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Abstract
This study presents our solution of an active nitric oxides  (NOx) control method for large traffic tunnels. A titanium dioxide 
 (TiO2) coated carrier material is assessed using lab-based photocatalysis experiments, leading to a coating with high 
photocatalytic activity (deposition speed of 1.4 cm/s for nitrogen monoxide, NO). The coating is tested on several carrier 
materials to maximize the interaction between the reactive surface and the pollution molecules in the air. Several reac-
tor prototype geometries and carrier materials are simulated and tested on a pilot plant scale. A coated PU-foam with 
3 cm thickness and porosity of five pores per inch proved to be the most effective carrier material, while a reactor design 
with vertically flowed stacks of the foam carrier is capable of optimally exploiting the potential of the photocatalytic 
coating for high volume flows. With data from on-site measurements of the atmospheric conditions and pollution in 
the highway tunnel ‘Rudower Höhe’ in Berlin, Germany, we could build a simulated tunnel setup of our reactors within 
the tunnel. An estimate based on these simulations assumes a reduction potential of 25% of the  NOx mass generated 
in the tunnel. In conclusion, actively vented  TiO2 surfaces are controversial yet could achieve high removal rates while 
simple to clean or exchange.
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• This study shows the persisting situation of very highly 
polluted air with on-site measurements in a road tunnel 
near Berlin (Germany).

• We investigate the solution approach to clean the tun-
nel air by oxidizing and fixating pollutants with photo-
catalysts before the air is released off the tunnel.

• We can show that about 25% of nitric oxides produced 
due to the traffic in the tunnel can be removed with a 
combination of active ventilation and photocatalytic 
depletion.
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1 Introduction

Nitrogen oxides remain a sociopolitical issue in Germany 
and Europe as their ambient concentrations continue to 
exceed the limit values for years [1–5]. Especially nitro-
gen dioxide  (NO2) is hazardous for human health. The 
effects of chronic burdens may reach from the state 
deterioration of asthma patients to lung dysfunction 
and cardiovascular effects, whereas the latter two were 
observed with insufficient significance [6, 7]. Addi-
tionally, nitrogen oxides can lead to the formation of 
tropospheric ozone [8, 9], which is highly toxic towards 
humans and the environment [10, 11].  NOx leaves the 
atmosphere via wet deposition, forming  HNO3 and thus 
contributing to soil acidification [12].

The sharp decrease of  NOx-related air pollution levels 
in the wake of COVID19-pandemic and its following traf-
fic decline [13–16] has clearly illustrated that limit value 
exceeding  NOx are caused by human activities and can 
be held in check. Different long-term solutions, such as 
electric drive systems or technology advancements in 
fuel combustion engines, promise to greatly alter on-
road fleet emission characteristics towards nitrogen- and 
carbon-poor profiles [17–19]. However, these projections 
observe time frames up to 30 years from now, making 
efficient short-term solutions seem desirable. Further-
more, immediate action seems necessary, given that at 
least 40 mil. people were exposed to  NOx concentrations 
above the annual limit between 2003 and 2012 in the EU 
alone (EU estimate: 8%—27% of inhabitants) [12].

Many studies have proven the ability of  TiO2 to cata-
lyze  NOx under the presence of UV-light since it was first 
described [20]. Serpone has reviewed those develop-
ments in extensive detail and summarized over 30 years 
of research on this topic in his work, which should be 
consulted for further reading [21]. Among other things, 
the author concluded that a key problem of present-
day applications is the lack of transferability from labo-
ratory experiments to field implementation, especially 
regarding surface passivation/blockage, reformation of 
 NOx on the catalytic surface, incident flow, irradiation 
spectra, resident times, and the carrier’s ratio of active 
surface and volume. The latest research focusing on  TiO2 
application as an additive for concrete or as a coating 
on carrier materials in various forms, such as  TiO2 nano-
tubes, shows potential to enhance durability and future 
projects will need to address these difficulties [22–25].

Upon activation by UV-light, an electron of  TiO2 is 
transferred to the conduction band, leaving a p-hole in 
the valence band (Eq. 1). This triggers a series of reac-
tions involving  NOx,  O2 and  H2O, which can be simplified 
as shown in Eqs. 2 and 3 [26]. Ultimately, the reaction 

forms adsorbed nitric acid or nitrate anions, which will 
adhere to the surface until washed off by water [26, 27].

These processes make  TiO2 a viable catalyst for out-
door application, where UV-irradiation is readily provided 
by the sun and large surfaces are available, especially in 
urban areas. Yet, field applications suffer insufficient dura-
bility and effectiveness, as said before. These problems 
can perhaps be addressed within a more technical field 
implementation, particularly at emission hotspots, since 
surface passivation by heavy pollution can completely 
shut off  NOx reduction, which was demonstrated at ‘Leo-
pold II’ tunnel in Brussels [28]. Such an implementation 
could actively aspirate air, guiding it over an artificially 
UV-irradiated material with a high surface-volume-ratio. 
In this way, undefined incident flows, irradiation spectra, 
resident times, and carrier surface-volume rations would 
be avoided [21], which could also lower diffusive and con-
vective transport resistances towards the  TiO2-faces. Fur-
thermore, those materials could be washed or exchanged 
periodically to counteract surface passivation and block-
age. On the other hand, active ventilation and irradiation 
consumes energy in operation, which perhaps results in 
more secondarily emitted  NOx than purified in the pro-
cess. Consequently, the scope of this work was to assess 
the best approach for a high  NOx reduction potential, con-
sidering both actively and passively vented  TiO2-coated 
surfaces for a specific hotspot.

As an example of an anthropogenic  NOx hotspot, the 
‘Rudower Höhe’ highway tunnel in Berlin has been chosen 
as the test side in this study. Week-average  NOx burdens 
were determined in the field and used as a basis for simu-
lations, aiming to find a best practice approach for on-site 
reduction applications. Additionally, the construction of a 
 TiO2-coated foam reactor supplied necessary data to esti-
mate an upper reduction limit by actively vented high-
surface materials.

Road-traffic tunnels are artificial spaces connected to the 
open atmosphere but underlie significantly altered condi-
tions. In the absence of UV radiation, photolytic reactions are 
halted, and polluted air cannot be exchanged with fresh air 
over the length of the tunnel. Thus, oxidants such as ozone 
exist in limited amounts and are consumed during the trav-
erse. Other pollutants (CO,  CO2,  NOx, particulate matter, and 
VOC) are constantly emitted by the passing vehicle fleet and 
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accumulate in the tunnel air. High pollution loads by tire 
and brake abrasion generate a layer of dust on all surfaces, 
which is generally challenging for all technical equipment 
but especially for analytical instruments as used in this pro-
ject [21, 28–30].

The tunnel air stream determines pollutant accumula-
tion, which depends on the tunnel model, traffic volume, 
and vehicle speed. It also poses a considerable safety 
risk. A review of the Australian NHMRC recommended 
additional ventilation for all tunnels longer than 300 m 
to meet these risks [30]. Tunnels over 600 m would need 
transverse/semi-transverse systems, which transport fresh 
air into the tunnel. Similar regulations are formalized in the 
German RABT guidelines, which allow active ventilation for 
highly frequented tunnels up to 600 m, or up to 1,200 m 
length after a risk assessment [31]. Facilities with a greater 
extent would require ingoing vent lines to provide fresh 
air. Therefore, the strongest pollutant accumulation (in 
Germany) could probably be found in tunnels the length 
of 1 km without such features.

Fleet emissions include numerous pollutants, such as 
CO,  CO2,  NOx, particulate matter, and VOC (like aldehydes, 
polycyclic hydrocarbons, and BTEX) [32]. Nitrogen oxides 
are mainly emitted as nitrogen monoxide, which can be 
converted to nitrogen dioxide under consumption of an 
oxidant (Eq. 4), whereas VOC can form peroxide radicals 
with OH radicals (Eqs. 7 and 9) and act as oxidant as well 
(Eqs. 8 and 10). Since neither an exchange with fresh air 
is possible nor an ozone formation reaction (Eqs. 5 and 6) 
can take place without UV-light, ozone, OH radicals, and 
peroxide radicals are rapidly depleted inside the tunnel. 
Therefore, CO,  CO2, NO and VOC concentrations rise over 
the tunnel length, while  NO2 levels increase slowly. This 
causes the  NO2/NO ratio decreases until NO concentra-
tions of more than 2 ppm are reached, above which the 
 NO2 formation from nitrogen monoxide and oxygen 
(Eq. 11) becomes relevant [8, 11, 29].

(4)NO + O3 → NO2 + O2

(5)NO2 + h� → NO + O

(6)O + O2 +M → O3 +M

(7)RH + OH + O2 → RO2 + H2O

(8)RO2 + NO → RO + NO2

(9)RO + O2 → R�CHO + HO2

(10)HO2 + NO → OH + NO2

In total and relative to the open atmosphere, high NO 
and VOC concentrations and a low  NO2/NO ratio can be 
expected at the tube exit, which, combined with sufficient 
UV-irradiation intensity, lead to tropospheric ozone forma-
tion [8, 30]. These attributes show why tunnels are most 
suitable for active air cleaning methods, as traffic emis-
sions are virtually integrated over the tunnel length and 
set free at a single point.

The publication consists of parts that build onto each 
other. On-site measurements reflect the condition in the 
tunnel and serve as a basis for simulation calculations. Lab-
oratory measurements at standard conditions were used 
to develop a photocatalytically active coating which was 
then used on different base materials in the reactors. CFD 
calculations were performed in parallel with pilot plant 
tests to find an optimal internal structure of the reactors. 
Finally, CFD simulations optimized the reactor placement 
in the tunnel tube to realize maximum pollutant removal.

2  Materials and methods

2.1  Study area ‘Rudower Höhe’

All experiments regarding zero measurements of a high-
way tunnel emission profile were conducted between 
2014 and 2015 at the ‘Rudower Höhe’ highway tunnel, 
which belongs to Bundesautobahn A113 and lies in the 
south-west of Berlin. The tunnel consists of 2 separated 
tubes with unidirectional traffic, which are approx. 1 km 
long, 15 m wide (see Fig. S1, Online Resource 1) and highly 
frequented with 20,000 to 50,000 vehicles per day, respec-
tively [32]. Both tubes are ventilated with jet fans [31].

Three individual measurement containers were set up 
in the westerns tube, placed at the entrance, the exit and 
halfway through the tube. Each one of them contained 
one API Teledyne Modell T200 (NO,  NO2 and  NOx moni-
toring) and one API Teledyne Modell T360  (CO2 monitor-
ing). The tube exit container also included an integrated 
weather station by Lufft, which determined temperature, 
humidity, wind speed and direction, and pressure. All 
instruments were mounted to the outer wall and sampled 
at 2.5 m height.

The  NOx and  CO2 measurement took place at minute 
intervals over multiple weeks at the end of 2015. Due 
to reoccurring instrument failures caused by heavy con-
tamination with tire abrasion or similar traffic-originated 
residues, continuous  NOx and  CO2 data could only be 
obtained in the 51. calendar week. Measurement data 
from other weeks as well as all PM measurements did not 
match standards of quality and are not presented in this 

(11)2NO + O2 → 2NO2
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work. Therefore, measured  NOx and  CO2 burdens have 
been interpreted as a possible rather than a typical emis-
sion profile of the tunnel. Temperature, humidity, and wind 
speed/direction measurements were carried out between 
November 2014 and February 2015.

Following the presented theory on  NOx inside highway 
tunnels, it was assumed that pollution levels inside the 
tunnel are to correlate with the volume of traffic. As sig-
nificant differences between workday and weekend traffic 
volumes have been expected, the minute-wise data were 
separately averaged for workdays and weekends.

2.2  Theoretical  NOx reduction potential

The application in this study works with the concept of a 
substrate for mechanical support combined with a coat-
ing containing the photocatalyst. Mechanical support was 
provided by a 5 ppi (pores per inch) polyurethane (PU) foam 
made by Eurofoam (Bulpren C 28,800 EC). Two approaches 
for coatings were examined, a cementitious and a disper-
sion one. While similarly high photocatalytic activity was 
found possible in both systems in this project, the disper-
sion coating had advantages regarding availability and 
processability. Therefore, only experiments with dispersion 
coatings are presented in the following.

To estimate the catalytic capability of  TiO2 coated 
permeable materials, a small polymethyl methacrylate 
(PMMA) reactor was built (see Fig. S2, Online Resource 1). 
The reactor holds a 5 ppi (pores per inch) specimen with a 
size of 0.1 m × 0.1 m × 0.03 m. The airflow was forced to 
penetrate the foam by the geometrics of the PMMA-reac-
tor. On the inlet and outlet side, the foam was irradiated 
with 10 ± 1 W/m2 365 ± 5 nm ultraviolet (UVA) light. The 
irradiation was produced by an array of ultraviolet light-
emitting diodes (UVED) of the type Nichia NSSU100C and 
determined inside the reactor at the level of the surface of 
the foam. Additionally, sensors for temperature, humidity, 
pressure, and UV-intensity were integrated on the inner 
side of the reactor cover to surveil the reaction parameters.

To estimate the long-term performance of the pho-
tocatalytic coating, a long-term measurement was con-
ducted over 32 days using a photocatalytically coated 
foam. Ambient air of the departments workshop was aspi-
rated through the PMMA reactor with 17 l/min, while in- 
and outgoing air were continuously sampled with Horiba 
APNA 360  NOx monitors. All data have been averaged over 
30 min intervals to ease analysis.

A follow-up analysis of the amount of nitrate, which 
forms during catalysis (Eqs. 1–3), has been used to verify 
the measurement. The foam was washed two times with 
100 ml deionized water. Both solutions were combined 
and twice quantified with a Metrohm 761 Compact Ion 
Chromatography device.

2.3  Influence of reaction surface geometry

To further assess the possible purification capability 
of photo-catalytical active surfaces at the study site 
‘Rudower Höhe’, CFD simulations were carried out for two 
 TiO2-coated material geometries. The two prototypes are 
orientated on a different approach in the field, respec-
tively. While prototype A constitutes the application of 
photo-catalytically active, perfusable nets near the tun-
nel walls, prototype B follows a fundamentally different 
design idea. It represents the installation of reactor cas-
settes at the side of the road. Those cassettes would need 
to actively aspirate air from the tunnel over as much foam 
surface as possible. Aside from these preliminary con-
siderations, both prototypes were simulated as reactor 
cassettes, as the most practical application (actively or 
passively vented) could only be discussed based on their 
efficiency, pressure drop, and tunnel airflow profile. Fur-
thermore, these prototypes were built in real scale. The 
experimentally determined nitric oxide depletion effi-
ciency was compared to the simulation results.

All simulations are created with Phoenics software 
[33] and aim to estimate various coefficients. First off, 
the non-diffusion-limited degradation rate (NDR) is ana-
lytically calculated under the assumption of neglectable 
transfer resistances on the fluid’s side. It is furthermore 
hypothesized, that the degradation inside the prototype 
would be proportional to the concentration. The follow-
ing dependency (Eqs. 12–14) between inlet and outlet 
concentration is derived from fundamental photocata-
lytic reaction kinetics [34].  STK is the active surface in  m2, 
 VTK is the prototype volume in  m3, V is volume flow in 
 m3/s and νd is the deposition velocity, which is assumed 
to be 1.4 cm/s for all simulations based on photocatalytic 
tests with the coating material according to ISO 22197–2. 
As a base for the chemical kinetics, the chemistry of a 
plug flow reactor is assumed to dominate the reactor 
prototypes. With rising volume flow, the error is esti-
mated to be increasingly negligible.

The NDR coefficient, hence the concentration differ-
ence between inlet and outlet referred to the inlet con-
centration, was calculated with Eq. 16.

(12)
cout

cin

= e−kTK ⋅treaction

(13)with ∶ kTK = �d ⋅
STK

VTK

(14)and ∶ treaction =
VTK

V̇TK



Vol.:(0123456789)

SN Applied Sciences           (2022) 4:153  | https://doi.org/10.1007/s42452-022-05035-7 Research Article

The arising ‘pollution removal mass flow’, expressed as 
the reduction rate times the volume flow times the inlet 
concentration (NDR · V ̇TK ·  cin), was used to assess the pro-
totypes’ degrees of efficiency. The value was divided by the 
maximal possible removal mass flow, expressed as photo-
catalytic surface times the deposition velocity times the 
inlet concentration, to receive a dimensionless coefficient 
� (Eq. 17).

The realistic degradation rate (RDR), which was the pro-
portion of NDR reached and the pressure drop, had been 
numerically estimated by the simulations. All presented 
coefficients were crucial to assessing the possible appli-
cation concepts arising from the prototypes. To achieve 
a high cleaning performance, RDR should be near 100%, 
while NDR and the degree of efficiency would need to 
be considered together. As the degree of efficiency is 
expressed in reference to the inlet concentration, it may 
become maximal when the volume flow is high, and the 
concentration drop over the reactor is low since, in this 
way, the concentration difference between the active sur-
faces and the free fluid stays steep over the whole reactor. 
Yet, high throughput rates would cause the  cin–cout term, 
and thus the NDR, to become minimal.

The pressure drop can express how much the puri-
fication efforts would slow the tunnel or the reactor air 
stream, which is a safety issue and affects the degree of 
efficiency, as already laid out. Furthermore, a prototype 
with a minimal pressure drop can perhaps remove large 
 NOx masses without active ventilation. This could lower 
cost and lighten the ecologic footprint of the application 
itself.

The simulation of prototype A (Figure S3, Online 
Resource 1) had been done at an early stage of this work 
and was initially computed with a volume flow of only 
30   m3h−1 in contrast to prototype B (Figure S4, Online 
Resource 1), which assumed 400  m3h−1. Thus, the results 
of this simulation may not be directly compared, although 
the NDR and RDR coefficients are closer related to the sur-
face-to-volume-ration, which is, within limits, independent 
from the inner surface. The reactor layout had a surface-
volume-ratio of 44  m2m−3 and was designed with 5 per-
fusable mesh grid tubes the length of 1.5 m and 0.15 m 
in diameter.

(15)NDR =

(

cin − cout

)

cin

= 1 −
cout

cin

(16)NDR = 1 − e
−𝜈d ⋅

STK

V̇TK

(17)𝜂 =
NDR ⋅ V̇TK ⋅ cin

STK ⋅ 𝜈d ⋅ cin

Prototype B sought to achieve a high surface-volume-
ratio, as this prototype was thought to represent the 
installation of actively vented reactors in the tunnel. Nev-
ertheless, to keep the pressure drop low,  TiO2-coated foam 
pads with a thickness of 30 mm and a pore density of 5 ppi 
were used, as tested in the laboratory PMMA reactor. This 
resulted in a surface-volume-ratio of 78  m2m−3. The pads 
were installed perpendicular to the flow direction so that 
polluted air was forced to penetrate the foam body.

2.4  Internal air flow and concentration profiles

In the last step, airflow and concentration profiles were 
simulated for the tunnel ‘Rudower Höhe’ under non-
stationary conditions. The simulation space is shown in 
Figure S5 of Online Resource 1. It was intended to visual-
ize the air movements and flow parameters, to estimate 
and compare the serviceability of passively and actively 
vented photocatalytic surfaces since passive ventilation 
would need to rely on a turbulent flow, which constantly 
and, more important, quickly exchanges purified air from 
the reaction surfaces with polluted air from the road. It 
furthermore remained in question if such an exchange can 
be induced with active ventilation.

The first simulation included 24 different vehicles on 
three lanes with 4 heavy-duty vehicles (HDV) and 20 light-
duty vehicles (LDV). HDVs on the right-hand lane were 
included with an assumed traveling speed of 80 km/h, LDV 
travel speed was 85 km/h on the middle lane and 90 km/h 
on the left-hand lane (everything in travel direction). The 
calculation aimed to estimate air flow and concentration 
profiles in the tunnel in the observed time window. The 
piston effect, as well as vortex formation and exhaust 
emissions, were observed separately for every vehicle, but 
their aerodynamic features were only examined regarding 
size rather than shape. Initially, the  NOx concentration and 
the air velocity inside the tunnel were set to zero, and no 
additional vehicles entered the simulation space at t > 0. 
Calculations were run over 30 s in 0.05 s steps. Emissions 
from the vehicles were set accordingly to the handbook 
of emission factors of road traffic by the German Environ-
ment Agency [35].

The second simulation was run under the same assump-
tions but included a row of prototype C reactors with an 
overall active surface 12,000  m2 at the tube’s exit. The 100 
reactors were assumed with three 1500  m3  h−1 ventilators, 
respectively, and placed on the road’s right- and left-hand 
side (50 reactors on each side). Here, only the airflow was 
simulated and expressed in several trajectories to assess 
the amount of turbulence that can be induced across the 
traffic lanes. In an ideal case, the reactor’s air intake should 
be sufficient to induce circulation over the whole road, 
homogenizing the concentration profile and ensuring a 
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high degree of efficiency by lowering transport resistances 
across the lanes and inside the reactors.

3  Results

3.1  Zero measurement

Data from the zero measurements at ‘Rudower Höhe’ 
is listed in Table 1. While workday  NOx pollution levels 
were consistently higher than average weekend burdens 
(approximated workday-weekend-ratio for NO: 1.4, for 
 NO2: 1.2, for  NOx: 1.3), the difference proved to be mar-
ginal in  CO2 measurements. However, both value groups 
showed a sharp concentration increase over the tun-
nel’s length, which confirms the expectations illustrated 
in Sect. 1. From the lane’s entrance to its exit,  NOx levels 
rose roughly by 580% on workdays and by 650% on the 
weekend, starting from already elevated levels of 36 ppb 
(68 µg/m3) and 23 ppb (43 µg/m3), respectively.  CO2 con-
centrations increased by 99% on workdays. Weekend  CO2 
data from the exit’s container were lost due to instrument 
failure, but a similar or slightly lower increase was assumed 
as the middle container showed elevated concentrations 
comparable to those on workdays. All in all, the air leaving 
the tunnel proved to be heavily burdened with both  NOx 
and  CO2 and exhibited a low  NO2/NO-ratio. These findings 
were in good accordance with the literature [11, 29, 36].

Wind measurement at the tunnel’s exit showed a very 
stable daily air stream profile, where wind speeds seemed 
to rise and fall with the traffic volume. Thus, velocities also 
variated between workdays and weekends, as is exem-
plarily shown in Figure S6 of Online Resource 1 between 
 19th (Monday) and  25th Jan 2015. Average wind speed on 
workdays was 4.8 m/s between November and February, 

ranging from 2 to 8 m/s, whereas air moved with 4 m/s on 
weekends, ranging from 2 to 5 m/s. Air movement was 
directed towards the tube exit at all times, with standard 
derivations (SD) of 5 m/s on workdays and 11 m/s on week-
ends. Average temperature and humidity were 6.4 °C (SD: 
3.8 °C) and 81.7% (SD: 9%).

The  NOx mass flow has been calculated from the aver-
age concentration at the tube exit, the wind speed, and 
the tunnel dimensions of 15 m· 5 m (see Figure S1, Online 
Resource 1). The mass flow was calculated separately for 
workdays and weekends, as the former two parameters 
seemed strongly dependent on this differentiation. The 
result should be viewed as a rough estimation, given that 
concentrations were only averaged over one week. As 
the  NOx consisted of 84% of NO (see Table 1), the NO con-
version factor of 1.25 from ppb to µg/m3 units was used 
for  NOx as well. Therefore, an estimated  NOx mass flow 
of 174 mg/s or 15.0 kg/d on workdays and 111 mg/s or 
9.6 kg/d on weekends was used for further calculations 
in this work.

3.2  Lab measurement

The PMMA reactor  NOx measurements are plotted in Fig. 1. 
During the test run, the temperature fluctuated between 
20 and 31 °C, while relative humidity ranged from 25 to 
40%. The workshop’s  NOx levels showed daily variations 
similar to typical roadside profiles with concentrations 
around 100 µg/m3 over the day and around 40 µg/m3 at 
night [37].

Under UV-irradiation, a high reduction potential with 
a deposition velocity of 2 cm/s for  NOx can be attrib-
uted to the  TiO2-coated foam material, estimated with 
90% degradation. At such a rate, it is to consider that 
nitrogen dioxide is rapidly depleted inside the sample, 

Table 1  Average concentrations from one week of minute-wise data

Concentrations of every pollutant rose over the tunnel length. All data is given in ppb units

Workday average

Entrance Middle Exit

NO 36 235 328
NO2 20 41 58
NOx 56 276 385
CO2 329 468 654

Weekend average

Entrance Middle Exit

NO 23 176 247
NO2 16 35 49
NOx 39 211 295
CO2 332 458 –
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leading to insubstantial amounts and, therefore, more 
inefficient reduction at the back end of the foam. This 
could be avoided using a higher flow rate, which would 
lead to higher  NOx concentrations in the outgoing air 
but increase the catalyzed  NOx mass per time frame. 
This follows the same reasoning as the link between 
NDR and the degree of efficiency, explained in Sect. 2. 
Since the material had shown no measurable flow resist-
ance (detection limit: 0.5 mbar), greater throughputs 
seem unproblematic.

IC Analysis was carried out for the time frame 
between 216 and 432 h and showed a recovery rate of 
99%. This underlines the plausibility of the presented 
method. It also indicated that the reformation of  NOx on 
the active surfaces does not occur in laboratory condi-
tions, hinting that this problem is somewhat connected 
to surface passivation or long-term aging [38].

In total, the chosen material seems most suitable for 
an application, given that strongly polluted air is pre-
sent at the tunnel’s exit and that even a reaction surface 
of only ~ 0.5  m2 was able to purify 17 l of air per minute. 
Yet, known problems such as surface passivation by 
dust and filth were not addressed in this experiment.

For the long-term experiment, changes in both flex-
ibility of the PU foam and the structural integrity of the 
 TiO2 coating were monitored. No worsening in perfor-
mance has been observed throughout the duration of 
the experiment.

3.3  Reactor geometry influence

The CFD simulations of different material-specific air flows 
depicted a strong influence of the reaction surface geom-
etry. For a general comparison, all concentrations were 
normalized to the input concentration.

As mentioned before, the simulation results of proto-
type A (Fig. 2) could not be readily compared to prototype 
B. This is further supported by the 10% degree of efficiency 
shown in Table 2, which illustrates that a volume flow 
of 30  m3/h was too low for the reactor’s photocatalytic 
capacities. Nevertheless, various findings caught the eye. 
On the one hand, RDR was estimated at 97%, so the cata-
lytic processes in prototype A did not seem to be diffusion 
limited. Yet, the concentration in the inlet stream contin-
ued to stay at  c0 until it abruptly fell below 50%  c0 around 
midway through the reactor, as shown in Fig. 2. This behav-
ior was interpreted as the dissolution of a plug flow that 
has formed inside the catalytically coated cylindrical mat. 
As the air in the anterior moves almost entirely inside the 
cylindrical mat, contact with the photocatalytic surface 
was unlikely, resulting in low degradation. The degrada-
tion was further dampened by a small flow of purified air 
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Fig. 1  PMMA reactor measurements for  NO2. A 6.5% decrease in 
the sensitivity of the input meter was observed over the duration 
of the long-term test. Since this experiment was not repeatable and 
the deviation caused an underestimation of the reaction capacities, 
it was nevertheless taken into consideration

Fig. 2  CFD simulation result for prototype A. Displayed here is a 
x–z-section of the simulation space shown in Figure S3 of Online 
Resource 1. All concentrations are given as percentages relative to 
the uptake concentration

Table 2  Analytically (NDR, degree of efficiency) and numerically 
(RDR, pressure drop) determined coefficients for all prototypes

Coefficients for prototype B were calculated under different 
assumptions and cannot be readily compared, as is indicated by 
brackets

Prototype A Prototype B

NDR (99%) 77%
RDR (as proportion of NDR) (97%) 98%
Degree of efficiency (10%) 52%
Pressure drop (-) 33 Pa
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from the outer areas of the prototype to the center, keep-
ing the high concentrations away from the photocatalytic 
reaction surfaces. Higher simulated and measured volume 
flows resulted in a longer growing plug flow ending in a 
flow through the whole prototype, completely dropping 
the RDR close to zero. Thus, one can assume that this reac-
tor geometry has the optimum of RDR around 30  m3/h, so 
that the degree of efficiency was not sufficient for further 
measurements. Increased volume flow would more likely 
lead to a sharp decrease of the NDR coefficient, while the 
expectable RDR decrease would prevent the ‘pollution 
removal mass flow’ to rise in the same way. Yet, higher 
degrees of efficiency may be reached with increased vol-
ume flows, provided that the turbulent air stream forms or 
is induced before the reactor’s exhaust.

Simulation results for prototype B are displayed in Fig. 3, 
which uses another concentration scale than Fig. 2, reach-
ing from 100%  c0 to 70%  c0 instead of 0  c0. This is not to 
be interpreted as reduced purification efficiency rather 
than as a result of flow homogenization due to the foam 
pads. Such a constant reverse of both flow and concen-
tration differences ensures a high realistic degradation 
rate (RDR = 98%) by utilizing the whole active surface 
and reducing transport resistances. Thus, the degree of 

efficiency of 52% is mainly determined by the decreased 
 c0 over the active surfaces. An efficiency near 100% may 
be reached with a sufficiently high-volume flow, as this 
would result in a pollutant concentration near  c0 in the 
whole reactor but consequently lower the NDR of 77%.

The porous foam was modeled by a Phoenics software 
module for perfusable material with the use of a pres-
sure loss coefficient of 8.7 derived from the manufactur-
ers data sheet. Surprisingly, the pressure drop remained 
low at 33 Pa despite the increased surface-volume ratio, 
undercutting all 7 simulated reactors, which were initially 
intended as examples for a passive ventilation approach.

In summary, prototype B showed the most desirable 
features for an application in the tunnel. As depicted in 
Table  2, it exhibits a low-pressure drop and the high-
est RDR. In comparison to prototype A, it reaches a sig-
nificantly higher surface-to-volume ratio, which could 
be increased further by filling the whole reactor with 
 TiO2-carrier material and using UVEDs instead of fluores-
cence tubes. Moreover, the flow homogenization effect 
of prototype B would allow increased throughput rates 
without a sharp decrease in the RDR coefficient, which can 
be expected for comparable rates in prototype A.

3.4  TUNNEL Concentration and airflow profiles

The Phoenics software displayed simulation results of 
the tunnel’s airflow profile as a graphics interchange for-
mat (GIF), which can be found in Online Resource 2. The 
simulation results were discussed based on the profile at 
t = 29 s with a horizontal section plane and 6 vertical sec-
tion planes, 50 m apart, respectively (see Figure S7, Online 
Resource 1). It showed that the induction of turbulence 
behind a single vehicle is low, as both LDVs in the simu-
lation space’s front are pulling a line of fast-moving air 
behind them, which stay separated from each other. Much 
more intense turbulence is induced by the following two 
vehicles behind the second vertical section plane, where 
air with higher velocities is pushed across multiple lanes by 
the oncoming traffic. In general, stronger vortex formation 
and thus lower cross-tube-axis velocity differences can be 
expected with increasing traffic volume. Wind speeds far 
from moving vehicles stay below 3 m/s, yet this is perhaps 
explained by the limited number of LDVs simulated and 
the short time window, as self-ventilation effects should 
induce velocities around 5 m/s [39, 40].

Similar behavior could be observed in the simulation of 
the tunnel’s concentration profile animation (see Online 
Resource 3). In the profile at t = 29 s (see Fig. 4), particu-
larly high pollutant concentrations were found in the right 
lane, which can be explained by the increased emissions 
of 1 mg/s NO assumed for HDVs. Those concentration 
peaks widen towards the tube exit and form wave-like 

Fig. 3  CFD simulation results for prototype B. Displayed here is 
a y–z-section of the simulation space shown in Fig. S4 of Online 
Resource 1. All concentrations are given as percentages relative to 
the uptake concentration
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fluctuations yet do not cross over the middle and left-hand 
lanes. It remained unclear whether higher traffic volumes 
and more vital vortex formation would level these cross-
tube-axis gradients, but for the examined case, the tube’s 
flow properties would not transport polluted air effectively 
towards reaction surfaces on the tunnel walls.

Figure 5 displays the results of the second CFD simu-
lation, which examined air flow trajectories under the 
influence of actively vented reactors. For clarity, only the 
trajectories for the right-hand side of the tube (left-hand 
side in travel direction) are shown here. Results of the 
left-hand side were comparable (see Figure S8, Online 
Resource 1). The trajectories imply a double vortex by 
active ventilation, where the vortexes have opposite 

rotation directions. Figure  4 has shown that airflow 
inside the tube is not turbulent enough to utilize pas-
sively vented reaction surfaces. Figure 5 showed that suf-
ficient mass transport is only achieved by active ventila-
tion. It is necessary to place reactors on both sides of the 
road as complete cross-sectional turbulence is unlikely 
to be achieved with ventilation on only one side.

In the last step, the on-side reduction potential was 
roughly assessed. Since active ventilation with 100 reac-
tors (50 on each side set to a volume flow of 450  m3/h) 
induce a volume flow of 4,500  m3/h or 1.25  m3/s (see 
Reactor B) seemed capable of transporting air toward 
the reaction surfaces, the estimation was built upon 
the ratio between the tunnel’s volume flow and the 
volume flow through the reactors. All calculations were 
done for workday conditions. 361  m3 (average airspeed 
of 4.8 m/s times a tunnel cross-section of 75  m2) of air 
left the tunnel every second, while up to 125  m3/s (100 
reactors times 4000  m3/h or 1.25m3/s) pass through the 
reactors. This equals a ratio of 0.346 and can be inter-
preted as 34.6% of the tunnel air or approximately every 
third parcel of air flowing over the active surfaces once. 
This is a vague assumption as different air parcels may 
pass through multiple reactors, which would cause the 
degree of efficiency to decrease, as others included in 
the 34.6% may not flow over  TiO2-surfaces at all. Nev-
ertheless, those processes could not be quantified here 
and were therefore not considered. The concentration 
decrease by one reactor passage was calculated using 
Eq. 18. A single reactor had a photocatalytic active sur-
face of 120  m2. Furthermore, the average daily concen-
tration of 482 µg/m3 (386 ppb) was used for  cin, again 
calculated for workdays only. Deposition velocity �d was 
assumed from the pure coating, tested according to ISO 
22197–2 with 1.4 cm/s.

It was further conjectured that the RDR of 98% of the 
prototype C reactors at 400  m3/h would not be reduced 
with the increase of volume flow to 4500  m3/h, and that 
its influence could thus be neglected. This conjecture is 
mainly of mechanical doubts, and as the foam structure 
is likely to catch dust from the air, it builds up most likely 
significant pressure drops over time and cumulates in a 
mechanical destruction of the photocatalytical mats. In 
an ideal environment, the RDR should rise with higher 
volume flows, as the catalyst at the outlet of the reac-
tor is supplied with higher concentrations resulting in 
higher chemical reaction rates. Ultimately, the effect of 
the pollutant removal efforts was calculated from the 
mixture of the reactor volume flow of 450,000  m3/h or 

(18)
cout = cin ⋅ e

−𝜈d ⋅
STK

V̇TK = 481.9 μg∕m3
⋅ e

−0.014m∕s×
120m2

1.25m3∕s = 125.7 μg∕m3

Fig. 4  Concentration profile simulation results at t = 29 s. Wave-like 
movement of the pollutants flow get more intense towards the 
tube exit. HDV emissions are considerably higher than LDV emis-
sions

Fig. 5  Air trajectories with reactors at the tube exits. Displayed is 
the view from the tube’s exit (against travel direction). The active 
ventilation forms a vortex in the airstream of the tunnel. Coloring 
indicates the trajectories track time
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120  m3/s for all 100 simulated reactors which is a frac-
tion of 34.6% cleaned air with a  NOx burden of 126 µg/
m3 of the overall tunnel flow of 360  m3/s (75  m2 tunnel 
cross section 4.8 m/s average wind speed in the tunnel). 
An air fraction of 65% leaves the tunnel untreated with 
concentrations of 482 µg/m3, resulting in a concentra-
tion of around 360 µg/m3 or a reduction of 25% (122 µg/
m3). Converted into a removal mass flow, considering the 
tunnel volume flow of 361  m3/s (tunnel cross-section of 
75  m2 and an average wind speed of 4.8 m/s), this equals 
a  NOx capture of 44 mg/s or 3.8 kg/day on workdays.

4  Discussion

The results illustrate that on-side reduction of nitrogen 
oxides at an emission hotspot seems capable to lighten 
the pollutant burdens of its surroundings. Since the 
described application in this work aspirated only a third of 
the air at the tube exit, even higher reduction potentials of 
25% seem readily achievable if it is possible to direct all the 
tunnel’s air over an active surface. Moreover, such applica-
tions may be implemented in other confined spaces with 
active  NOx sources.

The utilization of actively vented  TiO2-reactors must 
be discussed controversially. On one side, their operation 
would consume energy for both ventilation and UV-irradi-
ation. Depending on the energy mix used, this could lead 
to the formation of more  NOx than cleaned by the active 
surfaces. Such a relation resembles observations made 
in the projection of electric drive-system emission in the 
future, which will exhibit  CO2,  NOx and  SO2 saving effects 
only if driven with eco-friendly produced energy [18, 19]. 
Furthermore, although  TiO2 surfaces catalyse nitrogen 
oxides and form a sink for them, the energy used for UV 
irradiation and fans leads to the formation of additional 
 CO2, depending on the type of electricity production. Yet, 
the severity of this effect must be accessed quantitatively 
in further studies, and could perhaps be neglected, if ven-
tilation is operated with alternative energy, such as solar 
power. Independently of these considerations, such meas-
ures may become necessary to protect human health. In 
this regard, the method outlined is an end-of-pipe tech-
nology since it captures pollutants in a confined space 
directly before their release into the open atmosphere.

On the other hand, active ventilation bears several 
advantages. By lowering the transport resistances, high 
efficiency can be expected, as shown for prototype B in 
Table 2. Additionally, the formation of nitric acid [26] takes 
place in a confined space, and thus can be periodically 
washed from the active surfaces and transferred to waste-
water treatment facilities. In this way, specific soil acidifica-
tion and eutrophication potential can be retained because 

atmospheric  NOx forms  HNO3 as well [8]. Washing may also 
contribute to the durability of the  TiO2-coated materials 
since surface passivation is a significant problem in highly 
polluted spaces [21, 28], and sufficient wash-off by rain 
cannot be expected in a tunnel. Finally, the separation of 
the active surfaces from the open tunnel space allows the 
use of various carrier materials, such as foam structures. 
Those carriers do not only have high surface-to-volume-
ratios, which benefits were illustrated by the CFD simula-
tion of prototype C and Eq. 16, that shows the direct link 
between surface area and pollutant reduction. The mate-
rials in use can also be designed to retain a high degree 
of activity under periodic washing, whereas the catalytic 
activity of  TiO2 on concrete carrier materials decreases 
after repeated wetting [24]. If surface reactivation by wash-
ing proves inefficient, the foam structures could as well be 
easily exchanged periodically.

Some decisive factors for implementation have been 
identified. For once, minimization of diffusion barriers 
inside the reactor and the induction of out-side convec-
tion toward the reactors is essential for a sufficient pol-
lutant flow onto the active surfaces. Steep concentration 
gradients and large mass transports can be achieved by 
high flow velocities and thus strong ventilation. As the 
latter is mostly defining the methods of energy demand, 
it becomes a criterion of optimization. Upon a given  NOx 
burden, it may be more suitable to shut down several reac-
tors but increase the volume flow through the others, or 
vice versa, to operate the ventilators in their optimal per-
formance range. Ultimately, the placement of the reactors 
in the tunnel or the hotspot in question is determined for 
the resulting air stream, which determines the removal 
mass. Therefore, it is recommended to simulate the arising 
flow beforehand and optimize the location of the reactors.

Several issues have not been examined in this work. 
Future studies should investigate the influence of the 
carrier materials’ geometry, durability, and surface reac-
tivation capabilities more closely. A porosity of 5 ppi 
showed beneficial properties in both laboratory and 
simulation test, yet more pores per inch will lead to a 
drastically increased surface area but heighten the pres-
sure drop and thus the energy consumption and hinder 
an efficient irradiation. Furthermore, durable carriers and 
reactivatable surfaces may lower costs and the ecologi-
cal footprint of the method itself. The durability of PU 
foam was tested for 6 weeks here, whereas it remains 
in question if surface activation is possible. Two more 
points need to be addressed before the technology 
outlined can be used. It is crucial to assess the emis-
sions connected to its operation, especially regarding 
carrier production,  TiO2 coating, energy demand, and 
surface reactivation efforts. In this way, the expense of 
the method can be compared to its benefit. To identify 
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problems under real-world conditions and shortcomings 
of the observations presented here, a field test of the 
method is equally important.

5  Conclusion

We investigated the applicability of photocatalytic reac-
tors for air purification in large road tunnels with heavy 
traffic. Our measurements and simulations show that the 
method can neutralize significant amounts of pollutants. 
For efficient operation, it is necessary to design the reac-
tors internally in such a way that a maximum reaction 
surface is achieved and at the same time a high flowabil-
ity is given. Furthermore, the reactors must be mounted 
to match the tunnel geometry so that (a) a maximum 
concentration of pollutant gas hits the catalyst surfaces 
and (b) the complete tunnel air can reach the reactors 
before exiting the tunnel. The possibility of reducing 
the amount of pollutant gases that a tunnel emits into 
the atmosphere can be considered in the approval of 
new tunnel facilities to prevent limit values from being 
exceeded.

The photocatalytic coating used in this study was 
brittle and thus challenging in its handling. Ongoing 
research should focus on material development to com-
bine a strong photocatalytic effect with usual coating 
properties. Automated cleaning of the photocatalysts 
could not be considered in this study, but for the long-
term operation of the reactors, a washing device should 
be integrated. A future study investigating the influence 
of the internal foam structure could lead to an optimized 
balance between reaction surface, pressure drop and reac-
tion surface irradiation, to minimize the amount of energy 
required to operate the ventilation and irradiation in such 
reactors. The increasingly widespread use of very compact 
semiconductor emitters in the UV range can be exploited 
in future studies to significantly increase the reaction 
surface area per reactor volume, resulting in a significant 
increase in their efficiency.
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