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Traffic still produces emissions even though reductions have been made in Finland. One of 

the methods to manage and reduce emissions is photocatalytic methods. Photocatalysis is a 

reaction that is catalysed by light. The reaction enables the degradation of organic 

substances, such as emissions, into different forms. Photocatalysis can degrade, for example, 

nitrogen oxides and volatile organic compounds into less harmful forms. The photocatalyst 

can be, for example, semiconductors such as titanium dioxide. 

The aim of this study is to investigate would photocatalytic methods be a suitable and 

realistic method to reduce traffic emissions in the Harbour tunnel and how the method should 

be used. The aim is also to provide knowledge about the method and give recommendations 

for the usage of the method to the Port of Helsinki. The study is done in cooperation with 

the Port of Helsinki and Sweco PM Oy. The study is conducted using qualitative research 

methods with interviews. The data is analysed with data-driven content analysis. There were 

four interviewees in the study.  

The main findings of the study are that the tunnel conditions are not necessarily the most 

optimal environment to use the photocatalytic methods. Photocatalysis needs suitable 

conditions to operate sufficiently. The optimal conditions include a suitable UV-light level 

and intensity, suitable humidity of the air and wind speed, warm temperatures, and clean 

surfaces to remain active. These kinds of conditions can be hard to achieve in tunnels. The 

optimal option is to put photocatalytic material into the ventilation ducts. Because there is 

no such ventilation duct in the tunnel, that is not possible. The best available solution is to 

install the photocatalytic coating outside the tunnel, for example, at the entrance of the 

Harbour tunnel. 
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Liikenteestä syntyy edelleen päästöjä, vaikka niitä on pystytty vähentämään Suomessa. Yksi 

tapa hallita ja vähentää päästöjä on fotokatalyyttiset menetelmät. Fotokatalyysi on valon 

katalysoima reaktio, jonka avulla voidaan hajottaa orgaanisia aineita, kuten päästöjä eri 

muotoihin. Fotokatalyysin avulla voidaan hajottaa esimerkiksi typen oksideja ja haihtuvia 

orgaanisia yhdisteitä vähemmän harmilliseen muotoon. Fotokatalyyttinä voi toimia erilaiset 

puolijohteet, kuten titaanidioksidi.  

Tutkimuksen tavoite on selvittää, ovatko fotokatalyyttiset menetelmät sovelias ja realistinen 

tapa vähentää päästöjä Satamatunnelissa sekä miten menetelmää tulisi käyttää. Tavoitteena 

on myös antaa Helsingin Satama Oylle tietoa menetelmästä sekä esittää suositus menetelmän 

käytöstä. Työ on tehty yhteistyössä Helsingin Satama Oyn ja Sweco PM Oyn kanssa. 

Tutkimus toteutettiin laadullisena haastattelututkimuksena. Haastattelut analysoitiin 

aineistolähtöisellä sisällönanalyysillä. Haastatteluihin osallistui neljä haastateltavaa. 

Tutkimuksen keskeisimpinä tuloksina on, että tunneliolosuhteet eivät ole optimaalisin 

ympäristö fotokatalyyttisten menetelmien käytölle. Fotokatalyysi tarvitsee sopivan 

optimaaliset olosuhteet toimiakseen tehokkaasti. Optimaaliset olosuhteet sisältävät sopivan 

UV-valon määrän ja intensiteetin, sopivan ilmankosteuden sekä ilmavirtauksen, lämpimän 

lämpötilan sekä pinnan puhtaana pysymisen. Tällaiset olosuhteet voivat olla vaikea 

saavuttaa tunnelissa. Optimaalisin vaihtoehto on laittaa fotokatalyyttistä materiaalia 

ilmanvaihtoputkiin. Koska Satamatunnelissa ei ole tällaisia ilmanvaihtoputkia, ei tällainen 

menetelmä ole mahdollinen. Paras saatavilla oleva ratkaisu on laittaa fotokatalyyttinen 

pinnoite tunnelin ulkopuolelle esimerkiksi Satamatunnelin suuaukoille. 

  



 

 

ACKNOWLEDGEMENTS 

 

Haluan kiittää perhettäni ja ystäviäni tuesta, jota olen saanut opintojeni sekä 

diplomityöprosessin aikana. Kiitos, että olette jaksaneet kannustaa läpi opintojen. Kiitos 

myös opiskelukavereille vertaistuesta, yhteisistä opiskeluhetkistä ja ikimuistoisesta 

opiskelijaelämästä.  

Kiitos työn tarkastajille Ristolle ja Lauralle hyvistä neuvoista ja näkemyksistä. Kiitos 

kuuluu myös työn ohjaajille Päiville ja Villelle. Erityiskiitos Päiville rakentavasta ja 

kannustavasta palautteesta sekä asiantuntevista neuvoista. Sinusta on ollut suuri apu.  

Iso kiitos työn tilaajalle Helsingin Satama Oylle ja erityisesti Paavolle. Kiitos Paavo, että 

mahdollistit työn tekemisen sekä annoit arvokkaita näkemyksiä.  

 

 

  



 

 

SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

A Electron acceptor 

D Electron donor 

E Energy of the photon    eV 

Eg Band gap energy   eV 

hv Energy of photons  

kA Coefficient of convective mass transfer  

NA Mass flux  

 

Greek characters 

λ Incident light wavelength    m 

λe Absorption edge wavelength of the incident light  m 

ΔCA  Transferred substance concentration difference between the interface and the 

inlet  

 

Constants 

c Speed of light in vacuum    m/s 

h  Planck’s constant    eVs  

 

Dimensionless quantities 

RH Relative humidity   % 

 



 

 

Subscripts 

A Species 

e Absorption edge  

g Band gap 

 

Superscripts 

-  Negative charge 

+ Positive charge 

 

Abbreviations 

CB Conduction band  

CO2 eq  Carbon dioxide equivalent 

EIA Environmental Impact Assessment  

EU European Union 

F-gases Fluorinated gases  

GHG Greenhouse gas 

HSY Helsinki Region Environmental Services Authority  

LTZ Limited Traffic Zone  

MTBE  Methyl tert-butyl ether  

NOx Nitrogen oxides 

PhotoPAQ Demonstration of Photocatalytic remediation Processes on Air Quality  

P25 Evonik Aeroxide TiO2 pigment  

PM Particulate matter 

ROS Reactive Oxygen Species  



 

 

UVA Ultraviolet A  

UV Ultraviolet   

VB Valence band  

VOC Volatile Organic Compounds 



8 

 

 

Table of contents 

 

Abstract 

Acknowledgements 

Symbols and abbreviations 

Declarations 

 
1 Introduction .................................................................................................................. 12 

2 Photocatalysis as a method ........................................................................................... 16 

2.1 Most common emissions treated by photocatalysis ............................................. 16 

2.2 Reaction mechanism of photocatalysis ................................................................ 17 

2.3 Materials used as a photocatalyst ......................................................................... 21 

2.4 Factors affecting the efficiency of photocatalysis ............................................... 23 

2.5 Photocatalytic reactor types and integration into materials ................................. 27 

2.6 By-products of the photocatalytic reaction .......................................................... 32 

2.7 Limitations with photocatalysis ........................................................................... 33 

3 Tunnel structures .......................................................................................................... 35 

4 Examples of photocatalytic applications for emission reduction ................................. 37 

4.1 Leopold II, Belgium ............................................................................................. 37 

4.2 Umberto I, Italy .................................................................................................... 40 

4.3 Street canyon, Italy .............................................................................................. 42 

5 Harbour tunnel .............................................................................................................. 45 

6 Methodology................................................................................................................. 51 

6.1 Research method .................................................................................................. 51 

6.2 Data collection ..................................................................................................... 52 

6.3 Interviewees ......................................................................................................... 54 

6.4 Data analysis ........................................................................................................ 54 

7 Results .......................................................................................................................... 58 

7.1 Photocatalytic material and its properties ............................................................ 59 

7.2 Needed and optimal conditions ............................................................................ 61 



9 

 

 

7.3 Installation and maintenance of the surface ......................................................... 63 

7.4 Costs ..................................................................................................................... 64 

7.5 Emissions and by-products .................................................................................. 65 

7.6 Testing in laboratory ............................................................................................ 67 

7.7 Interviewees' recommendations ........................................................................... 67 

8 Discussion..................................................................................................................... 70 

9 Conclusions .................................................................................................................. 79 

References ............................................................................................................................ 81 

 

 

Appendices 

Appendix 1. First interview questions. 

Appendix 2. Second interview questions. 

Appendix 3. Third interview questions. 

Appendix 4. Fourth interview questions. 

  



10 

 

 

Figures 

Figure 1: Principle of the photocatalytic redox reaction, adapted from Pawade & Bhanvase 

(2024, 1-3). 

Figure 2: The three different ways to degrade pollutants, adapted from Ren et al. (2017, 343). 

Figure 3: Plate reactor (left), parallel-plate reactor with UV lamp (right) and parallel plate 

reactor with lamp that is sandwiched (middle), adapted from Ren et al. (2017, 346). 

Figure 4: Annular reactor (left), multi-annular reactor (right), and annular reactors with fins 

(middle), adapted from Ren et al. (2017, 346). 

Figure 5: Honeycomb monolith reactor (left), parallel-channel monoliths (right) and 

honeycomb reactor with radial-leakage optical fiber (middle), adapted from Ren et al. (2017, 

346). 

Figure 6: Fluidized-bed reactor (left), fluidized-bed reactor with lamps that are internal 

(right) and fluidized-bed reactor with external and internal lamps (middle), adapted from 

Ren et al. (2017, 347). 

Figure 7: The planned route of the Harbour tunnel (Port of Helsinki 2024c). 

Figure 8: The longitudinal section of the Harbour tunnel between Länsiväylä and West 

Harbour (Port of Helsinki 2026). 

Figure 9: Preliminary visualization figure of the entrance of the tunnel at the end of 

Länsiväylä (Port of Helsinki & PES-Arkkitehdit Oy 2026). 

Figure 10: The progression of data-driven content analysis, adapted from Tuomi & Sarajärvi 

(2018, 91-92). 

 

Tables 

Table 1: Results of data-driven content analysis, adapted from Tuomi & Sarajärvi (2018, 92-

95). 

Table 2: Approximate optimal conditions for photocatalytic method. 

Table 3: The advantages and disadvantages of different photocatalytic methods. 



11 

 

 

 

DECLARATIONS 

 

Turnitin 

The originality of this thesis has been reviewed with the Turnitin similarity checking 

service.   

AI usage 

The author of the thesis, Emma Villikka, used the following AI-tools during the 

preparation of the thesis: 

1. ChatGPT 

a. Purpose of use: Language maintenance and brainstorming 

b. Explanation of the use of the tool: ChatGPT was used to translate short 

sentences and words from English to Finnish and vice versa, and to help with 

grammar and language maintenance. Also, brainstorming was done with 

ChatGPT. 

2. Grammarly 

a. Purpose of use: Language maintenance  

b. Explanation of the use of the tool: Grammarly was used to check the text and 

suggest corrections to grammar and spelling.  

 

Responsibility 

The author, Emma Villikka, takes full responsibility for the content of this thesis and has 

reviewed and edited the content generated by the possible use of AI tools. 

  



12 

 

 

1  Introduction 

In 2024, the total global greenhouse gas (GHG) emissions were 53.2 Gt carbon dioxide 

equivalent (CO2 eq), which was the highest amount of emissions of all time. The increase 

in 2024 for global GHG emissions was 1.3% compared to the previous year's levels. The 

European Union (EU) member countries’ share of global GHG emissions was 5.9% in 2024. 

(Crippa et al. 2025.) The share of emissions in Finland was 0.09 % (European Commission 

2025). Although the amount of emissions was the highest on a global scale, the EU member 

countries managed to decrease their emissions together by 1.8% in 2024 compared to 2023. 

The reduction of emissions in all sectors between 1990 and 2024 was 35%, and in Finland, 

it was 33%. (Crippa et al. 2025.) When focusing only on emissions in the transport sector, 

there were no reductions in the EU between 1990 and 2024, but in Finland, there were. 

Transportation emissions have increased by 21% over 34 years in the EU but decreased 23% 

in Finland. (Crippa et al. 2025.) The amount of emissions has decreased in Finland mainly 

because vehicles have become more energy efficient and the usage of biofuels has increased 

(Ilmasto-opas.fi 2023).  

In 2024, the amount of traffic emissions in the Helsinki metropolitan area was 1156 kt CO2 

eq, and in the city of Helsinki, 544 kt CO2 eq. Both have managed to decrease traffic 

emissions by 11% and 21% between 1990 and 2024. (HSY 2025.)   

In 2024, over 1 430 000 passenger cars, vans, and buses, and 672 000 heavy vehicles passed 

through the Port of Helsinki (Port of Helsinki 2024a; Port of Helsinki 2025a). Most of the 

cars, vans, and buses were travelling to Tallinn (Port of Helsinki 2025a).  

To serve the increasing marine traffic to Tallinn, the Port of Helsinki is concentrating the 

Tallinn ferry traffic in the Western Harbour. Because of the transition, the amount of traffic 

will increase there. This will be achieved when a Harbour tunnel is built to prevent traffic 

on the roads on the surface. The Harbour tunnel would, for example, lower traffic noise and 

improve the air quality in Jätkäsaari. (Port of Helsinki n.d.a.)  

Vehicles produce exhaust fumes, and because of incomplete combustion, emissions are 

generated. That reduces air quality. (Jiang & Yu 2020.) The most common traffic emissions 

are nitrogen oxides (NOx), hydrocarbons, sulfur dioxide (SO2), carbon monoxide (CO), and 
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volatile organic compounds (VOCs) (Jiang & Yu 2020; Poulakis & Philippopoulos 2017; 

Zhao et al. 2022). The more traffic there is, the more emissions such as NOx are generated. 

Emissions harm the environment and cause health issues in humans. Emissions can cause, 

for example, acid rain, smog, infections, and shortness of breath. (Abadeen et al. 2025.) It is 

necessary to decrease the amount of emissions to avoid further damage (Jiang & Yu 2020). 

Emissions can accumulate in tunnels, which can lead to environmental harm and damage the 

health of humans. Photocatalytic methods can be one solution to reduce emissions from 

traffic and purify the air, for example, in tunnels and their surroundings. (Villena et al. 2024.)  

Photocatalysis is an efficient and fast method to treat emissions. It can treat the emissions at 

an early stage, when the emissions are generated, and it has relatively low costs. (Poulakis 

& Philippopoulos 2017.) The photocatalytic process provides an opportunity to solve 

problems that are caused by the use of fossil fuels (Pawade & Bhanvase 2024). By using 

photocatalytic methods, such as photocatalytic cement, for example, NOx, SOx, ammonia 

(NH3), and VOCs can be treated and eliminated (Guerrini 2012).  

Usually, the most used photocatalyst is titanium dioxide (TiO2) because of its features 

(Poulakis & Philippopoulos 2017). Other photocatalysts can be, for example, Zinc oxide 

(ZnO), Cadmium sulfide (CdS), or another semiconductor. There are many different options 

for photocatalysts. (Ren et al. 2017.) TiO2 is a good option because it is environmentally 

friendly, efficient, and a cheap option (Poulakis & Philippopoulos 2017). 

Photocatalytic methods have been studied and used before, for example, in road tunnels with 

varying success. These projects have been implemented in countries such as Belgium and 

Italy. (Boonen et al. 2015; Guerrini 2012.)  There are many things to consider when planning 

to use photocatalytic methods, and, for example, weather conditions in the area are one of 

the things that need to be considered (Guerrini 2012). Finland is one of the world's 

northernmost countries and has a unique climate, so the feasibility of photocatalytic methods 

in tunnels needs to be investigated. The Harbour tunnel is a new project, and no previous 

research has been conducted to determine if the photocatalytic methods are suitable for that 

tunnel. 

Port of Helsinki’s values are responsibility, collaboration, and effectiveness. They want to 

act responsibly as a part of the environment and society while respecting nature and the 

security of supply. They also act together with clients, the companies that work in the 
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Harbour, and other stakeholders to achieve the goals. Port of Helsinki also commits to 

qualitative and financial goals and focuses on efficiency and essential elements. (Port of 

Helsinki n.d.b.)  

The aim is to take the environment into account when planning and building the Harbour 

tunnel. For example, the northern entrance of the tunnel is placed on the side of Lapinlahti 

park. There are endangered species living there. The aim is to build the tunnel in a way that 

does not weaken the living conditions of the species that are protected. (Port of Helsinki 

2024b.) It is important for the Port of Helsinki to mitigate the environmental effects of 

Lapinlahti park, and it is a requirement for building the Harbour tunnel. Most of the park 

remains untouched. (Port of Helsinki n.d.c.) To ensure good air quality and make the project 

acceptable, the emissions from the tunnel must be treated somehow.  

The aim of this thesis is to find out if photocatalytic methods would be a potential option for 

reducing traffic emissions in the Port of Helsinki’s Harbour tunnel. In addition to that, the 

aim is to provide information and knowledge about different aspects that need to be taken 

into consideration when considering the methods for the tunnel. At the end, the thesis also 

aims to provide a recommendation on whether the photocatalytic method would be a good 

solution to treat the emissions or not. The possible implementation of photocatalysis in the 

tunnel and more detailed system design plans will be developed later if necessary.  

There are two research questions in this thesis. Those are:  

- Would photocatalytic methods be a suitable and realistic option to reduce traffic 

emissions in the Harbour tunnel?  

- What is the recommended way to use it? 

The data for the study were collected using qualitative research methods such as interviews. 

The interviewees are people who have been part of a project where photocatalysis is used, 

or they have strong knowledge about the topic. The data were collected by using interviews 

to get as many personal, practical, and real-world experiences as possible. The interviews 

enable the collection of information that is not found, for example, in published studies. The 

interviews were recorded, transcribed, and analyzed by using qualitative content analysis. 

The analysis was conducted to find out the aspects that consistently appear in the interviews, 

and on the other hand, those that appear only in individual interviews. Interviews and content 

analysis are a suitable approach when the feasibility of the method is studied in a new 
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location, such as photocatalysis in the Harbour tunnel. The methods utilize existing 

knowledge and compare them. It promotes the trustworthiness of the study by removing 

dependence on a single opinion, and it also enables transferability.   

The commissioning organization of this thesis is Helsingin Satama Oy (Port of Helsinki), 

and it is done to support them in making sustainable decisions and to improve air quality in 

the tunnel. The thesis is also made in cooperation with Sweco PM Oy.  

After the introduction, in the second chapter, the photocatalytic method is presented through 

the theoretical framework. The chapter reviews the important factors that are related to the 

photocatalytic method. For example, the reaction mechanism, advantages, and 

disadvantages are presented. In the third chapter, the basic structures of tunnels are 

presented. In chapter four, the case studies where photocatalytic methods have been used are 

shown and explained. After that, in chapter five, the Harbour tunnel is introduced. The 

methodology of this study is presented in chapter six, and the results are presented in chapter 

seven. The results explain, for example, what is needed to take into account when planning 

to use photocatalytic methods, and what the interviewees recommended doing. In chapter 

eight, there is the discussion section, which tries to explain what the results mean. Lastly, 

the conclusions are presented in chapter nine. The conclusions summarize the study together.  
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2  Photocatalysis as a method 

The chapter aims to provide basic information on photocatalysis, for example, what 

photocatalysis is and its reaction mechanisms, what materials can be used as a photocatalyst, 

and what the factors are that affect efficiency. Also, the by-products and limitations of 

photocatalysis are explained. 

2.1  Most common emissions treated by photocatalysis 

The photocatalytic oxidation process can degrade, for example, VOCs, NOx, NH3, and 

compounds that contain sulfur. One of the most hazardous pollutants is NOx. (Li et al. 2022.) 

NOx is generated at high temperatures and pressures during fossil fuel combustion. 

Automobile exhaust and chemical intermediate production are common sources of NOx. 

Around 90% of the NOx emissions are generated by vehicles and traffic, and 95% of them 

are nitrogen oxide (NO) emissions. When the concentration of NOx is over 200 mg/m3, it 

causes, for example, respiratory inflammation and other harmful effects on human health. It 

also causes environmental damage, acid rain, and photochemical smog. In addition to that, 

it also leads to economic losses. (Li et al. 2022; Zhao et al. 2022.) Photocatalysis aims to 

convert NO to less harmful nitrates, although NO easily converts to nitrogen dioxide (NO2) 

because it reacts easily with oxygen (O2). Moreover, the generation of nitrogen (N2) is 

desired. (Li et al. 2022.) 

VOCs can volatilize into the oceans and the atmosphere, which leads to pollution (Zhao et 

al. 2022). They can also cause illnesses such as nausea, dizziness, liver damage, and 

genotoxic effects in humans when exposure is long-term. Some VOCs are also carcinogenic. 

(Li et al. 2022; Zhao et al. 2022.) VOCs have high vapor pressure and are poorly soluble in 

water. VOCs also contaminate groundwater and are harmful to the ozone layer and can 

generate, for example, particulate matter or photochemical smog. (EPA 2026; Li et al. 2022.) 

Trichloroethylene and methyl tert-butyl ether (MTBE) are examples of VOCs. VOCs can 

also be components of hydraulic fluids, paints, or petroleum fuels. (EPA 2026.) From an 

environmental point of view, aldehydes and aromatic hydrocarbons are the most harmful 
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and toxic compounds. Under suitable conditions, the VOCs can be mineralized into carbon 

dioxide CO2 and water (H2O) through photocatalysis. (Li et al. 2022.)  

The main sources of ammonia are automobile exhaust, composting, and wastewater 

treatment. NH3 is a gas that has a strong odor and is corrosive. In humans, exposure to 

ammonia can cause eye and skin irritation and a sore throat. When it is inhaled, ammonia 

can destroy the transport function of oxygen. In the atmosphere, ammonia can form 

secondary particulate matter, and it has toxic effects on vegetation. The production of N2 is 

also desired with the photocatalytic conversion of ammonium. (Li et al. 2022.) 

According to the EU directive (Directive 2024/2881), the limit value for NO2 is 200 µg/m3 

in an hour and in a year, it is 20 µg/m3. The hourly limit can be exceeded only 18 times 

during the calendar year.  For SO2, the hourly limit is 350 µg/m3, and in a day, it is 125 

μg/m3. For benzene, the limit value is 5 μg/m3. Emission values need to be lower than the 

limit values or reach that level by 11.12.2026. After 1.1.2030, the limit values will be even 

stricter. (Directive 2024/2881.) 

2.2  Reaction mechanism of photocatalysis  

Photocatalysis is a relatively new and emerging technology (Zhao et al. 2022). In short, a 

photocatalyst is a material that absorbs light and initiates chemical reactions (Pawade & 

Bhanvase 2024). Photocatalysis is a process by which environmental pollutants are 

eliminated through a redox reaction that is triggered by light (Saravanan et al. 2021). In the 

photocatalytic process, light is the primary energy source. The photocatalytic reaction can 

be triggered by light of specific wavelengths such as ultraviolet (UV) light, visible light, or 

infrared radiation. (Pawade & Bhanvase 2024.)  

Firstly, in a photocatalytic reaction, electron-hole pairs are generated (Pawade & Bhanvase 

2024). A band gap energy (Eg) separates the valence band (VB) from the empty conduction 

band (CB) and acts as an energy barrier to electrons (e-) (Ren et al. 2017). Electrons are 

excited from the valence band to the conduction band when the material's photocatalytic 

surface is exposed to the energy of photons (hv). The electron transition takes place when 

the Eg is the same or higher than the hv. In that case, the energy of the photons is absorbed 

by the electrons. When an electron is excited from VB to CB, it leads to the generation of a 
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hole in VB. The hole is positively charged (h+). This process leads to the formation of 

electron-hole pairs in photocatalysts. (Saravanan et al. 2021; Zhao et al. 2022.) 

When the charge carriers (electrons and holes) are separated, they can diffuse to the surface 

of the photocatalyst (Pawade & Bhanvase 2024; Ren et al. 2017). On this surface, the charge 

carriers can react (Ren et al. 2017). Following this, oxidation and reduction reactions take 

place on the photocatalyst surface (Pawade & Bhanvase 2024). Electron acceptors (A) react 

with electrons and undergo reduction, and electron donors (D) react with holes and undergo 

oxidation. In these reactions, radicals are formed. (Ren et al. 2017.) The chemical equations 

of radical formation from Ren et al. (2017) are presented in equations 1 and 2.  

 𝐴 +  𝑒−  → • 𝐴− (1) 

where A is electron acceptor, 𝑒− is electron and • 𝐴− is unpaired electron and radical. 

 𝐷 +  ℎ+  → • 𝐷+ (2) 

where D is electron donor, ℎ+ is hole and • 𝐷+ is unpaired electron and radical. 

The electronic band structure’s redox potential determines whether the reactions can take 

place. If the CB’s energy level is more negative than the potential redox potential of the 

electron acceptor and Eg, the reaction in Equation 1 takes place. If the VB’s energy level is 

more positive than the redox potential of the electron donor, the reaction in Equation 2 takes 

place. (Ren et al. 2017.) The total photocatalytic reaction is illustrated in Figure 1 from 

Pawade & Bhanvase's (2024) study.  
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Figure 1. Principle of the photocatalytic redox reaction, adapted from Pawade & Bhanvase 

(2024, 1-3). 

 

Pollutant degradation can happen through three potential ways. The one-stage process is 

when the redox reaction takes place directly with pollutants. In that case, the electron-hole 

pairs and the pollutants react and generate inorganic products. The example of one-stage 

reactions leading to the formation of NOx to N2 is presented in chemical equations 3-7. (Ren 

et al. 2017.)  

 𝑁𝑂𝑥 +  𝑒−  →  𝑁𝑂− (3) 

 𝑂2− +  ℎ+  → • 𝑂− (4) 

 𝑁𝑂− + • 𝑂−  →  𝑁 + 𝑂 + 𝑂2− (5) 

 𝑂 + 𝑂 →  𝑂2 (6) 

 𝑁 + 𝑁 →  𝑁2 (7) 

A two-stage process takes place when, on the surface of the photocatalysts, holes and 

electrons react with O2 and H2O. There is a lower pollutant concentration in the atmosphere 

compared to the concentration of O2 or H2O, which leads to a situation in which the 

photogenerated electron-hole pairs react with O2 or H2O. (Ren et al. 2017.) This reaction 

generates superoxide (O-
2) and hydroxyl radicals (•OH). The radicals have a high potential 

for redox reactions and react aggressively with the pollutants. The process generates 

inorganic products as well. The electron transfer process becomes more prominent when the 

active species adsorb to the surface of the photocatalysts. (Pawade & Bhanvase 2024; Ren 

et al. 2017.) 
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The three-stage process takes place when the radicals continue to react by generating 

Reactive Oxygen Species (ROS). ROS are generated when the radicals separate from the 

surface and turn into movable species. ROS have reactive properties because of their bonds 

that are unsaturated. At this stage, ROS can stay as they are or react to generate more ROS. 

ROS can move from the surface of the photocatalysts, and in that case, there will be a 

proximity effect on the spatial range that ROS and radicals can move. Typical ROS are •OH, 

•O−
2, hydroperoxyl radical (HO2•), and hydrogen peroxide (H2O2). These species can 

degrade pollutants (organic or inorganic), for example, to CO2, H2O, N2, or nitric acid 

(HNO3). (Ren et al. 2017.) The three potential ways are presented in Figure 2.   

 

 

Figure 2. The three different ways to degrade pollutants, adapted from Ren et al. (2017, 

343). 

 

The photodegradation process can be restricted if the electrons and holes recombine in the 

bulk while they are transferred to the surface of the material or at the surface. That neutralizes 

the photodegradation. (Ren et al. 2017.)   
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2.3  Materials used as a photocatalyst 

Semiconductors are materials that have electrical conductivity between 105 and 10-11 S/cm. 

Semiconductors consist of a wide range of materials, and almost every inorganic compound, 

as well as many organic compounds, is a semiconductor. Semiconductors can be either 

metals or non-metals, and they differ in that, at low temperatures, metals have good electrical 

conductivity and non-metals are good insulators. The electrical conductivity of non-metals 

increases when the temperature rises. Electrical conductivity in non-metallic solid 

substances can be identified in semiconductors at room temperature. (Berger 2020.)  

Binary and complex metal oxides, metal sulfides, nitrides, and metal-free materials have 

been used, for example, as semiconductor photocatalysts in air purification. They have lower 

costs compared to copper, gold, or silver nanoparticles, but still have limitations in visible 

light absorption. (Pawade & Bhanvase 2024; Ren et al. 2017.)  

Binary metal oxides and especially TiO2 are the most studied photocatalysts. TiO2 is the 

most common photocatalyst currently in use. It has a low cost, is nontoxic, and resists 

photocorrosion very well. (Ren et al. 2017.) One of the commercially available options is 

Evonik Aeroxide TiO2 P25 pigment (Tobaldi et al. 2014). TiO2 has mechanical, thermal, 

and chemical stability and is poorly soluble in H2O, HNO3, and hydrochloric acid (HCL). 

However, it is soluble in hot concentrated sulfuric acid (H2SO4) and hydrogen fluoride (HF). 

TiO2 melts at 1855 °C. (Zhang et al. 2018.) TiO2 can self-regenerate by utilizing rainwater, 

which lowers maintenance costs (Zhong & Haghighat 2015). 

Under UV light, the photocatalytic performance of TiO2 is high, and it is chemically 

compatible with other phases. TiO2 has three polymorphs, which are anatase, rutile, and 

brookite. The most effective performance is noticed in anatase, because the electron-hole 

recombination time is shorter, it has a higher localized electron density in its energy states, 

and the hydroxyl radicals adsorbed on the surface have a higher concentration. (Ren et al. 

2017.) In addition to its use in photocatalysis, TiO2 is used as a white pigment. TiO2 is 

extracted, for example, from titanite ore (CaTiSiO5), perovskite ore (CaTiO3), or ilmenite 

ore (FeTiO3). (Zhang et al. 2018.) An example of TiO2 reaction in the reduction of VOC 

from the study by Zhao et al. (2022) is presented below in equations 8-15:  
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  𝑇𝑖𝑂2 +  ℎ𝜈 →  𝑇𝑖𝑂2 + (𝑒−
𝐶𝐵 +  ℎ+

𝑉𝐵) (8) 

  𝑇𝑖𝑂2(ℎ+
𝑉𝐵) +  𝐻2𝑂 →  𝑇𝑖𝑂2 +  𝐻2𝑂+ •  (9) 

 𝑇𝑖𝑂2(ℎ+
𝑉𝐵)  +  𝑂𝐻−  →  𝑇𝑖𝑂2 +  𝑂𝐻 • (10) 

 𝑇𝑖𝑂2(𝑒−
𝐶𝐵)  +  𝑂2  →  𝑇𝑖𝑂2  + 𝑂2

− • (11) 

 𝑂2
− •  + 𝐻+  →  𝐻𝑂2 • (12) 

 𝐻𝑂2 •  + 𝐻𝑂2 • →  𝐻2𝑂2  +  𝑂2 (13) 

 𝑇𝑖𝑂2(𝑒−
𝐶𝐵) +  𝐻2𝑂2  →  𝑂𝐻−  +  𝑂𝐻 • (14) 

 𝑉𝑂𝐶 +  𝑂2  +  𝑂𝐻 • →  𝐻2𝑂 +  𝐻2𝑂 +  𝐶𝑂2  +  𝑜𝑡ℎ𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (15) 

Another promising binary metal oxide photocatalyst material is cerium (IV) oxide (CeO2) 

because of its resistance to photocorrosion. It is chemically stable and can switch from 

cerium (IV) ion (Ce4+) to cerium (III) ion (Ce3+) and back at the active surface. (Ren et al. 

2017.) The downside is that it can only be used with UV light, so it is not able to be activated 

by sunlight. (Zhao et al. 2022).  

Bismuth vanadate (BiVO4) is a promising complex metal oxide in photocatalysis  (Ren et al. 

2017). It is also a semiconductor material (Zhao et al. 2022). It has three polymorphs, and 

the monoclinic phase has the best activity and performance. It has beneficial properties, such 

as its band gap is narrow, it is a low-cost option, and high stability. The disadvantages are 

that the charge carrier mobility is low, and the band gap is direct. There is also a high 

possibility of electron-hole recombination because of the limited diffusion possibility of 

photogenerated charges before combination at the surface. (Ren et al. 2017.) 

CdS and zinc sulfide (ZnS) have also been used in photocatalysis, and they both are metal 

sulfides. ZnS is not usually used in photocatalysis for air purification because of its 

properties with photocorrosion. CdS has suitable photocatalytic activity, and the excitation 

can be achieved using visible light. The metal sulfides are unstable because photogenerated 

holes easily oxidize the sulfide ions (S2-). (Ren et al. 2017.) 

Metal-free materials consist of, for example, different compositions of sulfur, phosphorus, 

carbon, and boron. These materials have good chemical, mechanical, and optical properties. 

Graphite has a theoretically wide specific surface area and is long-lasting and mechanically 

stable. It is the most common 2D material among metal-free materials. It is used to support 

a photocatalyst because it has no band gap, which affects the performance of photocatalysis. 

(Ren et al. 2017.) 
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It is difficult to determine the costs of photocatalytic materials. There should be paid more 

attention to the financial status of photocatalysis in future studies. (Priya et al. 2021.)  

2.4  Factors affecting the efficiency of photocatalysis 

There are many things to take into consideration when planning the air purification system 

(Ren et al. 2017). Factors that affect the efficiency of photocatalysis are, for example, 

photocatalytic activity, mass transfer, the shape of the photocatalysts, and the available 

photocatalytic surface area (Bui et al. 2021; Zhong & Haghighat 2015). Also, the direct tool 

to evaluate the photocatalytic efficiency is the reaction rate. The factors affecting the reaction 

rate are the source of light and its intensity, the concentration of pollutants, relative humidity 

(RH), temperature, and reactivation and deactivation. (Huang et al. 2016; Zhong & 

Haghighat 2015.) In addition to this, things like what kind of photocatalyst is used and what 

material it is, the form of the photocatalyst (film, powder, foam, or filter), what kind of 

reactor is used, the type of gas flow or flow rate, the distance between contaminants and 

light, and what kind of contaminants are planned to be treated affect the system (Ren et al. 

2017). However, the impact of these factors (positive or negative) depends on the 

photocatalysts used (Huang et al. 2016).  

The factors that increase the activity of the photocatalyst are, for example, increasing the 

electron-hole pair generation rate by narrowing the band gaps. Another factor is to decrease 

the recombination rate of electron-hole pairs by reducing the diffusion distance or increasing 

the trapping site density. Also, increasing the surface-active site concentration by increasing 

the surface area is one option. The improvement can also be made by improving the 

physicochemical stability, for example, by improving the stability to resist photocorrosion 

to get an extended lifetime. (Bui et al. 2021.)  

The mass transfer depends on the air flow conditions, the geometrical surface area of the 

catalyst, and the type of molecule. The diffusion relies on the molecular weight, pressure, 

temperature, the reactant’s characteristic length, and the collision integral. (Zhong & 

Haghighat 2015.) Mass transfer happens at the interface of the solid-gas phase. In that phase, 

the photocatalytic reaction interacts with fibres, pollutants, and reactant molecules. The mass 

transfer process takes place because of two factors, which are the energy source (UV or 
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visible light) and the photocatalytic reactions on the surface of the photocatalysts. (Bui et al. 

2021.)  

When the material is porous, the available surface area for the photocatalytic coating is larger 

(Gauvin et al. 2018). Also, the photocatalyst’s shape impacts the efficiency by influencing 

the structure of the surface (Li et al. 2020). The grain size affects the efficiency as well. 

When the grain size is smaller, the surface area becomes larger compared to the volume. 

That leads to an increased density of the active sites on the surface. These sites are needed 

for the absorption of oxygen and water and the formation of the radicals. The small grain 

size might also shorten the diffusion distance for the photogenerated carriers. That increases 

the possibility that there will not be recombination, and that the carriers reach the surface of 

the grain without it. (Ren et al. 2017.)  

The photocatalytic materials need to be excited using light at a suitable wavelength. This can 

be, for example, visible light or UV light. (Ren et al. 2017.) TiO2 and other common catalysts 

need a light source that is in the UV wavelength range to be activated. Common light sources 

are, for example, xenon lamps, medium-pressure mercury lamps, and UV lamps. (Huang et 

al. 2016.) Light-emitting diodes (LEDs) are a compact and cost-effective solution for 

generating strong UV light (Ren et al. 2017.).  

The wavelength of visible light is around 400 - 780 nm, while the wavelength of the UV 

light is around 100 - 400 nm (Hietanen et al. 2009).  Ultraviolet A (UVA) light is commonly 

used with photocatalytic materials because of its safety and cost benefits. The wavelength of 

UVA light is around 315 - 400 nm. (Ren et al. 2017.) The wavelength of the light affects the 

amount of energy, so the light spectrum is an important factor to take into consideration. 

(Ren et al. 2017.) Suitable energy for an absorbed photon can be calculated using Equation 

16.  

 
𝐸 =  

ℎ ∙ 𝑐

𝜆
 

(16) 

where E is the energy of the photon (eV), h is Planck’s constant (eVs), c is the speed of light 

in vacuum (m/s), and λ is the incident light wavelength (m). 

Photocatalysis takes place only under suitable conditions when the Eg is high enough. The 

absorption can take place if the Eg is equal to or higher than the energy of the photon, as 
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mentioned earlier. (Ren et al. 2017.) The wavelength of the light absorption edge (λ𝑒) can 

be calculated using Equation 17 as presented in Ren et al.'s (2017) study. 

 
λ𝑒  =  

ℎ ∙ 𝑐

𝐸𝑔
 

(17) 

where λ𝑒 is the absorption edge wavelength of the incident light (m) and 𝐸𝑔 is the band gap 

energy (eV).  

If the incident light wavelength is the same as or smaller than the absorption edge 

wavelength, the incident light is absorbed. If the incident light wavelength is the same as or 

higher than the absorption edge wavelength, the incident light is not able to be absorbed. 

(Ren et al. 2017.) 

Light intensity is presented in units of irradiation, such as energy per unit area or photon flux 

on the surface of the catalysts. Reaction time and the light supply intensity are directly related 

to each other. The electron pair’s first-order consumption rate and half-order rate of 

recombination are regulated by photocatalytic oxidation. The first-order reaction rate can be 

controlled by light intensity. The photocatalyst's internal structure can affect the photon's 

absorption rate. This can affect the rate of conversion. There is also a linear correlation 

between the intensity of UV light and the photocatalytic rate of reaction, at least with TiO2. 

In the low intensity range and under moderate intensity, the rate of degradation is directly 

related to the square root of the intensity of light. The degradation rate does not increase any 

further after the intensity of light is 6·10-5 Einstein L-1·S-1 or greater. (Huang et al. 2016.) 

The concentration of the pollutants affects the reaction rate and, in that way, the efficiency 

of photocatalysis. The convective mass transfer can account for the mass flux between the 

photocatalyst’s surface and the inlet. The inlet affects the photocatalyst surface pollutant 

concentration. (Huang et al. 2016.) The mass flux can be calculated by using equation 18.  

 𝑁𝐴 =  𝑘𝐴  ∙  ∆𝐶𝐴 (18) 

where mass flux is NA, the coefficient of convective mass transfer is kA, and the transferred 

substance concentration difference between the interface and the inlet is ΔCA. 

The concentration on the surface is hard to measure with measurement equipment. Errors 

occur when the concentration in the inlet is used to calculate kinetic parameters. To improve 

convective mass transfer, the air flow rate needs to be increased. In that way, the differences 

in concentrations can be decreased. When the concentration of pollutants increases, the 
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degradation rate decreases. To calculate a reaction model, kinetic parameters such as 

pollutant concentration and the reaction rate of photocatalysis are needed. (Huang et al. 

2016.) 

Air pollutant degradation using photocatalytic methods takes place in the gaseous and solid 

phases, but there can also be liquid droplets in aerosols (Bui et al. 2021). Water vapor has 

an important role in the degradation process because, in photocatalytic processes, water 

molecules adsorb and can generate hydroxyl groups. Photogenerated charge carriers can 

capture these species and produce reactive radicals and oxidize them later. When there is no 

water vapor in the process, mineralization is not able to completely happen. That leads to 

slower degradation of VOCs. On the other hand, the water vapor can lead to the 

recombination of the electron-hole pairs. The photocatalytic activity and degradation of 

VOCs can be reduced because the water molecules are able to occupy the surface of the 

photocatalyst's active sites. If the conditions are less hydrophobic, the photocatalyst is more 

sensitive to RH. The oxidation rate is affected by competitive adsorption between low level 

contaminants and water. The relation between water vapor and removal efficiency depends 

on the photocatalyst used, so suitable RH needs to be investigated for each system separately. 

(Huang et al. 2016.) 

The temperature of the reaction might influence the reaction rate of photocatalysis (Chen & 

Hsu 2021). The temperature positively affects the activity of TiO2. An increase in 

temperature promotes the reaction between free radicals and impurities, which leads to an 

increase in the generation of radicals. (Meng et al. 2018.) The optimal temperature for 

effective mineralization is 20 to 80 °C (Priya et al. 2021). For example, a study by Meng et 

al. (2018) demonstrated that the reaction rate increased when the temperature increased from 

4 °C to 45 °C. The impact of temperature on the reaction rate depends on the photocatalyst 

(Meng et al. 2018). 

When removing pollutants, the lifetime of the photocatalyst, as well as deactivation, 

regeneration, reactivation, and replacement, are important factors to consider. When the 

amount of effective active sites decreases on the surface of the catalysts, the gas-solid 

photocatalytic activity decreases as well. The collection of partially oxidized intermediate 

products causes deactivation. Those intermediates block space from the active sites on the 

surface of the photocatalyst.  The original rate of oxidation is related to the photocatalyst's 

effective surface area. In some cases, the complete deactivation of photocatalysis takes place 
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after a series of 20 photocatalytic oxidation reactions. This happened because the active sites 

were full. Regeneration techniques are needed to recover the photocatalytic activity. Some 

intermediates can be removed from the surface by heat treatment. For example, complete 

removal of the intermediates like benzaldehyde and benzoic acid can be done by heat 

treatment for three hours at 653 K. The treatment requires the use of a furnace, and the 

process consumes a lot of energy, so the reactivation is very complicated to do. (Huang et 

al. 2016.) Also, a common way to regenerate the surface of a photocatalyst is to expose it to 

moist air while it is under UV light (Zhong & Haghighat 2015). 

2.5  Photocatalytic reactor types and integration into materials 

The reactor system of photocatalysis can be divided based on the structure of the reactor.  

Photocatalytic reactors are classified based on how they work and what their configurations 

are. The most common types of reactors that are used in the purification of air are plate, 

honeycomb monolith, annular, and fluidized bed reactors. In the plate reactor, the UV lamp 

and plate are placed parallel to each other. The plate surface has a photocatalytic coating. 

The air flows between the lamp and the plate. The advantages of this reactor are that the 

geometry of the system is simple, and it has a low pressure drop. The disadvantages are that 

the convective mass transfer rate is low and the area where the reaction takes place is small. 

A basic plate reactor can be modified into a parallel-plate reactor with a UV lamp that is 

external. In this variant, the air flow goes through the parallel plates. The advantage of this 

is that the photons can be utilized more efficiently, and the convective mass transfer is better. 

The disadvantage is that the pressure drop is higher. The plate reactor can also be modified 

into a parallel plate reactor, where the lamp is sandwiched. In that variant, the UV lamp is 

in the middle of the parallel plates, and the air flow goes through the system. The advantages 

of this are that the photons can be utilized more efficiently, and the convective mass transfer 

is better. It also has a larger surface area for photocatalytic irradiation. The disadvantage is 

that the pressure drop. (Ren et al. 2017.) The reactors are presented in Figure 3.  
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Figure 3. Plate reactor (left), parallel-plate reactor with UV lamp (right) and parallel plate 

reactor with lamp that is sandwiched (middle), adapted from Ren et al. (2017, 346). 

 

An annular reactor is cylindrical in shape with a surrounding UV lamp. The UV light source 

is a tube in the centre of the cylinder. The interior walls are coated with a photocatalyst. The 

air flow goes through the cylinder. The advantages are that the geometry is simple and the 

pressure drop is low. The disadvantages are also the same as in the plate reactor. The 

convective mass transfer rate is low, and the area where the reaction happens is small. The 

variations of annular reactors are a multi-annular reactor and an annular reactor with fins. In 

the multi-annular reactor, there are more coated surfaces where the photocatalyst is placed, 

and the air flows through them. In the annular reactor with fins, the mechanism is the same 

as in the basic annular reactor, but there are fins installed with the UV lamp. The advantages 

and disadvantages of both variants are the same as in the parallel plate reactor, where the 

lamp is sandwiched. (Ren et al. 2017.) The annular reactor and the variants are presented in 

Figure 4.  
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Figure 4. Annular reactor (left), multi-annular reactor (right), and annular reactors with fins 

(middle), adapted from Ren et al. (2017, 346). 

 

A honeycomb monolith is a substrate whose surface and walls are perforated and coated with 

a photocatalyst. The substrate and UV lamp are parallel. Its advantages are that the 

mechanical strength is high, its reaction area is large, and the convective mass transfer rate 

is suitable. The disadvantage is that the utilization rate of photons is low if the monolith is 

too thick. That leads to reduced exposure to radiation in the perforated walls. The variations 

of honeycomb monoliths are parallel-channel monoliths and radial-leakage optical fiber 

honeycomb reactors. In parallel-channel monoliths, the structure is the same as in 

honeycomb, but there are more monolith walls. The advantages are that the photon 

utilization is higher, convective mass transfer is better, and the surface area of irradiation is 

larger. The disadvantage is that the heat dissipation is not as effective. In the radial-leakage 

optical fiber honeycomb reactor, the optical fiber is added to the reactor, and the width of 

the system is larger, but otherwise it is the same as other monoliths. The advantages are that 

the utilization of the photons is higher, and the convective mass transfer is better. The 

disadvantages are the poor dissipation of heat and a more complex radiation system. (Ren et 

al. 2017.) The honeycomb monoliths and other monoliths are presented in Figure 5.  
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Figure 5. Honeycomb monolith reactor (left), parallel-channel monoliths (right) and 

honeycomb reactor with radial-leakage optical fiber (middle), adapted from Ren et al. 

(2017, 346). 

 

In a fluidized bed reactor, the air flow goes through the bed of photocatalyst. When the 

reactor has a bed of photocatalyst, the radiation source is external. The advantages are that 

the gas feed rate is high and the pressure drop is low. In addition, the convective mass 

transfer rate is high. The disadvantage is that the photocatalysts need to be entrained and 

removed. The variations are similar to the basic reactor, but the lamps are installed inside 

the reactor, or there are lamps both inside and outside. The advantages of both options are 

that the utilization of photons is higher, and there is a larger surface area where the irradiation 

takes place. The disadvantage is that the reactor generates more heat. (Ren et al. 2017.) The 

Fluidized-bed reactors are presented in Figure 6.  
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Figure 6. Fluidized-bed reactor (left), fluidized-bed reactor with lamps that are internal 

(right) and fluidized-bed reactor with external and internal lamps (middle), adapted from 

Ren et al. (2017, 347). 

 

Photocatalysts can also be integrated into building materials. The integrated materials can 

be, for example, gypsum plasterboard with a layer of fiberglass, glass beads, nonwoven glass 

wool fabric, or carbon cloth.  In that case, the nanoparticles of the photocatalyst are dispersed 

into a solvent such as lime-saturated water, ethanol, or methanol. After that, the nanoparticles 

are treated with ultrasound to prevent agglomeration in water that is deionized. This aims to 

increase the available surface area for reactions. (Zhong & Haghighat 2015.)  

The dip-coating method is used for flat surfaces such as ceramics or glass. A thin layer is 

applied on the top of the substrate. The amount of the coating depends on the dip-coating 

time and suspension concentration. Another option to apply coating is spraying. In that 

method, the suspension is sprayed in small droplets onto the surface, and the excess coating 
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is reduced by air. The drying of the coating happens in ambient conditions for days or for 

many hours in heated conditions. Drying is complete when the sample weight is constant. 

Too high a temperature can cause changes in phases or substrates, and the photocatalyst can 

react with them. This can decrease the activity of the photocatalyst. Too fast a drying process 

can cause flake formation. The mass of the coating is calculated by measuring the weight 

before and after it is deposited on the surface and by calculating that difference. Cement-

based materials are produced by mixing cement and photocatalyst together, and then it is 

spread to the outer surface of the building or road with a brush. The loading ratio of the 

catalyst affects the bonding strength of the surface on the building. (Zhong & Haghighat 

2015.)  

The integration of photocatalysts into paints, sidewalk pavements, windows, or roads 

represents a green and sustainable application. The utilization of sunlight is also an energy-

saving option. (Zhong & Haghighat 2015.) TiO2 has been included in many kinds of 

materials because it provides significant advantages and potential for building materials 

without changing the original properties of the material. TiO2 has been mixed into the cement 

mortar, Portland cement, paints and plasters, brushed onto the surface of ceramic tiles, and 

coated on concrete walls. (Wei et al. 2023.)  

2.6  By-products of the photocatalytic reaction 

The most concerning thing with photocatalysis is the formation of by-products, and it is a 

serious problem (Zhong & Haghighat 2015). The process of photocatalysis might produce 

toxic intermediates and GHGs such as nitrous oxide (N2O), which damage, for example, the 

ozone layer and have a long lifetime. Those intermediates can also be on the photocatalyst 

active sites and block them. To find out how substances react and avoid these kinds of 

problems, the photocatalyst requires experimental investigation. (Ren et al. 2017.)  

The reactions that take place in Equations 3-7 are optimal reactions, but the reaction can also 

proceed as shown in Equations 19-21. HNO3 deactivates the catalysts, so the result is not 

optimal. This will affect the photocatalyst’s lifetime, so these reactions also need to be taken 

into account. (Zhao et al. 2022.) 
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 𝑁𝑂 +  2𝑂𝐻 • →  𝑁𝑂2  +  𝐻₂𝑂 (19) 

 𝑁𝑂₂ +  𝑂𝐻 • →  𝑁𝑂₃⁻ +  𝐻⁺ (20) 

 𝑁𝑂 +  𝑁𝑂₂ +  𝐻₂𝑂 →  𝐻𝑁𝑂₃ (21) 

The reactions in photocatalysis usually take place in different phases, so there are many 

intermediate stages during the reaction. By-products can be generated in every phase and 

stage. It has been proven that these by-products are generated regardless of the treated 

component. The generation of the by-products is dependent on the reaction mechanism of 

the intermediates of photocatalysis. The prediction of the amount and quality of the 

intermediates is hard. For example, formaldehyde and acetaldehyde are carcinogenic and 

toxic by-products.  When the lamps used in the reaction produce ozone, there will be more 

intermediates because of the combined effect of photocatalysis and ozone. The quality and 

concentration of the intermediates depend, for example, on the conditions, the structure of 

the photocatalytic reactor, the properties of the catalysts, and the analysis method used. It 

has been noticed that when there are many intermediates on the surface of the catalysts, the 

catalyst deactivates quickly. Also, lower water vapor content in the process produces fewer 

by-products because the degradation rate is higher. TiO2 is hydrophilic, which leads to the 

situation where water vapor adsorbs onto the surface of the photocatalyst at high moisture 

content. There are fewer active sites on the photocatalyst's surface because the competitive 

adsorption of water molecules reduces them. In that case, some of the by-products are 

released easily back to the atmosphere, and some of them are adsorbed. The mechanism and 

kinetics behind the generation of the by-products are unclear, and there are only a few studies 

that research the connection between conditions and by-products, even though they are a 

very important risk with photocatalysis. (Zhong & Haghighat 2015.) 

2.7  Limitations with photocatalysis 

Common limitations and challenges are the unclear understanding of how by-products are 

generated, the moderate efficiency of the process, the lack of universal standards to evaluate 

it, limited tools for simulation, the unknown long-term stability of photocatalysts, and issues 

with regeneration. There are many research studies about photocatalytic air purification in 

laboratory conditions, but a limited amount of research has been found on the deactivation 
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of the catalyst, the suitable removal efficiency, and the prediction of the by-products. (Zhong 

& Haghighat 2015.) 

Deactivation is a process that happens in many steps, in which the active sites are reduced. 

It is usually an irreversible process and can be stronger under visible light. Deactivation can 

happen because of, for example, poisoning, sintering, fouling, or coking. (Zhong & 

Haghighat 2015.) 

The problems with deactivation and low moderate efficiency are also a problem when the 

photocatalyst is integrated into building materials. The reaction happens on the surface of 

the photocatalysts, so the layer needs to be on the outermost layer of the material to get as 

many exposures to emissions as possible. If the material is, for example, on the road, the 

material needs to withstand enough mechanical stress. (Zhong & Haghighat 2015.) 

Photocatalysts also need to keep their photocatalytic activity for a long time to be suitable in 

real-life use. The lifetime of the construction materials is long, so the material of 

photocatalysts also needs to retain that. The lifetime and long stability of photocatalysts have 

not been studied much. Metal sulfide and metal oxide semiconductors can be exposed to 

anodic or cathodic photocorrosion because of the visible light. (Zhong & Haghighat 2015.) 

The surface of the catalyst can flake if the air flow rate is high. If the air flow rate is at real 

application speed, the moderate efficiency can be a problem. The reaction on the surface is 

a limiting factor when the air flow rate is large. The reaction can be improved by making the 

responsive spectrum larger in the photocatalyst, such as visible light, to trap more photons 

or to improve the photon quantum efficiency by reducing electron-hole pair recombination 

or by optimizing the structure of the reactor so that the energy of photons reaches the whole 

surface of the catalyst. The aim of these measures is to maximize the production of hydroxyl 

radicals. When the flow rate is low in the tunnel, the natural wind or air flow can compensate 

for it, so the emissions reach the surface of the catalyst. (Zhong & Haghighat 2015.) 

When applying catalytic reactions that are activated by visible light, more attention must be 

paid, especially indoors. The use of UV light can promote secondary pollution formation. 

The pollutants can be, for example, strong substances that oxidize. UV light is also harmful 

to humans. (Huang et al. 2016.) UV light can burn skin and age it prematurely when exposed 

to it excessively. Also, the risk of cancer increases. UV light can also harm eyes. (STUK 

n.d.) 
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3  Tunnel structures 

There are many variations in road tunnel structures. For example, a tunnel structure can 

consist of two tubes, and in both tubes, the traffic is one-way, or one tube, and the traffic 

flows in two directions. Most of the research is focused on the tunnels, where there are two 

tubes and the traffic is one-way in each tube. The tunnel type is suitable for areas that have 

a huge amount of traffic. In areas where there is not much traffic, tunnels that have one tube 

and two-way traffic are more common. With one tube, the construction costs are lower than 

with two tubes. The tunnels are quite similar, but the difference is in the traffic pattern. (Yan 

et al. 2022.) 

The tunnels in urban areas enable traffic to be moved from the ground surface to the 

underground routes. This improves traffic conditions on the ground surface by reducing 

traffic and rush and improving the local air quality. In tunnels, the emissions are collected 

between the entrances and exits, and when the air is released into the atmosphere from the 

tunnel, the emission concentration is much higher. (Sturm 2019.) 

Air quality in tunnels is always worse than air quality in open areas such as roads. The 

tunnels might be long, and the structure narrow, which makes it hard to remove the emissions 

produced by vehicles inside the tunnel. (Yan et al. 2022.) On open roads, the pollution from 

vehicles is mixed and dispersed into the natural airflow (Sturm 2019).  

A tunnel can be built with mechanical ventilation or without it. The need depends on many 

factors, such as the length of the tunnel and the traffic situation. The most important criteria 

are the amounts of CO, NO2, and visibility. The requirements of the ventilation depend on 

the air quality requirements inside and outside of the tunnel, as well as ambient air quality 

requirements, emission limitations in portals, and operation in case of an incident in the 

tunnel. (Sturm 2019.)  

Vehicle emission standards have become stricter, and advanced fuel processing technology 

has led to lower emission factors. Many other aspects are also related to the emission factors. 

For example, lower air pressure can lead to incomplete combustion, and lower efficiency of 

the catalyst leads to the generation of more CO and NO emissions. Also, the maintenance of 
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cars, traffic characteristics, velocity of air in the tunnel, and traffic force affect the emission 

factors and pollutant concentration. (Yan et al. 2022.)  

Geographical limitations can force people to plan and build a curved tunnel horizontally 

instead of a straight one, even though the radius of the tunnel is small (Wang et al. 2011). 

According to the Wang et al. (2011) study, when the radius of the tunnel is smaller, the 

effective drag coefficient and force of traffic are larger. When comparing straight and curved 

tunnels, the difference in the effective drag coefficient is meaningless if the radius is over 

2000 m (Wang et al. 2011). 

The ventilation system needs to be planned so that the airflow is in the same direction as the 

traffic flow. That way, the piston effect supports the ventilation. When the geometry of the 

tunnel is known, the traffic force depends on the mean air speed and the vehicle’s effective 

drag coefficient. The tunnel wall boundaries and shape of the vehicle impact the airflow field 

around the vehicle, so its drag coefficient is different in the tunnel and on the ground surface. 

(Wang et al. 2011.) 

The traffic force caused by the piston effect is a pressure gradient that takes place when a 

vehicle moves in the tunnel. In front of the vehicle, an overpressure is created, and behind 

the vehicle, a negative pressure is created. For example, geometric parameters of the tunnel, 

traffic characteristics, and different resistance coefficients can affect the traffic force. (Yan 

et al. 2022.)   

In tunnels that have two tubes and both go one-way, the traffic force and the piston effect 

can help to lead the fresh air from the tunnel entrance further into the tunnel and to remove 

the toxic and contaminated air from the tunnel (Yan et al. 2022). If the tunnel is short, the 

piston effect is usually enough to ventilate the tunnel, but in long tunnels, a ventilation 

system is essential to keep the emissions under the suitable limits (Wang et al. 2011). 

When there is no other air conditioning equipment, the traffic force has an even larger impact 

(Yan et al. 2022). Based on the Yan et al. (2022) study, the air velocity is smaller in a tunnel 

that has one tube and two-way traffic. This is because the traffic forces in both directions 

can offset each other because of the piston effect. This decreases the discharge of the 

pollutants, which can affect the concentrations of the pollutants. (Yan et al. 2022.)  
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4  Examples of photocatalytic applications for emission reduction 

In this chapter, firstly, the structure of tunnels is explained generally. After that, real-life 

tunnels where photocatalytic methods have been used.  

4.1  Leopold II, Belgium 

The Leopold II tunnel is a tunnel that is located in Brussels, Belgium (Boonen et al. 2015). 

Nowadays, the tunnel has a new name, Annie Cordy tunnel (Jan De Nul n.d). The Boonen 

et al. (2015) and Gallus et al. (2015) studies use the name Leopold II, so that name is used 

in this study as well. The Leopold II tunnel connects a motorway from Ghent and Bruges to 

the center of the business district. The tunnel goes along the Basilica-Midi axis, and its length 

is 2.5 km. The tunnel is a two-way tunnel where the tubes are separated mostly by walls and 

sometimes with concrete pillars. The geometry of the tunnel is complex, and there are many 

entrances and exits in the tunnel. The whole tunnel is ventilated along its length by a 

ventilation system that has many inlets and outlets in the tunnel. (Boonen et al. 2015.) The 

tunnel’s descent slope is 3°. The test and study to use photocatalytic methods to clean the air 

in a tunnel was made with the European Life + project Demonstration of Photocatalytic 

remediation Processes on Air Quality (PhotoPAQ). (Gallus, Akylas et al. 2015.) 

The aim of the study was to demonstrate the use of construction materials that contain 

photocatalytic materials in air purification. The study also wanted to test the photocatalytic 

reaction in real life and gain data from the emission concentrations in a tunnel environment. 

(Boonen et al. 2015; Gallus, Akylas et al. 2015.)  

There were three strategies to test the amount of purification. In the first strategy, the lower 

levels of NOx were monitored by evaluating the amount of pollutants before the material 

installation and after the material installation. The method is well known, but the problem 

was that, for example, the amount of traffic varies, and the conditions can change in the 

tunnel. The method requires long-term measurements to gain data. The second strategy was 

to take upwind and downwind measurements. Two measuring points were installed. The 

first measured the air that had not been in contact with the photocatalytic material, and the 

second measured the air that had been in contact with it. The first point was where the air 
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entered the test area. The measurement point was in the upwind direction of the 

photocatalytic area when the cars moved the air. The second one was in normal conditions, 

that is, in the downwind direction. The masses of air that passed the points were the same, 

so a comparison can be made. The instruments needed to be calibrated and identical in that 

strategy. The third strategy was to measure when the lights were on and off at the downwind 

measurement point. Also, the relation between CO2 and pollutants such as NOx was studied. 

(Boonen et al. 2015; Gallus, Akylas et al. 2015.)   

There were three steps in total in the study, and those were organized between June 2011 

and January 2013. The first campaign was in June 2011 and September 2011. The second 

campaign was in January 2013. The selected test area was about a 200 m long section of the 

tunnel where the cross-sectional area was mostly consistent. The section was between the 

Basilique and Sainte-Anne entrances when going towards the city center, and it had a 

technical room above the test area. That room helped with monitoring and measurements. 

The sampling lines where the pollutants were sampled were 7 m in length and diameters of 

0.95 cm. The lines were 20-40 cm away from the ceiling of the tunnel. Also, the direction 

and speed of the wind, RH, and temperature were measured in all campaigns. The tunnel 

was the most active from the Basilica to the Centre at 7.00-9.00 and in the opposite direction 

at 15.00-19.00. The load of traffic in the morning is 2250-2300 vehicles per hour, and in the 

evening, 2300-2400 vehicles per hour. (Boonen et al. 2015.) 

The measurements in June were a preliminary measuring campaign, and after that, the 

photocatalytic material was installed. The campaign in June was done to prepare for the 

campaign that was in September 2011. In June, sampling was done at two sites, and it took 

15.6. to 23.6. The measurements were focused on the NOx and CO2 concentrations. After 

the measurements, the photocatalytic material was installed on the walls and ceiling. 

(Boonen et al. 2015.) The used mortar was Italcementi, TX-Active® Skim Coat, hereafter: 

TX (Gallus, Akylas et al. 2015). CTG Italcementi Group was a partner of the project. The 

mean water/powder ratio of the cement was 0.24, and the cement was sprayed onto the 

surfaces. The material was sprayed on the sidewalk’s upper parts and the ceiling. There were 

two layers of the material, and the length of that was 70 meters. The base where the 

photocatalytic material was applied was shotcrete, so the surface was rugged. There was no 

need for activation in normal conditions, but the coating did harden and set for some time. 

After that, the UV light system was installed. Disano Illuminazione S.P.A provided the 
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lighting system for the tunnel. There were two rows, and each row had 13 or 14 lamps. Each 

lamp had two bulbs. The lamp used was an 80-W PHILIPS type ‘TL80W/10eR' light bulb. 

The inter-distance of the lamps was 7.5 m. The aim was to provide 1.6 W/m2 of lighting for 

the walls and to the ceiling 1.7 W/m2. The irradiance was, in real life, on average, 0.6 ± 0.3 

W/m2. That affected the result. From 9.9. to 23.9. the first main campaign was held. The 

measurements were made around the clock during the campaign period, so all the different 

traffic conditions, etc., were taken into account. (Boonen et al. 2015.) 

The second campaign in January 2013 followed the same measurement strategy as the first 

tunnel campaign, but there were a few changes made. The new conditions were tested in the 

laboratory before the real-life experiment. The test section was expanded to a length of 160 

meters. The first measurement point stayed at the same place, but the second was moved 90 

meters further from the original spot. The extended area was cleaned, and then the new 

photocatalytic material was installed there. Before measurements, the surface was washed 

again. (Boonen et al. 2015.) The used photocatalytic material was Italcementi, TX-Active 

Skim Coat Boosted, hereafter: TX-Boosted (Gallus, Akylas et al. 2015). The aimed 

irradiance of the UV light was 4 W/m2, and because of that, 212 more lamps were installed. 

There were two rows of 64 and 42 lamps on each. The used lamp was Osram 400-W Supratec 

‘HTC 241 R7s’ UV lamp. The distance between those was 2.5 meters. Because of technical 

difficulties, the actual irradiance was 1.6 ± 0.8 W/m2. After the lamps, there was a transition 

zone to a normal light level to avoid the blinding effect on the drivers of the vehicles. The 

zone was 40 meters long. The UV lamps were turned on a week after the installation of the 

photocatalytic material. (Boonen et al. 2015.) 

The results indicated that there was no reduction in the first or second campaign in the tunnel, 

even though there were three different strategies to measure it. In the first campaign, the 

photocatalytic material was deactivated during the tests. The rough surface and low UV 

irradiance impacted the activity of the surface. In the second campaign, the problems with 

light affected the results as well. The lamps broke during the tests, so the photocatalytic 

material was in the dark for six weeks. That deactivated the surface, which affected the 

results. Also, the fast speed of the wind was a problem because the reaction time was short. 

The air was cold, and the RH was also too high. (Boonen et al. 2015.) When the test area 

was extended to 160 meters, the reduction was ≤ 2% when taking into account the 

uncertainties (Gallus, Akylas et al. 2015).  
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The laboratory testing indicated that the surface was deactivated because of the dirty 

conditions in the tunnel. Also, the UVA light and its irradiance affected the result because it 

was so much lower than needed. The cold air and RH of 70-90% impacted the result, as well 

as the wind speed during the day (3 m/s). A 20% reduction could be possible to achieve if 

the UVA irradiation would be 10 W/m2, the wind speed would be 1 m/s, the RH would be 

50%, and the area would be 160 meters long. Also, surface passivation needs to be ignored 

at the time. (Gallus, Akylas et al. 2015.) 

4.2  Umberto I, Italy 

The Umberto I is a tunnel in the centre of Rome, Italy. The tunnel goes near the Italian 

Republic Presidential Building and under the Quirinale Hill and is in important role in the 

road system in Rome. It is also the most famous tunnel in Rome. The tunnel was opened in 

1902 and renovated in 2007. Its length is 347.7 meters. The height of the tunnel is 8.5 meters, 

and the width is 17 meters. Traffic goes in both directions in the same tunnel tube. The tunnel 

is naturally ventilated. (Guerrini 2012.) 

The amount of emissions was measured in two campaigns. The first measurement period 

was done before the renovation, and the second after the renovation. The first was in July 

2007, and the second was in October 2007. Both of them took 15 working days, a total of 

three weeks. The measurements were done only on working days from Monday to Friday 

between 8 and 18. There were no nighttime measurements. CTG made the monitoring 

system with the Municipality of Rome. (Guerrini 2012.) 

The renovation was done because the electrical lines and lights needed to be updated. Also, 

the vault was dirty, so there was a need for renovation. The renovation started in August 

2007. After doing all the necessary renovations to the tunnel, the photocatalytic paint was 

installed. The paint was cement-based. The installation technique was airless spray. The total 

painted area was 9000 m2. The colour of the paint was grey up to 1.8 meters, and the rest of 

the height was painted white. The painting took four weeks. To provide the best results, the 

paint was tested so that, in 60 minutes under 20 W/m2 UV irradiation, the reduction of NOx 

would be 88-90%. (Guerrini 2012.) 
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In Italy, there are restrictions that require that in motorway tunnels, the inside walls must be 

painted with white paint. The height of the paint must be 4 meters, and the wall needs to be 

clean. Dirt, dust, or smog is not allowed on the walls for safety reasons. Dirt and smog make 

visibility worse, so the walls need to be washed. Washing with high-pressure jets poses an 

increased risk to safety because there could be traffic in the tunnel at the same time. To wash 

the walls, special arrangements are needed. The photocatalytic system may help reduce the 

amount of maintenance because the photocatalytic coating can have self-cleaning properties. 

(Guerrini 2012.) 

The emission concentration measurements were done with four NOx analysers placed along 

the tunnel. Gas samplings were at a height of 1 m and at the middle of the tunnel at 6 m. 

Also, conditions of light, temperature, humidity, wind parameters, pressure, amount of 

clouds, number of vehicles, and their hourly frequency were measured.  (Guerrini 2012.) 

The geometry of the tunnel determines what kind of lights and other equipment are needed 

to activate the photocatalytic paint. The cost aspect affects the decision as well, such as how 

much the lamps consume energy. The concentration of emissions in the tunnel is also a 

determining factor. In the Umberto I tunnel, Disano Group designed the lighting system. The 

right level of UV and other experimental data of the system were provided by CTG 

Laboratories. As a result, there were two types of lamps installed in the tunnel. The lamps 

are UVA lamps, and they are placed in a way that they are also safe for the pedestrians in 

the tunnel. (Guerrini 2012.) 

In a tunnel, the emissions and weather conditions are more stable when compared to the 

outdoor conditions. It is assumed that the geometry of the tunnel and the light level are 

constant parameters all the way through the tunnel. That helps to reduce the number of 

parameters in the tunnel study. The focused parameters in the Umberto I study are the 

amount of pollution and the wind speed. (Guerrini 2012.) 

The average temperature in the tunnel during the day was 30-32 °C in July, and in October, 

the temperature was between 23 and 25 °C. Outside, the temperature was 20-28 °C in July 

and in October, 20-28 °C. In July, the RH was 15-40%, and in October it was 40-70%. The 

speed of air was 0.10 to 1.70 m/s. The average wind speed was 0.38 m/s, but the traffic 

influenced the results. The wind direction was the same from one entrance to the other. 

(Guerrini 2012.) 
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The mean hourly value of vehicles was 1100 in both campaigns. The tunnel is in the Limited 

Traffic Zone (LTZ), so during the daytime (7-18) on Monday to Friday, public traffic is not 

allowed to go through the tunnel. Because of that, there were mainly public transport 

vehicles such as buses and taxis in the tunnel during the measurement time. (Guerrini 2012.) 

In a naturally ventilated tunnel, the plug effect is common. The effect happens because the 

emissions are divided unequally in the tunnel. In that case, the amount of emissions on one 

side is higher than on the other side. Usually, in the cross-section, the emission concentration 

is homogeneous. That was also visible in the measurements, although there was a slight 

difference between the 1 m and 6 m height measurement results on a very windy day. 

(Guerrini 2012.) 

As a result of the study, the emissions were reduced after the tunnel renovations. The mean 

value of NOx in the centre of the tunnel was 667 µg/m3 in July and 530 µg/m3 in October. 

The NOx reduction was 21% in the centre of the tunnel when comparing and calculating the 

measured emissions concentrations before and after the renovation. When calculating the 

reduction with absolute values, the reduction at the centre of the tunnel was over 20%. In the 

middle of the tunnel, the reduction of NO was 25%, NOx was 23%, and NO2 was 19%. The 

NO2 values are under the limit value. (Guerrini 2012.) 

The amount of emissions did increase between the measurement periods, so if that were 

taken into account, the reduction could be about 50%. The conclusion of the study is that the 

method is effective, and the emissions levels can be lowered to near the outdoor conditions 

in the tunnel. (Guerrini 2012.) 

4.3  Street canyon, Italy 

The European Life+ project PhotoPAQ tested to clear the air by using photocatalytic 

methods also in street canyons. The aim was to conduct a test in real-life conditions, but 

there was no suitable street canyon available, so the test was done with artificial street 

canyons. In the test, there were two canyons that were located in Petsimo, Italy. The test was 

done in an industrial area. The street canyons were 5 meters wide, 5 meters high, and 53 

meters long. The walls were made of fiber cement boards, and the street surface was cement. 



43 

 

 

The walls were placed in front of the building that were originally there. (Gallus, Ciuraru et 

al. 2015.) 

The control campaign was held in April 2013, and the main campaign was held in May 2013. 

In the control campaign, the canyons were not photocatalytically active. In the main 

campaign, one canyon was treated with photocatalytic material, and the other one stayed as 

it was. The used photocatalytic material was Italcementi, TX-Active Skim Coat Boosted, 

hereafter: TX-Boosted mortar. (Gallus, Ciuraru et al. 2015.) 

There were two buildings between the canyons. The measurement equipment was in the 

buildings. The gas samples were collected with 7 m long lines and with an inner diameter of 

0.95 cm. The used lines were made of polytetrafluoroethylene to ensure that the samples had 

chemical inertia. The sampling lines were located in the middle of the canyons. The distance 

from the walls was 2.5 meters, and at a height of 3 meters. They were protected from the 

rain. At the end of the test, the distance between the east walls and the lines was moved to 

25 cm. There were leaks in the NOx measurements in the control campaign, so the NOx 

results were not published. NOx, VOC, ozone (O3), and particles were the focus and 

measured in this study. (Gallus, Ciuraru et al. 2015.) 

At the beginning of the test, the solar light level (UVA) was 40 W/m2 when there were not 

many clouds in the sky, but at the end the irradiance level decreased because of the weather. 

In addition to the UVA level, pressure, temperature, humidity, wind direction, and wind 

speed were measured during the test in three locations. One was located in the northeast site 

on top of a mobile truck at a height of 9 meters. The two other points were in both canyons. 

Wind speed in the first location was 0-2.5 m/s, and the daytime average was 1.5 m/s. In the 

active canyon, the wind speed was <1 m/s. (Gallus, Ciuraru et al. 2015.) 

The result of the study was that there could be a maximum of ≤2% reduction in NOx 

emissions. Also, with VOCs, the reduction could be ≤5%, and with O3 emissions, the 

reduction could be ≤3% according to this study. The amount of particle emissions stayed at 

the same level as well. NOx results were unwanted because the photocatalytic methods were 

working in other studies and tests, and the method was expected to be as effective also in 

this case. The testing conditions were also tested in the laboratory after the campaigns to 

check the results. During the campaigns, the photocatalytic surfaces did not deactivate. The 

surface volume ratio was 0.6 1/m, which was larger than in projects where the method has 
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been used successfully. The reason why the test did not work was the limitations in 

transporting the emission to the surface that is active. Also, the nonsignificant results with 

VOC’s appeared because VOCs have photocatalytic uptake kinetics that are slower 

compared to NOx. (Gallus, Ciuraru et al. 2015.) 

The differences in the testing method, such as in sampling spots and periods, in field 

geometry, and other aspects with active and non-active sites, can explain the result of high 

NOx reduction in other studies. The results of the diurnal-averaged reduction of NOx would 

still be around 2%, which is this study’s upper limit, when all the results, factors, and other 

impacting things in other studies are considered and extrapolated to the conditions that 

represent real-life conditions. That gives a consistent understanding of the reduction of 

emissions by using photocatalytic methods. (Gallus, Ciuraru et al. 2015.) 

The method should be one of the used methods, but it will not solve the NOx problem on its 

own. The method should be evaluated by cost-benefit analysis and compared to the other 

solutions to treat emissions based on that analysis. The modern technologies in combustion 

and zones for low emissions have decreased the NO2 emissions maximum by a few percent. 

(Gallus, Ciuraru et al. 2015.) 
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5  Harbour tunnel 

The new Harbour tunnel is a tunnel that the Port of Helsinki is currently planning to build 

(City of Helsinki 2025). It enables effortless traffic when the amount of traffic is increasing 

due to the expansion of West Harbour. One alternative option is that one tunnel entrance is 

located in the Harbour area where the West Terminal T1 is located. (AFRY Finland Oy 

2022.) The T1 terminal was dismantled in 2025, and it is planned to build a new terminal 

there in addition to the entrance of the tunnel in the 2030s (Port of Helsinki 2025b). The 

Harbour tunnel goes from the West Harbour to the northwest towards the Salmisaari area 

and connects with Länsiväylä, where the other entrance is. The description of the tunnel is 

based on the Harbour tunnel’s constructability study and the reservation plan made in 2021-

2022. The general plan draft for the Harbour tunnel is underway, and the technical properties 

will become more accurate as the project progresses. (AFRY Finland Oy 2022.) 

There have been five different alternatives (0, A, B, C, and D) to evaluate the best way in 

which the tunnel would be constructed and where it would be built. Alternative 0 is when 

the whole project is not implemented at all. Alternative B is found to be infeasible to be built 

during the environmental impact assessment (EIA) process because of intersecting 

underground structures. (AFRY Finland Oy 2022.) 

Port of Helsinki and the City of Helsinki have declared that the Harbour tunnel planning will 

continue with alternative A. That means that the tunnel starts from the West Harbour and 

goes up near the Lapinlahti park and then connects with Länsiväylä. (City of Helsinki 2025.) 

In alternative A, the western entrance of the tunnel is on the northern side of the Ilmarinen 

building and on the southern side of the Lapinlahti park (AFRY Finland Oy 2022; ELY 

2024). The underground part goes from Hietalahti to the east side of Mechelin Street and 

under the Orthodox graveyard to Länsiväylä. The technical vertical connection is planned to 

be located in the Köydenpunoja park. (AFRY Finland Oy 2022.) The tunnel is aimed to be 

ready in the 2030s. Preparation pointed out that alternative A is in line with the wider 

interests of the city. Schedule, cost, and feasibility considerations supported the decision. 

(City of Helsinki 2025.) The location of the tunnel is presented in Figure 7.  
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Figure 7. The planned route of the Harbour tunnel (Port of Helsinki 2024c). 

 

The total length of the alternative A tunnel is about 2200 meters (ELY 2024). There are two 

tubes, and in both tubes, the traffic is one-way. The tunnels are equipped with connecting 

galleries, which enable the emergency exit through the next tunnel. The cross-section of the 

tunnel is sized so that there can be two traffic lanes in one direction. (AFRY Finland Oy 

2022; AFRY Finland Oy 2023.) The Harbour tunnel begins at a height of +3.3, because of 

the flood protection. When going towards Salmisaari, the tunnel will go down, and the 

deepest point is approximately at the midpoint of the tunnel. After that, the tunnel will rise 

to the level of Länsiväylä. Overall, the tunnel is above -40 all the time. The maximum slope 

of the tunnel is 5.5%. (AFRY Finland Oy 2022.) In the descent, the tunnel is used with one 

lane, and in the ascent, there are two lanes in use. The entrance leading north into the harbour 
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is an exception because it is narrow necked to the size that the fire and rescue department 

allows. (AFRY Finland Oy 2022; AFRY Finland Oy 2023.) The longitudinal section of the 

Harbour tunnel is presented in Figure 8.  

 

 

Figure 8. The longitudinal section of the Harbour tunnel between Länsiväylä and West 

Harbour (Port of Helsinki 2026). 

 

According to the preliminary plans, the width of the rock tunnel tube is 12,1 meters, and the 

height is 9,5 meters. In addition to the rock tunnel, there will be open-cut sections made from 

concrete as well. After the open-cut section, there will be concrete tunnel sections in parts 

when the tunnel goes underground until the rock tunnel begins. This kind of structure is 

made at both ends. In West Harbour, the length of the concrete tunnel is 300 m. (AFRY 

Finland Oy 2022.) The width of the open-cut sections and concrete tunnel sections is about 

21 meters (ELY 2024).  

All the open-cut sections and concrete tunnel parts are planned to be built using the cut-and-

cover method. At the end, there is a possibility to build streets and other buildings on top of 

those structures. Concrete tunnels are separated from each other by a partition wall. The 

concrete tunnel wall structures are planned to be built partly as drilled pile walls. Some of 

them are cut to the same level as the surface. (AFRY Finland Oy 2022.) The preliminary 

visualization of the entrance of the tunnel in Länsiväylä end is presented in Figure 9.  
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Figure 9. Preliminary visualization figure of the entrance of the tunnel at the end of 

Länsiväylä (Port of Helsinki & PES-Arkkitehdit Oy 2026). 

 

Rock bolts and spread mortar are used as rock reinforcement. The final need for rock 

reinforcement will be decided during the construction. The roadway will be built as it would 

be on the open parts of the road. There will be water and thermal insulation in the tunnel. 

The deeper planning of the cladding will be done in a further phase of planning. The lifetime 

of the tunnel structures is 50 years. To ensure that the maintenance is necessary. (AFRY 

Finland Oy 2022.) 

The ventilation system in the tunnel will be built as a longitudinal ventilation system. There 

will be jet fan groups installed in the ceiling at regular distances so that the air can flow from 

the entrance to the shaft and vice versa. In normal conditions, the ventilation of the tunnel is 

based on the piston effect of the traffic. The movement of the air will be boosted with the jet 

fans, if necessary, for example, during maintenance or when the headwind is 

disadvantageous. There will be exhaust air shafts at both ends and fans on the side of the 

exhaust air shaft. That will minimize the escape of tunnel air through the entrances. In that 

way, the dirtier air from the tunnel can be isolated from the outdoor air. The size and location 
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of the exhaust air shafts will become more accurate during the planning process. (AFRY 

Finland Oy 2023.)  

The tunnel area belongs to the southern boreal zone. The Gulf of Finland cools the climate 

in spring and summer, but in the autumn or in winter, the Gulf of Finland warms it. The 

nearest measurement point is located in Kaisaniemi. At the Kaisaniemi measurement station, 

the average temperature was 6.5 °C between 1991 and 2020. In February, the average 

temperature has been about -5 °C in the coastal area in the Uusimaa region. The amount of 

snow differs a lot between years, and there is less snow in the coastal area because the 

seawater stays warm for a long time. In July, the temperature has been around +16.5 - +17.5 

°C. In the coastal area, the temperature is colder than in the inland area. (Ilmasto-opas.fi 

2022; AFRY Finland Oy 2022.) 

The aim of the Harbour tunnel is to transfer the traffic between West Harbour and 

Länsiväylä. All the heavy traffic will go through the tunnel because of the limitations in the 

central urban area. The other traffic, such as passenger cars and buses, will be divided 

between the tunnel and the central urban area. The tunnel will increase the amount of traffic 

toward Länsiväylä because the route is more flowing than it would be on the surface. It is 

predicted that the amount of traffic would be about 4000 passenger cars and 1000 heavy 

vehicles in a day. (AFRY Finland Oy 2022.)  

Port of Helsinki is required by its permit obligations to observe and monitor the air quality. 

They are part of the joint monitoring conducted by Helsinki Region Environmental Services 

Authority (HSY). According to the measurements in 2019, the particulate matter (PM) 2.5 

annual average was 5.1 μg/m3, and PM10 was 10 μg/m3. The nitrogen dioxide annual 

average concentration was 16 μg/m3 and sulfur dioxide 0,7 μg/m3. Both dioxides were below 

the limit values. (AFRY Finland Oy 2022.) In 2019, the air quality in West Harbour was 

good (AFRY Finland Oy 2023).  

According to the available measuring results, the amount of VOC in Helsinki has been, on 

average, about 82 µg/m3 in different measurement points in 1995 (AFRY Finland Oy 2023; 

City of Helsinki 1996). In a newer study, the concentration of VOC’s was max 25 µg/m3  

(AFRY Finland Oy 2023; Saarikoski et al. 2023). Most of the VOCs are methane, which is 

not commonly measured as part of the VOC measures. That needs to be taken into account 

when comparing the results. (AFRY Finland Oy 2023.) 
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In the EIA, the emissions when the tunnel is in operation were calculated based on the total 

length of both tunnels and the amount of traffic in dispersion modelling. PM emissions were 

insignificant due to their low concentration. According to the dispersion modelling, the 

increase in nitrogen dioxide concentration is caused by tunnel ventilation. The average 

hourly limit value was 18-20 µg/m3 very close to the exhaust air duct. The increase in annual 

limit value (annual average) was max 1 µg/m3. (AFRY Finland Oy 2023.) 

The change in traffic emissions is considered small when the tunnel is in operation. The 

harmful impacts on the air quality from the tunnel can be decreased by placing the exhaust 

ventilation duct in a place where ventilation and dilution are effective. Also, a higher exhaust 

stack and higher air velocity in the tunnel would decrease the concentration of emissions on 

the ground and near it. Now the air velocity is planned to be 24.8 m/s. (AFRY Finland Oy 

2023.) 
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6  Methodology 

The process of the study is explained step by step, such as when, how, and what has been 

done. The exact progression of the data and every step of the analysis need to be explained 

carefully, logically, and consistently in a way that the reader can follow the path of how the 

study and results are made. (Tuomi & Sarajärvi 2018.) 

In the methodology chapter, it is presented how this study is made. First, the research method 

is explained. Then it is presented how the data is collected. After that, the interviewees are 

introduced and explained why they have been selected. Lastly, it is presented how the data 

analysis is done. The questions of the study are to find out if the photocatalytic methods are 

a suitable option for the Harbour tunnel and to figure out how the method should be used. 

The methodology of the study aims to answer the study's research questions. 

6.1  Research method 

In qualitative research, it is common to aim to produce rich and detailed information about 

the phenomenon. The qualitative research method highlights the subjective nature of reality 

and the information from that, and that is one key character to the qualitative research. The 

research method focuses on studying individual events, and the essential part is to look at 

and understand the phenomenon from the interviewees' point of view. This means that the 

focus is on the interviewees’ experiences, thoughts, emotions, and the meanings that the 

interviewee gives to the subject. (Puusa et al. 2020.)  

In the subject of qualitative research design, a data-driven approach is usually discussed, 

which means that in the study, the concepts, words, and sentences occur a lot in the data and 

come from the interviewees. The dialogue between the theory and data is common in 

qualitative research when planning the collection of data, in analysis, and in interpretation, 

in a way that the theory is not the starting point but the tool for different phases. The method 

can be inductive, which means that qualitative research aims to draw conclusions based on 

the data. (Puusa et al. 2020.) 
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In this study, the research method used is a qualitative research design with a data-driven 

approach. It is selected because it is the most suitable option to find out the experiences with 

photocatalytic methods from people who have strong knowledge about photocatalysis or 

have been part of a project where the method is used. The aim is to collect as many pros and 

cons of the topic as possible.  

6.2  Data collection 

Qualitative research does not aim to find reliable information about how often the 

phenomenon appears. The aim is to find out different perspectives and opinions on where to 

look at the subject. That is the reason why it is important to be sensitive when collecting 

data. It is an iterative process, and more data can be added if something is missing. (Puusa 

et al. 2020.) 

In qualitative research, data collection is done, for example, by using individual or group 

interviews, documentaries, or observation with different variations. It is also common to 

combine those. Still, interviews are the most common method to collect data in qualitative 

research. The data collection is goal-oriented, and the goals affect what kind of data the 

researcher is looking for, how the data is interpreted, and how the interviewees' thoughts are 

understood. (Puusa et al. 2020.) 

The aim is to find out the experience of the interviewees and collect data and materials that 

enable reliable conclusions. This challenges the researcher to get the interviewees to talk and 

explain openly about their experiences. This requires that the researcher use a neutral 

approach and present themselves as a reliable, natural, and well-wishing co-worker. Still, 

both parties affect each other because interviews are interactive. (Puusa et al. 2020.) 

To be able to make reliable conclusions based on the discussion, the discissions are needed 

to be recorded. It is still relevant to remember that in qualitative research, the aim is to 

interpret the interpretations done by others. For example, data collected by interviews is the 

interviewees' own subjective experience, and the analysis is done based on the researcher's 

interpretation about the topic. The study is a social construction that comes from the 

interaction between different actors and the studied phenomenon. The data from interviews 

are situation-specific, so it is not able to be generalized too much. (Puusa et al. 2020.) 
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The advantage of the interview is that the interviewer can select to interview people who 

have strong knowledge about the topic. In that case, the sample is expedient and 

discretionary. The flexibility of the interview is based on the fact that in the interview, the 

interviewer can focus and lead the conversation in the direction that is essential for the study. 

The interviewer leads the conversation by asking questions but still does not lead the 

conversation too much. (Puusa et al. 2020.) 

There are many ways to conduct an interview. These ways differ from each other mainly in 

how they are structured. This means how informal and structured the interview is. The types 

of interviews are, for example, open interviews, structured interviews, semi-structured 

interviews, in-depth interviews, and thematic interviews. The interviews can be done face-

to-face, via phone, or via some other electronic device. (Puusa et al. 2020.) 

A semi-structured interview is more flexible, which enables the researcher to find out 

important information that the researcher did not know to take into account when making 

the options to answer. The advantage is that the researcher will get opinions on the most 

important topics of the study from the interviewees. (Puusa et al. 2020.) 

In this study, the data were collected by using individual interviews. The interviews were 

semi-structured. There were interview questions, but other questions were also asked if 

needed. A semi-structured interview was selected because it allowed asking more freely, 

more specific questions about the topics that came up and that the researcher did not realize 

to consider before. Also, the interviews enables to get information that is not found in studies. 

The method was selected to get deeper, more concrete, and relevant information based on 

real-life experiences.  

Four interviewees took part in the interviews. Every interview was done via Teams or Zoom. 

The interviewees were interviewed individually. The interviewees were invited to the 

interviews by email. All the interviewees have a strong knowledge of the topic, so they were 

suitable to participate in the interview. The first, second, and third interviewees were found 

in the scientific article. The fourth interviewee was selected based on the suggestion by one 

of the first three interviewees. All the interviewers are anonymous in this study. 

All the interviews took about 30 min except one, which took 1,5 hours. The interview 

questions were sent to the interviewees before the interview, so they had time to prepare. 

There were own series of questions for each interviewee, and the questions were a little 
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different for each one. That was done to get different perspectives and to get the important 

things from each interviewee based on their knowledge. Three of the interviews were held 

in Finnish and one in English. The interview questions are presented in Appendices 1-4. The 

interviews were recorded and transcribed. After that, the analysis was done.  

6.3  Interviewees 

The first interviewee is a Doctor of Science. The interviewee has over ten years of experience 

with photocatalysis and different materials as a researcher and material developer. The 

interviewee is a specialist in photocatalysis, so the interviewee is an excellent choice to 

participate in the interview. 

The second interviewee is a doctor and docent at a German university. In addition to the 

interviewee's strong knowledge about photocatalysis, the interviewee has been part of 

projects such as the Leopold II tunnel and the Street canyon project. Those projects were 

PhotoPAQ projects and funded by the EU. The interviewee also tests the photocatalytic 

methods in laboratory conditions, so the interviewee has a huge amount of knowledge about 

the topic in theory, but also in real-life experiences.  The interviewee was a perfect match 

for the interview.  

The third interviewee is a professional who has written his final project about photocatalysis. 

In addition to this, the interviewee has been part of a scientific study that studied 

photocatalysis. The interviewee has also been involved in material development. He has a 

perspective of a material producer, which is important to have in this study. He also knows 

the economic side of the topic. 

The fourth interviewee also has a very valuable and qualitative perspective on photocatalysis 

over the past ten years. He has been active with indoor and outdoor paint development and 

has a very good perspective from the material developer's point of view.  

6.4  Data analysis 

Content analysis is a method for analysis that can be used in qualitative research methods. 

Content analysis can be used as an individual analysis method and as a loose theoretical 
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framework that can be connected to different analysis collections. Many kinds of research 

can be done with content analysis. Many different qualitative research analysis methods are 

based on content analysis, if the meaning of content analysis is to analyze heard, written, 

and seen data as a loose framework. Content analysis and thematic analysis belong to the 

category where the leading thing is not the theory or epistemology but can be used with 

different epistemological or theoretical starting points. (Tuomi & Sarajärvi 2018.)  

There are many ways to conduct a qualitative analysis. The frame of the qualitative analysis 

can be divided into four different phases. First, it is necessary to decide what is the interesting 

part of the data. After deciding, it is important to make sure that the decision is strong. 

Secondly, the data is inspected thoroughly, and all the things that belong inside the 

interesting things are marked and separated from other data. All the unimportant and 

interesting things are left out of the study. The important and interesting things are collected 

together and separated from other data. That phase of the analysis is called coding. Thirdly, 

the important data is classified, themed, and categorized. The third step of the analysis is 

usually thought of as the main analysis part. At the end, the summary is written. All the 

phases are needed to conduct an analysis. That is the general idea and framework of 

qualitative research analysis. (Tuomi & Sarajärvi 2018.)  

In data-driven content analysis, the logic is the same, but the three main processes are 

reduction, clustering, and abstraction. Before the beginning of the analysis, the analysis unit 

needs to be determined. It can be a word, a sentence, a couple of sentences, or a meaning 

unit. The aim of the study and the quality of the data guide the determination of the analysis 

unit. (Tuomi & Sarajärvi 2018.) 

Data-driven content analysis is used in this study because it is the most suitable way to 

analyze the data for this purpose. The analysis method helps to find out all the important 

categories and provides a great base to make conclusions. In this study, the analysis unit is 

a meaning unit of the suitability, advantages, disadvantages, and other properties and 

requirements with the usage of the photocatalytic methods in the Harbour tunnel. The 

progression of data-driven content analysis is presented in Figure 10.  
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Figure 10. The progression of data-driven content analysis, adapted from Tuomi & 

Sarajärvi (2018, 91-92). 

 

The reduction means that all the unnecessary things are cut from the data (Tuomi & Sarajärvi 

2018). That is the second step in Figure 10. The data can be, for example, a transcribed 

interview or a document. Reduction can be either summarizing the text or cutting it into 

parts. It can be done by looking for the expressions that describe the research task. For 

example, the expressions that describe the same phenomenon are marked with the same color 

to separate them from each other with different colors. That way, the original expressions 

and reductions that describe them are found in the data. The reduced expressions are listed 

in another paper without losing anything else. There can be more than one reduced 

expression in one sentence. This makes a base for the clustering, where the same describing 

phenomena are combined into the same groups. (Tuomi & Sarajärvi 2018.)  

Clustering is done after reduction (Tuomi & Sarajärvi 2018). That is the third and fourth 

steps in Figure 10. In that phase, the coded original expressions are looked through very 

carefully, and all the similarities and differences are searched. The expressions that describe 

the same phenomenon are grouped and connected into the same categories. From those, 

subcategories are formed. The subcategories are named after a concept that describes the 

content of the category. A category unit can be a property of the studied phenomenon, its 

Listening to the interviews, transcribing word by 
word, and familiarization with the content

Identifying and underlining the reduced expressions 
and after that listing them

Searching of differencies and similarities in the 
reduced expressions

Grouping and categorizing the reduced expressions 
and formation of subcategories  

Combining the subcategories into main categories 
and main categories into overarching categories. 
Lastly, the formation of key concept
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feature, or its idea. In classification, the data becomes compact because individual factors 

are included in the more common concepts. Clustering forms the basis for the basic structure 

of the study and a preliminary description of the studied phenomenon. Classification is 

continued as subcategories are connected to the main categories. The main categories are 

connected to the overarching categories, and those overarching categories are named after 

the phenomenon that comes up from the data. At the end, there is a key concept that is related 

to the research task. (Tuomi & Sarajärvi 2018.) 

After the clustering abstraction is done (Tuomi & Sarajärvi 2018). That is part of the last 

step in Figure 10. In that phase, the essential information for the study is separated, and based 

on the selected information, theoretical concepts are formed. Clustering is part of the 

abstraction process. In abstraction, the analysis progresses from verbal expressions to 

theoretical concepts and conclusions. Connecting the categories is continued in abstraction 

as long as it is possible from the data’s point of view. The connection to the original data is 

inspected all the time while doing the analysis. (Tuomi & Sarajärvi 2018.)  

In data-driven content analysis, the concepts are connected, and that way, the answer to the 

research task is obtained. Content analysis is based on the interpretation and deduction that 

starts from the empirical data and goes to a more conceptual point of view of the 

phenomenon. Abstraction can be described as a process where the researcher builds an idea 

from the phenomenon by using concepts. In that case, the theory and conclusions are 

compared to data all the time when creating a new theory. In all phases, the researcher aims 

to understand the phenomenon from the participants' point of view. (Tuomi & Sarajärvi 

2018.)  

In this study, to help with the data-driven content analysis, the NVivo 15 software was used. 

The license for the software was provided by LUT University. The interviews were 

transcribed in Microsoft Word, and then the data were uploaded to the NVivo 15 software. 

There, the reduction was done. The forming of the categories was done on paper because 

that helped with forming the sub-, main, and overarching categories. The results of the 

analysis are presented in chapter 7.  
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7  Results 

After the data analysis, the results of data-driven content analysis were collected into a table. 

The results are presented in Table 1.  

 

Table 1. Results of data-driven content analysis, adapted from Tuomi & Sarajärvi (2018, 

92-95). 

Reduced 

expressions 
Subcategories Main categories 

Overarching 

categories 
Key concept 

Used catalyst  

 

  

Need for enough 

UV light 
Material 

Airflow at a 

suitable level 
UV light 

Humidity at a 

sufficient level 
Airflow 

The temperature is 

warm 
Humidity TiO2 

The reaction 

happens on the 

surface of the 

photocatalyst 

Temperature Optimal conditions 

Organic material 

degrades in 

photocatalysis 

Other properties and 

the overall picture 
Deactivation Advantages 

Practicability and 

placement should 

be considered with 

costs and 

effectiveness. 

Self-cleaning 

surface with rain 

and water 

Degradation of 

organic material 

Reliability of the 

reaction vs. costs 
Challenges 

Impurities on the 

surface 

Reaction mechanism 

and place 
Emissions 

  

By-products are a 

problem 

By-Products/other 

emissions 
Testing 

Other emissions Color of the surface 
In the ventilation 

duct 

Maintenance Maintenance 

 

Energy and 

material cost 
Costs 

Photocatalyst in 

the ventilation duct 
Laboratorio test 

Simulation and 

testing before 

installing 

Recomendations 

Photocatalysts in 

the ventilation duct 
 

…     
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Some topics occurred many times in the data, and some topics were mentioned only in one 

interview. Based on those topics, the reduced expressions were made. There were many 

reduced expressions in the data, and that is the reason why not all the expressions are 

presented in Table 1. Based on the reduced expressions, the sub, main, and overarching 

categories were formed. There are 14 subcategories, 7 main categories, and 2 overarching 

categories. The key concept is practicability, and placement should be considered with costs 

and effectiveness.  

7.1  Photocatalytic material and its properties 

When looking at the data, it can be seen that there are many options for photocatalytic 

material. The first and second interviewees mentioned that there are different kinds of 

photocatalysts, and they all have differences in their effectiveness. Titanium dioxide 

appeared as a photocatalyst in the data many times. The first interviewee said that titanium 

dioxide is the most commonly used photocatalyst. The second interviewee supported this 

because in the projects that the interviewee has participated in, titanium dioxide was used as 

a photocatalyst. The second interviewee also said that the used photocatalysts are 

nanoparticles such as titanium dioxide pigments. The interviewee added that titanium 

dioxide is a material that is ultra-inert, and it will only be soluble in boiling sulfuric acid, 

and added that there are no such conditions in the human body or environment where it 

would be soluble. The interviewee believes that there is no risk in using titanium dioxide 

because it is not harmful. The fourth interviewee agreed with the others. The interviewee 

talked about a catalytic paint that was made to create a self-cleaning surface. In that paint, 

the photocatalyst used was also titanium dioxide. The interviewee also explained that the 

function of the self-cleaning surfaces is that the titanium dioxide breaks the particles, and 

then the rain will rinse the particles away from the surface. 

The photocatalytic material should also be safe to use. The second interviewee said that one 

of the discussed risks with photocatalytic material is that the material can emit ultrafine 

particles. In that case, the material is described as carcinogenic, so it is banned from use. The 

chalking of the paint is normal, but that means that the paint is ruined. The interviewee still 

believes that that is not a problem.  



60 

 

 

All the interviewees mentioned that another disadvantage of titanium dioxide and, overall, 

with photocatalytic reactions, is that it will degrade the organic compounds, including the 

paint binder. The first and second interviewees said that the binder should be inorganic to 

withstand the reactions but added that the problem can be making inorganic paint. In addition 

to that, the third interviewee mentioned that the positive thing about that is that mold and 

other unwanted organic growth do not grow on the surfaces and in the tunnel. 

The first and third interviewees mentioned that the photocatalytic material can be paint, or 

the photocatalytic material can be mixed with other materials, such as concrete or shotcrete. 

The second interviewee said that the paint should be water-based. The interviewees added 

that if the used photocatalytic material is too porous, the reaction will not necessarily work 

to its full potential. The dirt will be collected in the pores, which leads to a situation where 

the light does not reach the material. Then there is no reaction. Also, if the pores are too 

deep, the light does not reach the photocatalytic material. The first and fourth interviewees 

supported that by mentioning that the reaction happens on the surface, and the pigment 

should be as close to the surface as possible. The reaction is efficient when the dirt and 

emissions are in contact with a photocatalyst. The photocatalytic surface coating could be 

done with a separate surface mount or with cement or silicate-based material.  

Also, the thickness of the surface is an important factor to consider when planning to use 

photocatalysis. The first interviewee said that the layer needs to be thick because of the 

mechanical erosion. The second interviewee added that the surface will disappear over time 

if the layer is too thin because the radicals eat the surface, and in outside conditions, the rain 

washes the rest of the pigments away. The thicker layer of paint will provide a longer active 

time for the surface. The interviewee explained that when the surface thickness is below a 

millimeter, there is a relation between the activity and the thickness. The interviewee 

estimated that maybe two millimeters would be a good thickness. The interviewee also 

advised that the thickness of the layer should be 3-5 millimeters or higher when using 

concrete as a photocatalytic material. If the thickness of the concrete layer is two centimeters, 

there will not be enough light inside the material to activate the reaction because the light is 

not able to reach that deep. The first interviewee did not have an exact number for the 

thickness but said that one millimeter could be too little. The interviewee added that the right 

thickness and mixing ratio with titanium dioxide need to be investigated later by tests. The 

third interviewee noted that the paint will not get more efficient if there is more titanium 
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dioxide. The interviewee also added that the costs will increase when more photocatalyst is 

added. The first and third interviewees also mentioned that the suitable length of the 

photocatalytic surface also needs to be calculated and tested in the laboratory 

The first interviewee pointed out that when all the organics degrade to the surface, the surface 

will start to look yellow. That can happen, for example, with white concrete. The color 

change is only an aesthetic thing, so it does not affect the efficiency of the photocatalyst. 

The first interviewee also said that if the used color is, for example, grey or darker, the 

pigments will block the surface and deactivate it. The third interviewee also said the same 

thing about the color and added that the whiter the surface is, the more effective the 

functioning is.  

7.2  Needed and optimal conditions 

The photocatalytic reactions need many factors to function correctly and remain active. UV 

light and the amount of that appeared often in the data. Every interviewee agreed that a 

sufficient amount of UV light is a very important factor in the photocatalytic reaction. The 

first interviewee named the amount of UV light the most important factor to be at a sufficient 

level for the effective reaction. The UV light can come from UV lamps, as it appeared in the 

interviews. The second and fourth interviewees also added that sunlight is a very good and 

suitable source of light in terms of the reaction.  

Even though the UV light is an important factor, it also has difficulties. The challenge with 

the UV light is its positioning and the intensity of the UV light. The first and second 

interviewees concluded that the problem is how to direct the light to the surface and keep 

the surface clean to keep the reaction going. The fourth interviewee added that the dirt blocks 

the UV light. The second interviewee also mentioned that the reaction does not happen if 

there is not a sufficient level of UV light in the tunnel. Although the reaction needs UV light 

to operate, the second interviewee added that the needed intensity of the UV light can be so 

high that it is not safe for car drivers and other vehicle drivers to drive in a tunnel that has 

such high UVA levels. 

Also, the airflow and amount of impurities in the air affect the operation of the photocatalytic 

reaction. That came up in almost every interview. The first interviewee said that it is 
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necessary to model and measure what kind of emissions are in the tunnel and where they are 

located in the tunnel. The second interviewee said that if the wind speed is low, then the 

reaction time is also lower. The interviewee added that a high amount of pollution in the 

tunnel and especially on the surface also deactivates the surface. The third interviewee said 

that ventilation is the most important factor that needs to function properly and be at a 

suitable level for the process to be efficient. The interviewee would focus on improving the 

airflow with a proper, cost-efficient ventilation system to keep the reaction as efficient as it 

can be. 

Air humidity came up many times in the data as well, but with different opinions. The first, 

second, and third interviewees agreed that humidity also affects the reaction. The third 

interviewee said that it is important to ensure that the surface gets enough water and oxygen.  

The second interviewee stated that if the conditions are too humid, the photocatalytic 

reaction is less active than in dry conditions. The interviewee added that there are always 

humid conditions in tunnels, and the humidity on the surface is higher if the temperature is 

cold. The interviewee explained that by saying that the water on the surface protects the 

surface, and then molecules do not get in contact with the radicals. The first interviewee’s 

opinion was in the middle compared to the other ones. The interviewee mentioned that the 

reaction requires water to function properly but added that the humidity in the air is perfectly 

sufficient. The interviewee concluded that the surface does not need any external 

humidification.   

Another factor that affects the efficiency of photocatalysis, according to the interviews, is 

temperature. The first, third, and fourth interviewees said that a higher temperature affects 

the efficiency of the reaction by typically increasing the reaction rate. The interviewees also 

said that the surface of the photocatalysts needs to stay melted because if the surface freezes, 

nothing goes through the ice, and then the reaction does not happen. In addition to this, the 

third interviewee added that there are only a few days in a year when this will happen. The 

interviewee also added that if the surface freezes, a positive thing is that the meltwater 

washes and cleans the surfaces. The second interviewee said that in cold conditions, such as 

in winter, if salt is used on the streets, the sodium chloride particles can deactivate the 

photocatalytic surfaces. The interviewee noted that it is not tested, but probably it is not a 

good thing to bring salt to the surface in cold conditions. The second interviewee noted that 



63 

 

 

when the surface is 50 or 60 degrees hot and under sunlight, the photocatalysis works 

perfectly. 

The properties that affect photocatalysis need to be in great balance to ensure the best result. 

The third interviewee said that the suitable conditions to maintain the reaction are the 

combination of a sufficient amount of humidity, sufficient airflow, and enough UV light, 

and the adjustability of the conditions could help with that. According to the third 

interviewee, the adjustability could mean, for example, when there is a lot of traffic in the 

tunnel, there would be more lights to promote the reaction, and when there is not much 

traffic, the light level would be lower. The interviewee concluded that it could be difficult to 

adjust all the conditions based on the traffic in real life.  

When considering the optimal conditions, the surface-to-volume ratio is also an important 

factor to take into account, as the second interviewee said. The second interviewee meant 

that when the surface of the photocatalytic material is large, the tunnel stays cleaner. That is 

because there is more active surface area compared to the volume of the tunnel. When the 

tunnel is small, the volume of the tunnel is also small. That makes the cleaning process easier 

because there is not so much air to clean. According to the second interviewee, the volume-

to-surface ratio is one of the most important factors to be in good condition. The interviewee 

added that the main reason why the photocatalytic methods do not work is the failure of the 

volume-to-surface ratio. 

7.3  Installation and maintenance of the surface 

The interviewees had differing viewpoints on where the photocatalytic surface should be 

placed, and no clear consensus was formed. The second interviewee stated that air and 

emissions are well mixed in the tunnel. The turbulence caused by vehicles and uptake 

kinetics affect the distribution of air and emissions in the tunnel. The interviewee added that 

the well mixed emissions in the tunnel are not in much contact with the walls. The 

interviewee said that in the PhotoPAQ project, it was assumed that the air flows from the 

cross-sectional area of the tunnel to the walls. The interviewee thought that it was assumed 

incorrectly and that is the reason why it did not work. 
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The third interviewee mentioned that the photocatalytic surface needs to be placed where 

most of the emissions are concentrated. The interviewee disagreed with the second one 

because the third interviewee said that the best place for photocatalytic coating is on the 

walls. The interviewee justified that by saying that there is other technical equipment on the 

roof/ceiling.  

There were also differing points of view about the amount of maintenance and no united 

consensus either. The first and second interviewees pointed out that there is no rain in the 

tunnel, so the efficiency of the surface will decrease without cleaning it. The second 

interviewee said that the tunnel needs to be cleaned with a spray of water about every two 

weeks. The interviewee noted that it needs to be done every two weeks, which can make it 

difficult. The third interviewee said that the maintenance and washing need to be done about 

every year or every five years. The interviewee justified that by saying that the surfaces are 

supposed to clean themselves when the conditions, such as ventilation, humidity, and light, 

are optimized. The fourth interviewee mentioned that they had developed paint for the roof 

of buildings, but the paint is no longer available on the market. The interviewee said that 

with that paint utilizes photocatalytic reactions, but the surfaces do not need any maintenance 

for about ten years.  

7.4  Costs 

There were not many mentions of real prices of the lamps, paint, maintenance, or other costs 

in the interviews, although every interviewee mentioned costs as a subject. The second 

interviewee thought that photocatalytic methods are expensive and justified its opinion by 

explaining that the UV lamps need to be bought, which increases the expenses. The 

interviewee added by saying that then someone installs the lamps and the lamps need energy 

to stay on, so work power and energy need to be bought. The interviewee explained that the 

high prices of energy in Europe also increase the total costs. The interviewee added that there 

is a need for photocatalytic paint as well, and it is more expensive than regular paint. At the 

end, the interviewee justified the cost by saying that the more paint is used, the more the 

costs increase, even though a larger photocatalytic surface area can improve efficiency.  

The second interviewee continued and explained their tunnel project, the costs of the 

photocatalytic method were about 2 million euros. The industry partner of the project also 
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paid some expenses. The interviewee added that the project could cost about 50 000 - 100 

000 euros if testing had been done in a laboratory before using the method in the tunnel. The 

third interviewee kept it important to compare costs versus the efficiency of the method. The 

interviewee advised thinking about how much it would cost, how much the method adds 

value, and what the actual need is for the method. The fourth interviewee added that another 

reason why their paint is no longer available, besides the fact that there was not enough 

demand, was that the expenses to prove that the technology is operating correctly are high. 

It requires high investments.  

7.5  Emissions and by-products 

The second interviewee saw a contradiction between the photocatalytic method and energy 

production. The interviewee said that when you are reducing emissions in a tunnel, at the 

same time, you are producing emissions in energy generation. The interviewee underlined 

that the energy should be produced with green energy to avoid this kind of situation.    

In addition to the energy production emissions, the main problem with photocatalysis is the 

harmful substances and by-products from the photocatalytic reactions, and all the 

interviewees mentioned that. The first interviewee said that the pigment does not know 

where to react, so it reacts with all substances. The interviewee continued and said that the 

challenge is that the reactions are not going to end at the desired stage, and then, for example, 

formaldehyde and acetaldehyde will be formed. The interviewee concluded that 

formaldehyde and acetaldehyde are harmful to humans, and that is one reason why the 

product development of photocatalytic paint has stopped. However, the interviewee noted 

that outdoors, the concentration will dilute, so there is no direct harm to humans.  

The second interviewee noted that there are also several more harmful by-products that can 

be formed. The interviewee added that the end product may be nitric acid, and the NOx 

emissions can convert into nitrates. The interviewee specified that the big problem is nitrous 

acid (HONO) emissions and added that HONO is a hormone that is formed by unwanted 

reactions on the photocatalytic surface. The interviewee thinks that NOx formation on the 

photocatalytic surface is not a huge problem because NOx will convert into nitrite or nitric 

acid regardless of whether the reaction happens on the surface of the photocatalyst or in the 

atmosphere. The interviewee continued and said that with the photocatalytic method, the 
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nitrate is collected on the surface, which is washable. That way, the nitrates can be treated 

with the water in treatment plants, so those emissions do not go straight to the environment. 

In the atmosphere, the nitrates will go straight to the environment and cause, for example, 

acid rain. The interviewee concluded that when comparing these two options, the formation 

of unwanted by-products such as nitrites on photocatalytic surfaces is a better option. The 

interviewee also underlined that it is necessary to model how the dirty air will dilute in the 

tunnel and where it will spread in the atmosphere to avoid releasing the emissions into areas 

that are extra sensitive to the emissions.  

The second interviewee continued by saying that with concrete surfaces, formaldehyde 

emissions will always be formed, in the interviewee's experience. The interviewee said that 

this formation has happened with all the concrete items that the interviewee has been tested 

on. According to the interviewee, the problem is the organic additive that is used in concrete. 

Organic material decomposes, and harmful by-products are formed by photocatalysis. The 

interviewee continued to compare materials and noted that asphalt should not be an option 

either because of the organic bitumen. The interviewee underlined that with concrete, there 

is always a problem with formaldehyde. The interviewee said that he would not accept the 

formation of formaldehyde because it is bad for the environment, although the formation 

and concentration limitations are only regulated in indoor environments. At the end, the 

second interviewee noted that it is not recommended to use concrete material with 

photocatalysis.  

The interviewee suggested using paint as a photocatalytic material. The interviewee also 

suggested that searching for available materials in Finland would be good. After that, all the 

materials should be tested in the laboratory to find out the best paint. The second interviewee 

underlined that not all photocatalytic products are bad, and some materials work better than 

others. The interviewee said that, for example, with pigment P25, it converts almost every 

time NO to NO2, so it converts the harmful compound into a more harmful. Because of that, 

the interviewee said that the materials should be tested.  

The other interviewees complemented the first and second interviewees. The third 

interviewee said that the reactions are chain reactions and it is not possible to control those. 

The interviewee said that they would not be worried about that. The fourth interviewee said 

that the reaction is not perfect and there is a chance to form harmful radical compounds, and 

that is the reason why there is no photocatalytic paint indoors.    
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7.6  Testing in laboratory 

Almost every interviewee suggested doing measurements and testing before making any 

actual decisions. First and third interviewees said that testing is required. The second 

interviewee complemented that by saying that first it is recommended to do laboratory tests 

for the material used and then, if those results are promising, the actual testing should be 

done with a small sample in the tunnel and added that the sample and its activity should be 

analyzed in the laboratory as well. The test of by-product formation, such as NO and NO2, 

should be included in the laboratory testing. After that, if the results still show good reduction 

results, the method would be considered. The second interviewee clarified that all the tests 

in laboratories usually measure NO emissions, but NO2 should also be tested as well. The 

tests in the laboratory indicate what should be done and whether the photocatalytic method 

is suitable and effective. The second interviewee noted that, from experience, photocatalysis 

and its operation should have been tested before installing it in the tunnel in the PhotoPAQ 

project. The interviewee added that the laboratory tests are cheap, and they cost around a 

thousand euros.  

The second interviewee concluded that laboratory results and real-life results do not always 

represent the same because in the laboratory, the surface-to-volume ratio is at a good level, 

and in real-life experience, it is not necessarily. The interviewee also added that in laboratory 

tests, a higher level of UV radiation is used than is actually in the tunnel. That is the reason 

why the photocatalysis works under laboratory conditions but not in the tunnel. The 

interviewee added that the reason why the photocatalytic methods did not work in the 

interviewee’s studies was that in the laboratory, the conditions were optimal, but in the 

tunnel, it was not. 

7.7  Interviewees' recommendations 

When it was asked of the interviewees whether they recommended the method, there were 

variations in the answers, but still, the message was mostly the same with all the 

interviewees.  The first one said that it is recommended to put a photocatalytic coating in the 

tunnel as a thought, but the efficiency needs to be tested first. The interviewee added that in 

tunnel conditions, it would be better to put the photocatalytic material in the ventilation duct. 
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The interviewee reasoned it with the fact that in tunnel conditions, the system requires 

maintenance with the lights and the walls should be washed. 

The second interviewee said that it would not be recommended to coat the walls, install 

lamps, and use photocatalysis in the way they used it in the PhotoPAQ project because it did 

not work properly there. The interviewee added that the energy production for the lamps 

would produce more emissions than the photocatalysis would be able to treat. The 

interviewee explained that especially when there is a low amount of traffic in the tunnel, the 

lamps would just consume energy, and the benefit from photocatalysis would be low. If the 

lamps are used in the tunnel, the electricity for the lamps should be generated by green 

energy to reduce emissions. The interviewee clarified that the reduction would be possible 

only when the lamps are on in the tunnel. Overall, the interviewee noted that when 

considering all the aspects and if the reduction in the laboratory would be around 1%, the 

interviewee would not recommend starting to use the method.  

The exception for that would be if the method is used outside. The interviewee said that if it 

is possible to paint the coating outside the tunnel, it would be better. The efficiency of the 

outside coating would still be around a few percent, but the surface would be self-cleaning 

and clean pollutants at least a little bit. The interviewee added that it is a safe option and it 

is good to get at least some reduction by doing nothing. The interviewee added that if the 

usage of photocatalysis is outside, there would be no extra costs or emissions from electricity 

for lamps, because the sunlight would replace that.  

In addition to the other options, the second interviewee concluded that it would be the most 

recommended to put a photocatalytic porous filter inside the ventilation duct. The 

interviewee said that it has been part of the study, which made a prototype of the filter. The 

emission reduction with a large filter would be about 50%. The interviewee noted that it 

would also be a cheaper option than coating the walls and installing lamps. 

The third interviewee concluded that it would be good to test the method and recommended 

the method as a whole. The interviewee thought that it would be beneficial to put the 

photocatalytic surface on the noise walls. The interviewee also suggested that the 

photocatalytic material could be better placed in the ventilation duct in the tunnel conditions. 

The interviewee also noted that the development of technology should be taken into account, 

and search for better and more efficient options available.  
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The fourth interviewee also agreed with the others. The interviewee did not recommend the 

paint that they had developed because there is no paint available anymore, and the purpose 

of the paint was different. The interviewee still recommended keeping an open mind for 

other methods as well. At the end, the interviewee said that the ventilation system and 

integrating something to there would be a better option to treat emissions.  
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8  Discussion 

The results indicated that there are many factors that affect the efficiency of the 

photocatalytic methods. The results were not unanimous on what is the most important factor 

to consider when using photocatalysis. The UV light and its intensity, humidity, and air flow 

were mentioned to be important factors in the results and in the literature as well. In addition 

to those, in the literature and also in the results, temperature is mentioned as one of the 

affecting factors but was not mentioned to be one of the most important ones. This means 

that all the factors need to be taken into account, and balancing them is important.  

Without a suitable UV light source and suitable intensity, the reaction is not able to happen. 

According to both the results and the literature, the source of light can be the sun or UV 

lamps. The sun might be a problem in Finland, because the winters are long and dark, so 

during the winter the amount of sunshine would not necessarily be enough to activate the 

reaction. The lamps do not follow the weather or times of the year.  

In addition to the light source, the intensity is an important factor as well. In the second 

interviewee’s PhotoPAQ project in Brussels (same as Leopold II tunnel), one of the 

problems was that the light intensity was not high enough to activate the surfaces. According 

to Boonen et al. (2015) the aimed intensity was much higher than the actual intensity. The 

results indicate that the light should be distributed to the surface evenly to ensure suitable 

intensity all over the surface. This means that it is very important to ensure that or the 

photocatalytic reaction does not happen with its full potential.  

Another factor that needs to be taken into account with the UV light intensity is the safety 

of the people in the tunnel, as it was mentioned in the results and in the literature. That means 

that it is not necessarily possible to install such a high and intense UV light in the area that 

the reaction requires for safety reasons. The needed intensity level needs to be tested in the 

laboratory, and then it can be said if it is safe for humans or not. 

In the Leopold II tunnel, the aimed intensity in the first campaign was on the walls 1.6 W/m2 

and on ceiling 1.7 W/m2. In the second campaign, the aimed irradiation was 4 W/m2, but the 

actual irradiation was 1.6 W/m2. In the street canyon, the intensity was 40 W/m2, but the 

light source was the sun. There was no mention of what the actual irradiation was in the 
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Umberto I tunnel study. That means that the irradiation should be at least above 1.6 W/m2, 

because the method did not work properly with that light intensity.  

In the Umberto I tunnel study, the tests said that the paint performed the best when the UV 

irradiation was 20 W/m2. Gallus, Akylas et al. (2015) mentioned that the optimal irradiation 

in the Leopold II case would be 10 W/m2. There is a huge difference between those values. 

Even though the variation in values is high, it can be concluded that the needed UV intensity 

level is around between 10 and 40 W/m2. To ensure the right level, it needs to be tested and 

measured in a laboratory for each purpose separately. 

The proper air flow rate enables a suitable reaction time, so the emissions have enough time 

to react on the surface. If the air flow and air speed are too fast, the emissions do not have 

enough time to react on the surface because the air forces them to keep going. On the other 

hand, it means that if there is no air flow, there are either degradation of pollutants. It is 

important to keep the air flow and speed at a sufficient level to ensure suitable reaction time.  

In the Leopold II tunnel, the wind speed was 3 m/s in the second campaign, which was too 

high. In the Umberto I tunnel, the wind speed was on average 0.38 m/s. In the active street 

canyon lower than 1 m/s, which was too low. Gallus, Akylas et al. (2015) mentioned that in 

the Leopold II case, the optimal wind speed would be 1 m/s. Based on that, the optimal value 

is probably something between 0.38 and 1 m/s. The exact sufficient level needs to be tested 

and measured separately for each purpose.  

The reaction does not happen either if the humidity is too low or too high. The results and 

the literature both explained that the reaction requires water to operate completely. On the 

other hand, they both added that water can block the active surfaces and deactivate the 

surface. This means that the process clearly needs some amount of water but not too much 

to remain active.  

In the Umberto I tunnel, the humidity was in July 15-14% and in October 40-70%. In the 

Leopold II study, Boonen et al. (2015) mentioned that the humidity was between 70-90%, 

and that was one reason why the method did not work in the tunnel. Gallus, Akylas et al. 

(2015) concluded that in Leopold's case, 50% humidity would be perfect. It can be concluded 

that when the RH stays under 70%, the method should work.  

The temperature also plays an important part in the operation mechanism of the 

photocatalytic reaction. The results and literature stated strongly that when the temperature 
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increased, the reaction rate increased as well. It was mentioned in the literature that the 

optimal temperature would be 20-80 °C. Cold temperatures were mentioned in the results, 

with a conclusion that the cold temperature is okay if the surface stays unfrosted. That means 

that keeping the surfaces unfrosted is an essential thing to do to ensure the reaction happens.  

In the Leopold II tunnel, it was mentioned that the temperature was too cold for the method, 

but no mention of actual values. In the Umberto I tunnel, the temperature stayed above 20 

°C and the method worked. This means that the temperature should be over 20 °C to ensure 

the operating method. In Finland, that can still be a difficult thing to do because the winters 

are cold and the temperature is above 20 °C mainly in summertime. This needs extra 

attention because the cold climate can be a deal breaker for the method.  

Providing the optimal circumstances for photocatalysis can be extremely difficult because 

there are so many things to consider. Without considering the surrounding conditions as a 

whole, photocatalysis is not able to operate with its full potential and may deactivate easily. 

In Table 2, the most important factors affecting efficiency and the approximate values for 

them are presented. The values are based on findings from the literature and the results. 

These values should be tested, determined, and verified in the laboratory for each application 

before implementation of the method.  

 

Table 2. Approximate optimal conditions for photocatalytic method. 

Factor Approximate value 

UV irradiance around 10-40 W/m2 

Relative Humidity < 70% 

Wind Speed around 0.3-1 m/s 

Temperature > 20 °C 

 

Also, in the Umberto I tunnel, the surface area of the photocatalyst was much larger than in 

the Leopold II tunnel or in the street canyon according to the literature. That can be one 

reason why the method worked there but not in other cases. This means that the right surface 

area also affects the results. The surface area also needed to be measured to enable the best 

reduction result.  
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If the surface deactivates, it needs to be cleaned. There was a suggestion in the literature that 

the surfaces can be cleaned with treatment at a temperature of 653 K. 653 K is about 380 °C, 

so it is clear that this is possible only in laboratory conditions, not, for example, outside. 

Also, if the coating were paint, the paint would probably get damaged from the treatment. 

The results suggest that the surfaces should be washed with water. That is way much easier 

thing to conduct. The conditions in the area should be made in a way that the reaction 

operates perfectly, so for example there would be not collected any dirt on the surface.   

One option for reducing the need for washing is self-cleaning surfaces. According to the 

results and literature, the surface can self-clean in humid conditions. The self-cleaning 

reaction could be a good property for the surface because it could save cost and maintenance 

needs. But the solution is not that simple. The process needs water that eventually rinses the 

dirt and other substances away from the surface. On the other hand, the active photocatalytic 

reaction that degrades the pollutants functions better in less humid environments. To ensure 

the best result in both situations, a sufficient amount of humidity needs to be tested. One 

solution would be to create adjustable conditions in the area, as it appeared in the results. 

That would be a good solution because if the humidity could be increased, the surfaces could 

be rinsed and cleaned. The humidity could then be adjusted to the optimal level, allowing 

the degradation of emissions to continue. 

It is also necessary to monitor and ensure that the reaction operates correctly. The reactions 

do not always go as planned, so that needs to be noticed to avoid further damage. The most 

harmful side effect of the photocatalytic reaction, according to literature and results, is by-

products. The reactions do not always go to the end, and because of that, harmful and toxic 

compounds can appear. Those emissions can be even more harmful than the original was. 

Also, it is not possible to control the reactions. This means that to ensure good results and 

avoid further damage, testing and monitoring how the reactions happen on the surface are 

required. It is needed to ensure that the photocatalytic reaction does not produce more and 

even more harmful compounds instead of degrading them.  

The amount and quality of formed by-products can be comparable to the used photocatalyst, 

as the results and literature indicated. It is important to consider what kind of photocatalyst 

is used. The results and literature mainly discussed the usage of titanium dioxide as a 

photocatalyst, and based on experience, that one of the most commonly used photocatalysts. 

The literature and results said that TiO2 is an inert substance and soluble mainly only in hot, 
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boiling sulfuric acid. As the results showed, there are no such acidic conditions in the 

environment or in human bodies. It can be said that TiO2 is a safe option to be used as a 

photocatalyst. There were no negative findings of TiO2 in the literature or the results. This 

explains the wide usage of titanium dioxide.  

Even though titanium dioxide is a strong and trustworthy photocatalyst, there are still many 

other options. The results concluded that other options should also be tested in the laboratory 

to be sure what is the best option. That is recommended because without testing, it is 

impossible to say whether the reaction operates correctly, efficiently, or not. It is also the 

only way to find the most suitable one.  

Part of the testing includes the testing of the suitable binder. The results revealed that the 

photocatalytic reaction degrades all the organic compounds, including the organic binder of 

the material. That is not a good situation if the used binder is organic, because the paint will 

become useless after the reactions. After all, the binder will be totally degraded. On the other 

hand, as the results showed, there will not be any other growths, such as mold or algae, on 

the surface. This saves work and cost because the surface does not need washing. The 

degradation of the binder needs to be taken into account when selecting the binder for the 

material because otherwise the usage of the method is a waste of money and time if the 

material will destroy itself. The results recommended using only paint with inorganic binder 

as a photocatalytic material because, from experience with concrete, by-products will always 

be formed. It is also necessary to test whether the paint can be painted on top of the concrete 

wall without any side effects such as by-products.  

The costs of the photocatalytic method are also an important factor to consider as well. The 

results indicated that the Leopold II tunnel was expensive. The high price might be because 

there were different problems during the study, for example, with lamps. The results also 

indicated that the costs would be somewhere between 50 000 - 100 000, if there would have 

been done laboratory testing before the testing in real conditions. The results did not specify 

what is included in that price. Also, the price was only one person's opinion. On the other 

hand, the literature says that the method is a relatively low-cost option. 

If the method is used in a tunnel, the costs are probably higher because there is a need for 

lamps, energy, and washing. The lamps increase the cost because they need to be bought and 

then need to be installed. After use, the lamps might require maintenance. If the purchased 
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lamps are cheap, they might not withstand long-term use. On the other hand, expensive 

lamps increase the costs, although the price does not always determine the quality. The lamps 

also need electricity. The results indicated that electricity costs are high in Europe. It is 

necessary to check the actual electricity price in Finland before any conclusions. The 

electricity should also be produced with green energy sources to avoid the unnecessary 

emission generation. Also, the need for extra maintenance requires time and money.  

In all situations, the photocatalytic method needs a photocatalytic surface. The cost of the 

photocatalytic material, such as paint, is higher than regular paint according to the results. 

The price of the material also needs to be investigated separately before any conclusions. In 

addition to material costs, there are costs that come from the work power and maintenance 

regardless of the used form of photocatalysis. If the photocatalytic method is used outdoors, 

the costs consist mainly of the cost of the photocatalytic material, its installation, and 

occasional maintenance costs if necessary. Also outdoors, the sun is a suitable source of 

light. The sun is a cost-efficient option because it is free to use 

It can be concluded based on the data and results that the desired reduction is about at the 

same level inside and outside applications if the conditions are optimal. That is because the 

operating mechanism is the same whether the coating is installed on the walls or in the ceiling 

inside or outside on the wall. The difference is just the source of light and the need for 

maintenance. Inside application, it is necessary to create the optimal conditions, but the 

conditions are controllable to some extent. The washing of the surfaces is required more 

often because there is no rain. In the outdoors, there is no need to create the conditions, but 

those are not controllable at all. The amount of light, humidity level, and wind speed depend 

on the weather and time of the year. The rain washes the surfaces, so there is no need for 

that much maintenance. From the Harbour Tunnel point of view, the inside application is the 

tunnel, and outdoor application could be, for example, the open-cut sections at both ends. 

If the conditions are not optimal, the method in tunnels is harder to get cost-effective. The 

optimal conditions can be hard to achieve. In outdoor application, the cost structure is 

simpler, so even though the reduction potential would be low, it would be better than nothing. 

The cost effectiveness should still be considered more carefully before any decisions.  

The most common recommendation from the interviewees was to put some porous 

photocatalytic material in the ventilation duct. That could be suitable and the ideal solution, 
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but there are no such ventilation ducts in the tunnel, so that method is not an option. The 

advantages and disadvantages of each photocatalytic method are presented in Table 3.  

 

Table 3. The advantages and disadvantages of different photocatalytic methods. 

Photocatalytic method Advantages Disadvantages 

Wall/ceiling coating inside the 

tunnel 

- The reduction is 

achieved under optimal 

conditions 

- Surrounding conditions 

can be controlled to 

some extent 

- Need for lamps, 

electricity for those, and 

extra maintenance, 

which can increase the 

costs 

- Need to maintain the 

optimal conditions, and 

those can be hard to get 

- Needed UV level can be 

a safety risk for humans 

- Formation of by-

products 

Wall coating outside of the 

tunnel 

- The reduction is 

achieved under optimal 

conditions 

- No need for lamps, 

electricity, or extra 

maintenance, which 

decreases the costs 

- Reduction gained with 

less effort 

- The amount of light and 

other conditions 

depends on the weather 

and time of the year, 

which affects the 

efficiency 

- Formation of by-

products 

Photocatalytic material in 

ventilation duct 

- Most recommended 

option 

- Most efficient reduction 

according to results 

- There is no such 

ventilation duct in the 

tunnel 

 

In conclusion, the method is not necessarily suitable for tunnel conditions if all the factors, 

including optimal conditions, costs, and need for maintenance, are taken into account. The 

reaction itself will operate if the surrounding conditions are optimal, but it requires 

mandatory costs and work. The optimal conditions can be hard to achieve. Also, light 

intensity can be a safety risk for humans. The outside coating would be better because the 
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method mostly requires material and a little bit of maintenance costs. The reduction can be 

achieved with less effort. The method is not perfect either because the conditions are not 

controllable and depend on the weather and time of the year. The most recommended option 

is to put photocatalytic material in the ventilation duct, but because there is no such duct in 

the tunnel, that is not an option. Regardless of the recommendations, the method should first 

be tested in a laboratory to find out the most suitable material and photocatalyst, how much 

light the surface requires, where it would be best to place it, and what kind of and how much 

by-products are formed. When deciding the usage of the method, it would also be 

recommended to search for other options to treat traffic emissions and compare those to find 

the best solution.  

When evaluating the validity and reliability of the thesis, it can be concluded that it is at a 

sufficient level although it could be better. The interviewees who participated in the study 

were all professionals and knew what they were talking about. Some of the interviewees had 

more recent information than the others, but they also made that visible. Even though some 

of the interviewees said that the knowledge they have might be a bit old, the physical and 

chemical principles and mechanisms of the system are the same, so it did not reduce the 

reliability. The results of the interviews were more at a general level for tunnels, because the 

interviewees were not too familiar with the Harbour tunnel context. The interview questions 

were tailored for each interviewee to get the most relevant information, and the interviewees 

had different backgrounds, which provided a wider perspective. The results were compared 

to the literature and previous case studies, which increased the trustworthiness.  

There were only four interviewees, so the sampling was small. That is not much, but it was 

enough for this study. The aim was not to find out a broad and general understanding about 

the method, but the aim was to find out if the method would work in this exact case. That is 

why the number of interviewees was enough for this purpose. On the other hand, some 

answers are only based on one opinion. The answers that appeared many times by different 

interviewees in the data can be considered as a more reliable answer. 

The literature used was as new as possible. It was hard to find any updated reviews and 

research related to the topic. To increase the validity and reliability, there should be more 

interviewees to get a wider perspective and stronger generalizations and conclusions. Also, 

the literature used could be more up-to-date in places. Also, to provide a valid and reliable 

study, actual testing in the laboratory and in real life should be done. The analysis and 
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representation of the results were as good as the researcher could make. The wider 

knowledge and skills in making interview studies would increase the validity and reliability 

of the study. 

  



79 

 

 

9  Conclusions  

The aim of this study was to find out if photocatalytic methods would be a suitable option to 

reduce traffic emissions in the Harbour tunnel. Furthermore, the aim was to provide 

information on what should be considered when planning and using this kind of method and 

to give a recommendation on the usage. The most important findings of the study were that 

the photocatalytic method requires many factors to operate correctly. UV light and intensity, 

humidity, airflow, and temperature are the main factors that affect the results. All conditions 

need to be at a sufficient level for the photocatalytic method to operate with full potential. 

The active surfaces require a lot of washing to remain active, especially in tunnel 

environments. Outside, the rain mostly rinses the surfaces. The paint is also more expensive 

than regular paint. Also, the by-products are a problem, and the reactions do not always go 

as planned. It is not possible to control the reactions. Monitoring the formation of by-

products is necessary to avoid greater damage.  

The research questions were “Would photocatalytic methods be a suitable and realistic 

option to reduce traffic emissions in the Harbour tunnel?” and “What is the recommended 

way to use it?” These research questions were answered successfully. The answer to the first 

question is that the results indicate that it would be a suitable method for the Harbour tunnel 

if the surrounding conditions are optimal, the surfaces stay clean, and the reaction is able to 

happen correctly with as few by-products as possible. That can be hard to achieve, and it 

requires investments and maintenance. Cost-effectiveness needs to be assessed later. The 

answer to the second question is that the method works, but the tunnel conditions are not 

necessarily the best place to use it. The best way to use it is to put photocatalytic material in 

the ventilation duct, but because there is no such duct, that is impossible to implement. The 

best option available is to put the photocatalytic coating somewhere outside of the tunnel, 

for example, to the open-cut section at the end of the Harbour tunnel.   

The main affecting thing to reliability of this study is the small sample size of interviewees. 

Some emerging topics appeared only once in the data, so the result is, in that case, only one 

person's opinion. For example, only one person commented on the costs specifically. Despite 

the limitations, the interviewees were professionals in the field and knew what they were 
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talking about. Another impacting factor is that the author is new at doing interviews, so that 

affects the results.  

The study provided information from photocatalytic methods and the operation mechanism 

of that to the Port of Helsinki. The study also provided a recommendation of how the method 

should be used in the context of the Harbour tunnel. By this study, the Port of Helsinki can 

know what to evaluate and take into consideration in planning, testing, cost calculations, and 

further analysis of the method. Because the focus was on the Harbour tunnel, the results of 

the study are not generalizable to other cases. 

The next steps after this study would be laboratory testing with the method. As said, the most 

recommended way to use photocatalytic methods is to put a surface somewhere outside of 

the tunnel. The best place in the outside area needs to be found out by testing as well. When 

there is an idea of the placement of the surface, it would be necessary to find out what kind 

of conditions the surface could be exposed to. When the information is known, it is possible 

to find out the most suitable photocatalyst and the form of usage in the laboratory. If the 

suitable photocatalyst and the form of usage are found, the method should be tested with 

small samples in real conditions. Those samples are also needed to analyse in laboratory. 

That should also include the testing and monitoring of by-products. If that is working, then 

the cost-efficiency analysis needs to be done. If the costs are suitable compared to the 

possible reduction, the whole method can be installed in real life. If the method is found to 

be ineffective or too expensive, other emission reduction options should be considered. The 

method should not be the only method for reducing emissions, so other ways to reduce 

emissions should be considered as well in the future.  
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Appendix 1. First interview questions. 

1. Minkälaisia käytännön kokemuksia sinulla on fotokatalyyttisten menetelmien 

hyödyntämisestä reaalimaailmassa? Miten olet tutkinut asiaa? 

2. Mitkä tekijät vaikuttavat eniten fotokatalyysin tehokkuuteen käytännön olosuhteissa esim. 

UV-valon määrä, lämpötila, ilmankosteus, ilmanvirtaus, reaktioaika yms. ja kuinka suuri 

vaikutus näillä on? 

3. Miten pinnan likaantuminen ja pölyyntyminen vaikuttavat suorituskykyyn? 

- Vaikuttaako talvella pinnalle muodostuva jää suorituskykyyn? 

4. Kuinka usein ja miten pintaa täytyy huoltaa, jotta pinta pysyy reaktiokykyisenä? 

5. Mitkä materiaalit ja/tai rakenteet ovat tehokkaimpia fotokatalyysissä esim. maali, betoni 

yms. ja miten sijoittelu vaikuttaa tehokkuuteen esim. asennettuna seinään, kattoon tai tien 

pintaan? 

- Kuinka suuri pinta-ala tarvitaan, jotta vaikutus näkyy? 

- Kuinka paksu pinnoitteen tulisi olla vai onko paksuudella käytännön merkitystä? 

6. Mitä haasteita fotokatalyyttisen pinnan asentamisella on? 

7. Minkälaisia haittavaikutuksia fotokatalyysi voi aiheuttaa esim. ympäristölle tai 

terveydelle ja turvallisuudelle? 

8. Kuinka suuri päästöjen vähennys voidaan saavuttaa fotokatalyysillä yleisesti ja 

tunnelissa? 

9. Suosittelisitko tämän tyyppistä ratkaisua päästöjen vähentämiseksi tunneliympäristöön? 

10. Tuleeko mieleesi jotain muuta, joka tulisi ottaa huomioon tunneliprojektia 

suunnitellessa? 

 

 



 

 

 Appendix 2. Second interview questions. 

1. What kind of practical experience do you have with photocatalytic methods in the real 

world besides the Leopold II tunnel? How have you studied them? 

2. The photocatalysis was not very effective in the Leopold II tunnel. What were the main 

reasons for this? 

3. Were the results more related to the photocatalytic material or to the conditions and 

environment of the tunnel? 

4. The results of the study can be found in the study, but is there something that would be 

especially important to highlight or pay attention to? 

5. What else did not go as planned in the tunnel study? Why? 

6. What would you do differently now if the method were implemented in the Harbour 

tunnel? 

7. Which factors affect the photocatalytic efficiency the most in real-life conditions, for 

example, UV- light intensity, temperature, humidity, airflow, reaction time, pollutant 

concentration, etc., and how large is the impact? 

8. What should be improved to achieve better efficiency with photocatalysis? 

9. Which materials and/or structures are most efficient for photocatalytic methods, for 

example, paint, concrete, etc., and how does their placement affect the result, for example, 

on walls, on the roof, or on the road surface? 

10. What are the main risks for the environment and for human health and safety when using 

photocatalytic methods in tunnels? 

11. Are photocatalytic methods an effective or suitable option for treating emissions 

compared to other emission control methods? 

12. How cost-effective is the photocatalytic method? 

13. Would you recommend photocatalytic methods for treating emissions in the Harbour 

tunnel? 

14. Is there anything else that should be taken into account when planning this tunnel project? 



 

 

Appendix 3. Third interview questions. 

1. Minkälaisia käytännön kokemuksia sinulla on fotokatalyyttisten menetelmien 

hyödyntämisestä reaalimaailmassa? Miten olet tutkinut asiaa? 

2. Mitkä tekijät vaikuttavat eniten fotokatalyysin tehokkuuteen käytännön olosuhteissa esim. 

UV-valon määrä, lämpötila, ilmankosteus, ilmanvirtaus, reaktioaika yms. ja kuinka suuri 

vaikutus näillä on? 

3. Miten pinnan likaantuminen ja pölyyntyminen vaikuttavat suorituskykyyn? 

- Vaikuttaako talvella pinnalle muodostuva jää suorituskykyyn? 

4. Kuinka usein ja miten pintaa täytyy huoltaa, jotta pinta pysyy reaktiokykyisenä? 

5. Mitkä materiaalit ja/tai rakenteet ovat tehokkaimpia fotokatalyysissä esim. maali, betoni 

yms. ja miten sijoittelu vaikuttaa tehokkuuteen esim. asennettuna seinään, kattoon tai tien 

pintaan? 

- Kuinka suuri pinta-ala tarvitaan, jotta vaikutus näkyy? 

- Kuinka paksu pinnoitteen tulisi olla vai onko paksuudella käytännön merkitystä? 

6. Mitä haasteita fotokatalyyttisen pinnan asentamisella on? 

7. Minkälaisia haittavaikutuksia fotokatalyysi voi aiheuttaa esim. ympäristölle tai 

terveydelle ja turvallisuudelle? 

8. Kuinka suuri päästöjen vähennys voidaan saavuttaa fotokatalyysillä yleisesti ja 

tunnelissa? 

9. Suosittelisitko tämän tyyppistä ratkaisua päästöjen vähentämiseksi tunneliympäristöön? 

10. Tuleeko mieleesi jotain muuta, joka tulisi ottaa huomioon tunneliprojektia 

suunnitellessa? 

 

 

 

  



 

 

Appendix 4. Fourth interview questions. 

1. Minkälaisia käytännön kokemuksia sinulla on fotokatalyyttisen menetelmän 

hyödyntämisestä reaalimaailmassa? Miten olet tutkinut asiaa? 

2. Teillä on ollut aikaisemmin markkinoilla katalyyttinen maali. Miten tämä maali toimii ja 

mikä on sen käyttötarkoitus?  

3. Miksi maalin valmistus on lopetettu?  

4. Mitkä tekijät vaikuttavat eniten kyseisen maalin tehokkuuteen käytännön olosuhteissa 

esim. UV-valon tehokkuus, lämpötila, ilmankosteus, ilmanvirtaus, reaktioaika yms. ja 

kuinka suuri vaikutus näillä on? 

5. Miten maalipinnan likaantuminen ja pölyyntyminen vaikuttavat suorituskykyyn? 

- Vaikuttaako talvella pinnalle muodostuva jää suorituskykyyn? 

6. Kuinka usein ja miten maalipintaa täytyy huoltaa, jotta pinta pysyy reaktiokykyisenä? 

7. Mitä haasteita fotokatalyyttisen pinnan asentamisella on? 

8. Minkälaisia haittavaikutuksia fotokatalyysi voi aiheuttaa esim. ympäristölle tai 

terveydelle ja turvallisuudelle? 

9. Kuinka suuri vaikutus fotokatalyysillä voidaan saavuttaa päästöjen vähentämisessä 

yleisesti ja tunnelissa? 

11. Voisiko kyseistä maalia käyttää Helsingin Sataman satamatunnelissa tai suosittelisitko 

tämän tyyppistä ratkaisua päästöjen vähentämiseksi tunneliympäristöön? 

- Jos et, niin millaista ratkaisua suosittelisit? 

12. Tuleeko mieleesi jotain muuta, joka tulisi ottaa huomioon tunneliprojektia 

suunnitellessa? 
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