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Abstract 

Amine-based post-combustion carbon capture is a method used for reducing CO2 emissions 

from industrial point sources. During this process, amines can be released into the environment 

and form carcinogenic nitrosamines and nitramines. Consequently, the location where it is safe 

to build carbon capture facilities depends on the levels of carcinogens, and where in the 

atmosphere they are formed. In this project, power plant plume fields simulated using the plume 

chemistry model SCICHEM were compared to published results obtained with the Fluidity-

Chem model. Following this, SCICHEM was used to understand the influence of the 

atmospheric chemical background, the applied atmospheric chemistry scheme and NO emission 

strength on the chemical evolution of an isolated ship plume. Subsequently, NO, NO2, O3 and 

OH fields were simulated after NO emission from a hypothetical Waste-to-Energy plant using 

SCICHEM, first without and later with the emission of the amine piperazine. It was found that 

SCICHEM cannot simulate plume edge details well, thereby emphasizing the need for more 

detailed models like the Volumetric Particle Approach model, currently under development at 

NILU, that was also tested for comparison. Moreover, the application of different chemistry 

schemes was found to lead to different results. Processes such as ozone titration, HNO3 

formation and HONO formation, should be included in the chemistry scheme. The atmospheric 

chemical background and especially the peroxy radicals therein, e.g. HO2 and CH3C(O)O2, 

were found to play an important role in OH depletion or formation close to the source. Under 

low NO emission (i.e. 3.02 g/s), the conventional conception of OH being depleted near the 

source was found not to be valid. On the contrary, the OH chemistry starts close to the source, 

resulting in OH formation beginning at 2 km downwind from the source. As a result, piperazine 

nitrosamine and nitramine levels were found to be highest close to the source. With an emission 

of 0.032 g/s of piperazine, maximum nitrosamine and nitramine concentrations of 0.97 ng/m3 

and 0.72 ng/m3, respectively, were found at surface level approximately 1 to 1.5 km downwind 

from the source. In the case of additional direct nitrosamine emission, the nitrosamine level 

increased to up to 1.54 ng/m3 close to the source. Higher NO emissions of 30.2 g/s were found 

to lower the nitrosamine and nitramine concentrations, and shift the maximum concentration 

further downwind from the source due to increased OH depletion. Meteorological parameters 

and background conditions were simplified and kept constant throughout the entire run, which 

is not realistic. Therefore, improved simulations should be performed using varying background 

and meteorological conditions that are valid for the locations of interest.   
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Definitions 

Actinic flux Solar radiation that plays a role in photochemistry (Ryu et 

al., 2017). 

Albedo The fraction of the incoming solar radiation that is reflected 

by the surface (Knipping, 2021b; Song et al., 2019). 

Bowen ratio The ratio between sensible and latent heat fluxes from the 

surface to the air. Sensible heat fluxes are due to the 

temperature difference between surface and air. Latent heat 

fluxes are associated to water evaporation or condensation 

at the surface (Knipping, 2021b; Stull, 1983; Taylor, 2015).  

Carbon Capture and Storage A technique used to remove CO2 from combustion 

emissions and store it (Scott et al., 2013). 

Conserved scalar Scalars that are not influenced by chemical reactions (Brown 

& Bilger, 1998). 

Eulerian model Model that simulates air parcels fixed at a specific location 

in the air (Vallero, 2021). 

Fractional cloud cover The fraction of the sky that is covered by clouds. 0 indicates 

a completely clear sky, whereas 1 indicates a completely 

overcast sky (Knipping, 2021b). 

Gaussian puff method An air pollution modelling method used to simulate three-

dimensional concentration distributions, originating from a 

point source, using constant emissions and meteorological 

parameters (Lee et al., 2021).  

Lagrangian model Model that simulates air parcels moving with the local wind 

(Brasseur & Jacob, 2017). 

Point source A localized compact emission source at a fixed location, e.g. 

a stack (Chu & Wang, 2014).  

Primary amine A molecular functional group containing a nitrogen atom to 

which one carbon atom and two hydrogen atoms are bonded, 

i.e.  

-CH2NH2 (Yurkanis Bruice, 2017).  

Puff A cloud containing emitted species mixed with the air. Each 

puff moves with local wind and in mathematic models the 
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concentration distribution of the emitted species is often 

assumed to be Gaussian within each puff (Nanni et al., 2022; 

Tomas et al., 2018).  

Secondary amine A molecular functional group containing a nitrogen atom to 

which two carbon atoms and one hydrogen atom are bonded, 

i.e. -CH2NHCH2- (Yurkanis Bruice, 2017). 

Stochastic differential 

equations 

“A differential equation whose coefficients are random 

numbers or random functions of the independent variable (or 

variables)” (Van Kampen, 2007, pp. 396). 

Surface roughness (Roughness 

length) 

The unevenness of a surface (Day & Chenoweth, 2013; 

Knipping, 2021b). The roughness length is a parameter 

relating near surface wind to the surface roughness in 

mathematical models (Shen et al., 2022). 

Tertiary amine A molecular functional group containing a nitrogen atom to 

which three carbon atoms are bonded,  

i.e. -CH2N(CH2-)CH2- (Yurkanis Bruice, 2017). 

Tracer A compound of which a known amount is purposefully 

released into the atmosphere to follow the movement 

through the atmosphere (Simmonds et al., 2021).  

Volume Mixing Ratio Concentrations represented as mole fractions by volume 

(Brasseur & Jacob, 2017; Seinfeld & Pandis, 2016).  

Volatile Organic Compound “… any compound of carbon, excluding carbon monoxide, 

carbon dioxide, carbonic acid, metallic carbides or 

carbonates, and ammonium carbonate, which participates in 

atmospheric photochemical reactions” (United States 

Environmental Protection Agency, 2022b). 
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1 Introduction 

Industrial combustion processes play an important role in the global energy supply chain. For 

example in power and Waste-to-Energy (WtE) plants, they transform fossil fuels (e.g. oil, coal 

or natural gas) or biofuels (e.g. fuels from waste or biomass) into electric energy (Guziana et 

al., 2014; Obermoser et al., 2009; Putrus & Bentley, 2016). Industrial combustion processes 

are, however, not only essential for the energy sector, but also for manufacturing industries like 

cement production (Canpolat et al., 2002; Thakuri et al., 2021).  

Stacks in combustion plants are point sources of a number of pollutants, which play an 

important role in atmospheric chemistry. These pollutants can have negative impacts on human 

health as well as on the ecosystem (Benkovitz et al., 1996; Dignon, 1992; Hewitt, 2001; Kamal 

et al., 2017). One of the pollutants in combustion plant plumes is carbon dioxide (CO2), an 

important greenhouse gas contributing to global warming. More than 65% of the greenhouse 

gas emissions from human activity, especially from fossil fuel usage, consists of CO2 (IPCC, 

2014). As a result, the CO2 level in the atmosphere has increased by 50% since the 18th century 

(National Aeronautics and Space Administration, 2023). Another pollutant found in 

combustion plant plumes is NOx, which is a collective term used to indicate both nitrogen 

monoxide (NO) and nitrogen dioxide (NO2) (Goldman et al., 2013; Queensland Government, 

2022). Other pollutants also typically found in combustion plumes are: carbon monoxide (CO), 

sulfur dioxide (SO2), nitrous acid (HONO) and acetaldehyde (CH3CHO) (Müller et al., 2016; 

Neuman et al., 2016; Zeng et al., 2018).  

Ending fossil fuel use altogether would be the obvious solution to curb global warming, but it 

is not that straightforward. There must be sufficient alternative energy sources to sustain the 

growing global energy demand (Trainer, 2007). Moreover, some countries are reluctant to 

switch from fossil fuels to sustainable energy sources for several reasons. Firstly, the transition 

to a sustainable energy system comes at a high financial cost. Secondly, not all sustainable 

energy methods are proven to work adequately on larger scales. And lastly, some of the 

proposed sustainable energy methods require a significant surface area, which many countries 

do not have (Haikola et al., 2019; Siddi, 2016). Curbing global warming is also challenging, 

because it is difficult to reduce emissions in some sectors. For example, in the cement industry, 

part of the CO2 emission is caused by the production process itself (Paltsev et al., 2021; Thakuri 

et al., 2021). For this reason, several countries, e.g. Norway, invest in methods such as Carbon 
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Capture and Storage (CCS). CCS is a technique to remove 85 to 95% of the CO2 from 

combustion emissions (Scott et al., 2013). Limiting global warming to less than 2 °C by the 

year 2050 while using fossil fuels as an energy source is only possible when CCS is applied 

(IPCC, 2014). The most common CCS method is amine-based post-combustion carbon capture 

(PCCC). This method removes CO2 from flue gas before it reaches the atmosphere by washing 

the flue gas with an aqueous amine solution in an absorber column. CO2 is acidic and binds to 

the basic amine, resulting in the formation of a salt in aqueous solution. This solution is then 

transported and heated to 120 °C in a desorber column. The heating process causes the salt to 

separate again, after which the amine can be re-used and the CO2 can be stored (Gibbins & 

Chalmers, 2008; Reynolds et al., 2012). One of the countries investing in CCS is Norway. Their 

Longship project aims to store large amounts of CO2 3,000 m below the North Sea seabed, in 

order to help Norway and Europe reach their climate goals (CCS Norway, 2022).  

CCS does, however, have a few drawbacks. The process requires energy, and therefore 

increases the need for fossil fuels (Scott et al., 2013). Moreover, the aqueous amine solution 

undergoes oxidative and thermal degradation during the PCCC process. As a result, the solution 

needs to be renewed or reclaimed. Finally, an important environmental consequence of amine-

based PCCC is that some of the amines enter the atmosphere during the process (McDonald et 

al., 2014; Nielsen, Herrmann, et al., 2012).  

1.1 The Atmospheric Impact of Amine-Based Post-

Combustion Carbon Capture 

Amines are highly reactive and undergo photo-oxidation forming nitrosamines and nitramines, 

which are carcinogenic compounds. Nitrosamine and nitramine formation at the carbon capture 

and storage plant is the result of NOx reacting with emitted amines. In the daytime, the most 

important oxidant in this photo-oxidation is the hydroxyl radical (OH), which abstracts a 

hydrogen atom from the amine. The formed amine radical can then react with NO or NO2 

forming nitrosamines or nitramines (see Figure 1). Because of the dependence on OH, the 

formation of nitrosamines and nitramines is expected to be highest where the OH concentration 

is greatest. However, some of the amines can already form nitrosamines in the amine plant 

itself, leading to a direct emission (De Koeijer et al., 2013; Manzoor et al., 2017; Mazari et al., 

2019; Nielsen, Herrmann, et al., 2012; Onel et al., 2014; Ravnum et al., 2014; Thompson et al., 

2019; Tønnesen, 2011). Stable nitrosamines and nitramines are formed from secondary amines. 
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Primary amines form unstable nitrosamines, due to the low electron density surrounding the 

nitrogen atom. However, primary amines can form stable nitramines. Absence of a hydrogen 

atom prevents tertiary amines from directly forming nitrosamines or nitramines. Primary and 

tertiary amines can, however, indirectly lead to the formation of stable nitrosamines. Moreover, 

tertiary amines can also indirectly form stable nitramines. There are many different pathways 

to form stable nitrosamines from secondary amines, depending on the amine solution used, 

environmental conditions (e.g. the actinic flux), the presence of oxidizing radicals (e.g. OH) 

and ambient NOx concentrations (Chandan et al., 2013; De Koeijer et al., 2013; Mitch, 2019; 

Nielsen, D’Anna, et al., 2012; Thompson et al., 2019; Voice et al., 2015). Because of the 

possible health risks related to nitrosamines and nitramines, the Norwegian Institute of Public 

Health has set the limit of nitrosamines and nitramines at a yearly average of 0.3 ng/m3 

(Norwegian Institute of Public Health, 2016). 

  

Figure 1: A simplified visual representation of the reactions involved in nitrosamine and nitramine formation from amines 

emitted during the amine-based carbon capture process. 

1.2 Atmospheric Chemistry in a Combustion Plume 

Since both nitrosamines and nitramines are secondarily formed in the atmosphere via the 

reaction with OH radicals, it is important to understand which chemical processes influence the 

concentration of OH radicals in a combustion plume in the atmosphere. 

About 95% of the NOx from combustion plants is emitted as NO and 5% as NO2 (Scottish 

Environment Protection Agency, 2013; Vilà-Guerau de Arellano et al., 1990). The emitted NO2 

can react with atomic oxygen (O) forming NO and molecular oxygen (O2), as is shown in R1 

(Shiekh et al., 2016). However, under influence of radiation, the emitted NO2 can also produce 
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NO and O, as shown in R2. O is a precursor for ozone (O3) production in the troposphere, as 

shown in R3 (Cheng et al., 1986; Whalley et al., 2010). Here O reacts in a three-body reaction 

with O2 and another molecule (M, usually molecular nitrogen (N2)) forming O3. Under 

influence of radiation, O3 dissociates back to O or to an excited oxygen atom (O(1D)) depending 

on the radiation wavelength, as shown in R4 and R5 (Hewitt, 2001; Lu & Khalil, 1992; Vilà-

Guerau de Arellano et al., 2015). The formed O(1D) is most often deactivated to the ground 

state by collision with another molecule (M), as shown in R6. However, a small fraction can 

react with water forming the hydroxyl radical (OH), which is shown in R7 (Hewitt, 2001; Vilà-

Guerau de Arellano et al., 2015). 

The NO emitted by combustion sources is of great importance in atmospheric chemistry as 

well. Especially near the source, where the NO concentration is high, it leads to ozone titration. 

Ozone titration is a process in which the emitted NO reacts with the O3 present in the 

atmosphere, forming NO2 and O2, as shown in R8 (Cheng et al., 1986). Since most of the NOx 

emitted is NO, the ozone titration process is dominant near the source and almost all O3 near 

the source is removed. Thus, when the O3 concentration near the source is reduced as a result 

of ozone titration, the formation of OH from O3 (R5 and R7) is reduced near the source as well 

(Kim et al., 2016; Kim et al., 2017; Springston et al., 2005; Tønnesen, 2011; VanLoon, 2017). 

When the plume travels further through the air, the NO concentration becomes diluted with the 

background air as a result of turbulence (Karamchandani et al., 2002; Seinfeld & Pandis, 2016). 

Consequently, less O3 is used in the reaction with NO (R8) and more OH is produced (R5 and 

R7) further away from the source than near the source (Chowdhury et al., 2015; Luria et al., 

1999). This means that further away from the source, the plume contains increasing 

concentrations of OH and O3 and decreasing concentrations of NO and NO2 (Brock et al., 2002; 

Karamchandani et al., 2000; Karamchandani et al., 2002; Karamchandani et al., 2020; Kim et 

al., 2017; Zaveri et al., 2003).  

Towards the edges of the plume, O3 formation relative to the ambient O3 volume mixing ratio 

(VMR) is also expected to occur (Gillani et al., 1998; Kim et al., 2016; Luria et al., 1999; 

Ryerson et al., 2001). O3 production in the troposphere depends on NOx and Volatile Organic 

Compound (VOC) concentrations (Kim et al., 2016; Ryerson et al., 1998; Ryerson et al., 2001; 

Springston et al., 2005; Zaveri et al., 2003). The United States Environmental Protection 

Agency describes VOCs as “any compound of carbon, excluding carbon monoxide, carbon 

dioxide, carbonic acid, metallic carbides or carbonates, and ammonium carbonate, which 
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participates in atmospheric photochemical reactions” (United States Environmental Protection 

Agency, 2022b). VOCs are emitted from various sources, e.g. vegetation, industrial solvents, 

pesticides or building materials (United States Environmental Protection Agency, 2022a; Vilà-

Guerau de Arellano et al., 2015). Species such as OH, O3, nitrate (NO3) and chlorine (Cl) can 

oxidize VOCs, thereby producing peroxy radicals (RO2). RO2 can react with NO forming other 

peroxy radicals and NO2. The formed NO2 can then, under influence of radiation, produce NO 

and O (R2). Subsequently, the formed O can react with O2 forming O3 (R3) (Brasseur & Jacob, 

2017; Brune et al., 2016; Khan et al., 2015). Important peroxy radicals are: the hydroperoxy 

radical (HO2), the methylperoxy radical (CH3O2) and the acetylperoxy radical (CH3C(O)O2). 

The latter two are formed from organic precursors such as methane (CH4) or acetaldehyde 

(CH3CHO, R9). CH3C(O)O2 can react with NO forming NO2 and CH3O2 (R10). The formed 

CH3O2 reacts with NO forming NO2 and HO2 (R11). Finally, ambient and formed HO2 react 

with NO forming NO2 and OH (R12) (Onel et al., 2017; Yarwood et al., 2021). Towards the 

plume’s edges, the ambient air containing high VOC levels mixes with the diluting NOx field 

in the plume. This results in a higher VOC/NOx ratio at the edge than in the center of the plume 

and enables formation of O3 (Gillani et al., 1998; Luria et al., 1999).  

OH is an important species in the atmosphere. It plays an important role in, amongst others, 

VOC oxidation, where O3 and in turn OH itself (R5 and R7) are formed (Neuman et al., 2016). 

It is also called the “cleaning agent” of the atmosphere, because it reacts with pollutants during 

daytime, converting for instance NO2 into nitric acid (HNO3, R13). HNO3 acts as a sink for OH 

as well as for NOx and can be easily removed from the atmosphere, e.g. by wet deposition. 

Consequently, high OH concentrations in the atmosphere reduce the lifetime of NOx (Brasseur 

& Jacob, 2017; Janssen et al., 1991; Kim et al., 2017; Vilà-Guerau de Arellano et al., 2015; 

Zaveri et al., 2003). HO2 is an important OH precursor contributing significantly to the OH 

production in the atmosphere. HO2 can react, for example, with NO (R12), O (R14) or O3 (R15) 

forming OH (Albrecht et al., 2019; Chen et al., 2022; Lu & Khalil, 1992; Simonaitis & 

Heicklen, 1973). HO2 also indirectly affects the production of O3 (R12, R2 and R3), which is 

another precursor for OH (R5 and R7). Besides O3 and HO2, HONO is another important source 

of OH (Martinez et al., 2003). In emission plumes from combustion plants, HONO can either 

be emitted directly or formed during daytime by the reaction between the emitted NO and the 

ambient OH (R16) (Neuman et al., 2016). HONO can dissociate back into OH and NO under 

the influence of radiation, as is shown in R17 (Alicke et al., 2003; Martinez et al., 2003). HONO 

has a lower dissociation energy than O3. As a result, its photolysis reaction (R17) takes place 
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earlier in the day than the photolysis of O3 (R5). However, because HONO has a relatively short 

lifetime with peak concentrations occurring in the earliest hours of the morning, it becomes a 

less important OH source during the day (Alicke et al., 2003). A visual representation of the 

species and the chemical reactions mentioned above (R1-R17) and their mutual relations is 

shown in Figure 2.  

NO2 + O → NO + O2 

R1 

NO2 + h𝜈(𝜆 < 420 𝑛𝑚) → NO + O 

R2 

O + O2 + M → O3 + M 

R3 

O3 + h𝜈 (𝜆 < 1180 𝑛𝑚) → O2 + O 

R4 

O3 + h𝜈 (𝜆 < 320 𝑛𝑚) → O(1D) + O2 

R5 

O(1D) + M → O +M  

R6 

O(1D) + H2O → 2 OH 

R7 

NO + O3 → NO2 + O2  

R8 

CH3CHO + OH 
𝑂2
→ CH3C(O)O2 + H2O 

R9 

CH3C(O)O2 + NO 
𝑂2
→ NO2 + CH3O2  

R10 

CH3O2 + NO 
𝑂2
→ CH2O + NO2 + HO2 

R11 

HO2 + NO → OH + NO2 

R12 

OH + NO2 + M → HNO3 + M 

R13 

HO2 + O → OH + O2 

R14 

HO2 + O3 → OH + 2 O2 

R15 

OH + NO + M → HONO + M 

R16 

HONO + h𝜈 (300 𝑛𝑚 <  𝜆 < 405 𝑛𝑚) → OH + NO 

R17 
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Figure 2: A visual representation of the main species and reactions involved in the NO, NO2, O3 and OH chemistry in an 

emission plume, after emission of NO from a combustion plant stack.  

1.3 Atmospheric Chemistry of Piperazine 

One of the amine solvents which has been widely studied for application in CCS, is piperazine 

(PZ, C4H10N2) (Gaspar et al., 2016; Stowe et al., 2016; Yoon & Hwang, 2022). PZ has been 

applied in PCCC, for example in the European CESAR (CO2 Enhanced Separation and 

Recovery) project, as a mixture with 2-amino-2-methylpropan-1-ol (AMP), also known as the 

CESAR 1 solvent (European Commission, 2012; Languille et al., 2021). Using concentrated 

aqueous PZ may result in faster CO2 absorption, and is therefore also being considered for 

application in the CCS process (Farmer, 2018; Freeman et al., 2010).  

Upon emission, 18% of the PZ is oxidized by OH, forming the piperazine radical which 

contains a radical at the nitrogen atom (PZNR, C4H9N2, R18) (Tan et al., 2021). This radical 
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can react in several different ways. It can react with O2 forming HO2 and the piperazine imine 

(PZI, C4H8N2), as is shown in R19. PZNR can also react with NO2 forming the piperazine 

nitramine (PZNO2, C4H9N2NO2), as is shown in R20. PZNO2 can be oxidized by OH forming 

several products grouped together as PZNO2P (R21). Instead of reacting with NO2, PZNR can 

also react with NO forming the piperazine nitrosamine (PZNO, C4H9N2NO), as is shown in 

R22. PZNO can either be photolyzed back to PZNR (R23) or be oxidized by OH forming 

several new products which are grouped together as PZNOP (R24). The remaining 82% of PZ 

reacts with OH forming a radical at the carbon atom (PZCR, C4H9N2), as can be seen in R25. 

O2 can then bind to the radical, forming PZCO2 (C4H9N2O2, R26). One of the oxygen atoms can 

be abstracted by NO. Subsequently, O2 can abstract a hydrogen atom, resulting in ring-opening 

and the formation of the piperazine aldehyde (PZALD, C4H9N2O), HO2 and NO2 (R27). Since 

HO2 is a precursor for OH (R12), both PZI and PZALD formation play an important role in the 

OH cycle as well (Nielsen, D’Anna, et al., 2012; Onel et al., 2014; Tan et al., 2021). An 

overview of the piperazine chemical scheme (R18-R27) can be seen in Figure 3. 

PZ + OH → PZNR + H2O 

R18 

PZNR + O2 → PZI + HO2 

R19 

PZNR + NO2 → PZNO2  

R20 

PZNO2 + OH → PZNO2P 

R21 

PZNR + NO → PZNO 

R22 

PZNO + ℎ𝜈 → PZNR + NO 

R23 

PZNO + OH → PZNOP 

R24 

PZ + OH → PZCR + H2O 

R25 

PZCR + O2 → PZCO2 

R26 

PZCO2 + NO + O2 → PZALD + HO2 + NO 

R27 
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Figure 3: A visual representation of the main species and reactions involved in the piperazine (PZ) chemistry scheme after 

emission of piperazine from a combustion plant stack.  

1.4 Reactive Plume Models 

Computer models can be employed to simulate concentrations of chemical species caused by 

emission and can thus predict whether concentrations will exceed guideline values (Brasseur & 

Jacob, 2017). Conventional dispersion models do not take actual reactions and reaction rates 

into account, but use a scaling factor to determine the concentration of species at different points 

in time and space (Hennig et al., 2016). Generally, air quality modelling uses a grid to depict 

the atmosphere (Karamchandani et al., 2002). Grid-based chemical transport models with a 

coarse grid cannot simulate concentration gradients close to the source (Karamchandani et al., 

2011). Both of these models do not accurately consider how the NO emitted from a combustion 

plant stack reacts with O3 and thereby depletes the O3 near the source (R8). As a result, such 
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models tend to under- or overestimate the OH concentration near the source, and thus the 

atmospheric reactions with OH that take place near the source (Brown & Bilger, 1998; 

Georgopoulos & Seinfeld, 1986; Kim et al., 2017). Consequently, these models may predict 

unrealistic nitrosamine and nitramine levels near CCS facilities, which may result in incorrect 

assessments (Manzoor et al., 2014).  

Reactive plume models include non-linear chemistry, because it is not sufficient to work with 

average chemical (conversion) rates. Moreover, reactive plume models take into account that 

pollutants do not mix with the ambient gases immediately after emission, but only after reaching 

a certain, time-dependent, distance away from the source (Georgopoulos & Seinfeld, 1986). 

Typically, reactive plume models are used for simulating impacts within a 200 km radius from 

one or more point sources, e.g. the environmental impacts of power plants (Karamchandani et 

al., 2000). Reactive plume models often include conserved scalars, which are independent of 

chemical reactions. These scalars can be used to determine the degree of mixing between the 

emitted and ambient gases (Brown & Bilger, 1998). 

Georgopoulos and Seinfeld (1986) made a classification of the different types of reactive plume 

models based on how mixing is included in the model. Class 1 models assume that the initial 

dispersion volume is reduced, due to the emissions by a point source, which have a smaller 

resolution than the computational grid. Models of this class do not take concentration 

fluctuations within a single grid cell into account. Class 2 models assume that the plume emitted 

from a stack has a non-mixed center. Around the center, the plume is well-mixed with the 

surrounding background. The size of the center is inversely related to the distance from the 

source. The further away from the source, the better mixed the plume becomes, resulting in a 

smaller non-mixed center. Mixing is assumed to depend on mixing rate constants and the 

concentration of the unmixed reactants. Class 3 models combine the reduced initial dispersion 

volume from class 1 models and the concentration fields with a non-mixed center from class 2 

models. Class 3 models can be divided into two sub-classes. Class 3A assumes that the growing 

plume volume can be divided into boxes that increase in size. Each of these boxes contains a 

well-mixed concentration field and includes slow chemistry to avoid fine scale turbulent 

fluctuations. Class 3B models do not consider concentration fluctuations. Instead, they assume 

that the plume contains a Gaussian concentration field. The transport of conserved scalars is 

used in combination with equilibrium reactions to find concentration profiles of the species of 

interest. Class 4 models do not include mean concentration gradients. Instead, they apply 
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turbulent fluctuations to the nonlinear chemistry within a homogenous atmospheric volume. 

Class 5 models use higher order closure schemes to include fine scale fluctuations into the mean 

field gradients. And finally, class 6 models use probability densities to describe the macro- and 

micro-mixing and determine, at least in principle, the complete chemical system, thereby 

creating a situation that resembles reality as accurately as possible (Georgopoulos & Seinfeld, 

1986).  

There are many different reactive plume models available, such as the California Puff 

(CALPUFF) dispersion modelling system, the Turbulent Reacting Plume Model (TRPM), the 

Reactive and Optics Model of Emissions (ROME) and the Panache Réactif en Atmosphère avec 

Dépôts (PARADE) model, and new models are continuously being developed (Abdul-Wahab 

et al., 2011; Joos et al., 1967; Karamchandani et al., 2000). However, many of these models 

have shortcomings in how chemistry is included or how physical phenomena are represented. 

For example, ROME is a steady-state model which can only include one emission source and 

is not able to account for differences in wind speed and/or direction within a short range of 

distance (Federal Aviation Administration, 2008; Karamchandani et al., 2000). CALPUFF, on 

the other hand, is a non-steady state puff dispersion model which applies a very simplified 

chemistry scheme (Karamchandani et al., 2000).  
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1.5 Aim of the Project 

The dispersion models that are currently used for environmental impact assessments on amine-

based carbon capture plants do not take into account the detailed chemical transformation 

process that occurs in the plume of a carbon capture plant. Often a scaling factor is used to 

determine atmospheric concentrations (Georgopoulos & Seinfeld, 1986; Kim et al., 2017). 

However, this may lead to an over- or underestimations of NO, NO2, O3 and OH concentrations 

in the plume emitted by a carbon capture facility. Because OH and NOx can react with amines 

forming the carcinogenic compounds nitrosamines and nitramines, unrealistic simulations may 

lead to an over- or underestimation of associated health risks (De Koeijer et al., 2013).  

Therefore, the main aim of this project was to explore the atmospheric chemistry that occurs in 

combustion plumes, without and with amines. For this purpose, a reactive plume model 

(SCICHEM, EPRI (2021)) was used. In addition, exploratory results were obtained with the 

Volumetric Particle Approach (VPA) model (Cassiani (2013)) that is currently under 

development by Dr. Massimo Cassiani from the Norwegian Institute for Air Research (NILU). 
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2 Methods 

The majority of the plume simulations in this project were carried out with SCICHEM, a free 

open source model (EPRI, 2021; Karamchandani et al., 2020). In addition, Dr. Massimo 

Cassiani (NILU) provided exploratory results from his Volumetric Particle Approach (VPA) 

model (Cassiani, 2013). These models can be classified according to the system by 

Georgopoulos and Seinfeld (1986), as described in section 1.4. The SCICHEM (section 2.1) 

and the VPA (section 2.2) models are classified as a class 5 and a class 6 model, respectively 

(Georgopoulos & Seinfeld, 1986). Both models are Lagrangian models, as they simulate air 

parcels moving with the local wind (Brasseur & Jacob, 2017; Cassiani, 2013; Karamchandani 

et al., 2000). The concentrations in the parcels are modelled at different points in time and 

space. Both the SCICHEM and the VPA model use the concept of surplus (deficit) 

concentration to consider increment (decrease) of the plume concentration with respect to the 

existing background that is considered separately from the plume (Cassiani, 2013; 

Karamchandani et al., 2000; Knipping, 2021a). In principle, Lagrangian models can be used for 

various distances away from the source, from a few meters up to thousands of kilometers, as, 

contrary to Eulerian models, they are not subject to artificial diffusion (Knipping, 2021a, 

2021b). However, Lagrangian models with plume chemistry and explicit modelling of mixing 

(e.g. SCICHEM and the VPA model) are typically useful within a few tens of kilometers from 

the source location (United States Environmental Protection Agency, 2017).  

Four case studies were carried out in this project. In case study 1 (section 2.3), the SCICHEM 

results were compared to the results obtained with the Fluidity-Chem model by Zheng et al. 

(2020). The Fluidity-Chem model has been validated against measurement data and has been 

shown to capture the details on the plume edges. In case study 2 (section 2.4), the influence of 

the atmospheric chemical background, the applied atmospheric chemistry scheme and NO 

emission strength on the chemical evolution of an isolated ship plume was investigated. 

Subsequently, a simulation was performed for a Waste-to-Energy plant plume. To understand 

the chemistry in such a plume, the NO, NO2, O3 and OH fields were simulated (case study 3a, 

section 2.5). Finally, a highly reactive amine (piperazine, PZ) was added to the Waste-to-

Energy plant plume to simulate the formation of amine breakdown products (case study 3b, 

section 2.6). Another Waste-to-Energy plant plume simulation was performed (section 2.7) in 

order to compare the SCICHEM and VPA models. Since the focus of this project is only on the 



14 

 

chemistry within the plume, the meteorology and topography were simplified and kept constant 

in all simulations.  

2.1 SCICHEM Model 

SCICHEM is a freely accessible Lagrangian photochemical chemical transport model (EPRI, 

2021; Knipping, 2021b). It is based on the Second-order Closure Integrated Puff (SCIPUFF) 

model, which is expanded with chemistry modules (Karamchandani et al., 2018; 

Karamchandani et al., 2000; Knipping, 2021b). SCICHEM models an emission plume as a 

series of puffs, based on the Gaussian puff method (Knipping, 2021a, 2021b). This model is 

able to simulate the impacts of a single point source in one simulation. However, if there are 

other point sources that the plume will meet, this information needs to be included in the 

background concentrations entered into the model. SCICHEM can consider background 

concentrations that vary over space and/or time. This allows for realistic modelling of the 

chemical transformation of pollutants, since other possible point sources that may influence the 

plume chemistry are included in the model as well (Karamchandani et al., 2018; 

Karamchandani et al., 2020). Moreover, SCICHEM uses varying time steps and output grids. 

This means that the model determines the time step that is appropriate for the reactions and 

dispersion occurring in each puff. This prevents the unnecessary use of small time steps. Fitting 

output fields are also determined by the model. Consequently, grid information and 

concentration fields do not have to be entered in the model (Knipping, 2021a, 2021b). 

SCICHEM links the reactive species to a non-reactive tracer. The tracer is used to determine 

the transport pathway, and the chemical modules are applied to the reactive species to determine 

chemical transformation (Chowdhury et al., 2015; Karamchandani et al., 2000). Another 

advantage of SCICHEM is that the model takes the overlapping of puffs into consideration. 

Otherwise, each overlapping puff would react similarly with the background particles that have 

already been partially used up by interacting with the previous puff. Therefore, failure to take 

the overlapping of puffs into account would result in an unrealistically high estimation of the 

chemical reaction rates (Karamchandani et al., 2018).  

SCICHEM divides the power plant plume dispersion into three parts. In the first part, when the 

plume is close to the emission source (stack), the main reactions taking place are those between 

NO, NO2 and O3. In the second part, when midrange plume dispersion takes place, reactions 

forming secondary acids are included. And finally in the third part, long-range plume 
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dispersion, all chemical transformation reactions are used by the model (Karamchandani et al., 

2000). SCICHEM has been compared to in-plume field study measurements as well as to the 

results of other models. This led to the conclusion that SCICHEM is fairly accurate, with a 

moderate inclination towards over- or underestimation (Karamchandani et al., 2018; 

Karamchandani et al., 2020). 

To model and plot plumes using SCICHEM, the SCICHEM Graphical User Interface (GUI) 

included in the download files for SCICHEM version 3.3 was used (EPRI, 2021). The GUI has, 

however, not been updated since the release of SCICHEM version 2.0, but is still suitable for 

creating simple projects (Knipping, 2021b). Chemical parameters (e.g. species type and gas 

deposition velocity), atmospheric parameters (e.g. wind speed and direction), and release 

scenario parameters (e.g. exit velocity and stack height) can be entered in the GUI prior to 

running the model and plotting the plume. An overview of the parameters needed and the 

specific input values for the cases described below (section 2.3-2.7) can be found in Table 12 

to Table 15 in Appendix 1. To all SCICHEM simulations, operational boundary layer and large-

scale variability were applied. This means that SCICHEM internally sets them based on the 

other input information (Knipping, 2021b). 

2.2 Volumetric Particle Approach Model 

In the Volumetric Particle Approach (VPA) model every single particle is treated like a box 

model and information is exchanged between the different boxes (Cassiani, 2013). Each 

individual box then applies the chemistry as well as all other processes that naturally occur in 

the atmosphere. The motion of the particles depends on the meteorological field determined by 

a meteorological model, while the turbulent dispersion is simulated based on stochastic 

differential equations (Cassiani et al., 2013; Thomson, 1987). Since the particles in the plume 

interact, a mixing module is included in the model to account for mixing between the particles. 

The mixing is simulated by the “interaction by exchange with the mean” model (Cassiani et al., 

2020; Cassiani et al., 2013; Pope, 1985). However, the VPA model uses several approximations 

for the mixing process between the plume and background, whereas other probability density 

function transport models actively simulate the background particles (Cassiani, 2013; Cassiani 

et al., 2020; Cassiani et al., 2005; Pope, 1985). Still, an important advantage is that a 

considerable amount of computational time is saved by not modelling background particles 

(Cassiani, 2013). Different and adaptable time steps are used for simulating particle dispersion, 
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the mixing process and advancing the chemistry. The background chemistry and the plume 

chemistry are treated separately and combined afterwards. The background chemistry is 

currently advanced on the three-dimensional Eulerian, grid based, model EPISODE (Hamer et 

al. (2020)) using a horizontal grid resolution of 1 km2. The plume appears as a source term in 

the Eulerian model when the edge of the Lagrangian model domain is exceeded. Since the VPA 

model is still at the early development stage, it was not yet ready to be run by non-experts. The 

VPA model was thus run by Dr. Massimo Cassiani. The output of the VPA model consists of 

time and space averaged concentrations over a certain height and horizontal grid. These 

averages are obtained by sampling the particle field pertaining to each grid averaging element. 

No amine chemistry is currently included in the VPA model that was therefore only used for 

studying the NOx, O3 and OH chemistry. The chemical scheme used in the VPA model in this 

preliminary study is a simplified EMEP (European Monitoring and Evaluation Programme) 

scheme as described by Walker et al. (2003) and is included in Figure 43 in Appendix 2 

(European Commission, 2019; European Monitoring and Evaluation Programme, 2021). 

Below, this chemical scheme will be simply referred to as the adapted EMEP chemistry scheme.  

2.3 Case Study 1: Power Plant Plume Chemistry 

Simulations  

The aim of case study 1 was to compare the SCICHEM results to the results obtained by Zheng 

et al. (2020) with the Fluidity-Chem model, which has been shown to capture details at the 

plume edges (Chowdhury et al., 2015; Zheng et al., 2020). Zheng et al. (2020) simulated a 

plume emitted from a stack at the Cumberland Power Plant in Tennessee, USA (36 N, 87 W). 

NO was emitted at 3502.74 g/s at a height of 193.5 m. The wind was assumed to be constant at 

a speed of 5 m/s and coming from the west (Zheng et al., 2020). All input parameters for the 

SCICHEM GUI are shown in Table 12 in Appendix 1. The multi-component input file used for 

these simulations was the SCICHEM multi-component input file “fullchem_ae5_SW” without 

the ambient file “SW.amb”. Nothing was altered in this file for these simulations. The multi-

component input file can be found in the example folder in the SCICHEM version 3.3 

download. The fields within the plume were plotted at surface height, since that was the height 

at which Zheng et al. (2020) plotted their plume fields as well.  
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2.4 Case Study 2: Ship Plume Chemistry 

Simulations  

In case study 2, an isolated ship plume was simulated. The study by Charlton-Perez et al. (2009) 

served as a reference point for the simulations, and the conditions mentioned in their work were 

implemented to simulate NO, NO2, OH and O3 in the ship plume. In this case, 33 g/s of NO was 

emitted from the stack of a typical merchant ship in the North Atlantic Ocean (15 N, 54 W). 

The wind was assumed constant at a speed of 4 m/s coming from the east. All input parameters 

entered in the SCICHEM GUI are shown in Table 13 in Appendix 1. The multi-component 

input file, with the reactions, rate constants and ambient VMRs as used by Charlton-Perez et al. 

(2009), is shown in Figure 42 in Appendix 2. The ambient VMRs, which were constant 

throughout the simulation, are also shown in Table 1. The ambient VMRs of OH, NO2 and O3 

were taken from the Charlton-Perez et al. (2009) study and assumed to be constant in the 

SCICHEM simulations. Moreover, the ambient VMRs of CO and CH4 from the full SCICHEM 

multi-component input file (“fullchem_ae5_SW”; which can be found in the SCICHEM version 

3.3 download) were used, as Charlton-Perez et al. (2009) only stated that these ratios remained 

constant throughout the simulation and did not mention specific values. The ambient VMR of 

H2O was set internally by SCICHEM based on the meteorological input. This was achieved in 

the simulation by setting the ambient VMR to -1.0 ppm (Knipping, 2021b).  

Table 1: Ambient volume mixing ratios (in ppb) from the multi-component file (Figure 42 in Appendix 2) that were used in the 

SCICHEM simulation of an isolated ship plume based on the paper by Charlton-Perez et al. (2009). A: an ambient H2O VMR 

of -1.0⋅103 indicates that the actual ambient VMR used in the SCICHEM simulation is determined internally based on the 

meteorological input.  

Species Ambient VMR 

NO2 0.1 

O3 27 

OH 3.66⋅10-4 

CH2O 0.1 

CH3OOH 0.1 

H2O2 0.1 

CO 2.20⋅102 

H2OA -1.0⋅103 

CH4 1.945⋅103 
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2.4.1 Effect of Different Chemistry Schemes  

The atmospheric chemistry schemes used for the simulations were the full SCICHEM 

chemistry multi-component input file (“fullchem_ae5_SW” given in the examples folder of 

SCICHEM version 3.3) and an adapted EMEP chemistry scheme provided by NILU (see Figure 

43 in Appendix 2). Compared to the scheme used in the full SCICHEM chemistry multi-

component input file, the adapted EMEP chemistry scheme is a simplified chemistry scheme. 

However, it is more elaborate than the chemistry scheme used by Charlton-Perez et al. (2009). 

All ambient VMRs were altered to match those of Charlton-Perez et al. (2009) as described in 

Table 1 above. Ambient VMRs of species were set to 0 ppm, if mentioned in the adapted EMEP 

or the full SCICHEM chemistry multi-component input file, but not in Table 1. The effect of 

different chemistry schemes was only determined within 30 km downwind from the source.  

2.4.2 Effect of Different Background Conditions  

In order to understand the impact of the different atmospheric background conditions on the 

NOx, O3 and OH fields, the simulation with the full SCICHEM multi-component input file 

(“fullchem_ae5_SW”) was repeated. After the simulation using the ambient levels provided by 

Charlton-Perez et al. (2009) given in Table 1 above, a simulation was executed without adding 

an ambient file, resulting in the use of the default ambient VMRs from the full SCICHEM 

multi-component input file. Then a simulation was performed with the ambient file “FL.amb”, 

which contains the background conditions for Florida. After this, a simulation was performed 

using the “WA.amb” ambient file, containing the background conditions for the state of 

Washington. Both ambient files can be found in the sciData folder within the binary folder of 

the SCICHEM version 3.3 download. Finally, NILU-provided ambient VMRs (Table 16 in 

Appendix 3) were implemented in the full SCICHEM multi-component input file. All ambient 

VMRs for the species not included in the NILU-provided ambient levels, but included in the 

full SCICHEM multi-component input file, were set to 0 ppm. When the default, NILU-

provided or Charlton-Perez et al. (2009) ambient VMRs were used, these mixing ratios were 

constant during the day. The Florida and Washington State ambient files, however, contain 

ambient VMRs that vary diurnally (Knipping, 2021b). Table 2 shows the different background 

VMRs at local noon, for NO, NO2, O3, OH, HO2 and CH3C(O)O2 for the different backgrounds. 

The distance of interest was once again limited to 30 km downwind from the source. 
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Table 2: Background volume mixing ratios of NO, NO2, O3, OH, HO2 and CH3C(O)O2 used for five simulations of the ship 

plume. The multi-component input file “fullchem_ae5_SW” was used with the ambient volume mixing ratios of Charlton-Perez 

et al. (2009) as described in Table 1, the default volume mixing ratios from the multi-component file, Florida (“FL.amb”), 

Washington State (“WA.amb”) and NILU-provided background conditions (Table 16 in Appendix 3). 

 
NO 

(ppt) 

NO2 

(ppt) 

O3 

(ppb) 

OH (106 molec. 

cm-3) 

HO2 

(ppt) 

CH3C(O)O2 

(ppt) 

Charlton-

Perez et al. 

(2009)  

0 100 27 9 0 0 

Default 28 2400 63 0.08 6.89 3.13 

FL.amb 66.8 3731 33 0.08 6.89 3.13 

WA.amb 10.55 1361.2 27.5 0.08 6.89 3.13 

NILU 167 561 34.4 7.48 10.6 0.35 

2.4.3 Effect of Reduced NO Emission on the OH Field 

The NO emission was decreased by a factor of 10 (from 33 g/s to 3.3 g/s) to determine the effect 

of this reduction on the OH field. This was done using the full SCICHEM multi-component 

input file (“fullchem_ae5_SW” without the ambient file “SW.amb”), the Charlton-Perez et al. 

(2009) multi-component input file (Figure 42, in Appendix 2) and the multi-component input 

file containing the adapted EMEP chemistry scheme (Figure 43 in Appendix 2). In all of these 

files, the ambient VMRs were replaced by the ratios included in Table 1, while the ambient 

VMRs of species not mentioned in Table 1 were set to 0 ppm. Similarly to section 2.4.1 and 

2.4.2, the distance of interest was limited to 30 km downwind from the source. 

2.5 Case Study 3a: Waste-to-Energy Plant Plume 

Chemistry Simulations (without Amines) 

In this case, the WtE plant’s NO emission at a stack height of 80 m was assumed to be, on 

average, 3.02 g/s and the amount of NO2 emitted was neglected. Appendix 4 contains the 

conversion from volume mixing ratio (in ppm) to the flue gas emission rates (in g/s). The wind 

speed was assumed to be constant (4 m/s) and coming from the southeast (135°). The input 

parameters for the SCICHEM GUI are shown in Table 14 in Appendix 1. The multi-component 

input file that was used for these simulations was the SCICHEM multi-component input file 

“fullchem_ae5_SW” without the ambient file “SW.amb”. The ambient VMRs were replaced in 

the multi-component input file by the NILU-provided ambient levels (Table 16 in Appendix 3). 
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Ambient levels for species that are included in the multi-component input file, but not in the 

NILU-provided ambient conditions, were set to 0 ppm.  

2.5.1 Effect of Chemistry on the OH Field 

To understand the underlying chemistry of the OH field, in particular near the source, changes 

were made in the multi-component input file by removing the reactions that are involved in OH 

production or depletion one by one.  

2.5.2 Effect of Different Emissions on the OH Field 

Five other emission scenarios were simulated:  

i) The NO emission was increased by a factor of 10 to 30.2 g/s to find the effect on the 

corresponding OH field.  

ii) A simulation was performed where in addition to an NO emission of 3.02 g/s, 3.02⋅10-2 g/s 

(1%) NO2 was emitted.  

iii) A simulation was run with a HONO emission of 3.02⋅10-3
 g/s (0.1%) added to the NO and 

NO2 emissions.  

iv) The two above-mentioned simulations with NO2 and HONO emissions were repeated using 

an NO emission of 30.2 g/s whilst keeping the NO2 and HONO emissions at respectively 1% 

and 0.1% of the NO emission.  

v) In addition to NO (both 3.02 g/s and 30.2 g/s), 0.016 g/s of acetaldehyde (CH3CHO) was 

emitted.  

All conversions from volume mixing ratios (in ppb) to emission rates (in g/s) can be found in 

Appendix 4. 

2.6 Case Study 3b: Waste-to-Energy Plant Plume 

Chemistry Simulations (with Amines) 

After running the SCICHEM model to simulate NO, NO2, OH and O3 fields in the combustion 

plume (section 2.5), emission of the amine piperazine (PZ) was included in the second run. This 
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was done by adding R18 to the multi-component input file (“fullchem_ae5_SW” without the 

ambient file “SW.amb”), where PZNR is the piperazine radical with the radical at the N atom 

(Onel et al., 2014; Tan et al., 2021). The formation of the piperazine imine (PZI, R19), the 

piperazine nitramine (PZNO2, R20) and nitrosamine (PZNO, R22) and secondary reactions 

with OH forming new products (PZNO2P, R21 and PZNOP, R24) were subsequently included, 

as well as the photolysis reaction of PZNO (R23). A photolysis rate of 0.34⋅JNO2 was used, 

where JNO2 is the default NO2 photolysis rate from the multi-component input file. A secondary 

PZ oxidation pathway was added, where PZ reacts with OH forming a radical in the C position: 

PZCR (R25). The reactions by which PZCR forms PZCO2 (R26) and PZALD (R27) were added 

as well. For simplicity, R25 and R26 have been grouped together into a single reaction (Nielsen, 

D’Anna, et al., 2012; Tan et al., 2021). All reaction rate constants and the photolysis rate are 

shown in Table 3. As in case study 3a (section 2.5), the ambient VMRs were replaced in the 

multi-component input file by the NILU-provided ambient levels (see Table 16 in Appendix 3). 

An ambient VMR of 3⋅10-8
 ppm was used for PZ. For all other species involved in the PZ 

chemistry scheme as shown in R18-R27 (i.e. PZNR, PZI, PZNO2, PZNO2P, PZNO, PZNOP, 

PZCR, PZCO2, PZALD) an ambient VMR of 3⋅10-10 ppm was used. The background levels of 

all species present in the multi-component file but not included in the NILU-provided 

background (Table 16 in Appendix 3) were set to 0 ppm. It was assumed that there would be 

no deposition for any of the species involved in the PZ chemistry scheme (European Chemicals 

Bureau, 2005; National Library of Medicine National Center for Biotechnology Information, 

2022). 

Two emission scenarios were considered: 

i) Besides the emission of NO (i.e. 3.02 g/s or 30.2 g/s) and CH3CHO (0.016 g/s), a total PZ 

emission of 0.032 g/s was used. In order to take into account that only 18% of PZ forms 

nitrosamines and nitramines, two different PZ species (i.e. PZA and PZB) were emitted with 

the exact same parameters. PZA was emitted corresponding to 18% of the total PZ emission 

(i.e. 0.006 g/s), to take part in R18-R24. PZB was emitted corresponding to 82% of the total PZ 

emission (i.e. 0.026 g/s) to take part in R25-R27 (Tan et al., 2021).  

ii) Since PZNO can also be directly released from the stack, a simulation was performed in 

which 2.1⋅10-4 g/s PZNO was released in addition to 3.02 g/s NO, 0.016 g/s CH3CHO and 
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0.032 g/s PZ. The conversions from volume mixing ratios (in ppm and ppb) to emission rates 

(in g/s) are detailed in Appendix 4.  

PZ + OH → PZNR + H2O 

R18 

PZNR + O2 → PZI + HO2 

R19 

PZNR + NO2 → PZNO2  

R20 

PZNO2 + OH → PZNO2P 

R21 

PZNR + NO → PZNO 

R22 

PZNO + ℎ𝜈 → PZNR + NO 

R23 

PZNO + OH → PZNOP 

R24 

PZ + OH + O2 → PZCO2 + H2O 

R25 + R26 

PZCO2 + NO + O2 → PZALD + HO2 + NO 

R27 

 

 

Table 3: Chemical kinetics parameters in the piperazine chemical scheme (Figure 3, R18-R27). The reaction rates for R25 and 

R26 have been combined into one reaction rate. JNO2, as used in the photolysis rate of R23 (J23) is the default NO2 photolysis 

rate from the full SCICHEM multi-component input file (“fullchem_ae5_SW”).  

Reaction Number Reaction Rate 

Constant  

(cm3 molec.-1 

min-1) 

Photolysis  

Rate  

Reference 

R18 k18 = 1.5⋅10-8  Onel et al. (2014), Tan et al. (2021)  

R19 k19 = 3.0⋅10-18
  Tan et al. (2021) 

R20 k20 = 1.9⋅10-11
  Tan et al. (2021) 

R21 k21 = 7.5⋅10-9  Tan et al. (2021) 

R22 k22 = 3.3⋅10-11  Tan et al. (2021) 

R23  J23 = 0.34⋅JNO2 Tan et al. (2021) 

R24 k24 = 7.5⋅10-9  Tan et al. (2021) 

R25 + R26 k25+26 = 1.5⋅10-8  Onel et al. (2014), Tan et al. (2021)  

R27 k27 = 6.0⋅10-10  Tan et al. (2021) 
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2.7 SCICHEM and Volumetric Particle Approach 

Model Comparison  

Both the SCICHEM and VPA models were used to perform another simulation of the WtE 

plant plume. The wind was assumed to vary with height and to come from the west (270°). NO 

emissions were set to 3.013 g/s at stack height (i.e. 75 m). All input values are given in Table 

15 in Appendix 1. The used ambient VMRs and the adapted EMEP chemistry scheme, including 

rate constants, are given in the multi-component input file shown in Figure 43 in Appendix 2. 

The VPA model output is height averaged; in this case, an average from surface level to 50 m 

was generated. Since the SCICHEM GUI is not able to produce a height-averaged output, the 

fields were plotted at 0, 25 and 50 m height. The wind was assumed to come from the west at 

a speed of 4.38 m/s, 5.20 m/s and 6.10 m/s at 0, 25 and 50 m height respectively. NO emissions 

were then increased by a factor of 10 from 3.013 g/s to 30.13 g/s. 
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3 Results and Discussion 

In this section, the results of the different case studies are presented. In case study 1 (section 3.1) 

SCICHEM is used to simulate NOx and O3 in a power plant plume that was previously simulated 

by Zheng et al. (2020) with the Fluidity-Chem model. The latter is proven to capture the fine 

details at the plume edges (Zheng et al., 2020). In case study 2 (section 3.2) the influence of the 

atmospheric chemical background, the applied atmospheric chemistry scheme and NO emission 

strength on the chemical evolution of an isolated ship plume is investigated (Charlton-Perez et 

al., 2009). The last two case studies (3a and 3b) include plume chemistry simulations for a WtE 

plant. In case study 3a (section 3.3) SCICHEM was used to simulate the chemistry in a WtE 

plant plume without amines being emitted. In case study 3b (section 3.4), piperazine was added 

to the emission scenario in the SCICHEM simulation. Finally, in section 3.5 the results for a 

WtE plant plume without amines, obtained using the SCICHEM and VPA models, are 

compared. 

3.1 Case Study 1: Power Plant Plume Chemistry 

Simulations 

Figure 4A and B show the NO2 and NO fields in the plume of the Cumberland Power Plant in 

Tennessee obtained using the SCICHEM model with the input parameters given by Zheng et 

al. (2020). In both fields, the maximum VMR is found near the source, i.e. 72 ppb for NO2 and 

340.7 ppb for NO. The presence of the maximum VMR of NO near the source can be explained 

by the fact that NO is emitted by the source with 3502.74 g/s. The presence of the maximum 

VMR of NO2 near the source can be explained by the reaction between the emitted NO and O3 

forming NO2 close to the source (see R8). Both fields then gradually decrease back to the 

ambient VMR of 2.40 ppb (NO2) and 2.8⋅10-2 ppb (NO). The NO2 field (Figure 4A) spans a 

distance of approximately 75 km, whereas the NO field (Figure 4B) spans a distance of 

approximately 35 km. This difference can be explained by rapid oxidation of NO to NO2 in the 

atmosphere (United States Environmental Protection Agency, 1999). A clear similarity can be 

seen, when comparing the resulting NO2 and NO fields to the NOx field (Figure 4C) modelled 

by Zheng et al. (2020) using the Fluidity-Chem model. The SCICHEM GUI is neither able to 

plot NOx fields, nor to gradually decrease the VMR from 15 to 0 ppb. This means that the NO2 

and NO fields simulated using SCICHEM (Figure 4A-B) need to be added together in order to 
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be able to compare them to the NOx field (Figure 4C) simulated by Zheng et al. (2020). 

Moreover, since it was not possible to set a gradual decrease from 15 ppb down to 0 ppb in the 

SCICHEM GUI, the fields are less detailed and appear shorter, even though the simulated 

values actually show an increase compared to the ambient VMR further downwind. The main 

parts of the fields correspond well, with 54 and 55 ppb at 30 km downwind and 27 and 30 ppb 

at 60 km downwind from the source in Figure 4A-B and Figure 4C, respectively.  

A

 

C 

 

 
B

 

Figure 4:A) NO2 field modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 3502.74 g/s NO at a 

stack height of 193.5 m at the Cumberland Power Plant, Tennessee, USA, using the input parameters from case number 1 as 

presented by Zheng et al. (2020). The emission source is indicated by the symbol 𝛻. B) as in A) but for NO. C) NOx field (in 

ppb) at the Cumberland Power Plant, Tennessee, USA. Adapted from the NOx field modelled in case 1 by Zheng et al. (2020): 

“Emission rate (13.9 ton/h): the spatial distribution of the species NO𝑥 … (ppbv) at the stable stage (𝑡 = 10 hr), with the 

minimum and maximum adaptive mesh resolutions of 100 m and 20 km respectively, the time step 𝛥𝑡 is 400 s.”(Zheng et al., 

2020). Note: axes in A-B have different values compared to those in C, but they have the same extensions in both South-North 

(y) and East-West (x) directions.  

Figure 5A shows the O3 field in the Cumberland Power Plant plume obtained using the 

SCICHEM model with the input parameters given by Zheng et al. (2020). It shows the depletion 

of the O3 VMR near the source. At approximately 20 km downwind from the source, a VMR 

of 18 ppb is observed. At 40 km downwind, a VMR of 45 ppb and up to 60 km downwind, a 

mixing ratio of 60 ppb is seen. This depletion pattern is also found in the O3 field modelled with 

the Fluidity-Chem model by Zheng et al. (2020) as is shown in Figure 5B. The observed 

depletion pattern in the O3 field (Figure 5A) also corresponds to the pattern observed for NO 

and NO2 (Figure 4A and B) and can be explained by the reaction between O3 and NO forming 

NO2 (see R8). Figure 5A also shows an increase in the O3 VMR starting at approximately 

100 km downwind. This increase was also observed by Zheng et al. (2020) (Figure 5B) and can 
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be explained by the fact that the NO is mixed better with the ambient air at that distance 

downwind. Therefore, this far downwind, and contrary to the atmospheric chemistry closer to 

the source, not all O3 formed immediately reacts with NO, resulting in O3 formation instead of 

depletion. SCICHEM (Figure 5A) was not able to simulate the “wing-like” pattern of the O3 

formation at the plume edges starting at 20 km downwind as shown in Figure 5B.  

A 

 

B 

 

Figure 5: A) O3 field modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 3502.74 g/s NO at a 

stack height of 193.5 m at the Cumberland Power Plant, Tennessee, USA, using the input parameters from case number 1 as 

presented by Zheng et al. (2020). The emission source is indicated by the symbol 𝛻. B) O3 field (in ppb) at the Cumberland 

Power Plant, Tennessee, USA. Adapted from the O3 field modelled in case 1 by Zheng et al. (2020): “Emission rate (13.9 

ton/h): the spatial distribution of the species …,O3, … (ppbv) at the stable stage (𝑡 = 10 hr), with the minimum and maximum 

adaptive mesh resolutions of 100 m and 20 km respectively, the time step 𝛥𝑡 is 400 s.”(Zheng et al., 2020). Note: the axes in 

A-B have different values compared to those in C, but they have the same extension both in South-North (y) and East-West (x) 

directions.  

The model used by Zheng et al. (2020) has been validated against measurement data at the 

Cumberland Power Plant in Tennessee. It was found that within 66 km of the source, the 

maximum peak height varied 10 to 20% from the measured values, and further downwind an 

even better match was found (Zheng et al., 2020). The model used by Zheng et al. (2020) can 

therefore be considered as an accurate model for the NO, NO2, O3 chemistry that is the focus 

of this research project. Since the results of the SCICHEM simulations adequately correspond 

with the results presented by Zheng et al. (2020), it can be concluded that SCICHEM works 

well and applies the chemistry appropriately, despite that some default settings had to be used 

for meteorological parameters (i.e. surface roughness, precipitation, Bowen ratio, albedo and 

fractional cloud cover). However, this case study shows that SCICHEM misses some crucial 

detailing on the edges of the plume. Any O3 formation towards the plume edges results in OH 

formation there. And, since OH plays such an important role in atmospheric chemistry, accurate 

simulation of these details may be important. This emphasizes the need for a model that is able 

to accurately simulate plume edge details, e.g. the VPA model that will be discussed below. 
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3.2 Case Study 2: Ship Plume Chemistry 

Simulations  

In this section, the influence of the applied atmospheric chemistry scheme, atmospheric 

chemical background and NO emission strength on the chemical evolution of an isolated ship 

plume is investigated. The study by Charlton-Perez et al. (2009) served as an initial reference 

(simplified atmospheric chemistry scheme and atmospheric chemical background for a ship 

plume), but due to missing input information (e.g. stack height and measuring height) it was 

not possible to make a consistent comparison between the SCICHEM results and the results 

obtained by Charlton-Perez et al. (2009). This comparison is therefore not included in this 

thesis. 

3.2.1 Effect of Different Chemistry Schemes  

Figure 6 shows the NO2 and NO fields simulated using different chemistry schemes and the 

ambient VMRs by Charlton-Perez et al. (2009) as described in Table 1. Figure 6A shows the 

fields based on the chemistry scheme used by Charlton-Perez et al. (2009) (Figure 42 in 

Appendix 2). Figure 6B shows the NO2 and NO fields based on the full SCICHEM chemistry 

scheme as included in the multi-component input file “fullchem_ae5_SW”. Figure 6C shows 

the NO2 and NO fields based on the adapted EMEP chemistry scheme (Figure 43 in 

Appendix 2). All NO2 and NO fields show the highest VMR close to the source, which is as 

expected. NO is emitted by the source and reacts with O3 to form NO2 close to the source (R8). 

However, contrary to simulations employing the other chemistry schemes, when using the 

adapted EMEP chemistry scheme the NO field spans a longer distance and the NO2 field a 

shorter distance (Figure 6C). This difference indicates that less NO is converted to NO2, which 

could be the result of different reaction rates being used in the chemistry schemes. Figure 7A-

C depict the corresponding O3 fields, which all show a depletion area spanning approximately 

3 km downwind from the source location; this is in line with NO reacting with O3 close to the 

source forming NO2 (R8). Figure 8A-C depict the OH fields, which all show a depletion of OH 

close to the source as well. Within the first 3 km downwind from the source, total OH depletion 

can be observed. This corresponds to the O3 depletions shown in Figure 7A-C, because O3 is a 

precursor for OH. Consequently, when no O3 is present, no OH is formed (R5 and R7). Thus, 

regardless of the applied chemistry scheme, under the ambient levels as described in Table 1 
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O3 and OH depletion is simulated close to the source. However, the OH depletion areas within 

the first 30 km are different depending on which chemistry scheme is used. For example, when 

the Charlton-Perez et al. (2009) chemistry scheme (Figure 42 in Appendix 2) is applied, as is 

shown in Figure 8A, the OH depletion area is longer than in the other two cases depicted in 

Figure 8B and C. These differences were linked to the different HNO3 behaviors in the 

chemistry schemes. The OH depletion areas (Figure 8A-C) span a longer distance downwind 

from the source than the O3 depletion areas (Figure 7A-C). OH depletion occurring while there 

was no O3 depletion anymore (i.e. after the first 3 km downwind from the source) was found to 

be the result of the reaction between OH and NO2 forming HNO3 (R13).  
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Figure 6: NOx (NO2 (top) and NO (bottom)) fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission 

of 33 g/s NO from a stack with a height of 43.2 m. The source location is indicated by the symbol 𝛻. Different chemistry schemes 

were applied, all with the background conditions described by Charlton-Perez et al. (2009) as shown in Table 1. A) Charlton-

Perez et al. (2009) chemistry scheme (Figure 42 in Appendix 2). B) Full SCICHEM chemistry scheme as included in the multi-

component input file “fullchem_ae5_SW”. C) Adapted EMEP chemistry scheme (Figure 43 in Appendix 2). 

  



30 

 

A 

 

B 

 

C 

 

 

Figure 7: O3 fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s NO from a stack 

with a height of 43.2 m. The source location is indicated by the symbol 𝛻. Different chemistry schemes were applied, all with 

the background conditions described by Charlton-Perez et al. (2009) as shown in Table 1. A) Charlton-Perez et al. (2009) 

chemistry scheme (Figure 42 in Appendix 2). B) Full SCICHEM chemistry scheme as included in the multi-component input 

file “fullchem_ae5_SW”. C) Adapted EMEP chemistry scheme (Figure 43 in Appendix 2). 
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Figure 8: OH fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s NO from a stack 

with a height of 43.2 m. The source location is indicated by the symbol 𝛻. Different chemistry schemes were applied, all with 

the background conditions described by Charlton-Perez et al. (2009) as shown in Table 1. A) Charlton-Perez et al. (2009) 

chemistry scheme (Figure 42 in Appendix 2). B) Full SCICHEM chemistry scheme as included in the multi-component input 

file “fullchem_ae5_SW”. C) Adapted EMEP chemistry scheme (Figure 43 in Appendix 2). 

3.2.2 Effect of Different Background Conditions  

Figure 9 shows the NO2 fields corresponding to five different ambient levels. The ambient 

levels as used by Charlton-Perez et al. (2009) (Table 1), the default ambient levels from the 

multi-component input file “fullchem_ae5_SW” without the “SW.amb” file, the Florida 

ambient levels (“FL.amb”), the Washington state ambient levels (“WA.amb”) and the NILU-

provided ambient levels (Table 16 in Appendix 3) were applied respectively in Figure 9A, B, 



31 

 

C, D and E. The Florida ambient levels were applied since, the subtropical climate conditions 

in Florida resemble the conditions of the location used by Charlton-Perez et al. (2009). 

Washington State was chosen because it has a climate resembling Norway. In all cases, it can 

be observed that formation of NO2 takes place near the source location, followed by a decrease 

back to ambient VMRs. In all cases, except in the cases where Charlton-Perez et al. (2009) and 

NILU-provided background levels were applied (Figure 9A and Figure 9E, respectively), the 

NO2 field is relatively short, spanning approximately 5 km. In Figure 9E, the field spans 

approximately 7.5 km. However, in Figure 9A, ambient levels are not restored within the 30 km 

distance considered. Under relatively low NO2 ambient levels (Figure 9A and E), the increase 

of NO2 as a result of oxidation of the emitted NO is enough to cause a visible increase further 

downwind. Under the relatively high NO2 ambient levels (Figure 9B-D), the additional NO2 

formed as a result of NO oxidation is not enough to lead to a visible increase starting at 5 km 

downwind from the source, due to the color scale used. Figure 10A to E show the corresponding 

NO fields, all with the highest VMR of 1.68⋅108 ppt near the source location, followed by a 

rapid decline back to ambient concentrations. Both the maximum VMR near the source and the 

rapid decline back to ambient concentrations were expected, since NO is emitted by the source 

and is rapidly oxidized to NO2 when it reaches the atmosphere (United States Environmental 

Protection Agency, 1999). Contrary to the other NO fields, the NO field under NILU-provided 

ambient levels (Figure 10E) is more elongated, spanning at least 30 km. Figure 11A to E show 

the corresponding O3 fields, which all have a depletion area near the source location, albeit 

short. Due to the color scale used, Figure 11B shows a particularly small area of O3 depletion, 

which is the result of the high ambient O3 level compared to the other backgrounds used (Figure 

11A,C-E). As a result, only a relatively large depletion is visible in the O3 field. For example, 

a 3.1 ppb depletion relative to the ambient level in Figure 11A shifts the resulting VMR to the 

next color level. In Figure 11B, a 35.4 ppb depletion would be required to shift the VMR to the 

next color level. The depletion is expected and corresponds to what is shown in Figure 9A to E 

and Figure 10A to E: close to the source there is a high level of NO which reacts with O3 

forming NO2 (R8), and this results in a depletion of O3 and formation of NO2. Figure 12A to E 

show the corresponding OH fields. Figure 12A and Figure 12E show an OH depletion near the 

source, which is expected based on the depletion shown in the O3 fields (Figure 11A and Figure 

11E). O3 is a precursor for OH. So when O3 is depleted, the reactions forming OH are reduced 

(R5 and R7). Figure 12B to D show, however, an unexpected OH formation near the source. 

The reaction between HO2 and NO forming OH and NO2 (R12) was found to be responsible 
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for this. Involved in this reaction are both the ambient HO2 and the HO2 that is formed out of 

ambient CH3C(O)O2 (R10 and R11). Figure 12E also shows an OH formation starting 6 km 

downwind from the source. This area of formation was also found to be the result of the reaction 

between HO2 and NO forming OH (R12).  

It can be noticed that the background conditions set by Charlton-Perez et al. (2009) force OH 

depletion close to the source. They emit a large amount of NO in a relatively clean atmosphere, 

as can be seen in Table 1. Species such as peroxy radicals (e.g. HO2 and CH3C(O)O2) are not 

included in the background close to the source. Therefore, the clean conditions as set by 

Charlton-Perez et al. (2009) result in ozone titration close to the source, and eventually in OH 

depletion (Charlton-Perez et al., 2009). Using a more polluted background with peroxy radicals 

(e.g. the default ambient levels, Florida ambient levels or Washington state ambient levels) 

leads to OH formation near the source. However, under the NILU-provided background 

conditions, where the peroxy radicals are also included, no OH formation occurs close to the 

source. This could be explained by the CH3C(O)O2 ambient VMR being almost an order of 

magnitude lower under NILU-provided ambient levels than under the default, Florida and 

Washington State ambient levels, whereas the HO2 ambient VMR is only a factor of 1.5 higher 

under NILU-provided ambient levels (Table 2). As a result, the reaction between HO2 and NO 

forming OH and NO2 (R12) is more limited under NILU-provided ambient levels than under 

default, Florida and Washington State ambient levels. It is, however, important to note that in 

reality the background conditions are not stable. For example, OH concentrations vary 

significantly in the course of a day (Davis, 1977). Therefore, accurate modeling of 

concentration fields requires the use of accurate ambient concentrations for the location and 

period of interest.  
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Figure 9: NO2 fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s NO from a stack 

with a height of 43.2 m. The source location is indicated by the symbol 𝛻. Different background volume mixing ratios were 

applied in the multi-component file “fullchem_ae5_SW”. A) Charlton-Perez et al. (2009) ambient volume mixing ratios (Table 

1). B) Default values from the multi-component input file. C) Florida ambient volume mixing ratios (“FL.amb”). Note the 

different color scale compared to the fields shown in A, B, D and E. D) Washington State volume mixing ratios (“WA.amb”). 

E) NILU-provided ambient volume mixing ratios (Table 16 in Appendix 3).  
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Figure 10: NO fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s NO from a stack 

with a height of 43.2 m. The source location is indicated by the symbol 𝛻. Different background volume mixing ratios were 

applied in the multi-component file “fullchem_ae5_SW”. A) Charlton-Perez et al. (2009) ambient volume mixing ratios (Table 

1). B): Default values from the multi-component input file. C) Florida ambient volume mixing ratios (“FL.amb”). D) 

Washington State volume mixing ratios (“WA.amb”). E) NILU-provided ambient volume mixing ratios (Table 16 in Appendix 

3). 

  



35 

 

 

A

 

B

 
C

 

D

 
E 

 

 

Figure 11: O3 fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s NO from a stack 

with a height of 43.2 m. The source location is indicated by the symbol 𝛻. Different background volume mixing ratios were 

applied in the multi-component file “fullchem_ae5_SW”. A) Charlton-Perez et al. (2009) ambient volume mixing ratios (Table 

1). B) Default values from the multi-component input file. C) Florida ambient volume mixing ratios (“FL.amb”). D) 

Washington State volume mixing ratios (“WA.amb”). E) NILU-provided ambient volume mixing ratios (Table 16 in Appendix 

3). 
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Figure 12: OH fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s NO from a stack 

with a height of 43.2 m. The source location is indicated by the symbol 𝛻. Different background volume mixing ratios were 

applied in the multi-component file “fullchem_ae5_SW”. A) Charlton-Perez et al. (2009) ambient volume mixing ratios (Table 

1). B) Default values from the multi-component input file. C) Florida ambient volume mixing ratios (“FL.amb”). D) 

Washington State volume mixing ratios (“WA.amb”). E) NILU-provided ambient volume mixing ratios (Table 16 in Appendix 

3). 

3.2.3 Effect of Reduced NO Emission on the OH Field 

Figure 13A and B show the OH fields formed after emission of 33 and 3.3 g/s NO respectively. 

These fields were formed using the chemistry scheme and atmospheric background as described 

by Charlton-Perez et al. (2009) (Figure 42 in Appendix 2). It is shown that a reduction of the 

NO emission by a factor of 10 still results in OH depletion close to the source. However, the 

field length is a factor of 6.5 shorter. This can be explained by less NO being present near the 

source to deplete the O3. Consequently, ambient O3 concentrations are restored closer to the 

source. This enables OH formation closer to the source and a faster increase back to the ambient 

OH VMR as well (R5 and R7). Moreover, there is no area of total OH depletion when the NO 

emission has been reduced (Figure 13B), as was the case within the first 3 km downwind under 

higher NO emission (Figure 13A). This can be explained by the emitted NO not being enough 

to fully deplete the present O3 (R5). As a result, OH formation will not be stopped completely 

close to the source (R7). Similar results, where the OH depletion area is smaller because of 
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reduced NO emission, are shown in Figure 14A and B (full SCICHEM chemistry scheme) as 

well as in Figure 15A and B (adapted EMEP chemistry scheme). As can be seen in Figure 14B, 

the OH depletion further downwind, which is a result of HNO3 formation (R13), has been 

reduced as well. This can be explained by the fact that HNO3 formation depends on the NO2 

concentration. NO is oxidized to NO2 in the atmosphere (R8). If less NO is emitted, less NO2 

will be present in the field to react with OH and form HNO3 (R13). Figure 15B shows, however, 

some areas of depletion further downwind which were not present when more NO was emitted 

(Figure 15A). These are depletions of maximum 0.1⋅106 molecules cm-3 (1%) in a background 

of 9⋅106 molecules cm-3, and are therefore negligible. 
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Figure 13: OH fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s (A) and 3.3 g/s 

(B) NO from a stack with a height of 43.2 m. The source location is indicated by the symbol ∇. The multi-component input file 

as shown in Figure 42 in Appendix 2, i.e. the chemistry file and ambient concentrations as described by Charlton-Perez et al. 

(2009), was used..  
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Figure 14: OH fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s (A) and 3.3 g/s 

(B) NO from a stack with a height of 43.2 m. The source location is indicated by the symbol ∇. The full SCICHEM multi-

component input file “fullchem_ae5_SW” was used with ambient concentrations by Charlton-Perez et al. (2009) as described 

in Table 1. 
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Figure 15: OH fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 33 g/s (A) and 3.3 g/s 

(B) NO from a stack with a height of 43.2 m height. The source location is indicated by the symbol ∇. The multi-component 

input file with the adapted EMEP chemistry scheme (Figure 43 in Appendix 2) with ambient concentrations by Charlton-Perez 

et al. (2009), as described in Table 1, was used. 
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3.2.4 Summary Case Study 2 

Case study 2 was used as a learning case to understand the influence of the atmospheric 

chemical background, the applied atmospheric chemistry scheme and NO emission strength on 

the chemical evolution of an isolated ship plume. Table 4 shows an overview of the results 

obtained for the NO, NO2, O3 and OH fields when using different chemistry schemes (i.e. the 

Charlton-Perez et al. (2009) chemistry scheme, the full SCICHEM chemistry scheme and the 

adapted EMEP chemistry scheme). Table 5 shows an overview of the results obtained by 

applying the full SCICHEM chemistry scheme (“fullchem_ae5_SW”), but with different 

background conditions (i.e. the Charlton-Perez et al. (2009) conditions as shown in Table 1, the 

default conditions in the full SCICHEM chemistry scheme, the Florida conditions, Washington 

State conditions and the NILU-provided conditions as shown in Table 16 in Appendix 3). High 

levels of background peroxy radicals (i.e. HO2 and CH3C(O)O2) were found to lead to OH 

formation close to the source. Lower levels of peroxy radicals resulted in OH depletion close 

to the source. 

Finally, regardless of the chemistry scheme applied, a reduced NO emission was found to cause 

shorter OH fields with less depletion as well.   
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Table 4: Overview of the results obtained after performing the simulation as described by Charlton-Perez et al. (2009) with 

ambient conditions as described in Table 1 but with different chemistry schemes applied: i.e. the chemistry scheme by Charlton-

Perez (Figure 43 in Appendix 2), the full SCICHEM chemistry scheme (“fullchem_ae5_SW”) and the adapted EMEP chemistry 

scheme (Figure 44 Appendix 2). 

Chemistry scheme NO field NO2 field O3 field OH field 

Charlton-Perez et 

al. (2009)  

- Highest 

VMR close to 

the source. 

- Highest 

VMR close to 

the source. 

- Short field 

spanning a 

couple of km. 

- Depletion 

area close to 

the source. 

- Long field 

spanning at 

least 30 km. 

- Depletion area 

close to the 

source. 

Full SCICHEM  - Highest 

VMR close to 

the source. 

- Highest 

VMR close to 

the source. 

- Short field 

spanning a 

couple of km. 

- Depletion 

close to the 

source. 

- Short field 

spanning 

approximately 

10 km with an 

area of 

depletion close 

to the source. 

- Depletion area 

at 24 km 

downwind from 

the source. 

Adapted EMEP  - Highest 

VMR close to 

the source. 

- Longer field 

compared to 

the other NO 

fields. 

- Highest 

VMR close to 

the source. 

- Shorter field 

compared to 

the other NO2 

fields. 

- Short field 

spanning a 

couple of km. 

- Depletion 

area close to 

the source. 

- Short field 

spanning 

approximately 7 

km. 

- Depletion area 

close to the 

source. 
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Table 5: Overview of the results obtained from the simulation as described by Charlton-Perez et al. (2009) but with the full 

SCICHEM chemistry scheme (“fullchem_ae5_SW”) and different ambient conditions: Charlton-Perez et al. (2009) ambient 

conditions (Table 1), default ambient conditions from the full SCICHEM chemistry file, ambient conditions for Florida 

(“FL.amb”) and Washington State (“WA.amb”), and NILU-provided ambient conditions (Charlton-Perez et al., 2009).  

Background 

conditions 

NO field NO2 field O3 field OH field 

Charlton-

Perez et al. 

(2009)  

- Short field 

with highest 

VMR close to 

the source. 

- Lowest NO2 

ambient level. 

Resulting in a 

long NO2 

plume with 

highest VMR 

close to the 

source. 

- Short field, 

with depletion 

area close to 

the source. 

- Field spanning 

around 10 km. 

With OH depletion 

close to the source. 

- Another OH 

depletion at 24 km 

downwind. 

Default  - Short field 

with highest 

VMR close to 

the source. 

- High NO2 

ambient level 

leading to a 

short field with 

highest VMR 

close to the 

source. 

- Very short O3 

field, with 

depletion area 

close to the 

source. 

- Short field, 

spanning around 4 

km with OH 

formation close to 

the source.  

FL.amb - Short field 

with highest 

VMR close to 

the source. 

- High NO2 

ambient level 

leading to a 

short field with 

highest VMR 

close to the 

source. 

- Short field, 

with depletion 

area close to 

the source. 

- Field spanning 

approximately 6 

km, with OH 

formation close to 

the source. 
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Background 

conditions 

NO field NO2 field O3 field OH field 

WA.amb - Short field 

with highest 

VMR close to 

the source. 

- High NO2 

ambient level 

leading to a 

short field with 

highest VMR 

close to the 

source. 

- Short field, 

with depletion 

area close to 

the source. 

- Field spanning 

around 20 km with 

OH formation 

close to the source 

and another area of 

OH formation at 24 

km downwind. 

NILU - Long field 

(spanning at 

least 30 km) 

with highest 

VMR close to 

the source. 

- Higher NO2 

background 

level compared 

to Charlton-

Perez 

conditions, but 

lower than the 

others. Results 

in a NO2 field 

spanning 

approximately 

7.5 km, with 

highest VMR 

close to the 

source. 

- Short field, 

with depletion 

area close to 

the source. 

- Field with OH 

depletion spanning 

a distance of 

approximately 5 

km downwind 

from the source.  

- OH formation 

starting at 6 km 

downwind. 

3.3 Case Study 3a: Waste-to-Energy Plant Plume 

Chemistry Simulations (without Amines) 

Figure 16A and B show the NO2 fields of the combustion plume at surface level and at 80.5 m 

above the surface, respectively. The NO2 fields were formed at 14:00h local time after emission 

of 3.02 g/s NO at the WtE plant. Surface level was chosen because that is where human 
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exposure occurs. 80.5 m above the surface was determined to be the level at which the highest 

VMR of NOx could be found. As a result, the reactions in which NOx are involved are expected 

to lead to different results at surface level and at 80.5 m height. Both Figure 16A and B show 

the largest VMR, i.e. 3.02 ppb and 39.5 ppb, near the source, as a result of the reaction between 

O3 and NO which forms NO2 (R8). The largest VMR at surface level can be found at 0.8 km 

downwind and at 80.5 m height at 0.4 km downwind. It can also be seen that in the first couple 

of kilometers downwind from the source, the NO2 field at 80.5 m height dilutes more rapidly 

than the NO2 field at surface level. This is because the plume is already diluted when it reaches 

surface level after emission at stack height. Moreover, the surface acts as a barrier for the 

vertical dispersion. Therefore, the maximum mean concentration of a conserved scalar emitted 

by a moderately elevated source is found at surface level at a certain distance away from the 

source.  

A

 

B 

 

Figure 16: NO2 field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level (A) and at a height of 80.5 

m (B) at the WtE plant. The emission source, emitting 3.02 g/s NO at a stack height of 80 m, is indicated by the symbol 𝛻.The 

full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background as described in 

Table 16 in Appendix 3. 

Figure 17A and B show the NO fields of the plume at surface level and at 80.5 m height, 

respectively. The largest VMR can be found near the source, i.e. 3.87 ppb (Figure 17A) and 

3.21⋅104 ppb (Figure 17B). This can be explained by the fact that NO was emitted by the source 

and has not yet mixed well with the ambient air. The NO is mixed vertically, resulting in a 

VMR reduction by a factor of 8⋅103 near the source at surface level compared to 80.5 m height. 

The difference between the location of the largest VMR at surface level, i.e. at 0.6 km 

downwind, and at a height of 80.5 m, i.e. at 0.4 km downwind, can be explained by the emission 
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plume simultaneously spreading downwind and in vertical direction. As a result, the maximum 

NO VMR is found closer to the source near stack height (i.e. 80.5 m) than at surface level. Both 

the field on surface level (Figure 17A) as well as the field at 80.5 m height (Figure 17B) 

gradually decrease back to an ambient VMR of 0.167 ppb at 6 km downwind from the source. 

This indicates that, similarly to the NO2 fields (Figure 16A-B), the NO field dilutes much more 

rapidly at 80.5 m height than at surface level. Comparing the NO field at surface level (Figure 

17A) to the NO2 field at surface level (Figure 16A), indicates that there is no strong NO field 

at surface level after 3.02 g/s NO emission. The maximum VMRs of NO and NO2 are very 

similar (i.e. 3.87 and 3.02 ppb respectively). The difference is larger when looking at an 80.5 m 

height (Figure 16B and Figure 17B). The decreasing difference between the VMRs of NO and 

NO2 with decreasing altitude can be explained by the time it takes to oxidize NO to NO2. This 

oxidation is also limited by other reactants in the atmosphere. So, when NO is emitted from a 

stack and the plume spreads downwards, NO2 is produced and NO is diluted.  

A

 

B

 

Figure 17: NO field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level (A) and at a height of 80.5 

m (B) at the WtE plant. The emission source, emitting 3.02 g/s NO at a stack height of 80 m, is indicated by the symbol 𝛻.The 

full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background as described in 

Table 16 in Appendix 3. 

Figure 18A and B show the O3 fields within the plume at surface level and at 80.5 m height, 

respectively, formed at 14:00h local time after emission of 3.02 g/s NO at the WtE plant. Both 

Figure 18A and B show a short field, spanning approximately 3 kilometers in distance. It can 

be observed in both cases, that there is a depletion of O3 near the source, before it gradually 

increases back to the ambient VMR. This depletion is expected, since O3 present in the 

atmosphere near the source reacts with the emitted NO (R8). However, at surface level (Figure 
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18A) this is a small depletion, i.e. a maximum depletion of approximately 3.1 ppb (9.0%), 

compared to the ambient VMR of 34.4 ppb at 0.7 km downwind from the source. At an 80.5 m 

height (Figure 18B), there is a complete depletion (100%) of O3 immediately at the source. This 

corresponds to the large difference between NO present at the source at surface level and at 

80.5 m height (Figure 17A-B). At surface level, this amount of NO is not sufficient to fully 

deplete O3 (R8), whereas it is sufficient at 80.5 m height. Moreover, it can be seen that the 

depletion area at surface level (Figure 18A) starts approximately 0.2 km further downwind than 

at a height of 80.5 m (Figure 18B), because NO is emitted at a stack height of 80 m and reaches 

the surface level further downwind from the source.  

A

 

B 

 

Figure 18: O3 field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level (A) and at a height of 80.5 

m (B) at the WtE plant. The emission source, emitting 3.02 g/s NO at a stack height of 80 m, is indicated by the symbol 𝛻.The 

full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background as described in 

Table 16 in Appendix 3.  

Figure 19A and B show the plume’s OH fields at surface level and at a height of 80.5 m, 

respectively. Figure 19A shows an OH depletion within the first 1.5 km, with maximum 

depletion occurring at 0.8 km downwind from the source. This is not a total depletion, but a 

depletion of maximum 1.39⋅10-4 ppb (46%) compared to the ambient VMR of OH of 3.04⋅10-4 

ppb. However, contrary to what was expected based on the reactions included in the model (R5, 

R7 and R8), the highest OH VMR (4.06⋅10-4 ppb) can be found approximately 2.2 km 

downwind from the source. This formation relative to the ambient OH level results in an 

increase of 1.02⋅10-4 ppb (34%) compared to the ambient OH VMR. Such an increase was 

unexpected, since ozone titration (R8) still occurs at this position downwind from the source 

(see Figure 18A). Based on reactions R5 and R7, an OH depletion was expected close to the 



45 

 

source. Figure 19B shows a similar field to Figure 19A, but with a total depletion within the 

first 1.5 km. The highest OH VMR, i.e. 3.97⋅10-4 ppb, can be seen at 2.2 km downwind from 

the source. This is an increase of 31% compared to the ambient OH VMR. Comparison of the 

OH fields (Figure 19A-B) to the O3 fields (Figure 18A-B), shows that in case of total O3 

depletion (Figure 18B), a total depletion of OH can be observed as well (Figure 19B). If there 

is not a total O3 depletion, as at surface level (Figure 18A), there is not a total OH depletion 

either (Figure 19A). However, this shows that the conceptual picture (i.e. NO emission from a 

stack leads to ozone titration which results in total OH depletion close to the source, thereby 

stopping OH chemistry) is not entirely true under the conditions used in these simulations. 

Within 1.5 km downwind from the source, OH is depleted but it is not a total depletion 

throughout. Moreover, OH formation is observed around 2 km downwind from the source. The 

following sections focus on trying to understand this unexpected OH pattern. 

A

 

B

 

Figure 19: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level (A) and at a height of 80.5 

m (B) at the WtE plant. The emission source, emitting 3.02 g/s NO at a stack height of 80 m, is indicated by the symbol 𝛻.The 

full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background as described in 

Table 16 in Appendix 3. 

3.3.1 Effect of Chemistry on the OH Field 

The reaction between HO2 and NO which forms OH and NO2 (R12) was found to be responsible 

for the OH formation observed in Figure 19. Removing this reaction from the chemistry scheme 

used in the model results in an OH field where the OH is depleted compared to the background 

VMR. Ambient HO2 was found to be the main source of HO2 in R12. Reactions between HO2 

and O (R14) or O3 (R15) were also found to play a role in the OH formation close to the source, 
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albeit to a much lesser extent than R12. The observed OH formation was found to be limited as 

a result of HNO3 formation, where OH reacts with NO2 forming HNO3 (R13), and ozone 

titration, where O3 reacts with NO forming NO2 (R8). Both HNO3 formation (R13) and ozone 

titration (R8) were also found to be responsible for most of the OH depletion observed. The 

formation of HONO (R16), where OH reacts with NO, was found to be responsible for the 

remaining OH depletion. An overview of the reactions that were determined to be important 

for the observed OH field (Figure 19) are shown in Figure 2 in section 1.2. It shows the main 

species causing OH formation and the main sinks of OH in the atmosphere. These reactions are 

extensively researched. Therefore, there are not many assumptions within these reactions or 

their reaction rates. If the model characterizes these chemical reactions properly, this will boost 

the confidence in the model results for near source OH. It is, however, important to note that 

these results are specific for the atmospheric chemical background used (Table 16 in 

Appendix 3). As was shown in section 3.2.2, different background conditions may result in 

different results. Moreover, the background conditions are not constant in reality, but were 

considered to be constant in these simulations.  

3.3.2 Effect of Different Emissions on the OH Field 

Figure 20 shows the OH fields at surface level (A) and at 80.5 m height (B) that are emitted at 

the WtE plant after increasing the NO emission from 3.02 g/s to 30.2 g/s. It can be seen that the 

area of depletion spans a longer distance downwind from the source compared to Figure 19A-

B. Up to 2 km downwind from the source, there is a total depletion of OH, with OH VMRs of 

1.0⋅10-27 ppb. This total OH depletion did not occur at surface level when 3.02 g/s NO was 

emitted (Figure 19A) and the area of total OH depletion was smaller at surface level (Figure 

20A) than at 80.5 m height (Figure 20B). The entire area of OH depletion shown in Figure 20A-

B spans up to 5.2 km downwind from the source. OH formation does not take place before 6 km 

downwind. Comparison of the OH field after a 30.2 g/s NO emission (Figure 20A-B) to the OH 

field after 3.02 g/s NO was emitted (Figure 19A-B), leads to the observation that the area of 

formation has shifted downwind and spans a larger distance of at least 24 km. Similar to the 

3.02 g/s NO emission case, the OH formation can be explained by the reaction between HO2 

and NO (R12). HNO3 formation (R13), HONO formation (R16) and ozone titration (R8) were 

responsible for the observed OH depletion close to the source as well as for limiting the OH 

formation further downwind. This indicates that increasing the NO emission results in a larger 
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OH depletion close to the source. However, in reality more species are emitted than just NO. 

These species may influence the chemistry that takes place in the emission field as well.  

A

 

B 

 

Figure 20: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface height (A) and at 80.5 m height 

(B) at the WtE plant. The emission source, emitting 30.2 g/s NO at a stack height of 80 m, is indicated by the symbol 𝛻. The 

full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 

16 in Appendix 3. 

Emitting NO2 (1% of total NO emission) reduced the OH formation further downwind, 

regardless of the amount of NO, i.e. 3.02 g/s (Figure 21A-B) or 30.2 g/s (Figure 22A-B), that 

was emitted. This was found to be the result of NO2 reacting with OH and forming HNO3 (R13), 

thereby acting as an OH sink. Moreover, emitting NO2 resulted in less OH depletion close to 

the source. This was found to be the result of NO formation. Both the photolysis of NO2 (R2) 

and the reaction between NO2 and O (R1) were found to limit the OH depletion close to the 

source. The formed NO can react with the ambient HO2, forming OH close to the source (R12). 

Moreover, the O formed in NO2 photolysis (R2) can react forming O3 (R3), which is an OH 

precursor (R5 and R7).  

Emitting HONO (0.1% of total NO emission) in addition to NO (3.02 g/s) and NO2 (1% of total 

NO emission), resulted in a restored OH formation further downwind (Figure 23A-B). This was 

found to be the result of the photolysis of HONO, during which OH and NO are formed (R17). 

This photolysis process only becomes important in the OH field when HONO is directly emitted 

from the stack. However, when the NO emission level is higher (i.e. 30.2 g/s), the OH that is 

formed as a result of HONO photolysis (R17), reacts immediately with the NO present, forming 

HONO again (R16, Figure 24A-B). Therefore, HONO emission would boost the OH 

concentration close to the source, provided that the NO emission level is low. 
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Another species that can be emitted is CH3CHO. When emitting 0.016 g/s CH3CHO in addition 

to 3.02 g/s NO (Figure 25A-B), it can be seen that the OH formation further downwind is 

reduced by approximately 8% compared to when only NO was emitted (Figure 19A-B), 

regardless of measuring height. This is the result of the CH3CHO reacting with OH and acting 

as an additional OH sink (R9). Whereas previously ambient HO2 was crucial in OH formation, 

the OH formation is now independent of the ambient HO2. Instead, HO2 formed from CH3CHO 

now plays the key role. Since the OH precursor is emitted from the stack, it is pre-mixed in the 

plume. Consequently, the OH formation is independent of turbulent mixing with the 

background. When emitting 0.016 g/s CH3CHO in addition to 30.2 g/s NO (Figure 26A-B), the 

OH formation further downwind decreases as well. However, the difference is smaller, i.e. a 

decrease of 0.2% at surface level and a decrease of 1.0% at 80.5 m height compared to the 

scenario when only NO was emitted (Figure 20A-B). This can be explained by OH still being 

depleted by NO further downwind, so there is less OH available to react with CH3CHO, 

resulting in a smaller reduction in the OH formation. This indicates that it is not only important 

to use an accurate atmospheric background and chemistry scheme, but also to take into account 

all species that can be emitted from the stack.  

A

  

B 

 

Figure 21: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface height (A) and at 80.5 m height 

(B) at the WtE plant. The emission source, emitting 3.02 g/s NO and 3.02⋅10-2 g/s NO2 at a stack height of 80 m, is indicated 

by the symbol 𝛻. The full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background 

described in Table 16 in Appendix 3. 
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Figure 22: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface height (A) and at 80.5 m height 

(B) at the WtE plant. The emission source, emitting 30.2 g/s NO and 3.02⋅10-1 g/s NO2 at a stack height of 80 m, is indicated 

by the symbol 𝛻. The full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background 

described in Table 16 in Appendix 3. 

 

A 

 

B 

 
Figure 23: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface height (A) and at 80.5 m height 

(B) at the WtE plant. The emission source, emitting 3.02 g/s NO, 3.02⋅10-2 g/s NO2 and 3.02⋅10-3 g/s HONO at a stack height 

of 80 m, is indicated by the symbol 𝛻. The full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric 

chemical background described in Table 16 in Appendix 3. 
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Figure 24: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface height (A) and at 80.5 m height 

(B) at the WtE plant. The emission source, emitting 30.2 g/s NO, 3.02⋅10-1 g/s NO2 and 3.02⋅10-2 g/s HONO at a stack height 

of 80 m, is indicated by the symbol 𝛻. The full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric 

chemical background described in Table 16 in Appendix 3. 

A 

 

B 

 
Figure 25: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface height (A) and at 80.5 m height 

(B) at the WtE plant. The emission source, emitting 3.02 g/s NO and 0.016 g/s CH3CHO at a stack height of 80 m, is indicated 

by the symbol 𝛻. The full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background 

described in Table 16 in Appendix 3. 
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Figure 26: OH field modelled with SCICHEM and plotted with the SCICHEM GUI at surface height (A) and at 80.5 m height 

(B) at the WtE plant. The emission source, emitting 30.2 g/s NO and 0.016 g/s CH3CHO at a stack height of 80 m, is indicated 

by the symbol 𝛻. The full SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background 

described in Table 16 in Appendix 3. 

3.3.3 Summary Case Study 3a 

Table 6 contains an overview of the NO2, NO, O3 and OH fields that were obtained in case 

study 3a after emission of 3.02 g/s NO from the WtE plant. It shows that the highest VMR of 

NO2 and NO can be observed close to the source. For O3 and OH, a depletion is observed close 

to the source. However, OH formation occurs close to the source as well. The different reactions 

and their roles in the formation of the observed OH field are shown in Table 7. Different 

emissions were found to result in different OH fields. An overview of the results obtained after 

changing the emissions is shown in Table 8.  
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Table 6: Overview of the NO2, NO, O3 and OH fields at surface level and 80.5 m height obtained after emission of 3.02 g/s NO 

at the WtE plant.  

Field Surface level 80.5 m height 

NO2 - Highest VMR (3.02 ppb) 

close to the source. 

- Field spanning a distance 

of 10 km. 

- Highest VMR (39.5 ppb) 

close to the source. 

- Field spanning a distance 

of 10 km. 

NO - Highest VMR (3.87 ppb) 

close to the source. 

- Field spanning a distance 

of 6 km. 

- Highest VMR (3.21⋅104 

ppb) close to the source. 

- Field spanning a distance 

of 6 km. 

O3 - A depletion area close to 

the source with a maximum 

depletion of 9% compared to 

ambient level. 

- A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

OH - A depletion area close to 

the source with a maximum 

depletion of 46% compared 

to ambient level. 

- Area of formation close to 

the source with a maximum 

formation of 34% compared 

to ambient level.  

- A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

- Area of formation close to 

the source with a maximum 

formation of 31% compared 

to ambient level.  
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Table 7: Reactions and their role found to be of importance for the OH field in the combustion plume at the WtE plant after 

emission of 3.02 g/s NO. 

Reaction Role 

HO2 + NO → OH + NO2 (R12) Main part of OH formation 

HO2 + O → OH + O2 (R14) OH formation 

HO2 + O3 → OH + 2 O2 (R15) OH formation 

O3 + NO → NO2 + O2 (R8) Limit OH formation 

OH depletion 

OH + NO2 + M → HNO3 + M (R13) Limit OH formation  

OH depletion 

OH + NO + M → HONO + M (R16) OH depletion 
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Table 8: Overview of the OH fields at surface level and 80.5 m height obtained for different emission scenarios at the WtE 

plant. 

Emissions (g/s) Surface level 80.5 m height 

NO: 3.02  - A depletion area close to 

the source with a maximum 

depletion of 46% compared 

to ambient level. 

- Area of formation close to 

the source with a maximum 

formation of 34% compared 

to ambient level.  

- A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

- Area of formation close to 

the source with a maximum 

formation of 31% compared 

to ambient level.  

NO: 3.02 

NO2: 0.00302 

- Reduced OH formation 

further downwind.  

- Less OH depletion close to 

the source. 

- Reduced OH formation 

further downwind. 

- Less OH depletion close to 

the source. 

NO: 3.02  

NO2: 0.00302 

HONO: 0.000302 

- More OH formation 

downwind compared to NO 

and NO2 emission case. 

- More OH formation 

downwind compared to NO 

and NO2 emission case. 

NO: 3.02 

CH3CHO: 0.016 

- OH formation is reduced 

by 8% compared to NO 

emission case. 

- OH formation is reduced 

by 8% compared to NO 

emission case. 

NO: 30.2 - A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

- A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 
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Emissions (g/s) Surface level 80.5 m height 

- Area of formation starting 

at 6 km downwind, spanning 

a larger distance.  

- Area of formation starting 

at 6 km downwind, spanning 

a larger distance. 

NO: 30.2 

NO2: 0.0302 

- Reduced OH formation 

further downwind. 

- Less OH depletion close to 

the source. 

- Reduced OH formation 

further downwind. 

- Less OH depletion close to 

the source. 

NO: 30.2 

NO2: 0.0302 

HONO: 0.00302 

- More OH formation 

downwind compared to NO 

and NO2 emission case.  

- No effect compared to the 

NO and NO2 emission case. 

NO: 30.2 

CH3CHO: 0.016 

- OH formation is reduced 

by 0.2% compared to NO 

emission case. 

- OH formation is reduced 

by 1.0% compared to NO 

emission case. 
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3.4 Case Study 3b: Waste-to-Energy Plant Plume 

Chemistry Simulations (with Amines) 

Figure 27A and B show the NO2 field of the plume at surface level and at 80.5 m height, 

respectively, after emission of 3.02 g/s NO, 0.016 g/s CH3CHO and 0.032 g/s PZ. The two 

fields are similar with the biggest differences within the first kilometer downwind from the 

source. At surface level (Figure 27A), the maximum VMR is 3.45 ppb. At 80.5 m height (Figure 

27B), the maximum VMR is an order of magnitude larger: 37.2 ppb. However, further 

downwind, starting at 1 km downwind from the source, both fields have the same VMR, 

regardless of the measuring height. A similar pattern can be seen when looking at Figure 27C 

(surface level) and D (80.5 m height), after 30.2 g/s NO has been emitted. The highest VMR 

can be found close to the source at both measuring levels, but at surface level the highest VMR 

is 19.2 ppb, whereas it is 117.6 ppb at 80.5 m height. Moreover, when more NO is emitted, the 

entire NO2 field is more elongated, with areas of higher VMRs spanning longer distances 

downwind from the source. The highest VMR of NO2 was expected close to the source, since 

it is formed there by the reaction between NO and O3 (R8).  

The NO fields, after emission of 3.02 g/s NO, 0.016 g/s CH3CHO and 0.032 g/s PZ, at surface 

level and 80.5 m height can be seen in Figure 28A and B, respectively. As is the case with the 

NO2 fields (Figure 27A-B), the biggest differences between the measuring levels can be 

observed within the first kilometer downwind from the source. At surface level, the highest 

VMR (3.83 ppb) can be observed close to the source. The same applies at 80.5 m height, but 

there the highest VMR is 3.07⋅104 ppb, which is a factor 8⋅103 higher than at surface level. 

Similarly, when emitting 30.2 g/s NO, at surface level (Figure 28C) a maximum VMR of 

48.8 ppb is observed, while at 80.5 m height (Figure 28D), this is 3.07⋅105 ppb. The difference 

between the maximum VMRs at surface level and at 80.5 m height can be explained by the fact 

that NO is emitted from the stack, which is 80 m high. After emission, the field is diluted 

resulting in lower VMRs at surface level. After emitting 30.2 g/s NO, the field does not dilute 

back to ambient levels within the 30 km distance considered (Figure 28C and D), whereas 

ambient VMRs are restored within 6 km downwind from the source when 3.02 g/s NO is 

emitted (Figure 28A and B). This is the result of only increasing the NO emission, while 

keeping the emission and background levels of all other species the same. 
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Figure 29A and B show the O3 fields at surface level and 80.5 m height, respectively, after 

emission of 3.02 g/s NO, 0.016 g/s CH3CHO and 0.032 g/s PZ. At both measuring levels, a 

depletion can be seen close to the source spanning a distance of 3.2 km downwind. At surface 

level (Figure 29A) the field is depleted down to 32 ppb, which is 2.4 ppb (7%) lower than the 

ambient VMR of 34.4 ppb. This depletion is the result of ozone titration, where the emitted NO 

reacts with O3 forming NO2 (R8). Further downwind, starting at 8.5 km downwind from the 

source, a formation of O3 can be observed. However, this is an increase of 0.1 ppb (0.3%) 

compared to the ambient VMR. This slight increase can be explained by NO being more well-

mixed with the background air, allowing O3 formation. A similar field is formed at a height of 

80.5 m. In this case O3 is depleted to 15 ppb close to the source (i.e. 56% depletion relative to 

ambient O3). This increased depletion can also be explained by ozone titration, since more NO 

is present to react with O3. When looking at the O3 fields at surface level (Figure 29C) and 

80.5 m height (Figure 29D) after 30.2 g/s NO emission, fields with depletion near the source 

and formation further downwind can be observed again. However, as a result of the increased 

ozone titration (R8) due to the increased NO emission, the O3 depletion spans a longer distance 

of 9.2 km. At surface level, the minimum VMR is 17 ppb (a 50% decrease relative to ambient 

O3). At 80.5 m height a total O3 depletion can be observed. Moreover, because it takes longer 

for the increased NO emission to be well-mixed with the ambient air, the formation of O3 (i.e. 

0.3 ppb (0.9%) increase compared to ambient levels) starts at 17 km downwind from the source.  

Figure 30A and B show the OH fields at surface level and at 80.5 m height, respectively, after 

emission of 3.02 g/s NO, 0.016 g/s CH3CHO and 0.032 g/s PZ. In both Figure 30A and B, a 

depletion of OH can be observed within 1.5 km downwind from the source. At surface level 

(Figure 30A), this is a depletion to 1.3⋅10-4 ppb. This constitutes a 57% decrease relative to the 

ambient OH VMR of 3.04⋅10-4 ppb. At 80.5 m height, a total depletion of OH can be observed, 

but this total depletion only spans a small area. This corresponds to the O3 fields shown in 

Figure 29A and B, where only at 80.5 m height a total depletion occurs. A total O3 depletion 

causes a total OH depletion, since O3 is the most important precursor for OH close to the source 

(R5 and R7). At 1.8 km downwind from the source, OH formation can be observed over a 

distance of 5.4 km. This was found to be the result of HO2 reacting with NO forming OH and 

NO2 (R12). When increasing the NO emission to 30.2 g/s (Figure 30C and D), the OH depletion 

spans a longer distance of 6 km, since more O3 is depleted over a longer distance as well (Figure 

29C and D). Moreover, regardless of the measuring height, there are areas of total OH depletion. 

The area of formation starts at 7 km downwind from the source and spans at least 23 km 
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downwind from the source. This can be explained by the NO field also spanning a much larger 

distance (Figure 28C and D). The NO reacts with HO2 forming OH (R12).  

The PZNO fields are shown in Figure 31A-D. After emission of 3.02 g/s NO, 0.016 g/s 

CH3CHO and 0.032 g/s PZ, fields spanning a distance of approximately 9 km can be observed, 

both at surface level (Figure 31A) and at 80.5 m height (Figure 31B). At surface level, the 

maximum VMR of PZNO is 0.207 ppt. At 80.5 m height, this is approximately a factor of 2 

higher: 0.442 ppt. This difference is caused by the NO VMR being higher directly at the source 

at 80.5 m height (Figure 28B) than at surface level (Figure 28A). At surface level, the highest 

PZNO VMR can be observed at 1.2 km downwind from the source. At 80.5 m height, the 

highest VMR is found directly at the source. When emitting more NO (30.2 g/s), the maximum 

VMR of PZNO decreases to 0.0568 ppt at surface level (Figure 31C) and 0.0519 ppt at 80.5 m 

height (Figure 31D). This can be explained by the increased OH depletion which is caused by 

the higher NO emission (Figure 30C and D). OH is necessary for forming PZNR, which is the 

precursor in PZNO formation. The maximum PZNO VMR is therefore found further downwind 

from the source, at 1.5 km, regardless of the measuring height. The increased NO levels (Figure 

28C and D) result in the area of PZNO formation spanning a larger distance downwind from 

the source. Due to the increased area of OH depletion, less PZNO can be formed near the source. 

The emitted PZ is therefore able to travel further downwind before all PZ has been converted 

into PZNO. 

The PZNO2 fields are shown in Figure 32A-D. After emission of 3.02 g/s NO, 0.016 g/s 

CH3CHO and 0.032 g/s PZ, PZNO2 fields spanning a distance of 16 km downwind from the 

source can be observed. At surface level (Figure 32A), the highest VMR of 0.134 ppt can be 

found at 1.6 km downwind from the source. At 80.5 m height (Figure 32B), the highest VMR 

can be found at 2.3 km downwind, but it has decreased to 0.126 ppt. This slight decrease could 

be the result of NO and NO2 competing to react with PZNR. Since the NO/NO2 ratio is much 

higher at 80.5 m height than at surface level, less PZNO2 is formed at that 80.5 m height. When 

increasing the NO emission to 30.2 g/s, the maximum VMR of PZNO2 decreases to 0.0500 ppt 

at surface level (Figure 32C) and 0.0499 ppt at 80.5 m height (Figure 32D). Moreover, the 

formation of PZNO2 starts further downwind and the maximum VMR can be observed at 

3.5 km downwind from the source, regardless of the measuring height. As was the case for 

PZNO, this can be explained by more OH being depleted as a result of increased NO emission. 
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Under the NO emission conditions (i.e. 3.02 g/s) assumed for the WtE plant, it was found that 

after a PZ emission of 0.032 g/s a maximum of 0.97 ng/m3 nitrosamine and 0.72 ng/m3 

nitramines was formed at surface level at 1.2 and 1.6 km downwind from the source, 

respectively. Appendix 4 contains the conversions from volume mixing ratio (in ppt) to 

concentration (in ng/m3). Under this scenario and the assumption that the concentrations 

determined represent a yearly average, the limit of 0.3 ng/m3 for nitrosamines and nitramines 

set by the Norwegian Institute of Public Health is exceeded (Norwegian Institute of Public 

Health, 2016). However, ambient concentrations of background species do not remain constant 

over time, as is assumed in these simulations. Therefore, VMRs may be higher or lower in 

reality than the modelled VMRs. Most important is, however, that the wind is not constant 

throughout the year and the variation in wind speed and direction, as well as other 

meteorological factors, are likely to cause more dispersion of PZ. Therefore, the assumption 

that the simulated values reported above for PZNO and PZNO2 represent an annual average is 

unlikely and the actual meteorology will probably result in lower PZNO and PZNO2 

concentrations.  

Under low NO emissions, the highest PZNO and PZNO2 VMRs are observed at 1 to 1.5 km 

downwind from the source. However, PZNO can also be directly emitted from the stack in 

addition to being formed in the field (Tønnesen, 2011). This could result in a build-up of PZNO 

near the source. When 2.1⋅10-4 g/s PZNO is emitted in addition to 3.02 g/s NO, 0.016 g/s 

CH3CHO and 0.032 g/s PZ, the highest PZNO VMR of 0.327 ppt (i.e. 1.54 ng/m3, see Appendix 

4 for the conversion from volume mixing ratio to concentration) can be found at approximately 

1 km downwind from the source at surface level (Figure 33A). If looking at a height of 80.5 m 

(Figure 33B), a maximum VMR of 557.5 ppt can be observed. This shows that the emitted 

PZNO becomes diluted vertically by a factor of 1.7⋅103. However, near the source, the 

concentration at surface level is still close to the limit set by the Norwegian Institute of Public 

Health (Norwegian Institute of Public Health, 2016).  
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Figure 27: NO2 fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 0.032 g/s PZ, 0.016 g/s 

CH3CHO and either 3.02 g/s NO (A and B) or 30.2 g/s NO (C and D) at the WtE plant. Simulated at surface height (A and C) 

and at 80.5 m height (B and D). The emission source is indicated by the symbol 𝛻. The full SCICHEM chemistry file 

(“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 16 in Appendix 3. 
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Figure 28: NO fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 0.032 g/s PZ, 0.016 g/s 

CH3CHO and either 3.02 g/s NO (A and B) or 30.2 g/s NO (C and D) at the WtE plant. Simulated at surface height (A and C) 

and at 80.5 m height (B and D). The emission source is indicated by the symbol 𝛻. The full SCICHEM chemistry file 

(“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 16 in Appendix 3. 
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Figure 29: O3 fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 0.032 g/s PZ, 0.016 g/s 

CH3CHO and either 3.02 g/s NO (A and B) or 30.2 g/s NO (C and D) at the WtE plant. Simulated at surface height (A and C) 

and at 80.5 m height (B and D). The emission source is indicated by the symbol 𝛻. The full SCICHEM chemistry file 

(“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 16 in Appendix 3. 
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Figure 30: OH fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission of 0.032 g/s PZ, 0.016 g/s 

CH3CHO and either 3.02 g/s NO (A and B) or 30.2 g/s NO (C and D) at the WtE plant. Simulated at surface height (A and C) 

and at 80.5 m height (B and D). The emission source is indicated by the symbol 𝛻. The full SCICHEM chemistry file 

(“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 16 in Appendix 3. 
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Figure 31: Piperazine nitrosamine (PZNO) fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission 

of 0.032 g/s PZ, 0.016 g/s CH3CHO and either 3.02 g/s NO (A and B) or 30.2 g/s NO (C and D) at the WtE plant. Simulated 

at surface height (A and C) and at 80.5 m height (B and D). The emission source is indicated by the symbol 𝛻. The full 

SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 16 

in Appendix 3. 
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Figure 32: Piperazine nitramine (PZNO2) fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission 

of 0.032 g/s PZ, 0.016 g/s CH3CHO and either 3.02 g/s NO (A and B) or 30.2 g/s NO (C and D) at the WtE plant. Simulated 

at surface height (A and C) and at 80.5 m height (B and D). The emission source is indicated by the symbol 𝛻. The full 

SCICHEM chemistry file (“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 16 

in Appendix 3. 
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Figure 33: Piperazine nitrosamine (PZNO) fields modelled with SCICHEM and plotted with the SCICHEM GUI after emission 

of 0.032 g/s PZ, 0.016 g/s CH3CHO, 3.02 g/s NO and 2.1⋅10-4 g/s PZNO at the WtE plant. Simulated at surface height (A) and 

at a height of 80.5 m (B). The emission source is indicated by the symbol 𝛻. The full SCICHEM chemistry file 

(“fullchem_ae5_SW”) was used, with the atmospheric chemical background described in Table 16 in Appendix 3.  

3.4.1 Summary Case Study 3b 

Table 9 shows an overview of the NO2, NO, O3 and OH fields that were obtained in case study 

3b after emission of 3.02 g/s NO and 0.032 g/s PZ from the WtE plant. It shows that the highest 

VMR of NO2 and NO can be observed close to the source. A depletion of O3 and OH is observed 

immediately near the source. However, OH formation is also observed shortly after the 

depletion area and still relatively close to the source. A similar observation can be made looking 

at Table 10, where the NO emission has been increased to 30.2 g/s. Finally, Table 11 shows an 

overview of the maximum VMRs of PZNO and PZNO2 under different emission scenarios. It 

shows that the highest VMRs of PZNO and PZNO2 can be found near the source and that these 

values are close to the limit set by the Norwegian Institute of Public Health (Norwegian Institute 

of Public Health, 2016).  
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Table 9: Overview of the NO2, NO, O3 and OH fields at surface level and 80.5 m height obtained after emission of 3.02 g/s 

NO and 0.032 g/s PZ at the WtE plant.  

Field Surface level 80.5 m height 

NO2 - Highest VMR (3.45 ppb) 

close to the source. 

- Highest VMR (37.2 ppb) 

close to the source. 

NO - Highest VMR (3.83 ppb) 

close to the source. 

- Highest VMR (3.07⋅104 

ppb) close to the source. 

O3 - A depletion area close to 

the source with a maximum 

depletion of 7% compared to 

ambient level. 

- A depletion area close to 

the source with a maximum 

depletion of 56% compared 

to ambient level. 

OH - A depletion area close to 

the source with a maximum 

depletion of 57% compared 

to ambient level. 

- Subsequent area of 

formation immediately after 

the depletion. 

- A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

- Subsequent area of 

formation immediately after 

the depletion. 
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Table 10: Overview of the NO2, NO, O3 and OH fields at surface level and 80.5 m height obtained after emission of 30.2 g/s 

NO and 0.032 g/s PZ at the WtE plant.  

Field Surface level 80.5 m height 

NO2 - Highest VMR (19.2 ppb) 

close to the source. 

- More elongated field. 

- Highest VMR (117.6 ppb) 

close to the source. 

- More elongated field. 

NO - Highest VMR (48.8 ppb) 

close to the source. 

- Highest VMR (3.07⋅105 

ppb) close to the source. 

O3 - A depletion area close to 

the source with a maximum 

depletion of 50% compared 

to ambient level. 

- A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

OH - A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

- Subsequent area of 

formation immediately after 

the depletion. 

- A depletion area close to 

the source with a maximum 

depletion of 100% compared 

to ambient level. 

- Subsequent area of 

formation immediately after 

the depletion. 
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Table 11: Overview of the maximum volume mixing ratios (in ppt) and concentrations (in ng/m3) if applicable, that were 

obtained from the PZNO and PZNO2 fields at surface level and at 80.5 m height obtained for different emission scenarios at 

the WtE plant. 

Emissions (g/s) PZNO  

surface level 

PZNO  

80.5 m height 

PZNO2  

surface level 

PZNO2  

80.5 m height 

NO: 3.02 

CH3CHO: 

0.016 

PZ: 0.032 

- Maximum 

VMR: 0.207 

ppt (= 0.97 

ng/m3) at 1.2 

km downwind. 

- Maximum 

VMR: 0.442 

ppt directly at 

the source. 

- Maximum 

VMR: 0.134 

ppt (= 0.27 

ng/m3) at 1.3 

km downwind. 

- Maximum 

VMR: 0.126 

ppt at 2.3 km 

downwind. 

NO: 30.2 

CH3CHO: 

0.016 

PZ: 0.032 

- Maximum 

VMR: 0.0568 

ppt at 1.5 km 

downwind. 

- Maximum 

VMR: 0.0519 

ppt at 1.5 km 

downwind. 

- Maximum 

VMR: 0.0500 

ppt at 3.5 km 

downwind 

- Maximum 

VMR: 0.0499 

ppt at 3.5 km 

downwind. 

NO: 3.02 

CH3CHO: 

0.016 

PZ: 0.032 

PZNO: 2.1⋅10-4 

- Maximum 

VMR: 0.327 

ppt (= 1.54 

ng/m3) around 1 

km downwind. 

 

- Maximum 

VMR: 557.5 

ppt around 1 

km downwind. 

 

- - 
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3.5 SCICHEM and Volumetric Particle Approach 

Model Comparison  

Figure 34A shows the NO2 field in 𝜇g/m3 which was modelled using the Volumetric Particle 

Approach (VPA) Model. This field is a spatial average over the distance between surface level 

and 50 m height. It shows that close to the source, the highest concentration of NO2 can be 

found. This can be explained by the rapid conversion of NO (in reaction with O3) to NO2 (R8). 

The area with a high NO2 concentration spans approximately 4 km, before the NO2 

concentration decreases again. The VPA model can only produce spatially averaged fields as 

output. SCICHEM, on the other hand, is not able to do this. Therefore, the NO2 fields have been 

plotted at surface level (wind speed 4.38 m/s), as can be seen in Figure 34B, as well as at 25 m 

height (wind speed 5.2 m/s) and at 50 m height (wind speed 6.10 m/s), which can be seen in 

Figure 34C and Figure 34D, respectively. Averaging the highest concentrations in Figure 34B-

D results in an average highest concentration of approximately 2.96 𝜇g/m3. This is a factor of 

2.7 lower than the average highest concentration of 8 𝜇g/m3 determined using the VPA model, 

which can be seen in Figure 34A. The field from the VPA model shows that the highest 

concentration can be found at around 2 km downwind from the source (Figure 34A). In the 

fields formed using SCICHEM, however, the highest concentration can be found immediately 

at the source (Figure 34B-D). Moreover, the fields formed using SCICHEM (Figure 34B-D) 

are diluting much more quickly than the field from the VPA model (Figure 34A). The average 

concentration calculated from Figure 34B-D at 2 km downwind was found to be approximately 

1.8 𝜇g/m3, at 4 km downwind the average decreased to 1.4 𝜇g/m3 and at 6 km downwind the 

average was down to 1.2 𝜇g/m3
. By contrast, the concentrations shown in Figure 34A are 

approximately 7 𝜇g/m3 at 2 km downwind, 8 𝜇g/m3 at 4 km downwind and 6 𝜇g/m3 at 6 km 

downwind. This can be explained by the fact that the VPA model does not start mixing 

immediately at the source, but at a certain distance downwind. Consequently, in the VPA model 

the reaction between NO and O3 which forms NO2 is delayed. SCICHEM, on the other hand, 

appears to start mixing at the source, and therefore NO reacts immediately with O3 forming 

NO2 (R8). It can be observed that the VPA data visualization by MATLAB gradually decreases 

concentrations, as it has a range of colors between two concentration levels. The SCICHEM 

GUI is not able to do this and has very distinct transitions between the concentration levels, 

reducing the level of detail. In the VPA model the background is separately but continuously 

evolved by a three-dimensional grid-based Eulerian model with a horizontal grid resolution of 
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1 km2 and it is therefore changing slowly along the wind direction. In SCICHEM, the 

background is assumed to be completely constant. 

A 
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Figure 34: NO2 fields (in 𝜇g/m3) at 14:00 h local time, after emission of 3.013 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 
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Figure 35A shows the NO field modelled by Dr. Massimo Cassiani using the VPA model. It 

shows that the highest concentration, i.e. approximately 15 𝜇g/m3, can be found close to the 

source. This is as expected, since NO is emitted at a rate of 3.013 g/s by the source. Moreover, 

NO is quickly oxidized to NO2 in the atmosphere, therefore leading to a rapid decrease of the 

NO concentration (United States Environmental Protection Agency, 1999). Because the field 

shown in Figure 35A is an average over the distance from surface level to 50 m height, it is 

compared to the average of the fields from SCICHEM at surface level, 25 m height and 50 m 

height as shown in Figure 35B-D, respectively. The fields formed using SCICHEM all show 

the highest concentration close to the source as well. The average highest concentration was 

found to be 11.78 𝜇g/m3, which is a factor 1.3 lower than the highest value found using the 

VPA model. This difference can be explained by the fact that SCICHEM appears to start mixing 

the emission and the background air immediately at the source, whereas the VPA model starts 

mixing further away. Therefore, SCICHEM assumes that NO reacts immediately at the source 

(e.g. with O3 forming NO2 (R8)) resulting in a lower NO concentration. The field formed using 

the VPA model (Figure 35A) changes rapidly and the concentration is between 3 and 4 𝜇g/m3 

at approximately 5 km downwind. Afterwards, the NO concentration is low and slowly varying 

between approximately 2 𝜇g/m3
 on the plume centerline at 6 km and about 0.5 𝜇g/m3 at 14 km 

and fading towards the background (about 0.18 𝜇g/m3) at the plume edges. The SCICHEM GUI 

is not able to gradually change concentration levels and this means that within one concentration 

level, e.g. from 0.178 to 0.316 𝜇g/m3, it is not possible to see whether the concentration 

approaches 0.178 or 0.316 𝜇g/m3. This also means that the SCICHEM GUI is not able to show 

a field as soon as it has dropped in the lowest concentration range on the scale, even though 

there might still be a perturbation compared to the ambient concentration. The average 

concentration at 2 km downwind in the SCICHEM fields (Figure 35B-D) was determined to be 

approximately 1.9 𝜇g/m3. At 4 km it was determined to be approximately 0.5 𝜇g/m3 and at 6 km 

downwind, it was approximately 0.3 𝜇g/m3. In the field simulated using the VPA model (Figure 

35A), these concentrations were found to be approximately 8 𝜇g/m3 at 2 km downwind, 4 𝜇g/m3 

at 4 km downwind and 2 𝜇g/m3 at 6 km downwind. This is higher than what SCICHEM 

predicts, which can again be explained by the fact that SCICHEM starts mixing the emitted 

gases and the background air earlier than the VPA model.   
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Figure 35: NO fields (in 𝜇g/m3) at 14:00 h local time, after emission of 3.013 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 
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Figure 36A shows the O3 field that was formed using the VPA model. It shows a relative 

depletion to less than 60 𝜇g/m3 O3 between 2 to 4 km downwind from the source. Then the 

concentration gradually increases again to approximately 68 𝜇g/m3 at 14 km downwind from 

the source. By comparing this to the fields formed using SCICHEM (Figure 36B-D), it can be 

observed that the relative depletion in the SCICHEM fields is much less, at most 3 𝜇g/m3, 

compared to the ambient concentration. Moreover, the depletion occurs immediately at the 

source in the fields formed using SCICHEM (Figure 36B-D), whereas it takes place at 2 km 

downwind in the field from the VPA model (Figure 36A). This corresponds to the results found 

for NO and NO2. SCICHEM modelled the highest concentrations of NO2 (Figure 34B-D) and 

NO (Figure 35B-D) close to the source. The VPA model also modelled the highest NO (Figure 

35A) close to the source. However, it modelled the highest NO2 (Figure 34A) concentration at 

approximately 2 km downwind. The highest NO concentration at the source location is as 

expected since NO is emitted there and is then quickly oxidized to NO2 (United States 

Environmental Protection Agency, 1999). SCICHEM appears to start mixing the emitted gases 

and the background air immediately upon emission. Consequently, the emitted NO reacts 

quickly with O3 forming NO2, as was described in R8. As a result, NO2 is predominantly formed 

near the source, where O3 depletion occurs. As the field travels further downwind and becomes 

more thoroughly mixed with the background, less NO reacts with O3 forming NO2. Then the 

NO2 concentrations decrease, whereas the O3 concentrations increase. The VPA model does 

something similar, the difference being that the VPA model does not start mixing immediately, 

but further downwind. Hence, the highest NO2 concentration and the O3 depletion shift further 

downwind. Looking at the average O3 concentrations at several distances downwind in the 

SCICHEM fields (Figure 36B-D), it can be observed that at 2 km downwind the concentration 

is 69.3 𝜇g/m3, and at 4 and 6 km downwind the concentration is back up to 69.6 𝜇g/m3, which 

resembles the ambient concentration. The VPA field (Figure 36A) shows a distinctly different 

pattern: the concentration is depleted to approximately 61 𝜇g/m3 at 2 km, it is less than 60 𝜇g/m3 

at 4 km and has increased back to approximately 63 𝜇g/m3 at 6 km downwind. This difference 

could be explained by the two models starting to mix the emitted and ambient gases at different 

times. As can be seen in Figure 36A, the O3 field modelled using the VPA model shows O3 

formation on the edges of the field. The SCICHEM GUI is not able to simulate such plume 

edge details (Figure 36B-D). The formation of O3 at the edges of the field is, however, 

important, because it also affects the OH field. Therefore, accurate plume simulations require 

a model that can clearly simulate plume edge details. 
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Figure 36: O3 fields (in 𝜇g/m3) at 14:00 h local time, after emission of 3.013 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 
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Figure 37A shows the OH field that was modelled using the VPA model. It shows an increase 

of OH relative to the ambient OH concentration directly at the source. Further downwind, from 

4 to 8 km away from the source, a depletion in OH is modelled in the center of the field. From 

6 kilometers downwind onwards, a wing-like pattern of increasing OH concentrations can be 

seen, where the increase of OH at the edges of the field is more pronounced than in the middle. 

The highest concentration of OH modelled is 3⋅10-4 𝜇g/m3 and the area of depletion contains 

concentrations of less than 1.5⋅10-4 𝜇g/m3. Comparing the VPA field (Figure 37A) to the fields 

simulated using SCICHEM (Figure 37B-D), a different pattern can be observed. SCICHEM 

does not predict any increase near the source location, but models the depletion close to the 

source. This is also different compared to what was predicted for OH in the previous WtE plant 

simulation (Figure 19), which first modelled a depletion followed by a formation close to the 

source. Since the changed parameters are not expected to have such a big influence and the 

ambient conditions are the same, the difference is most likely due to different chemical 

reactions being included in the chemistry schemes used. The increase that has been modelled 

by the VPA model is not expected and needs further investigation, especially since the VPA 

model does not simulate an increase in O3 (Figure 36A), which is the precursor for OH (R5 and 

R7). The average highest concentration that is modelled by SCICHEM is 2.18⋅10-4 𝜇g/m3, 

which is a factor 1.4 lower than the highest value modelled by the VPA model. The 

concentration in the area of depletion, however, is modelled by both the VPA model and 

SCICHEM as being less than 1.5⋅10-4 𝜇g/m3. The SCICHEM fields (Figure 37B-D) span a 

distance of approximately 3 km, before the ambient concentration is restored. The field formed 

by the VPA model (Figure 37A), however, spans a distance of more than 14 km. Both the 

different position of the area of depletion as well as the difference in field length could be 

explained by SCICHEM mixing the emitted gases and the ambient air very quickly after 

emission, allowing the emitted NO to immediately react with O3 forming NO2 (R8). 

Consequently, O3 is depleted near the source, preventing OH formation and causing an OH 

depletion near the source (R5 and R7). The immediate mixing of emitted and ambient gases 

also causes the NO to be more evenly mixed with the ambient atmosphere at a shorter distance 

away from the source, resulting in a ‘restoration’ of the ambient levels closer to the source and 

thus leading to a shorter field. The VPA model does not start mixing until a certain distance 

away from the source. This results in an area of depletion further downwind and a longer field. 

Moreover, because of the rapid mixing in SCICHEM, the depletion areas in the OH fields from 

SCICHEM (Figure 37B-D) are much smaller than in the VPA OH field (Figure 37A). 
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Comparing the average OH concentrations of the SCICHEM fields (i.e. at 2 km downwind: 

2.0⋅10-4 𝜇g/m3, at 4 km downwind: 2.1⋅10-4 𝜇g/m3 and at 6 km downwind: 2.1⋅10-4 𝜇g/m3) to 

the concentrations in the VPA model field (i.e. at 2 km downwind: 2.5⋅10-4 𝜇g/m3, at 4 km 

downwind: 1.7⋅10-4 𝜇g/m3 and at 6 km downwind: 1.5⋅10-4 𝜇g/m3
 or less) clearly shows the 

difference in the two field patterns. Similarly to what can be seen in the O3 field (Figure 36A), 

the OH field modelled using the VPA model (Figure 37A) shows OH formation at the edges. 

SCICHEM cannot simulate such plume edge details (Figure 37B-D). Accurate simulation of 

the OH field is, however, essential, because of the important role of OH in atmospheric 

chemistry, and with respect to CCS facilities, because of the role OH plays in forming 

carcinogenic nitrosamines and nitramines (see section 1.1). 
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Figure 37: OH fields (in 𝜇g/m3) at 14:00 h local time, after emission of 3.013 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 
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Since the same release and chemical parameters were applied in both the SCICHEM and VPA 

models, the main differences between the results of the two models can be attributed to the 

difference in the treatment of mixing and physical parameters. It seems that the VPA model 

starts mixing at a distance further from the source than SCICHEM. Physical parameters, such 

as turbulence, are much more detailed in the VPA model, whereas in the SCICHEM 

simulations, these were simplified and kept constant. It is important to note that the VPA model 

is still being developed and has not been verified using empirical data yet. It has improved 

turbulence and mixing modules compared to SCICHEM and as a result it creates more detailed 

fields. It is expected that the VPA model, when optimized and fully validated with experimental 

data, will improve the modelling of reactive plumes. 
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3.5.1 Effect of Different NO Emission 

Figure 38A shows the NO2 field in 𝜇g/m3 that was modelled using the VPA model for the 

scenario where the NO emission from the power plant was increased by a factor of 10 to 

30.13 g/s. This field is an average over the distance from surface level to 50 m height. It shows 

that the highest NO2 concentration can be found between 4 and 8 km downwind from the 

source. This constitutes a shift by approximately 2 km downwind compared to the NO2 field 

formed with an NO emission of 3.013 g/s (Figure 34A). This downwind shift can be explained 

by a higher NO emission by the source. NO2 is formed as a result of the reaction between NO 

and O3 (R8). Since more NO is emitted, and mixing does not start immediately at the source 

location, the NO spreads further before it reacts with O3 forming NO2. As explained above, 

three fields were plotted, because SCICHEM cannot plot an average field over a certain height. 

One at surface level (wind speed 4.38 m/s), one at 25 m height (wind speed 5.2 m/s) and one at 

50 m height (wind speed 6.0 m/s). These fields can be seen in Figure 38B-D, respectively. The 

average of the highest concentrations shown in the SCICHEM fields is 14.5 𝜇g/m3, which is 

more than a factor of 2 lower than the highest concentration in the VPA field (Figure 38A), i.e. 

30 𝜇g/m3. The SCICHEM fields (Figure 38B-D) also show that the highest concentration of 

NO2 can be found close to the source, contrary to the prediction of the VPA model (Figure 

38A). The SCICHEM fields (Figure 38B-D) show average NO2 concentrations of 4.4 𝜇g/m3 at 

2 km downwind, 2.5 𝜇g/m3 at 4 km downwind and 2.1 𝜇g/m3 at 6 km downwind. In the VPA 

field (Figure 38A) the NO2 concentrations are: 10 𝜇g/m3 at 2 km downwind, 25 𝜇g/m3
 at 4 km 

downwind and 30 𝜇g/m3
 at 6 km downwind. The difference between the models could be 

explained by SCICHEM mixing the emitted species in the field and the ambient air immediately 

at the source location, whereas the VPA model starts mixing at a certain distance downwind 

from the source. This means that NO does not immediately react with O3 forming NO2 (R8) in 

the VPA model, whereas it does in SCICHEM.  
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Figure 38: NO2 fields (in 𝜇g/m3) at 14:00 h local time, after emission of 30.13 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 
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Figure 39A shows the NO field modelled by Dr. Massimo Cassiani using the VPA model. It 

shows the highest concentration of approximately 150 𝜇g/m3 within the first 2 km downwind 

from the source. This is as expected, since NO is emitted from the source at 30.13 g/s. The 

highest concentration is a factor 10 higher than in case of a 3.013 g/s NO emission (Figure 

35A). Similarly to the NO field shown in Figure 35A, the highest concentration in Figure 39A 

occurs close to the source. Since NO is rapidly oxidized to NO2, the highest concentration was 

indeed expected to be near the source location (United States Environmental Protection 

Agency, 1999). However, by comparing the VPA field after a 3.013 g/s NO emission (Figure 

35A) to the VPA field after a 30.13 g/s NO emission (Figure 39A), it can be observed that the 

high NO concentrations are spread over a larger distance when more NO is emitted: the emitted 

NO is oxidized less quickly. For this reason, the NO2 formation by the reaction between NO 

and O3 (R8) is also spread out more, causing the downwind shift of the highest NO2 

concentration in Figure 38A compared to Figure 34A. To enable comparison between the VPA 

and SCICHEM models, three fields at different heights (surface level, 25 m, 50 m) were made 

using SCICHEM (Figure 39B-D). The concentrations of these fields were subsequently 

averaged and compared to the VPA field. The fields in Figure 39B-D all show the highest NO 

concentration close to the source, similar to what the VPA model predicted (Figure 39A). The 

average highest concentration determined using the SCICHEM fields (Figure 39B-D) is 

120.2 𝜇g/m3. This is comparable to what the VPA model predicted, which is a factor 1.2 lower. 

The SCICHEM fields (Figure 39B-D) however, dilute much quicker than the VPA field (Figure 

39A). At 2 km downwind, the SCICHEM fields shown an average concentration of 21.8 𝜇g/m3, 

at 4 km downwind 5.7 𝜇g/m3 and at 6 km downwind the average concentration is down to 

2.0 𝜇g/m3. Comparison to the concentrations in the VPA field (130 𝜇g/m3
 at 2 km downwind, 

50 𝜇g/m3
 at 4 km downwind and 25 𝜇g/m3 at 6 km downwind), led to the observation that, 

especially close to the source, SCICHEM dilutes the field quicker. This is the result of the two 

models having different turbulence parameterizations. The SCICHEM parameterizations 

forecast a faster crosswind spread. 
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Figure 39: NO fields (in 𝜇g/m3) at 14:00 h local time, after emission of 30.13 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 
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Figure 40 contains the O3 field that was simulated by Dr. Massimo Cassiani using his VPA 

model with an emission of 30.13 g/s NO from the stack. Compared to the background air, it 

shows a gradual O3 depletion downwind from the source until a depletion of less than 40 𝜇g/m3 

occurs between 4 and 8 km downwind from the source. This area of depletion correlates with 

the area of the highest concentration in the NO2 field (Figure 38A), because of the reaction 

between O3 and NO forming NO2 (R8). After the depletion, the O3 concentration increases 

gradually back to 55 𝜇g/m3 at 14 km downwind. Compared to the O3 field from the VPA model 

after a 3.013 g/s NO emission (Figure 36A), O3 is depleted more strongly (40 𝜇g/m3 versus 

60 𝜇g/m3), but the area of depletion has shifted approximately 2 km downwind. This can be 

linked to the observations for NO2 and NO (Figure 38A and Figure 39A) and is caused by the 

increased NO emission. By comparing the O3 field in Figure 40A to the average of the 

SCICHEM fields at surface level, 25 m height and 50 m height (Figure 40B-D), it can be 

observed that SCICHEM predicts the depletion immediately at the source and not several 

kilometers downwind from the source. The explanation for this could be that SCICHEM mixes 

the emitted plume and the background air immediately at the source. As expected from the 

reaction between NO and O3 forming NO2 (R8), this observation also corresponds to the 

SCICHEM results for NO2 (Figure 38B-D) and NO (Figure 39B-D), i.e. the highest 

concentrations occur close to the source. However, the concentrations predicted by SCICHEM 

are higher than those predicted by the VPA model, which can again be linked to the different 

points in time at which the models start mixing emitted and ambient gases. Another effect of 

the early mixing in SCICHEM is that the SCICHEM fields are diluted much faster. Compared 

to the O3 field from the VPA model (Figure 40A), the O3 fields by SCICHEM (Figure 40B-D) 

are shorter. The SCICHEM fields show an average concentration of 65.9 𝜇g/m3 at 2 km 

downwind, 68.7 𝜇g/m3 at 4 km downwind and 69.3 at 6 km downwind. The VPA field shows 

concentrations of 55 𝜇g/m3
 at 2 km downwind, 45 𝜇g/m3 at 4 km downwind and less than 

40 𝜇g/m3 at 6 km downwind. This indicates that the O3 field from the VPA model predicts the 

area of depletion at 6 km downwind, whereas the O3 fields from SCICHEM predict a 

concentration almost equal to the background concentration of 69.6 𝜇g/m3. 
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Figure 40: O3 fields (in 𝜇g/m3) at 14:00 h local time, after emission of 30.13 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 
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Figure 41A contains the OH field from the VPA model. It shows an increase of OH relative to 

the background at around 2 km downwind from the source, before a depletion of OH occurs 

from 6 km downwind onwards. As outlined above, the area of increased OH close to the source 

in the VPA model needs further investigation. From 10 km onwards, a clear formation of OH 

can be observed at the edges of the field. The highest OH concentration is modelled to be  

4⋅10-4 𝜇g/m3 and the area of depletion has concentrations below 1⋅10-4 𝜇g/m3. Compared to the 

OH field after an NO emission of 3.013 g/s (Figure 37A), a larger area of depletion can be seen 

in the 30.13 g/s NO emission scenario (Figure 41A). Furthermore, the area of formation is larger 

with higher concentrations and there is a shift downwind. Comparison of the OH field modelled 

by the VPA model (Figure 41A) and the average of the OH fields at surface level, 25 m height 

and 50 m height modelled using SCICHEM (Figure 41B-D) resulted in the observation that 

SCICHEM does not predict any OH increase relative to the background, neither close to the 

source nor further downwind. Instead, SCICHEM predicts the OH depletion to occur close to 

the source, with the lowest concentration area spanning only a few hundred meters. The VPA 

model, on the other hand, predicts OH depletion at several kilometers as shown in Figure 41A. 

The position and size of the area of depletion in the SCICHEM fields (Figure 41B-D) could be 

explained by SCICHEM mixing the emitted plume with the background air immediately at the 

source. NO then reacts immediately with O3 forming NO2 (R8), thus stopping the formation of 

OH close to the source (R5 and R7). This is reflected in the NO2 (Figure 38B-D), NO (Figure 

39B-D) and O3 (Figure 40B-D) fields. This also results in NO being more strongly diluted 

closer to the source, allowing OH to be formed from the remaining O3 (R5 and R7) and making 

the area of OH depletion shorter than predicted by the VPA model. Comparing the 

concentrations at several distances downwind reveals the difference in the OH fields modelled 

by the SCICHEM and VPA models. SCICHEM (Figure 41B-D) predicts an average 

concentration of 8.8⋅10-5 𝜇g/m3 at 2 km downwind, 1.6⋅10-4 𝜇g/m3 at 4 km downwind and 

1.8⋅10-4 𝜇g/m3 at 6 km downwind. The VPA model (Figure 41A), on the other hand, predicts a 

concentration of 4⋅10-4 𝜇g/m3 at 2 km downwind, 2.5⋅10-4 𝜇g/m3 at 4 km downwind and  

1.5⋅10-4 𝜇g/m3 at 6 km downwind. So, whereas SCICHEM predicts an increase from 2 to 6 km 

downwind from the source, the VPA model predicts a decrease. Once again, clear OH formation 

can be observed at the edges of the field simulated by the VPA model (Figure 41A), 

highlighting the suitability of the VPA model, once fully validated, for near-source combustion 

plume simulations.  

  



86 

 

A  

 

 

 

B 

 

C 

 

D 

 

Figure 41: OH fields (in 𝜇g/m3) at 14:00 h local time, after emission of 30.13 g/s NO at stack height of 75 m at the WtE plant. 

A) field modelled using the Volumetric Particle Approach model. This field is a spatially averaged field over the distance from 

surface level to 50 m height. B) field modelled with SCICHEM and plotted with the SCICHEM GUI at surface level. C) same 

as B) but at 25 m height. D) same as B) but at 50 m height. For the fields shown in B-D, the multi-component input file as 

shown in Figure 43 in Appendix 2 was used. Note the difference in the color bars between the field modelled using the 

Volumetric Particle Approach model (A) and the fields modelled using SCICHEM (B-D). 

To summarize, increasing the NO emission results in a larger area of OH depletion in the 

SCICHEM fields and in the VPA field. However, the area of depletion is much larger in the 

VPA field. Moreover, the area of depletion has shifted several kilometers downwind in the VPA 

field due to the increased NO emission, whereas SCICHEM keeps the area of depletion close 

to the source. This could be explained by SCICHEM mixing emitted and ambient gases more 

thoroughly and earlier than the VPA model. Since the VPA model has not been verified against 

actual measurements, field measurements are required to verify which of the two models 

simulates reality more accurately. 
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4 Conclusion 

To understand the NOx, O3 and OH chemistry in combustion plumes, four case studies were 

performed.  

In case study 1 the power plant plume simulation as presented by Zheng et al. (2020) was 

repeated. Zheng et al. (2020) employed the Fluidity-Chem model, which is verified against 

measurement data. Since there was adequate agreement between the results from Zheng et al. 

(2020) and the results of the SCICHEM simulation, it can be concluded that SCICHEM is a 

good reactive plume model, achieving reliable results. However, this case study clearly shows 

that, contrary to the Fluidity-Chem model, the SCICHEM GUI cannot capture the fine details 

at the edges of the plume. This emphasizes the need for the VPA model, which is able to 

simulate these details. 

In case study 2, the simulation of an isolated ship plume as presented by Charlton-Perez et al. 

(2009) was performed and the scenario was used to test the influence of the model set up on the 

results. This case was used to determine: 

1. The influence of the applied atmospheric chemistry scheme. 

2. The influence of the atmospheric chemical background. 

3. The influence of NO emission strength. 

 The main conclusions from case study 2 are: 

• Both the applied chemistry scheme and the atmospheric chemical background play an 

important role in achieving reliable modelling results. Using a very clean background 

or a simplified atmospheric chemistry scheme may lead to inaccurate results.  

• Ambient levels of peroxy radicals, e.g. CH3C(O)O2 and HO2, determine whether OH 

formation or OH depletion occurs close to the source.  

• Different treatment of HNO3 in the used atmospheric chemical schemes is responsible 

for differences in the simulated OH fields.  



88 

 

• Reducing the NO emission by a factor of 10 results in shorter areas of depletion in the 

OH field, as well as a lesser reduction of the OH VMR.  

Simulating NO, NO2, O3 and OH fields within the WtE plant plume (as described in case study 

3a) resulted in the following observations:  

• The highest VMRs of NO and NO2 were found close to the source. 

• Both O3 and OH were depleted close to the source. 

o At 80.5 m height, there was a total OH depletion. At surface level, only a 46% 

depletion relative to the ambient OH level occurred. 

• At 2.2 km downwind from the source, OH formation was observed, both at surface level 

and at a height of 80.5 m. 

The observations about the OH field show that the conceptual picture that NO depletes O3 and 

therefore indirectly also depletes OH near the source is not valid. Under low NO emission 

conditions (i.e. 3.02 g/s) as at the WtE plant, the OH chemistry starts close to the source. The 

OH field near the source can be explained by the following observations: 

• OH formation was found to be the result of ambient HO2 reacting with the emitted NO: 

HO2 + NO → OH + NO2. 

• OH depletion near the source was found to be the combined result of: 

o Ozone titration: O3 + NO → O2 + NO2 

o HNO3 formation: OH + NO2 + M → HNO3 + M 

o HONO formation: OH + NO + M → HONO + M 

• Increasing the NO emission by a factor of 10 to 30.2 g/s resulted in increased ozone 

titration and HONO formation, and subsequently in more OH depletion. Therefore, it 

pushed the OH formation further downwind from the source.  

• Emission of different nitrogen-containing species, such as NO2 and HONO, was found 

to be important for the OH field as well.  
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o NO2 emission resulted in less OH depletion close to the source and less OH 

formation further downwind. Near the source, NO2 reacted or photolyzed 

forming NO, which in turn can react with HO2 forming OH. Further downwind, 

NO2 reacted with OH forming HNO3, thereby acting as an OH sink.  

o Emitted HONO acted as a source of OH, resulting in an increase of the OH VMR 

further downwind. However, when 30.2 g/s NO was emitted, the formed OH 

immediately reacted with the emitted NO forming HONO again.  

• After emission of CH3CHO in addition to NO, the OH formation no longer used the 

background HO2. Instead, CH3CHO became the main source of HO2.  

o This also reduced the importance of turbulence in the model, since the emitted 

species were already pre-mixed in the emission plume.  

o CH3CHO acted as an OH sink further downwind, reducing the OH formation 

downwind.  

The above-mentioned observations highlight the importance of having accurate emission levels 

for the relevant species and of using a reliable atmospheric chemistry scheme. In order to 

accurately simulate OH fields within combustion plumes, the chemistry scheme should 

therefore at least include: 

• Ozone titration 

• HONO formation 

• HNO3 formation  

• The reaction between HO2 and NO forming OH and NO2.  

In case study 3b, the amine PZ was added to the emission scenario for the WtE plant. This 

resulted in the highest PZNO and PZNO2 concentrations close to the source:  

• Concentrations of 0.97 ng/m3 PZNO and 0.72 ng/m3 PZNO2 were found at 

approximately 1.5 km downwind from the source at surface level.  
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o Both concentrations exceed the guideline value of 0.3 ng/m3 set by the 

Norwegian Institute of Public Health. 

• An additional direct emission of 1 ppb of PZNO led to PZNO build-up near the source, 

up to levels of 1.54 ng/m3. 

• It was found that increasing the NO emission by a factor of 10 resulted in lower 

maximum PZNO and PZNO2 VMRs, which were found further downwind from the 

source.  

o The increased NO emission resulted in more OH depletion and therefore limited 

the formation of PZNR, which is the precursor for PZNO and PZNO2.  

Comparison of the fields at the WtE plant from the SCICHEM and VPA models suggests that 

the main difference between the two models lies in the mixing modules. SCICHEM appears to 

start mixing closer to the source than the VPA model, thus leading to different results near the 

source. However, the VPA model is still being developed and has not yet been verified against 

measurements. For that reason, aircraft measurements should be performed to determine 

whether the SCICHEM or the VPA model is more accurate. Once the VPA model has been 

improved, it will most likely be a superior model to simulate near source emissions, since it 

includes better turbulence and mixing modules and can simulate plumes in more detail, 

especially towards the plume edge.  

However, it is important to remark that some simplifications were made in the simulations: 

• In all simulations, default landscape and meteorology parameters were used that were 

kept constant throughout the run.  

o Further simulations should be performed with accurate parameters, which 

change over time if applicable, in order to determine the effect of landscape and 

meteorology emission plumes. 

• A constant background level was used for all species involved in the WtE plant 

simulations (case study 3a and 3b), but in reality, these levels change during the course 

of a day and they can affect the emission plume concentrations.  
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o Therefore, future work should also focus on obtaining accurate background 

levels that vary diurnally for the area of interest.  

Due to the simplifications mentioned, the PZNO and PZNO2 concentrations will likely be lower 

in reality. However, the calculated PZNO and PZNO2 concentrations approach the limit set by 

the Norwegian Institute of Public Health. This highlights the need for careful assessment of the 

surrounding area before building future CCS facilities. 
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Appendices 

Appendix 1: Model Input 

Appendix 1 contains Table 12 and Table 13, which shows all the input parameters for the 

SCICHEM GUI that were used to simulate as accurately as possible the projects by Zheng et 

al. (2020) (section 2.3) and Charlton-Perez et al. (2009) (section 2.4), respectively. Table 12 

and Table 13 show the input for the different GUI subgroups: Material, Release, Domain, Time, 

Weather and Audit.  

In addition, Appendix 1 contains Table 14, which shows the input parameters for the SCICHEM 

GUI that were used for the simulations at the WtE plant (sections 2.5 and 2.6), and Table 15, 

which shows the SCICHEM input parameters for the WtE plant simulation used for comparison 

to the Volumetric Particle Approach model (section 2.7). The input for Table 14 is based on the 

parameters of the Klemetsrud WtE plant. However, the simulations for the WtE plant in this 

project are not intended as real scenarios for the Klemetsrud WtE plant and should not be treated 

as such.  

Table 12: Input parameters for the SCICHEM GUI used to simulate the conditions used by Zheng et al. (2020) (section 2.3) 

per section: Material, Release, Domain, Time, Weather and Audit.  

Section Parameter Input Reference 

Material Type Gas  

 Name NO  

 Units kg   

 Linear decay: Daytime decay 

rate (s-1) 

0  

 Linear decay: Night-time 

decay rate (s-1) 

0  

 Density ratio (rho/rho (air))  1.00  (Knipping, 2021b) 
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Section Parameter Input Reference 

 Gas deposition velocity (cm/s) 0.00  

 Minimum concentration 

(kg/m3) 

0.00  (Knipping, 2021b) 

Release Time (hr) 0.00  

 Lat (N; degrees) 36.3903 (Zheng et al., 2020) 

 Lat (E; degrees) -87.6539 (Zheng et al., 2020) 

 Height (m) 193.5 (Chowdhury et al., 

2015) 

 Material NO  

 Duration (hr) 11  (Zheng et al., 2020) 

 Rate (kg/hr) 1.00  (Knipping, 2021b) 

 Multi-component rate (g/s) NO: 3502.74 (Zheng et al., 2020) 

 Active fraction  1.00 (Knipping, 2021b) 

 Diameter (m) 16.6 (Chowdhury et al., 

2015) 

 Exit temperature (℃) 48.2 (Chowdhury et al., 

2015) 

 x- velocity (m/s) Default  

 y- velocity (m/s) Default  

 z- velocity (m/s) 19.60 (Chowdhury et al., 

2015) 
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Section Parameter Input Reference 

Time Local time of 00:00Z 18:00  

 Start time (yyyy.mm.dd) 1995.07.07 hour 00.00  (Zheng et al., 2020) 

 Stop time (yyyy.m.d) 1995.07.07 hour 11.00  (Zheng et al., 2020) 

 Maximum time step (s) 20  

 Output interval (s) 40  

Domain Domain reference Lat./Lon. in Degrees  

 Horizontal Domain Lat(N): 

• Min: 35.00 

• Max: 37.00 

Lon(E): 

• Min: -90.00 

• Max: -84.00 

Resolution (deg.): 

default 

 

 Vertical Domain Maximum height (m): 

2500.00 

Resolution (m): default 

(Knipping, 2021b) 

Weather Weather data type Fixed Winds (Knipping, 2021b) 

 Boundary layer type Operational (Knipping, 2021b) 

 Large scale variability Operational (Knipping, 2021b) 
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Section Parameter Input Reference 

 Surface roughness (m) 0.50  (Knipping, 2021b) 

 Precipitation No precipitation (Knipping, 2021b) 

 Wind speed (m/s) 5.0 (Zheng et al., 2020) 

 Wind direction (degrees) 270 (Zheng et al., 2020) 

 Bowen Ratio 0.60 (Knipping, 2021b) 

 Albedo  0.160 (Knipping, 2021b) 

 Fractional Cloud Cover 0.00 (Knipping, 2021b) 

Audit Mode Standard  

 Dynamics Dynamics (Buoyant)  

 Static puffs Enable static puffs  

 Source nests Disable source nests  

 

Table 13: Input parameters for the SCICHEM GUI used to simulate the conditions used by Charlton-Perez et al. (2009) 

(section 2.4) per section: Material, Release, Domain, Time, Weather and Audit.  

Section Parameter Input Reference 

Material Type Gas  

 Name NO  

 Units kg   

 Linear decay: Daytime decay 

rate (s-1) 

0  
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Section Parameter Input Reference 

 Linear decay: Night-time 

decay rate (s-1) 

0  

 Density ratio (rho/rho (air))  1.00  (Knipping, 2021b) 

 Gas deposition velocity 

(cm/s) 

0.00  

 Minimum concentration 

(kg/m3) 

0.00  (Knipping, 2021b) 

Release Time (hr) 0.00  

 Lat (N; degrees) 15 (Charlton-Perez et 

al., 2009) 

 Lat (E; degrees) -54 (Charlton-Perez et 

al., 2009) 

 Height (m) 43.2 (Wikipedia, 2022a, 

2022b) 

 Material NO  

 Duration (hr) 36.00 (Charlton-Perez et 

al., 2009) 

 Rate (kg/hr) 1.00  (Knipping, 2021b) 

 Multi-component rate (g/s) NO: 33 (Charlton-Perez et 

al., 2009) 

 Active fraction  1.00 (Knipping, 2021b) 

 Diameter (m) 2.5 (Thornton, 1988) 
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Section Parameter Input Reference 

 Exit temperature (℃) 44.00 (Price & Borgnes, 

2020) 

 x- velocity (m/s) Default  

 y- velocity (m/s) Default  

 z- velocity (m/s) 13.60 (Price & Borgnes, 

2020) 

Time  Local time of 00:00Z 20:00  

 Start time (yyyy.mm.dd) 2008.03.21 hour 12.00 (Charlton-Perez et 

al., 2009) 

 Stop time (yyyy.mm.dd) 2008.03.23 hour 12.00 (Charlton-Perez et 

al., 2009) 

 Maximum time step (s) 15.00 (Knipping, 2021b) 

 Output interval (s) 30.00 (Knipping, 2021b) 

Domain Domain reference Lat./Lon. in Degrees  

 Horizontal Domain Lat(N): 

• Min: 14.00 

• Max: 16.00 

Lon(E): 

• Min: -56.00 

• Max: -52.00 
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Section Parameter Input Reference 

Resolution (deg.): 

default 

 Vertical Domain Maximum height (m): 

2500.00 

Resolution (m): default 

(Knipping, 2021b) 

Weather Weather data type Fixed Winds (Knipping, 2021b) 

 Boundary layer type Operational (Knipping, 2021b) 

 Large scale variability Operational (Knipping, 2021b) 

 Surface roughness (m) 0.50  (Knipping, 2021b) 

 Precipitation No precipitation (Knipping, 2021b) 

 Wind speed (m/s) 4.00 (Charlton-Perez et 

al., 2009) 

 Wind direction (degrees) 90 (Charlton-Perez et 

al., 2009) 

 Bowen Ratio 0.60 (Knipping, 2021b) 

 Albedo  0.160 (Knipping, 2021b) 

 Fractional Cloud Cover 0.00 (Knipping, 2021b) 

Audit Mode Standard  

 Dynamics Dynamics (Buoyant)  

 Static puffs Enable static puffs  

 Source nests Disable source nests  



109 

 

 

Table 14: Input parameters for the SCICHEM GUI used to simulate the conditions at the Waste-to-Energy plant (sections 2.5 

and 2.6) per section: Material, Release, Domain, Time, Weather and Audit.  

Section Parameter Input Reference 

Material Type Gas  

 Name NO  

 Units kg   

 Linear decay: Daytime 

decay rate (s-1) 

0  

 Linear decay: Night-time 

decay rate (s-1) 

0  

 Density ratio (rho/rho 

(air))  

1.00  (Knipping, 2021b) 

 Gas deposition velocity 

(cm/s) 

0.00  

 Minimum concentration 

(kg/m3) 

0.00   

Release Time (hr) 0.00  

 Lat (N; degrees) 59.9114910 (Price & Borgnes, 2020) 

 Lat (E; degrees) 10.7579330 (Price & Borgnes, 2020) 

 Height (m) 80 (Price & Borgnes, 2020) 

 Material NO  

 Duration (hr) 24  
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Section Parameter Input Reference 

 Rate (kg/hr) 1.00  (Knipping, 2021b) 

 Multi-component rate (g/s) NO: 3.02 (Nielsen, 2019; Price & 

Borgnes, 2020) 

 Active fraction  1.00 (Knipping, 2021b) 

 Diameter (m) 2.02 (Price & Borgnes, 2020) 

 Exit temperature (℃) 44.00 (Price & Borgnes, 2020)  

 x- velocity (m/s) Default  

 y- velocity (m/s) Default  

 z- velocity (m/s) 12.80 (Price & Borgnes, 2020) 

Time Local time of 00:00Z 02:00  

 Start time (yyyy.mm.dd) 2017.07.12 hour 

11.00 

 

 Stop time (yyyy.mm.dd) 2017.07.12 hour 

14.00 

 

 Maximum time step (s) 20.00  

 Output interval (min) 1.00  

Domain Domain reference Lat./Lon. in Degrees  

 Horizontal Domain Lat(N): 

• Min: 59.50 

• Max: 60.50 
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Section Parameter Input Reference 

Lon(E): 

• Min: 10.20 

• Max: 11.20 

Resolution (deg.): 

default 

 Vertical Domain Maximum height 

(m): 2500.00 

Resolution (m): 

default 

(Knipping, 2021b) 

Weather Weather data type Fixed Winds (Knipping, 2021b) 

 Boundary layer type Operational (Knipping, 2021b) 

 Large scale variability Operational (Knipping, 2021b) 

 Surface roughness (m) 0.50  (Knipping, 2021b) 

 Precipitation No precipitation (Yr, 2022) 

 Wind speed (m/s) 4.00 (Price & Borgnes, 2020) 

 Wind direction (degrees) 135 (Price & Borgnes, 2020) 

 Bowen Ratio 0.60 (Knipping, 2021b) 

 Albedo  0.160 (Knipping, 2021b) 

 Fractional Cloud Cover 0.60 (Weatherspark, 2022) 

Audit Mode Standard  
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Section Parameter Input Reference 

 Dynamics Dynamics (Buoyant)  

 Static puffs Enable static puffs  

 Source nests Disable source nests  

 

Table 15: Input parameters for the SCICHEM GUI used to simulate the conditions at the Waste-to-Energy plant per 

subgroup: Material, Release, Domain, Time, Weather and Audit. Used for comparison with the Volumetric Particle 

Approach model (section 2.7). 

Section Parameter Input Reference 

Material Type Gas  

 Name NO  

 Units kg   

 Linear decay: Daytime 

decay rate (s-1) 

0  

 Linear decay: Night-time 

decay rate (s-1) 

0  

 Density ratio (rho/rho 

(air))  

1.00  (Knipping, 

2021b) 

 Gas deposition velocity 

(cm/s) 

0.00  

 Minimum concentration 

(kg/m3) 

0.00   

Release Time (hr) 0.00  
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Section Parameter Input Reference 

 Lat (N; degrees) 59.9114910 (Price & 

Borgnes, 2020) 

 Lat (E; degrees) 10.7579330 (Price & 

Borgnes, 2020) 

 Height (m) 75  

 Material NO  

 Duration (hr) 24  

 Rate (kg/hr) 1.00  (Knipping, 

2021b) 

 Multi-component rate (g/s) NO: 3.013  

 Active fraction  1.00 (Knipping, 

2021b) 

 Diameter (m) 2.02 (Price & 

Borgnes, 2020) 

 Exit temperature (℃) 44.00 (Price & 

Borgnes, 2020)  

 x- velocity (m/s) Default  

 y- velocity (m/s) Default   

 z- velocity (m/s) 12.80 (Price & 

Borgnes, 2020) 

Time Local time of 00:00Z 02:00  

 Start time (yyyy.mm.dd) 2022.06.01 hour 12.00  
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Section Parameter Input Reference 

 Stop time (yyyy.mm.dd) 2022.06.01 hour 14.00  

 Maximum time step (s) 20  

 Output interval (min) 1  

Domain Domain reference Lat./Lon. in Degrees  

 Horizontal Domain Lat(N): 

• Min: 59 

• Max: 61 

Lon(E): 

• Min: 9.80 

• Max: 11.80 

Resolution (deg.): default 

 

 Vertical Domain Maximum height (m): 2500.00 

Resolution (m): default 

(Knipping, 

2021b) 

Weather Weather data type Fixed Winds (Knipping, 

2021b) 

 Boundary layer type Operational (Knipping, 

2021b) 

 Large scale variability Operational (Knipping, 

2021b) 

 Surface roughness (m) 0.25  
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Section Parameter Input Reference 

 Precipitation No precipitation (Yr, 2022) 

 Wind speed (m/s) Depending on height (zi):  

4.38, 5.8, 6.7, 7.6, 8.4, 9.2, 

10.0, 10.8  

zi: 10m, 35m, 75m, 150 m, 

600m, 1200m, 2400 m 

 

 Wind direction (degrees) 270  

 Bowen Ratio 0.60 (Knipping, 

2021b) 

 Albedo  0.160 (Knipping, 

2021b) 

 Fractional Cloud Cover 0.5  

Audit Mode Standard  

 Dynamics Dynamics (Buoyant)  

 Static puffs Enable static puffs  

 Source nests Disable source nests  
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Appendix 2: Multi-component Input Files 

Appendix 2 includes an explanation of the contents of the multi-component files used in the 

SCICHEM simulations. Moreover, it includes Figure 42 which is the SCICHEM multi-

component input file with the ambient conditions and chemistry scheme used by Charlton-Perez 

et al. (2009) (see section 2.4). The ambient file used, is provided with the SCICHEM download 

and can be found under the example no2_mc_2005 in the Windows example folder. This multi-

component file has been altered to include the species, ambient mixing ratios, and reactions and 

rate constants as used by Charlton-Perez et al. (2009). 

Appendix 2 also includes Figure 43, which is the multi-component input file that was used to 

compare the SCICHEM output to the output of Particle Approach model by Dr. Massimo 

Cassiani, senior researcher at NILU (see section 2.7). In the control section (#Control) of the 

multi-component input file used in the SCICHEM GUI, units for different parameters are 

specified. The emission units are the emission rate units for the species selected for the multi-

component release. There are three options: ppm-m3/s, molecules-m3/cm3-s or g/s. The species 

units are the units used for the ambient mixing ratios of non-particle species, mentioned in the 

species section (#Species). There are two options: ppm or molecules cm-3. The default option 

is ppm, which was used in this project. The rate time units are the units for the rate constants 

given in the equations section of the multi-component input file. The options are seconds, 

minutes and hours. The relative tolerance (“rtol”) is used to solve the chemical reaction 

equations. It was set to 0.001 for this project. An ambient file can be added in the control section 

as well, to specify the background mixing ratios, which vary hourly. Step chemistry can be used 

to include chemical reactions. When set to true, the chemistry described in the equation section 

(#Equation) is applied when running the modulation (Knipping, 2021b). 

In the species section (#Species) all the chemical species that are considered in the modulation 

are characterized. All chemical species included in the equation section (#Equation) are 

mentioned here as well. Type indicates the type of species. There are four options F (fast), S 

(slow), A (ambient) and P[N/A] (particle). Fast species are species whose mixing ratios change 

rapidly, and for which the rate equations will be integrated using LSODE. Slow species are 

species whose mixing ratios change slowly, and whose mixing ratio will be integrated using a 

predictor-corrector scheme. Ambient species are species whose mixing ratios do not depend on 

the reactions included in the multi-component file. Particles are the species whose mixing ratios 
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depend on the aerosol equilibrium. The N or the A after the P indicate whether the species is of 

the particle number or particle area type. “Tolerance” represents the absolute tolerance. The 

deposition velocity (“Deposition vel”) represents the gas deposition velocity in m/s. It is 

possible to enter the deposition velocity directly, or to enter the species properties to determine 

the deposition velocity. In the second case, Henry’s law constant at 298 K (“H-law”), the 

temperature correction factor for Henry’s law constant (“T-fact”), the reactivity scaling factor 

(“Reactvty”) and the surface resistance scaling factor (“Rscale”) must be added. The wet 

scavenging coefficient in s-1 is to be entered under “WetScav”. “MW” represents the molecular 

weight in g/mol, which is used to determine mixing ratios throughout the simulation. In the 

“Dos” and “Dep” columns, the dosage and deposition outputs can be turned on (T) or off (F). 

If one of them is turned on, the other one will automatically be switched on as well, to have the 

same amount of species in the output files (Knipping, 2021b).  

In the group section (#Group), the chemical species groups are formed, e.g. the NOy group. The 

table section (#Table) is used for photolysis reactions. The first column indicates the photolysis 

reaction. The other columns give the radiation constants at different zenith angles. This table is 

only used from sunrise to sunset. From sunset to sunrise, the radiation constant is set to 0. The 

balance section (#Balance) shows the number of nitrogen atoms in the species containing 

nitrogen (Knipping, 2021b).  

Finally, the last section, the equation section (#Equation), contains the chemical reactions 

included in the model. These are retrieved from CB6R2 of CAMx. In a reaction where all the 

values after the semi colon are zeros, the zenith angle (see table section) is used. For the other 

equations: the first value is the reaction rate coefficient type (see Page 4-48 of the SCICHEM 

user guide (Knipping, 2021b)). The following values are the parameters needed for that reaction 

type. These are shown on page 4-48 of the SCICHEM user guide (Knipping, 2021b). 
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Figure 42: The multi-component input file used in the SCICHEM GUI to compare the model output to the actual 

measurements performed by Charlton-Perez, using the exact same parameters (i.e. rate constants and background 

concentrations) as Charlton-Perez (see section 2.4) (Charlton-Perez et al., 2009). 
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Figure 43: The multi-component input file containing the adapted EMEP chemistry scheme and ambient volume mixing 

ratios provided by NILU. This file was applied in the SCICHEM GUI to compare the SCICHEM and Volumetric Particle 

Approach models (see section 2.7).  
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Appendix 3: NILU-Provided Ambient Conditions 

Appendix 3 contains Table 16, which holds the species and their ambient VMRs for the WtE 

plant simulations. These were provided by NILU and are valid for short range distances (up to 

approx. 30 km). The same species and VMRs are included in the species section in Figure 43 

in Appendix 2.  

Table 16: The species and corresponding ambient volume mixing ratios considered in the WtE plant simulations. These are 

also shown in Figure 43 in Appendix 2. The content of this table has been provided by the Norwegian Institute for Air 

Research (NILU), and are valid for short range distances (approx. 30 km) from the source.  

Species Volume Mixing Ratio (ppm) 

O(3P) 1.75E-10 

O(1D) 5.89E-16 

OH 3.04E-07 

O3 3.44E-02 

HO2 1.06E-05 

H2O2 2.80E-04 

NO 1.67E-04 

NO2 5.61E-04 

NO3 7.85E-08 

N2O5 6.06E-08 

HNO3 2.07E-04 

SO2 1.08E-04 

Sulphate (SO4
2-) 1.93E-06 

H2  5.69E-01 
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Species Volume Mixing Ratio (ppm) 

CH4 1.73E+00 

CH3O2 3.41E-06 

Formaldehyde (HCHO) 1.08E-03 

Methanol (CH3OH) 3.99E-34 

CH3O2H 1.14E-05 

CO 1.00E-01 

Ethane (C2H6) 1.46E-03 

Ethyldioxy (C2H5O2) 1.90E-07 

Acetaldehyde (CH3CHO) 3.01E-04 

CH3C(O)O2 3.47E-07 

PAN 2.08E-04 

C2H5OH 3.85E-34 

N-butane (nC4H10) 7.44E-04 

secC4H9O2 4.04E-07 

CH3COC2H5 1.91E-05 

CH3COCHO2CH3 8.33E-09 

CH3COCOCH3 4.07E-34 

Ethene (C2H4) 1.20E-04 

CH2O2CH2OH 2.26E-07 
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Species Volume Mixing Ratio (ppm) 

Propene (C3H6) 4.31E-05 

CH3CHO2CH2OH 2.88E-07 

oXylen (C6H4(CH3)CH3) 6.26E-05 

oXylOHO2 (C6H3H(O2)CH3(OH)CH3O2) 3.96E-07 

Memaldial (CH3COCH=CHCHO) 1.03E-05 

CH3COCHO 2.00E-05 

MemalO2 (CH3COCHOH-CH(O2)CHO 1.18E-07 

Glyoxal (HCOCHO) 5.53E-06 

Isoprene (C5H8) 8.13E-35 

IsopO2 (OHC5H8O2) 2.95E-36 

MVKetone (CH3COCH=CH2) 8.50E-34 

MVKO2 (OHCH3COCHCH2O2) 4.88E-35 
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Appendix 4: Calculations 

Appendix 4 contains the detailed calculations used in sections 2.5, 2.6 and 3.4 of the main text 

to convert 55 ppm NO, 200 ppb CH3CHO, 200 ppb PZ and 1 ppb PZNO to g/s. For these 

calculations the flow of one stack of the Klemetsrud WtE plant was used. However, the 

simulations do in no way represent the Klemetsrud WtE plant. Appendix 4 also shows the 

calculations to convert 0.272 ppt and 0.174 ppt PZNO2 and 0.389 ppt PZNO to ng/m3. For these 

calculations a standard temperature and pressure of 25 ℃ and 1 atm were assumed (Breeze 

Technologies, 2021).  

 Conversion of 55 ppm Nitrogen Monoxide to g/s 

• 1 cm3 of air: 2.7⋅1019 molecules (Cohen & Taylor, 1987) 

• 1 m3 of air: 2.7⋅1025 molecules 

• Flow: 147194 m3/h (Price & Borgnes, 2020) 

• 147194
𝑚3

ℎ
= 147194 ∗ 2.7 ⋅ 1025 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
= 3.974238 ⋅ 1030 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
 

• 55 ppm = 55 ⋅ 10−6 = 55 ⋅ 10−4% 

• 
3.974238⋅1030

100
⋅ 55 ⋅ 10−4% = 2.1858309 ⋅ 1026 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑁𝑂

ℎ
 

• 
2.1858309⋅1026

6.022⋅1023
= 362.9742444

𝑚𝑜𝑙 𝑁𝑂

ℎ
 

• 362.9742444 ⋅ 30 = 10889.22733 
𝑔 𝑁𝑂

ℎ
 

• 
10889.22733

3600
= 3.02478537 ≈ 3.02 

𝑔 𝑁𝑂

𝑠
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Conversion of 200 ppb Acetaldehyde to g/s 

• 1 cm3 of air: 2.7⋅1019 molecules (Cohen & Taylor, 1987) 

• 1 m3 of air: 2.7⋅1025 molecules 

• Flow: 147194 m3/h (Price & Borgnes, 2020) 

• 147194
𝑚3

ℎ
= 147194 ∗ 2.7 ⋅ 1025 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
= 3.974238 ⋅ 1030 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
 

• 200 ppb = 0.2 ppm = 0.2 ⋅ 10−6 = 0.2 ⋅ 10−4% 

• 
3.974238⋅1030

100
⋅ 0.2 ⋅ 10−4% = 7.948476 ⋅ 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝐶𝐻3𝐶𝐻𝑂

ℎ
 

• 
7.948476⋅1023

6.022⋅1023 = 1.319906343
𝑚𝑜𝑙 𝐶𝐻3𝐶𝐻𝑂

ℎ
 

• 1.319906343 ⋅ 44 = 58.07587911 
𝑔 𝐶𝐻3𝐶𝐻𝑂

ℎ
 

• 
58.07587911

3600
= 0.016132188 ≈ 0.016 

𝑔 𝐶𝐻3𝐶𝐻𝑂

𝑠
  

Conversion of 200 ppb Piperazine to g/s 

• 1 cm3 of air: 2.7⋅1019 molecules (Cohen & Taylor, 1987) 

• 1 m3 of air: 2.7⋅1025 molecules 

• 147194
𝑚3

ℎ
= 147194 ∗ 2.7 ⋅ 1025 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
= 3.974238 ⋅ 1030 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
 

• 200 ppb = 200 ⋅ 10−9 = 200 ⋅ 10−7% 

• 
3.974238⋅1030

100
⋅ 200 ⋅ 10−7% = 7.948476 ⋅ 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑃𝑍

ℎ
 

• 
7.948476⋅1023

6.022⋅1023 = 1.319906343 
𝑚𝑜𝑙 𝑃𝑍

ℎ
 

• 1.319906343 ⋅ 86.4 = 114.0399081 
𝑔 𝑃𝑍

ℎ
 

• 
114.0399081

3600
= 0.031677752 ≈ 0.032 

𝑔 𝑃𝑍

𝑠
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Conversion of 1 ppb Piperazine Nitrosamine to g/s 

• 1 cm3 of air: 2.7⋅1019 molecules (Cohen & Taylor, 1987)  

• 1 m3 of air: 2.7⋅1025 molecules 

• Flow: 147194 m3/h (Price & Borgnes, 2020) 

• 147194
𝑚3

ℎ
= 147194 ∗ 2.7 ⋅ 1025 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
= 3.974238 ⋅ 1030 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

ℎ
 

• 1 ppb = 1 ⋅ 10−9 = 1 ⋅ 10−7% 

• 
3.974238⋅1030

100
⋅ 1 ⋅ 10−7% = 3.974238 ⋅ 1021 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑃𝑍

ℎ
 

• 
3.974238⋅1021

6.022⋅1023 = 6.599531717 ⋅ 10−3 𝑚𝑜𝑙 𝑃𝑍

ℎ
 

• 6.599531717 ⋅ 10−3 ⋅ 115 = 0.758946147 
𝑔 𝑃𝑍

ℎ
 

• 
0.758946147

3600
= 2.108183743 ⋅ 10−4 ≈ 2.1 ⋅ 10−4 

𝑔 𝑃𝑍

𝑠
  

 

Conversion of 0.207 ppt Piperazine Nitrosamine to ng/m3 

• 0.207 ppt Nitrosamine (PZNO, C4H9N2NO) 

• Concentration (𝜇g/m3) = 
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡⋅𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑝𝑏)

24.45
 (Breeze Technologies, 

2021) 

• Concentration (𝜇g/m3) = 
115⋅0.207⋅10−3

24.45
 

• Concentration (𝜇g/m3) ≈ 0.00097 

• Concentration (ng/m3) ≈ 0.97 
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Conversion of 0.134 ppt Piperazine Nitramine to ng/m3 

• 0.134 ppt Nitramine (PZNO2, C4H9N2NO2) 

• Concentration (𝜇g/m3) = 
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡⋅𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑝𝑏)

24.45
 (Breeze Technologies, 

2021) 

• Concentration (𝜇g/m3) = 
131⋅0.134⋅10−3

24.45
 

• Concentration (𝜇g/m3) ≈ 0.00072 

• Concentration (ng/m3) ≈ 0.72 

 

Conversion of 0.327 ppt Piperazine Nitrosamine to ng/m3 

• 0.327 ppt Nitrosamine (PZNO, C4H9N2NO) 

• Concentration (𝜇g/m3) = 
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡⋅𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑝𝑏)

24.45
 (Breeze Technologies, 

2021) 

• Concentration (𝜇g/m3) = 
115⋅0.327⋅10−3

24.45
 

• Concentration (𝜇g/m3) ≈ 0.00154 

• Concentration (ng/m3) ≈ 1.54 

 


