cement.  

 

The system perspective and the inclusion of a large range of environmental impacts make LCA a tool 

for avoiding so called problem shifts – where either the emissions associated with one life cycle stage 

are reduced only to be increased in another stage, or the impacts associated with one environmental 

impact category are reduced only to be increased in another category. These two features are both 

potentially important in relation to carbon capture and storage. The reduction of greenhouse gas 

(GHG) emissions in the power production stage with carbon capture may be outweighed by increased 

GHG emissions in other stages (for instance in provision of extra energy needed for running the 

carbon capture and transport facilities. Similarly, reductions in GHG emissions may lead to increase in 

other emissions.  

 

2.1.2 The phases of an LCA 

Life Cycle Assessment is carried out in phases; goal and scope definition, inventory analysis, impact 

assessment and interpretation (ISO 14044 2006, European Commission 2010a, Baumann and 

Tillman 2004). Figure 2.1 illustrates the framework for LCA. 
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Figure 2-1 Framework for LCA (European Commission 2010a, modified from ISO14040 2006). 

 

This framework is described in depth in various references (for example Baumann and Tillman 2004, 

European Commission 2010a), so only a brief description will be given here. Goal and scope 

definition provide information about the product to be studied, the purpose of the study, its intended 

application, the reason it has been carried out and to whom the results are intended to be 

communicated. It is important that the goal and scope are clearly defined and consistent with the 

intended application. 

 

Inventory analysis is where information about the environmental accounts of the system is gathered. It 

is an incomplete mass and energy balance for the system (Baumann and Tillman 2004) – incomplete 

in that only the environmentally relevant flows are considered. Data for relevant inputs and outputs of 

raw materials, energy carriers, products, waste and emissions are collected and related to the 

functional unit for the product system. The functional unit is defined as the “quantified performance of 

a product system for use as a reference unit” (ISO 2006). The functional unit is part of the scope of 

the study and provides a reference to which the input and output data are normalised.   

 

Historically, environmental issues have often been focused on point sources, which mean individual 

facilities (shown as the box denoted “F” in Figure 2-2). In an LCA, as the focus is the function of a 

product system, multiple point sources are included. Important emissions sources can be found in the 

direct value chain for the production, often referred to as the foreground system (shown in dark blue in 

Figure 2-2), but also in value chains needed for producing inputs to the foreground system, often 

referred to as the background system (shown in lighter blue in Figure 2-2). 
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Figure 2-2 LCA captures all the stages in a product’s life cycle. 

 

This widened focus is what enables the identification of (and thus ability to avoid) problem shifts, 

although it also makes the analysis more difficult perform and interpretation of the results more 

complex. 

 

Impact assessment consists of classification, characterisation and weighting (the latter being 

optional). Classification is where the inventory parameters are sorted according to the type of 

environmental impact they contribute to (“which impacts are relevant”). Characterisation is where the 

relative contributions of the emissions and resource consumptions are calculated (“how much do the 

flows contribute”). Weighting can be used to interpret or further aggregate the results from 

characterisation. Baumann and Tillman describe weighting as a “yardstick” with which environmental 

problems are measured. Such “yardsticks” are based on expressed values and preferences 

concerning environmental issues.  

 

It should be noted that characterisation provides quantitative results in the form of the size of the 

environmental impact per category in equivalency factors. These equivalency factors are defined from 

models of cause-effect chains (Baumann and Tillman 2004). For example, all acidifying emissions 

(SO2, NOx, HCl, etc.) in the LCI results are added up based on their equivalency factors, resulting in 

a sum indicating the potential extent of the acidification impact. These impact potentials do not 

describe actual impacts since information about where the acidifying pollutants are deposited is not 

taken into consideration here. The equivalency factors (or characterisation factors) used are based on 

physico-chemical mechanisms of how different substances contribute to the different impact 

categories (i.e. based on natural sciences). Since equivalency factors are based on physico-chemical 

mechanisms, different geographic sensitivities to pollutants are disregarded. In practice, good 

characterisation methods exist for some of the impact categories where the mechanisms are relatively 

simple and well known (e.g. acidification), but are less well developed for others (e.g. ecotoxicity) 

where the mechanisms are more complicated. Characterisation methods are often developed outside 

the LCA community and imported into the LCA framework with or without modifications. For instance, 

F
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models for climate change are imported directly from IPCC while models for assessment of human 

toxicity are most often modified models from risk assessment. 

 

Figure 2-3 displays the aggregation performed in life cycle impact assessment where specific 

compounds are grouped according to relevant environmental impacts and different environmental 

impacts are ranked (the ranking, or weighting, being optional).  

 

 

 

Figure 2-3 Illustration of the stepwise aggregation of information in LCA (from Baumann and Tillman 

2004). 

 

There are several different weighting methods developed, which group different categories. One 

important distinction is between so-called midpoints and endpoints. The examples given for 

characterisation here are typical midpoint values where environmental impacts are related to physical 

characteristics of a reference substance, such as the potential of absorbing infrared radiation 

measured in CO2-equivalents for global warming potential. Endpoints are safeguard subjects, such as 

loss of crops, increased mortality or other essential features for quality of life. There is generally a 

trade-off between keeping the level of uncertainty low and the relevance high. Hertwich et al. (2000) 

have shown this as an impact chain with climate change as an example (see Figure 2-4), where the 

Global Warming Potential (GWP) is compared to an Economic-Damage Index (EDI). 
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Figure 2-4 Impact chain from stressor to loss of value (Hertwich et al. 2000). 

 

The impact chain thus displays the levels where different indicators can be established. For instance, 

we can measure emissions of greenhouse gases (GHGs) such as carbon dioxide and methane with a 

high level of confidence and provide results in mass of compounds emitted. Similarly, there is a clear 

causal relationship between increasing emissions of GHGs and an increased level of GHGs in the 

atmosphere. Laboratory tests show that some gases are capable of absorbing infrared radiation, 

which will give a warmer atmosphere. At this level, different GHGs can be compared according to 

their ability to absorb infrared radiation and their lifetime in the atmosphere. Often results are given in 

CO2-equivalents which express results at this stage. Still, we know that more heat in the atmosphere 

means more energy in the climate system and more extreme weather, but the exact relationship is 

difficult to quantify. This will again have consequences for crops, buildings, roads and other things we 

value (or safeguard subjects), but uncertainty is high when establishing the actual level of damage 

resulting from increased incidents of extreme weather. This is however the stage we want to reach 

when performing endpoint modelling. Hence, when we move down the impact chain, the relevance for 

human beings increases but so does the level of uncertainty. Even more uncertainty is introduced 

when several environmental impacts are scrutinised simultaneously, as in the case of weighting. 

Weighting is described further in Chapter 2.3. 
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2.2 Toxicity modelling 

Regulatory toxicology is concerned with risk assessment and risk management. The regulatory 

toxicology theory in this chapter is based on Van Leeuwen and Vermiere (2007). The risk 

management process consists of the steps illustrated in Figure 2-5.  

 

  

Figure 2-5 Steps in the risk management process (from Van Leeuwen and Vermiere 2007). 

 

Hazard identification is concerned with the inherent capacity for substances to cause adverse effects. 

Identification of the adverse effects involves gathering data on the types of health effects caused by a 

substance and the exposure conditions under which environmental damage, injury or disease will 

occur. A hazardous substance does not present a hazard without exposure. Exposure assessment 

concerns measuring exposure concentrations once substances are produced, used and emitted. 

Predictions can also be used - estimating emissions pathways, rates of movement of a substance and 

its transformation or degradation. Characteristics of the human populations or environmental 

compartments that are exposed, also the magnitude and duration of the exposure, are important. 

Effects assessment is also called dose-response assessment, which is the estimation of the 

relationship between the level of exposure (dose) and the extent of a toxic effect or disease. No effect 

levels (NELs) can be derived from studies in laboratories, which are converted into predicted, or 

estimated NELs (PNELs, or DNEL s) for humans or the environment by applying assessment factors. 

Environmental risk assessment (ERA) requires the estimation of these levels for many species. The 

complexity of ERA is often simplified by deriving PNECs (predicted no effect concentrations) for the 

environmental compartments: water, sediment, soil and air. 

 

Risk characterisation examines the significance of actual or predicted exposure to a substance, by 

using PEC /PNEC risk quotients to estimate the incidence and severity of adverse effects likely to 

occur in a human population or environmental compartment. This means that risks are only assessed 
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“in a very general and simplified manner. In fact the best we can do is provide a relative risk ranking” 

(Van Leeuwen and Vermiere (2007). Characterisation of risk is thus similar to characterisation in LCA, 

where emitted substances are relatively ranked according to the effects they can have compared to a 

reference substance (for example CO2 for global warming potential). 

 

Risk classification is described as the valuation of risk, to decide if risk reduction is required. The 

acceptability of risk is a value-laden issue. Two risk levels are commonly associated with this 

exercise; the upper limit (maximum permissible level, MPL) and the lower limit (the negligible level, 

NL). If these levels are used it is common to accept risk below the NL, but require the use of risk 

management measures (RMM) above this level. Levels above the MPL are defined as unacceptable. 

 

If risk reduction options are required risk-benefit analysis is used. The options for risk reduction can 

range from slight adaptation of the production process, or intended use of the substance to a 

complete ban on production or use of a substance. Technical feasibility, social and economic factors, 

ethical and cultural values, legislative/political factors and scientific aspects must be considered in 

risk-benefit analysis. Cost-benefit analysis is also widely used within the approach, estimating the net 

benefits (or costs) to society of a proposed restriction compared to the baseline. Risk reduction 

encompasses many different approaches, including: classification and labelling, safety or quality 

standards, risk management measures (RMM, i.e. redesign of processes, closed systems, workplace 

restrictions, instructions and information about safe use, gas masks, filter masks, goggles, gloves or 

limiting the concentration of a substance in a preparation or article). 

 

Monitoring and review is the final step in the risk management process illustrated in Figure 2-5- 

Monitoring is described as repetitive observation of one or more chemical or biological elements over 

space and time according to a pre-arranged schedule. Other ways of reviewing environmental and 

health management measures include audits and inspections, product registers, performance 

measurements and indicators for human health and sustainable development. 

 

The toxicity modelling described in the above is the basis for toxicity assessments in EIA and LCA. 

EIA focuses more on regulatory aspects, such as limit values for exposure to concentrations that are 

likely to cause harm to specific recipients. 

2.2.1 Toxicity modelling in LCA 

As described briefly above (Chapter 2.1), life cycle impact assessment consists of classification, 

characterisation and weighting. This section is concerned with the links between regulatory toxicology 

and human health and ecosystem impact assessment parts of LCIA. The modelling of transport, fate 

and environmental harm is built upon the same principles regardless of whether an LCA or an RA is 

performed. However, as most RA-studies are site specific, they model transport and deposition at a 

fine geographical scale rather than making general assumptions as in an LCA.  

 

LCIA results are calculated by multiplying the individual inventory data (life cycle inventory results) by 

characterisation factors (European Commission 2010a). A characterisation factor linearly expresses 

the contribution to an impact category of a quantity of a chemical released into the environment 

(Pennington et al. 2006). This factor is chemical specific and can also be a function of when and 

where an emission occurs. There are several models available for characterisation factors, both for 
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human health and ecosystem impact potentials. The European Commission Joint Research Centre 

has published an overview of the currently relevant LCIA models (European Commission 2010b). This 

is a background document for the work on recommendation of methods for LCIA in a European 

context (European Commission 2011).  

 

LCIA characterisation factors are based the following equation (Pennington et al. 2006): 

 

      

        
 

                 
      

 
                 

        
 

     
      

 
      

                 
 

         
      

 
         

      
 

                 
      

 
           

         
 

            
      

 

             (1) 

 

LCA aims to provide insights for products that are complementary to regulatory-, site- or process 

oriented risk assessments; whether or not current regulatory limits will be exceeded at specific 

locations or points in time is not the focus of an LCA. UseToxTM is the characterisation model that has 

been used for the human and eco-toxicity assessments presented in this report. 

 

2.2.2 UseTox
TM

 

The UseTox model has been used for assessing the importance of emissions of amines in the case 

study presented in this report. This model uses risk-based characterisation factors, which means that 

they are derived from the same sources as factors used in risk assessment studies. UseTox is a 

consensus model for chemical impact characterisation related to human toxicity and freshwater 

ecotoxicity (Rosenbaum et al. 2008, UseTox 2011). It is a result of the United Nations Environment 

Programme (UNEP)-Society for Environmental Toxicology and Chemistry (SETAC) Life Cycle 

Initiative. Pizzol et al. (2010) provides an overview of different existing LCIA methodologies. This 

shows how UseTox builds upon EcoIndicator 1999 (Goedkoop and Spriensma 2000), Impact 2002+ 

(Jolliet et al. 2003), EDIP 97 (Wenzel et al. 1997, Hauschild and Wenzel 1998) and TRACI (Bare et al. 

2003). As described in Pizzol et al. (2010), UseTox is not a complete, standalone, LCIA method, as it 

includes only human toxicity and ecotoxicity, but it is a multimedia model that can assess both fate 

and exposure for a number of chemical emissions. Figure 2-6 shows the UseTox framework for 

comparative toxicity assessment (Rosenbaum et al. 2008). The UseTox model provides 

characterisation factors that provide a CTU (comparative toxic units) scale, rather than an end point 

result (e.g. damage to human health), thus the dotted lines in Figure 2-6 show parts of the toxicity 

cause and effect chain that are not included in the UseTox model factors (the endpoints that would 

result from toxic emissions). 
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Figure 2-6 UseTox framework for comparative toxicity assessment (Rosenbaum et al. 2008). 

 

In UseTox the cause-effect chain is modelled using matrices of fate (       in day), exposure (       in day-

1, human toxicity only) and effects (       in cases/kgintake
3 for human toxicity, or PAF4 m3/kg for 

ecotoxicity). This results in a set of scale-specific characterisation factors (       in cases/kgemitted) as 

shown in Equation 3 (Rosenbaum et al. 2008): 

 

                                               (3) 

 

UseTox has been described as a new generation toxicity model for LCA, springing out of Leiden 

University’s CML 2000 and PRé Consultants Eco-Indicator (Huijbregts et al. 2005, Van de Meent and 

Huijbreghts 2005, UseTox 2011). The factors used in the UseTox LCIA method for human toxicity and 

ecotoxicity are based on three elements: 

1. Fate factors, calculated using USES-LCA 2.05 

2. Ecotoxicity effect factors, based on HC50
6  

3. Human toxicity effect factors, based on ED50
7
 and extrapolation from NOEL8 and LEOL9  

 

                                                 
3
 The unit cases/kgintake is the number of incidences of a specified effect (e.g. disease, reduced function, morbidity) per 

kg substance intake (e.g. ingested, inhaled etc.). 
4
 potentially affected fractions of species 

5
 A ’nested multi-media fate, exposure and effects model’ described in Van Zelm et al. (2009). 

6
 The median hazardous concentration affecting 50% of the species. Also defined as: “hazardeous concentration at 

which 50% of the species are affected at a level of an EC50 level”, where EC50 is “a statistically or graphically 
estimated. concentration that is expected to cause one or more specified effects in 50% of a group of organisms” 
(ASTM 1996). 
7
 The chronic dose of a substance with mode of action affecting 50% of the human population. “A statistically or 

graphically estimated concentration that is expected to be lethal to 50% of a group of organisms under specified 
conditions” (ASTM 1996). 
8
 NOEL = No observed effect level 

9
 Lowest observed effect level 



Environmental assessment of amine-based carbon capture    

Scenario modelling with life cycle assessment (LCA)    
 

© Ostfold Research  17 

The LCIA results from using the UseTox method are given in CTU. CTU stands for comparative toxic 

units. This is calculated by multiplying the CF with relevant emissions data (associated with the 

functional unit for the study). 

 

The UseTox LCIA method approach described above is principally different to an EIA approach. In an 

EIA the focus is threshold values (such as NOEL), where permits to emit substances are set to 

ensure no human is exposed to a level that may cause an effect. The UseTox LCIA method uses 

levels where 50% of a test population is affected (e.g. ED50), in order to quantify potential effects over 

the whole product life cycle. This fundamental difference in approach between EIA and LCIA is 

described in more detail in Potting et al. 1999, Askham 2012 and Askham et al. 2012.  

 

UseTox currently includes CFs for just over three thousand organic and inorganic substances. To put 

this into perspective, there are over 4200 publishable substances registered under REACH with 

ECHA (ECHA 2012). There are additional substances where the IUPAC name is claimed confidential, 

or that are not covered by REACH regulation (e.g. intermediate products, or degradation products, 

which are not traded). Thus there are data gaps for substances that may be relevant for the EDecIDe 

project. The REACH regulation may have provided impetus for the future availability of these toxicity 

data, but since intermediate products and degradation products which are not traded are not covered 

by the REACH regulation, then this may mean that toxicity data can be hard to obtain for all relevant 

substances. The chapters “Amines and degradation products from carbon capture” and “Further work” 

(3 and 7) will address this further. 

2.3 Weighting in LCA 

Weighting is an optional part of Life Cycle Assessment (LCA). As previously described, weighting can 

be used to interpret or further aggregate the results from characterisation. Baumann and Tillman 

describe weighting as a “yardstick” with which environmental problems are measured. Such 

“yardsticks” are based on expressed values and preferences concerning environmental issues. 

Characterisation provides environmental performance scores connected to several impact categories. 

The weighting step assigns relative weights to impact or damage categories, called weighting factors 

(Baumann and Tillman, 2004). Most weighting methods are parts of renowned Life Cycle Impact 

Assessment (LCIA) methods, such as ReCiPe, Impact 2002 and EPS 2000.  Weighting is 

controversial (Finnveden et al., 2006), as trade-off different impacts or damages requires the 

incorporation of values (Finnveden, 1997).  

 

CCS using amine scrubbing technology is a case where the results for different impact categories 

give contrary indications, thus making it necessary for decision makers to decide which impact 

categories are more important. Weighting can be used in order to establish which of the impacts are 

more important for society and/or nature, or more in accordance with selected principles, and to 

enable the selection of the ‘right’ technical solution. When the results are not weighted using pre-

defined methods, the author or reader may be tempted (consciously or subconsciously) to make them 

easier to understand by placing emphasis on certain impact categories at the expense of others. This 

could result in an unintentional weighting (Brekke, 2012).  

 

Weighting models in LCA are based on two fundamental principles; that all environmental burdens 

are not equally important and that emissions themselves do not equal environmental burdens, but 
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rather that the consequences of the emissions do. Weighting is based on value choices. The methods 

are based on principles such as distance to target and damage values, as well as combinations of 

others in monetary or other units. Proposed taxonomies of such weighting principles have recently 

been developed by Ahlroth et al. (2011) and Huppes and van Oers (2011).  

 

In the development of weighting methods, two approaches can be described: 1) a “top-down” 

approach where the overall value of the environment is broken down into impact categories; and 2) a 

“bottom-up” approach where environmental impact categories are aggregated into a final result. The 

first approach starts with the loss of value (as shown at the bottom of Figure 2-4) and then deducing 

the environmental impacts that can lead to such loss. The second starts with stressors identified in 

the inventory and uses known midpoint indicators, which are ranked according to some criteria and 

aggregated. This means that the choice of weighting method may have consequences for which 

inventory elements are included in the classification and characterisation steps (and in the final 

weighting). Hence, there is a risk that some potential stressors may be left out of the assessment.  

 

Since weighting never can give an exact answer, the authors have chosen to use three different 

weighting methods in order to observe the robustness of the weighting results. The three methods 

used in this study are EDIP 2003 (based on political environmental targets, Hauschild and Potting 

2005, Potting and Hauschild 2005), EPS 2000 (based on willingness to pay, Steen 1999a/1999b) and 

ReCiPe (dependent on damage costs, Jolliet et al. 2008). These three methods were chosen because 

they cover three different approaches to weighting, that is: distance to target, willingness to pay, and 

damage costs, and because they are the newest weighting methods available for each approach. 

They might therefore produce divergent results. Due to differences in the impact assessment step, 

these methods also have different approaches also in regard to midpoint categories and the models 

used to calculate environmental impacts from inventory data. Such differences may lead to some 

compounds being included in one method not being included in another. 

 

2.3.1 EDIP 2003 

EDIP 2003 is a follow up on the EDIP97 methodology, which was intended to provide spatially 

differentiated characterisation factors for the non-global emission-related impact categories and noise. 

It includes exposure assessment based on regional information in the LCIA at a midpoint level 

(photochemical ozone formation, acidification, eutrophication, ecotoxicity, human toxicity, noise). For 

the global impact categories, updates of the EDIP97 factors are provided. EDIP 2003 is developed 

according to a “bottom-up” approach where 17 environmental impact categories are aggregated in the 

weighting step. The model includes normalisation (where emissions from the analysed product 

system are compared to reference emissions, such as average emissions per a European or Global 

citizen) and weighting of environmental impacts based on political environmental targets (European 

Commission JRC 2010c). According to Goedkoop et al. (2010), the weighting factors of EDIP97 are 

employed in SimaPro, as weighting factors have not been developed specifically for EDIP 2003. 

Ecotoxicity has no normalization factors and is thus not included. It is also worth mentioning that 

regional information is not included in the software. 
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2.3.2 EPS 2000  

The intended purpose of the EPS 2000 method was to assist designers and product developers. In 

the beginning (1990) EPS 2000 was ahead of its time, as it was the first model to calculate actual 

environmental damages. This is called endpoint modelling. It was also the first model which used 

monetisation. EPS 2000 utilises a “top-down” approach and has identified damage (or endpoint) 

categories such as “Human Health”, “Ecosystem production capacity” and “Cultural and recreational 

values”. From these endpoints, characterisation and classification is performed. The model uses the 

precautionary principle, meaning that if a mechanism is uncertain, a most likely case assumption is 

used. The amount of detail is high, a clear majority of the included models are global and the time 

horizon is generally long. Since business-as-usual is the default scenario, resource depletion is given 

a relatively high damage factor (European Commission JRC 2010c). This model uses monetisation on 

the basis of willingness to pay for avoiding damage as weighting factors. 

 

 

 

 

2.3.3 ReCiPe 

ReCiPe is a method that, like EcoIndicator 99, offers endpoint results for a set of environmental 

damages and weights results based on the decisions of a panel of experts (Wernet et al. 2010). The 

acronym ReCiPe is appropriate because the method provides a recipe to calculate life cycle impact 

category indicators; it also represents the initials of the institutes that were the main contributors: 

RIVM and Radboud University, CML, and PRé (Goedkoop et al. 2009). Pizzol et al. 2010 describes 

ReCiPe as harmonizing the two Dutch models CML2001 and Eco-Indicator 99, linking the midpoint 

approach in CML 2001 with the endpoint approach in EcoIndicator 99 in a consistent way. ReCiPe 

does this in two steps, so that the user can choose where to end their analysis (midpoint, e.g. for 

human toxicity kg 1,4-dichlorobenzene equivalents, or endpoint level, e.g. disability adjusted life 

years, DALY). With the exception of land use and resources, the characterisation factors are 

calculated on the basis of a cause and effect chain. Figure 2-7 shows the steps involved when 

calculating endpoints from the inventory list using ReCiPe. All impacts are marginal (European 

Commission JRC 2010c). Weighting is based on a panel weighting of the three damage categories. 

Three different cultural perspectives are used for weighting factors: egalitarian, hierarchist and 

individualist. In this specific study, the hierarchist average for Europe has been used.  
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Figure 2-7 The steps from inventory to weighting in ReCiPe 

 

 

 

 

 

2.4 How LCA differs from other environmental assessment tools 

This chapter focuses on the distinction between “only above threshold” and “less is better” (Ekvall et 

al. 2005). 

 

 

The differences and commonalities in LCA and risk assessment (RA) have been examined by several 

authors (for example Wegener Sleeswijk et al. 2001, Olsen et al. 2001, Hofstetter et al. 2002, Cowell 

et al. 2002, Hertwich et al. 2001). It is important to note that the impact assessment part of LCA is 

analysing the potential environmental impacts that are caused by interventions that cross the border 

between technosphere and ecosphere and act on the natural environment and humans. Any potential 

environmental impacts are caused after fate and exposure steps. The results of LCIA should be seen 

as environmentally relevant impact potential indicators, rather than predictions of actual 

environmental effects (ILCD Handbook, European Commission 2010a). LCA and LCIA are described 

in the ILCD Handbook as distinct from risk based, substance specific instruments. Bare (2006) 
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describes the commonalities between LCIA and human health risk assessment as the basis for the 

modelling. LCIA can be described as more comprehensive than human health risk assessment, as it 

covers a larger number of impacts, stressors and locations. The more comprehensive coverage of 

LCIA results in a decreased level of certainty.  

 

The role of human health RA is to protect the local population by not exceeding a certain acceptable 

level of risk (as described in the risk classification step of risk management in Van Leeuwen and 

Vermiere 2007), whereas the role of LCIA is to provide relative comparisons, and identify from where 

the primary sources of potential impact are projected (Olsen et al. 2001, Bare 2006, Pennington et al. 

2006). Human health RA can be overly protective of local populations using assumptions that err on 

the side of higher dosages calculated, whereas LCIA may try to represent more of the average impact 

on society (Bare 2006). RA also often takes background concentrations into account and can thus 

give absolute risk calculations. LCIA’s broader perspective means that background concentrations are 

generally not incorporated, but LCIA can provide a view of the emissions occurring over the full life 

cycle. Site specific air dispersion models and groundwater models in RA are typically more 

sophisticated and can strengthen the accuracy of LCIA models (Owens 1997). LCA cannot address 

threshold issues, or actual quantification of risk, but it is described as doing a better job of calculating 

the potential for marginal risks for a large number of stressors and emission locations (Bare 2006).  



Environmental assessment of amine-based carbon capture    

Scenario modelling with life cycle assessment (LCA)    
 

© Ostfold Research  22 

3 Amines and degradation products from carbon 

capture 

This report presents a modelling exercise performed in 2011. There has been a lot of knowledge 

related to amines and their degradation products amassed during the last few years and the latest 

results are not contained herein. A short résumé of current knowledge is, however, included here to 

put the modelling in perspective and to provide necessary information required to discuss the results. 

Most of the information is based on work related to TCM carried out prior to operation. Some of the 

most recent research is not included, as these were published after the study presented in this report 

was completed. Therefore, conclusions regarding emissions of nitrosamines and nitramines (or the 

formation of such in the atmosphere) from operational and/or full scale carbon capture facilities might 

be different. 

 

The Norwegian Institute for Air Research (NILU) warned about the possibility for formation of 

unwanted amine degradation products in 2007 and, following an expert workshop, started research 

on quantification of emissions of amines, formation rates, transport, precipitation, fate and toxicity of 

the compounds (Gram 2008). Two projects; one called CO2 and Amines (http://co2.nilu.no) 

administrated by NILU and one called Atmospheric Degradation of Amines (http://ada.nilu.no) 

administrated by UIO, have been undertaken in cooperation with several industrial companies and 

research partners in Norway and abroad. One of the first deliveries from CO2 and Amines was a 

worst case study on amine emissions reported in Karl et al (2008). From this study it was concluded 

that nitrosamines formed in the atmosphere after emission of amines might pose a risk to aquatic 

organisms and/or human health. Numerous studies have been undertaken in the aforementioned 

projects and in projects related to TCM and carbon capture facility at Mongstad on all aspects from 

the formation of amine degradation products to health effects of the different amine compounds. They 

are all small pieces in the big puzzle to investigate the probability of finding an amount of nitrosamines 

or nitramines in a given place at a given time and establishing the consequences. In the following, a 

brief overview of the current status is given. 

 

3.1 Emissions of amines and degradation products from the stack 

An absolute necessary condition for detrimental effects from amines or degradation products is the 

occurrence of any such compounds being exposed to workers during the process or compounds 

leaving the amine based carbon capture process and potentially affect the public or nature. For amine 

based carbon capture to be a viable process, both the condition of avoiding exposure to workers and 

the public and a low level of emissions from the stack are required.  

 

The application for permission to emit from TCM to the Norwegian Climate and Pollution Agency (Klif) 

uses a combination of measured and estimated emissions (TCM 2011). The document gives a list of 

solvents with associated emissions expected in tons/year (ibid, p. 39). These values are used in the 

LCA in this report. Nitrosamines are, however, only specified as a group of compounds and the exact 

nitrosamines to be emitted are not reported. 

 

http://co2.nilu.no/
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Knudsen and Bade (2011) presented technologies for reducing emissions from the stack. They report 

three mechanisms leading to emissions; namely: 1) gas phase emission, 2) liquid carry over 

(entrainment), and 3) emission in form of condensed mist. The two first mechanisms are not 

considered important either because of little influence on emission of amines or because they are 

easily manageable with adjusting processes with measures like water wash, acid wash, high solvent 

purity or use of anti foam. 

 

Brakstad, da Silva and Syversen (2011) performed an evaluation of possible degradation components 

in the post combustion process based on open scientific sources and analytical tools. They state that 

much is known about thermal degradation but that oxidative degradation, more relevant to post-

combustion carbon capture, is lesser known. The report gives a comprehensive overview of possible 

degradation products divided into three categories: 1) volatile degradation products, 2) medium 

volatility degradation products and non-volatile degradation products. The reason for this 

categorization is that volatile and non-volatile products are expected to be emitted, volatile products 

because the water wash will be less efficient and non-volatile products through entrainment. Medium 

volatile products will have low emissions. In addition, nitrosamines and nitramines are reported 

separately. Eight of the ten nitrosamines are reported to be volatile and 4-nitroso-morpholine and N-

nitrosodiethanolamine have been detected in a MEA campaign performed by ACC (Rokkjær and 

Vang 2009). The report contains a provisional risk evaluation of the compounds by using the 

occupational exposure limit (OEL) divided by 100 to give air limits at ground level. Nitrosamines, 

nitramines and amines are all given the value 0.01 µg/m3, while ammonia is given the value 180 

µg/m3 and formaldehyde 6 µg/m3. 

 

Brakstad, Vang and Syversen (2010) studied the health and environment information for 12 solvents 

(all amines) relevant for TCM. After the initial screening, the number of solvents was reduced to eight 

for which available information was scrutinised. For only a few solvents, the authors concluded that no 

further environmental testing would be required. MEA was one of the solvents where health and 

environmental information was available.  

 

 

3.2 Degradation products formed in the atmosphere 

The project Atmospheric Degradation of Amines was initiated to test the theoretical values for 

degradation products reported in Bråten et al (2008) through experiments. As reported in Nielsen et al 

(2010) atmospheric gas phase photo-oxidation of MEA was studied in the European Photochemical 

Reactor, EUPHORE, in Valencia, Spain. Several experimental set ups were used and results showed 

that the major products, i.e. more than 80%, in photo-oxidation of MEA are formamide and 

formaldehyde, of which the latter has a short atmospheric lifetime. Minor products are acetaldehyde 

(short-lived) and 2-oxo acetamide (longer lived). Nitrosamines were not detected in any of the 

experiments but the nitramine was confirmed as product. The yield depends on NOx levels, and for 

rural regions with levels of 0.2 – 10 ppbV, less than 3 ‰ of emitted MEA will end up as the nitramine. 

The summary of the report ends with the following remark: “Atmospheric dispersion model 

calculations including the gas phase/liquid phase partitioning of MEA and particle formation processes 

are necessary to estimate the exposure of the population and the environment to particles and 

oxidation products forming from MEA”. 
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When reporting on current status in the end of 2011, Nielsen (2011) stated that the understanding of 

atmospheric amine chemistry has reached a level where quantitative descriptions of amine 

degradation can be made. Furthermore, based on expected emission levels at Mongstad and the 

conditions in the atmosphere, the level of nitrosamines and nitramines is low.  

3.3 Transport and deposition 

When amine emissions leave the stack or amines degrade in the atmosphere, the resulting 

environmental impacts depend on the concentrations reaching media where organisms can be 

affected. This again, is dependent on how compounds are transported and deposited.  

 

NILU performed a study of dispersion of emissions to air in 2010 (Berglen et al 2010). This study used 

TAPM (The Air Pollution Model) to calculate air concentrations and deposition of emissions from 

TCM. The study used a scaling method of inert tracers based on degradation and formation potential 

of the amines emitted. In case of knowledge gaps the maximum possible value was assumed and the 

study therefore was regarded as a “worst case exercise”. The results were presented as annual mean 

and 8-hours mean maximum concentrations and annual deposition of pollutants. These values are 

useful to investigate chronic (annual mean) and acute (maximum 8-hours mean) toxicity and 

eutrophication and drinking water concentrations (deposition). Maximum annual concentration occurs 

at an 8-10 km distance from Mongstad. Concerning deposition this strongly depend on the rainfall 

(orographic rain at the west coast of Norway) but maximum occurs typically within 30 km. According 

to this study the emissions related to amine based post-combustion carbon capture are calculated to 

give a maximum annual mean concentration of MEA at 1.3 ng/m3, formaldehyde at 1.6 ng/m3, 

acetaldehyde at 2,4 ng/m3 and alkyl amines just below 1.0 ng/m3 (“Design case”). All calculated 

annual mean values are below air quality guidelines where such exist. For nitrosamines, the 

concentration will be below the threshold US EPA IRIS value (0.07 ng/m3) if the sum of component 

emitted is below 0.02 g/s while threshold values for drinking water may be exceeded depending on 

degradation of nitrosamines in water. 

 

The NILU 2010 study was updated in 2011 (Tønnesen, 2011a and b) based on new knowledge about 

nitrosamine and nitramine formation potential. The purpose was to investigate the sum of 

nitrosamines and nitramines. These new calculations showed that expected maximum concentrations 

in air of the sum of nitrosamines and nitramines are 0.0046 ng/m3 and 0.013 ng/m3 for likely case and 

worst case respectively (“Solvent 2 CHP”). For drinking water the maximum concentrations were 

calculated to be 0.128  ng/l (likely case) and 2.1 ng/l (worst case).  

 

 

3.4 Ecological effects of amines and degradation products 

In the CO2 and Amines project, Aarrestad and Gjershaug (2009) did a review of literature on effects 

of amines and degradation products on vegetation and fauna. They conclude that amines may have 

an eutrophication effect on vegetation, but the potential is not quantified in literature. Little information 

is found on relevant amines effects on fauna, but laboratory experiments on animals show that 

amines are irritating to skin and toxic at high concentrations. Different types of the degradation 
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products amides, nitrosamines and nitramines are reported to be toxic to mammals and soil 

invertebrates. Effects from degradation products (amides, nitrosamines and nitramines) on vegetation 

are not reported in literature, but amides are used in herbicides in order to restrict growth.  

 

Brooks (2008) evaluated impacts on freshwater animals and plants from amines and degradation 

products. The report gives values of concentrations found of the different compounds in literature and 

proceeds with acute and chronic toxicity data. The highest value for toxicity was found in algae 

exposed to N-nitrosodimethylamine (NDMA), with a lowest observable effect concentration (LOEC) of 

0.025 mg/L. Studies on amines had found lesser toxicity levels with the highest being chronic effects 

for fish exposed to MDEA with a LOEC of 0.5 mg/L and chronic effects for algae exposed to MEA with 

a LOEC of 0.75 mg/L. Brooks states that the information on amine compounds and derivatives likely 

to result from carbon capture is sparse and more studies on ecotoxicity should be performed. 

 

3.5 Health effects of amines and degradation products 

Låg and colleagues from the Norwegian Institute for Public Health (NIPH) performed two studies in 

the CO2 and amines project (Låg et al 2009a and Låg et al 2009b). The first of these focused on the 

health effects of amines while the other focused on health effects from degradation products such as 

nitrosamines and nitramines. Låg et al (2009a) scrutinise and report experimental studies performed 

on monoethanolamine (MEA), piperazine, aminoethylpropanol (AMP) and methyldiethanolamine 

(MDEA) as relevant amines for CO2 capture. They state that all the amines seem to be irritative with 

only piperazine reported to be sensitizing. None of the amines are reported to be carcinogenic but 

Låg et al advocate that both this and reproductive and developmental toxicity should be checked in 

additional studies. Only piperazine has been thoroughly tested more recently of the four amines, MEA 

has undergone experimental studies mainly in the 60ies and the 70ies, while AMP and MDEA are 

scarcely studied. Låg et al (2009b) investigate health effects of degradation products from amines, 

namely nitrosamines, nitramines, aldehydes and amides. They state that data are sparse, but there is 

little doubt that some nitrosamines are extremely potent carcinogens. Some nitramines are mutagenic 

and carcinogenic in rodents, but much less potent than corresponding nitrosamines. Aldehydes have 

a negligibly low risk of respiratory tract cancer. Formamide and acetamide are reported to have a 

potential for developmental toxicity and carcinogenicity and acetamide may also induce skin irritation.  

 

In 2011, NIPH was asked by Klif to 1) evaluate the potential health effects from exposure to amines, 

nitrosamines and nitramines from a carbon capture plant and 2) evaluate existing risk estimates for N-

nitrosodimethylamine (NDMA) (Låg et al 2011). Part of the mandate was thus to examine literature 

published after 2008 for the four amines already studied in Låg et al (2008a), and in addition search 

for information on other amines. The evaluation of existing risk estimates for NDMA was supposed to 

form the basis for a recommendation for an exposure limit for nitrosamines.  

The report concludes that little additional information is produced for the earlier studied amines. For 

the additional amines, only a few had reliable toxicity data while most had to few data to give 

quantifications of the health hazard. NDMA has been evaluated through dose-response modelling for 

a drinking water study and an inhalation study with greater uncertainty. It is concluded that the excess 

cancer risk is considered minimal (less than 10-6) if air concentration of NDMA is below 0.3 ng/m3 and 

as NDMA is a potent nitrosamine this can be used as a proxy for all nitrosamines. Still, if large 

emissions of even more potent nitrosamines, such as N-nitrosodiethylamine, occur, a new risk 
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examination may be warranted. Data on nitramines is very limited, but they are believed to be less 

potent than nitrosamines. Thus, using the air concentration value for NDMA as an exposure limit 

gives a safety factor. However, if a large portion of the emissions is nitramines, a new risk 

assessment of the actual facility should be performed. NIPH recommends KLIF to set an exposure 

level of the sum of nitrosamines and nitramines concentration to not exceed 0.3 ng/m3. 

 

 

 

3.6 The total chain from emission to impact 

The worst case scenario conducted by Karl et al (2008) and the air dispersion calculations for TCM in 

2010 (Berglen et al 2010) was updated in 2011 (Tønnesen 2011a and 2011b). Differences between 

the first study and the 2011 update was connected to emission estimates, components included, 

dispersion models used, inclusion of atmospheric chemistry, inclusion of deposition and degradation 

and inclusion of guideline values. Regarding the latter, in 2010 the US EPA IRIS value of 0.07 ng/m3 

was used while Tønnesen (2011 a and 2011b) used the value 0.3 ng/m3 for the sum of nitrosamines 

and nitramines recommended by NIPH. The study concludes that guideline value for air concentration 

is upheld with very good margin and guideline value for drinking water is upheld with a margin of a 

factor between 1.9 and 7.6. Likely case conditions would reduce air concentration by more than a 

factor of 3 and water concentration by a factor 20 for the MEA scenarios and a factor 10 for the 

solvent 2 scenarios. It is stressed in the report that the reported values only are valid for conditions 

related to TCM (that is, for the test centre at Mongstad) and cannot be scaled to other regions.  

 

All in all, the reports warn about the potential risks associated with amines and especially their 

degradation products. It is stressed that these have potentially detrimental effects. However, as most 

studies are performed in relation to the planned operations at Mongstad, the overall conclusion is that 

the amines emission problem can be handled based on conservative estimates (following the 

precautionary principle) for acceptable emissions from the carbon capture plant and because of 

favourable atmospheric conditions with regard to formation of unwanted components. This conclusion 

is highly geographically specific and results produced in an LCA may lead to a different conclusion. 

 

The knowledge presented in this chapter is an important basis for the section discussing the results 

from the modelling exercise. 
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4 LCA of gas power plant with and without carbon capture 

 

Ostfold Research performed a life cycle assessment of a gas power plant with post-combustion CO2 

capture in 2008 (Modahl et al. 2008) and a follow-up study in 2009 (Modahl et al. 2009) which showed 

that introducing carbon capture reduces impacts on climate change but increases impacts in most 

other environmental impacts categories. The LCA-study modelled different energy sources to supply 

the carbon capture facility. A short overview of the most important assumptions and results is given 

here: 

 

The LCA was made of a non-existing plant and numbers on consumptions, emissions and efficiencies 

were taken from several technical reports and from modelling work made by StatoilHydro (now 

Statoil). The functional unit for the LCA was 1 TWh of electricity generated at the gas power plant.  

 

 

Several scenarios were made for the supply of energy for running the carbon capture facility. The 

specifics of the scenarios will not be presented here but commented upon when results are 

presented. Figure 4-1 gives a schematic overview of the gas power plant with the carbon capture 

facility. 

 

 

Figure 4-1 A schematic overview of the life cycle(s) captured in Modahl et al. (2009). 

 

The figure shows that all of the processes from gas production until electricity is ready to be exported 

from the gas power plant are included. In addition, a facility for capturing CO2, and systems for 

transport and storage of CO2, are included. Different sources for steam supply were modelled and 

compared. Note that the figure hides the real complexity of the system where every process stage in 

reality consists of thousands of processes that provide raw materials, infrastructure and other inputs. 

There is a set of emissions and resource use (life cycle inventory) for every process in the model. An 

important assumption is that no CO2 leaks from the reservoir after injection.  

 

Results from the study are presented in Figure 4-2 
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Figure 4-2 Results from Modahl et al. (2009) for five environmental impact categories. 

 

Figure 4-2 shows how the reference scenario (without CCS) has a much higher global warming 

potential than all of the scenarios with CCS. However, for all other environmental impact categories, 

the reference scenario has a better performance. This means there is a trade-off to be made in order 

to decide whether CCS should be introduced or not. Still, the choice of energy supply for carbon 

capture is easy as the best CCS scenario in all categories is the one where process integration is 

employed to provide energy for carbon capture. A weighting exercise was performed in this previous 

study, but this is not presented here, as an updated weighting using newer methods is presented in 

later in this report. 

 

The same model for gas power production and carbon capture was employed for this report, but 

changes were made in order to better capture possible environmental impacts associated with 

amines. These changes are described in the following. 

 

4.1 Goal and scope 

The functional unit chosen for this study was 1 kWh net electricity generated at the gas power plant. 

Although the previous study by Modahl et al. (2009) includes a much larger amount of electricity 

generated, we chose 1 kWh as this makes the results comparable with other results for electricity 

production. The advantage of a large functional unit is the ability to avoid small numbers where errors 

can occur, however, the basis for comparison was more important for this study and the EDecIDe 

project. Work Package 3 will focus on benchmarking against other electricity generation technologies 

and thus a functional unit that enables comparison is important. 

 

At the outset we wanted to check if nitrosamines and nitramines would contribute with important 

environmental impacts in an LCA. Thus, first we had to investigate if nitrosamines and nitramines are 

important in the relevant environmental impact categories. In the classification step, pollutants are 
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sorted into the categories where they make an impact (see Figure 2-3). There are uncertainties 

associated with the impacts of different amine compounds and older LCIA methods do not include 

them.  

 

The next step – if nitrosamines and/or nitramines are shown to be important for the relevant 

categories – would be to scrutinise whether these categories are important relative to other 

environmental impact categories. The level of impact may of course be significant although one or 

more other impacts are more severe, but this must be related to the actual function the system fulfils. 

This step, where the impacts from different categories are ranked relative to each other is called 

weighting in LCA.  

 

Because of uncertainties in many of the processes involved (e.g. emission levels and composition of 

the plume leaving the stack of the capture facility, the atmospheric degradation and the actual effects 

of different nitrosamines and nitramines), the study is set up as a sensitivity analysis where both 

emission levels and composition is varied and where different impact and weighting methods are 

used to generate results. A thorough check of which compounds contribute to which impacts has 

been performed. Similarly important, the compounds that are not covered by the different methods 

have also been investigated.  

After these analyses, results and assumptions were compared to other methods, for instance risk 

levels of nitrosamines and nitramines from the Norwegian Institute of Public Health.   

 

4.2 Study setup 

This study is based on the model made by Modahl et al. (2009) and extraction of gas, transport of gas 

to the facility, infrastructure, production of raw materials and most other processes are identical. 

Differences are found in emissions from the carbon capture facility where emission levels, compounds 

and receiving media are varied. Three different scenarios are investigated: 1) a “worst case” scenario 

where upper ranges of amines and degradation products are emitted in a populated area; 2) a “most 

likely” scenario with an expected emission level as published in a recent Environmental Permit and 

scaled for the modelled gas fired power plant in a scarcely populated area; and 3) a “Base case” 

scenario without carbon capture and consequently without emissions of amines or degradation 

products. In addition, data from Modahl et al. (2009) is included to show the differences resulting from 

updated amine emissions data, including its degradation products. This is denoted “Original LCA”. All 

the cases which include carbon capture are based on the best performing alternative from the 

previous LCA, which is the one with process integration instead of external energy supply. 

 

The emission levels used for the carbon capture stage in the four scenarios are given in Table 4.1. 

Figures for the “Worst case” and the “Most likely case” are calculated by multiplying emission levels 

(in g/s) given in the report underlying the emission permit for TCM (Berglen et al. 2010) with the 

corresponding amount of flue gas being cleaned in Modahl et al. (2009). The resulting emission levels 

are given as emissions per hour and they are thus multiplied with the necessary reference flow for 

production of 1 MWh of electricity. N-Nitrosomorpholine was chosen as a proxy for nitrosamines 

because Berglen et al. (2010) do not specify which nitrosamines are emitted from the stack or formed 

in the atmosphere, and because Brakstad et al. (2010) reports that N-Nitrosomorpholine was found in 

tests performed at Longannet in Scotland. No nitramines are reported emitted. There are good 
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reasons to believe that results from Berglen et al. (2010) are not really corresponding to actual 

emission levels and that they are not scalable to larger CCS facilities. However, the main reason for 

performing this study is to investigate LCIA methods and their applicability to CCS and therefore not 

to calculate absolute values for environmental impacts from a given CCS facility. 

 

 

Table 4-1 The emissions data and literature sources for these data. 

 Worst case Most likely Original LCA Base 

case 

Emissions from carbon 

capture* 

[Kg/day] [g/MWh] [Kg/day] [g/MWh] [Kg/day] [g/MWh] n.a. 

Monoethanolamine 37.6 53.5 2.37 3.37 37.6 53.5  

Ammonia 23.0 32.8 3.44 5.92 23.0 32.8  

Acetaldehyde 39.2 55.9 4.45 6.35 39.2 55.9  

Formaldehyde 3.03 4.33 3.03 4.33    

Acetone 0.587 0.836 0.587 0.836    

Formamide 0.91 1.29 0.91 1.29    

Acetamide 0.0119 0.0170 0.0119 0.0170    

Methyl amine 0.627 0.892 0.627 0.892    

Ethylamine 0.0911 0.130 0.0911 0.130    

Dimethylamine 0.911 1.30 0.911 1.30    

Diethylamine 0.0148 0.0210 0.0148 0.0210    

Dibutylamine 0.0261 0.0371 0.0261 0.0371    

Dipropylamine 0.00204 0.00291 0.00204 0.00291    

Formic acid 0.093 0.132 0.0930 0.132    

Acetic acid 0.121 0.179 0.121 0.179    

Butyric acid 0.178 0.253 0.178 0.253    

Propionic acid 0.15 0.213 0.150 0.213    

Diethanolamine 0.00407 0.00579 0.00407 0.00579    

n-Nitrosomorpholine 0.0398 0.057 0.0105 0.0149    

Population density High Low Low Low 

Literature sources Berglen et al. 

(2010), Brakstad 

et al. (2010) and 

Modahl et al. 

(2009) 

Berglen et al. 

(2010), Brakstad et 

al. (2010) and 

Modahl et al. 

(2009) 

Modahl et al. 

(2009) 

Modahl 

et al. 

(2009) 

*Emission levels are given per MWh although the functional unit is 1 kWh of electricity generated. 

This is to make the table more readable. 

 

The emissions of the mother amine (MEA) vary by a factor of almost 16 between the worst case and 

the most likely case. In the original LCA, the worst case calculation value has been used (originates 

from the same literature sources). However, it is important to stress that the original LCA had MEA as 

the only emitted amine compound and that, in this study, both the most likely and the worst case 

include a range of other compounds emitted, such as formaldehyde and various amine degradation 

products. It is however, even more important to remember that the analysis is based on a life cycle 
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assessment. This means that many other processes may be important. All the scenarios with carbon 

capture require more gas production for producing 1 kWh, thus increasing the use of all processes. In 

addition, materials production for the facility infrastructure, as well as production of the solvent also 

contribute to environmental impacts.  

 

There are two main goals in performing the modelling exercise: 1) examine the contributions of amine 

emissions to impacts in environmental impact categories related to toxicity using the UseToxTM 

method, and 2) compare the toxic impacts to the other environmental impacts associated with carbon 

capture and storage (where it is assumed that storage has no other impacts than those related to 

transport) from the facility, with the aid of three different weighting methods (EDIP 2003, EPS 2000 

and ReCiPe). 

 

4.2.1 Sensitivity analysis 

The entire analysis is set up as a sensitivity analysis where the different scenarios give ranges of 

emissions. However, to better understand the results from the analysis and check the significance of 

a possibly important assumption, a sensitivity analysis was conducted related to the specific 

nitrosamine emitted. The choice of n-nitrosomorpholine as a proxy for all nitrosamines may be 

important and this assumption is investigated in the sensitivity analysis. First, limits for oral uptake 

from Norway’s Institute of Public Health (NIPH) are compared to the importance given to the same 

substances in UseTox. This comparison is used to select compounds to model further.  
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5  Results 

5.1 Assessment of toxicity in different scenarios 

The first results that were calculated were impacts on human toxicity (carcinogenic effects), with two 

different versions of the UseTox method. Figure 5-1 presents results from the recommended version 

where no interim factors are included.  

 

 

Figure 5-1 Human toxicity potential (carcinogenic effects) from UseTox for different scenarios for 

generation of 1 kWh net electricity in gas power plant with and without carbon capture.  

 

The figure shows that the worst case has a contribution to human toxicity that is more than 12 times 

higher than the most likely case, and more than 40 times higher than the original LCA. The base case 

is almost invisible, showing that the carbon capture activity is responsible for carcinogenic impacts 

related to gas power production. It might be worth noticing that the most likely case gives a higher 

contribution than the original LCA, although amine emissions are higher in the latter. This stems 

mostly from emissions of formaldehyde and partly from the nitrosamine used as a proxy (n-

nitrosomorpholine). Interestingly, formaldehyde is by far the most important source of human toxicity 

(carcinogenic) also for the worst case, providing a hint that the method does not deem nitrosamines 

that important. Of course, the conclusion might also be that formaldehyde emissions are at an 

unacceptable level. The reason for a much higher contribution from formaldehyde in the worst case 

compared to the most likely case, even if these two scenarios have the same emissions of 

formaldehyde, is because the worst case includes a toxicity model where the substance reaches a 
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more densely populated area. This gives a hint about the importance of model details for the end 

results. 

 

The exercise was repeated with the UseTox version where interim factors are included and results 

are given in Figure 5-2 

 

 

Figure 5-2 Human toxicity potential (carcinogenic) from UseTox with interim factors for toxicity of 

metals employed to the scenarios for generation of 1 kWh net electricity in  gas power 

plant  with and without carbon capture. 

 

The most striking difference if one compares Figure 5-1 and Figure 5-2 is that the base case is no 

longer invisible. In fact, the worst case is only just over twice as high as the base case. This comes 

from the method’s focus on toxicity related to metals. The reason why this method is interim is 

because there is still no consensus about the real level of toxicity from the metals. Even so, the 

relative importance of amines and degradation products becomes less when metals are considered. 

In fact, the relative contribution of amines and degradation products are reduced to below 20% for the 

worst case scenario and almost negligible for the expected scenario. The contribution to human 

toxicity from metal emissions arises from chromium to air and chromium VI to water. Both of these 

emissions are related to production of stainless steel for platforms, pipes, and other infrastructure. 

This explains why even the base case without carbon capture shows large potential impacts. The 

increase in impacts when carbon capture is in place results from more gas production being needed 

to produce the same amount of electricity, thus requiring a larger portion of the steel for the total 

amount of gas in the production system. 
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Different nitrosamines are investigated in a sensitivity analysis shown in Chapter 5.3. 

 

5.2 Weighting of environmental impacts 

This section presents results from the weighting exercise performed on the same scenarios as for the 

toxicity analyses. Three different weighting methods were used: EDIP 2003, EPS 2000 and ReCiPe 

(with three different cultural perspectives: egalitarian, hierarchical and individualistic). The reason for 

employing three different methods is that they are based on three different approaches on how to 

rank environmental harm. EDIP 2003 is linked to political environmental targets, EPS 2000 is using 

peoples willingness to pay (to avoid environmental harm) and ReCiPe is going the furthest in 

assessing environmental harm objectively, through means such as disability adjusted life years 

(DALYs) and putting three cultural perspectives on top of that. Thus, using more than one method 

gives a possibility to discuss the seriousness of various environmental impacts from several angles. 

Here it is important to note that the methods for capturing environmental impacts in different 

categories may vary between the weighting methods and that none of them includes the UseTox 

method. This means that several of the compounds found in the toxicity analysis presented in the 

previous section may be missing in the methods presented here. Such omissions are discussed in 

Chapter 6.  

 

5.2.1 Weighting with EDIP 2003 

Figure 5-3 shows the relative contribution from impacts related to toxicity to the overall impacts for the 

four scenarios. 
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Figure 5-3 Weighted results for generation of 1 kWh net electricity in  gas power plant using EDIP 2003 

split into the contributing environmental impact categories for the four scenarios. 

 

The figure shows that the base case gives the highest total environmental impacts after weighting 

with EDIP 2003. More than half of the contribution comes from potential impacts on climate change. 

The values for the three scenarios including CCS are quite similar and several impact categories are 

contributing with approximately the same values. However, if the three categories related to human 

toxicity (for soil, water and air respectively) are combined, they can be seen to contribute with more 

than half of the total impacts for all three scenarios. This makes sense as EDIP 2003 is related to 

political environmental targets and chemicals affecting human toxicity are given high values in 

regulation. 

Closer inspection of the bars shows almost exactly the same value for the worst case scenario and 

the original LCA. When checking the substances included in the method it turns out that the additional 

substances (including nitrosamines) in the worst case scenario are not included in the underlying 

impact assessment methods. Thus, the weighting results for the cases including CCS may show a 

worse relative performance than for toxicity alone. This will be the case where these additional 

substances are included in the weighting method (e.g. EDIP 2003). 

 

 

5.2.2 Weighting with EPS 2000 

Figure 5-4 presents weighted results from the weighting method EPS 2000 for the four scenarios. 
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Figure 5-4 Weighted results for generation of 1 kWh net electricity in  gas power plant using EPS 2000 

split into damage categories for the four scenarios.  

As for the weighting with EDIP 2003, the base case gives much higher total weighted environmental 

impacts than the cases including CCS. The categories are different between the two methods. Of the 

two, EPS 2000 aims to present results more congruent with our key values and needs. Climate 

change Impacts contribute to several of the damage categories included in EPS 2000. This is the 

reason for high impacts in the categories “Life expectancy” and “Severe morbidity”. The impacts from 

the scenarios including CCS are larger than the impacts for the scenario without CCS in only one 

category. This is “Resource depletion” and stems from the fact that more fossil resources are used to 

generate the same amount of electricity when CCS is employed.  

 

The total impacts from the three scenarios including CCS are suspiciously similar and scrutinizing the 

underlying analysis reveals that most of the amine compounds and other degradation products are 

excluded from the method. 

 

 

5.2.3 Weighting with ReCiPe Endpoint 

Figure 5-5 presents weighted results from the weighting method ReCiPe Endpoint with a hierarchical 

cultural perspective for the four scenarios. 
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Figure 5-5 Weighted results for generation of 1 kWh net electricity in  gas power plant using ReCiPe 

Endpoint with a hierarchical cultural perspective split into damage categories for the four 

scenarios. 

The importance of toxicity for these ReCiPe results is less than 5% for both of the scenarios including 

amine based CCS. The environmental impacts contributing the most are related to climate change 

and resource depletion. One should be aware that amines and degradation products contribute much 

less to toxicity in the ReCiPe method than in the UseTox method presented earlier. Several 

compounds are not included in the ReCiPe weighting method, including n-nitrosomorpholine and a 

number of amine compounds. 
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5.3 Sensitivity analysis 

All of the results presented so far can be viewed as a sensitivity analysis, where both the level of 

emissions and the potentially affected population is varied from zero (no CCS) to a worst case 

scenario. However, there are also other uncertainties that can be explored by the mean of sensitivity 

analysis. One of the more important methodological choices for this LCA is expected to be the choice 

of nitrosamines emitted from the facility. There was no data available for the exact composition of 

amine products leaving the stack, or the potential range of this composition.  

 

Table 5-1 Relative carcinogenic potencies of different nitrosamines 

Substance CAS No NIPH [Oral CSF* 

(mg/kg  

bw/day)-1] 

UseTox 

[CTUh**/kg 

Cancer] 

n-nitrosodiethanolamine 1116-54-7  2.8  

Air pop density not specified   7,73E-6 

Air low pop,    4,09E-6 

Air high pop   1,14E-5 

n-nitrosodi-n-butylamine 924-16-3 5.4  

Air pop density not specified   2,33E-5 

Air low pop    2,67E-6 

Air high pop   4,39E-5 

n-nitrosomorpholine   59-89-2 -  

Air pop density not specified   1,74E-4 

Air low pop    8,02E-5 

Air high pop   2,67E-4 

n-nitroso-di-n-propylamine  621-64-7 7  

Air pop density not specified   7,69E-5 

Air low pop    8,32E-6 

Air high pop   1,46E-4 

n-nitrosomethylethylamine  10595-95-6  22  

Air pop density not specified   4,11E-4 

Air low pop    1,47E-4 

Air high pop   6,74E-4 

n-nitrosopiperidine  100-75-4  37.5  

Air pop density not specified   2,13E-5 

Air low pop    3,98E-6 

Air high pop   3,86E-5 

n-nitrosodimethylamine  62-75-9 51  

Air pop density not specified   2,69E-4 

Air low pop    1,27E-4 

Air high pop   4,12E-4 

n-nitrosodiethylamine  55-18-5  150  

Air pop density not specified   5,77E-4 

Air low pop    8,60E-5 

Air high pop   1,07E-3 

*Integrated Risk Information System EPA 
**Comparative toxic units, h = human toxicity, e=ecotoxicity 
***Source US EPA, used in UseTox model to calculate the CTU values. 

 

The table shows an agreement between UseTox and NIPH regarding the most potent nitrosamine 

and also the two least potent ones, whereas the ranking of the remaining varies between the two. The 
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order of magnitude difference between the various nitrosamines is almost the same for both 

approaches. From the table we can see that NIPH does not specify values for n-nitrosomorpholine. 

Instead they state that: “US EPA had not derived CSF for n-Nitrosomorpholine, but a unit risk factor 

was given. A comparison of the unit risk factors for these nitrosamines showed that the 

carcinogenicity potency of n-nitrosomorpholine seemed to be among the nitrosamines with lowest 

potency.” (Låg et al. 2011, p. 28). This statement proposes that the choice of n-nitrosomorpholine as 

a proxy may underestimate the environmental impacts of nitrosamines from carbon capture. However, 

comparing the UseTox values for n-nitrosomorpholine with other nitrosamines shows that it is in the 

middle of the range.  

 

To check the sensitivity of the assumption to use n-nitrosomorpholine as a proxy for all nitrosamines, 

the “worst case” and the “most likely case” are calculated with UseTox (without interim factors) for the 

least potent and the most potent nitrosamine from the above table and the values are compared to 

the initial analysis with n-nitrosmorpholine. The results of this comparison are presented in Figure 5-6. 

 

 

Figure 5-6 Human toxicity potential (carcinogenic) assuming different nitrosamines for the worst case 

and the most likely case calculations. 

 

The figure shows that the choice of nitrosamine has little influence on the results for the most likely 

case, where the emissions of nitrosamines contribute very little. For the worst case calculations, the 

choice is more important as there is an almost 50% percent increase in HTP (carcinogenic) when 

shifting from the least potent to the most potent nitrosamine. This supports the need for more 

accurate data on emissions profiles from carbon capture facilities using amine solvents. 
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6 Discussion and conclusions 

The work presented in this report is part of the work performed in Work Package 1 in the EDecIDe 

project. This work package aims to incorporate human and ecotoxicological effects into the existing 

life cycle assessment methodology. This report represents knowledge and analysis performed during 

the first part of the EDecIDe project. It aims to present the first attempts to model human and 

ecotoxicological effects from amine emissions using a life cycle assessment approach in order to 

document data gaps and methodological issues that will be worked on further in Work Package 1. 

Thus, this report represents a step towards a more complete LCA for CCs in Norway, rather than the 

final answer. Values for environmental impact does not represent actual values from running of a 

CCS facility and the conclusions from the work performed are mainly concerned with methodology. 

 

When using the existing methods for LCIA, emissions of amines and degradation products seem to 

be relatively unimportant for the life cycle environmental performance of a gas fired power plant with 

CCS. Whether this is because the toxicological impacts related to amines are small, or because other 

environmental impacts related to the production system are large, cannot be answered from the 

modelling exercise performed. However, it turns out that none of the weighting methods included is 

capable of capturing the possible negative impacts of nitrosamines as the underlying impact 

assessment methods do not include relevant substances. This warrants caution when LCAs are 

performed on systems including carbon capture and storage, especially when such systems are 

employing amine based post-combustion capture. Further, it provides incentives for developing 

weighting methods that can handle such issues, as well as other issues related to CCS or to specific 

regions.  

 

Specifically, when comparing the results from the modelling exercise performed in this report with 

results from other environmental assessments of carbon capture in Norway (as presented in Chapter 

3), there are a few points to note: 

 

 Emissions of formaldehyde are very important for the Human Toxicity Potential (carcinogenic) 

calculated using UseTox. According to more specific studies on emissions to air, formaldehyde is 

described as having a short atmospheric lifetime and specific geography may be important. 

 If interim factors are included in UseTox, emissions of metal compounds become more important 

than all other emissions regarding the Human Toxicity Potential (carcinogenic).  

 Toxicity does not seem to be an important environmental impact category for any of the weighting 

methods applied.  

 None of the weighting methods include nitrosamines, and they lack models for several other 

substances that were shown to be important when using UseTox.  

 

The greatest benefit of LCA is its ability to treat several processes and several environmental impacts 

at the same time. However, for this benefit to be real, the methods for the individual environmental 

impacts included in the LCA must be relevant. This can only be deduced from comparing results from 

the methods within LCA to results from other methodological approaches and from empirical 

experiments. The aim(s) and scope of an LCA are different from those for other environmental 

assessment methods, and thus they should be used in a complementary fashion.  
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Although the existing weighting methods do not include nitrosamines, the newly published toxicity 

impact assessment method UseTox includes a range of them, as well as a calculation method for 

deriving new characterisation factors when relevant physico-chemical and toxicity data us available. 

This gives hope for better inclusion of toxicity assessments in LCA weighting methods, which is one of 

the ambitions of the EDecIDe project. One specific activity identified for further work is qualifying the 

results for nitrosamines by comparing the calculation approach and results from UseTox to analyses 

performed using more sophisticated atmospheric models. The EDecIDe project also aspires to create 

a weighting method applicable for Nordic or Arctic conditions and adjusting UseTox to be included in 

such a weighting method.  

 

An LCA and a risk assessment may come to different conclusions about the severity of amine 

emissions. The models employed have several limitations: nitrosamines are scarcely studied; some 

input data related to possibly harmful degradation products, which can be formed in the atmosphere 

are lacking; and weighting models lack impact factors for amine compounds. Real measurements of 

emissions from running facilities would enhance the model and make it more representative of a real 

situation. In addition, the rather general models of fate, exposure and toxicity included in LCA can be 

updated as knowledge about amines increases. The EDecIDe project will continue the work on 

refining the input data, life cycle impact assessment and weighting methodology. Recently, more 

studies on atmospheric degradation of amines have been published, and more data is available on 

the actual composition of the plume leaving the stack. Such data will be fed into the model to update 

the results. 

 

While there are reasons for using weighting, there are, of course, also motives for not doing so. One 

of the arguments is that weighting could lead to false conclusions, since some of the potentially toxic 

emissions related to CCS are not yet known. Today, CCS is increasingly acknowledged politically as 

a potent option for the abatement of global warming (European Commission 2009; WRI 2010; IEA 

GHG 2010) and several large-scale demonstration plants are being built (OED 2007; IEA 2011), 

despite the fact that some of the environmental consequences are not yet known. LCA, including the 

optional weighting step, is thus an important tool in the increasingly holistic nature of the mapping of 

environmental consequences; more so than the laying of emphasis solely on the global warming 

potential. If used with care and an awareness of the potential effects of the missing data, the authors 

believe that weighting could broaden insight with regard to this issue, and thus contribute to 

technological development processes and political decisions at a global level.       

 

The considerable uncertainties uncovered with respect to the emissions of amines from post-

combustion capture facilities, the formation and persistence of degradation products, and the effects 

of nitrosamines and nitramines, may erode confidence in a system analysis. Several questions arise, 

such as: what is really known about emissions from industrial sites and mobile sources? What are 

their effects on ecosystem and human health? And what interaction effects can be expected from 

different pollutants? These are difficult questions; certain underlying issues seem not merely 

uncertain, but also unforeseeable. However, rather than representing a deterrent to deploying LCA or 

other system tools, this should provide an incentive to investigate further. The issue serves as a 

reminder that any environmental assessment is limited by the current level of knowledge. 
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7 Further Work 

The remaining work in Work Package 1 in the EDecIDe project will examine the toxicity models used 

in LCA in more detail, specifically UseTox. The applicability of the LCA compartment models and site 

specificity issues for a Norwegian/Arctic situation will be explored. This applies to the environmental 

compartments and dispersion models inherent in the LCA UseTox model. The characterisation factors 

(CFs) available in the current version of UseTox have several data gaps concerning relevant amine 

degradation products. Further work in this work package will be performed in order to calculate 

relevant CFs for missing degradation products. The relatively high importance of formaldehyde shown 

in the exercise in this report will also be scrutinised further. 

 

In Work Package 2, the EDecIDe project is studying the important dimensions to be included in a 

weighting method, in relation to CCS projects and Nordic or Arctic conditions in particular. As a result 

of this work package, future work will be adjusted to make sure relevant compounds and models are 

part of the weighting method. 

 

All of the Work Packages will continue to incorporate the latest results for emissions data (both 

quantity and composition).   
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