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Max-Planck-Institut für Chemie in Mainz: 

www.mpic.de

• 4 departements, ca. 300 staff:
• Atmospheric Chemistry, Climate Geochemistry, Particle Chemistry, Multiphase Chemistry



Max-Planck-Institute für Chemie in Mainz: 

experimental studies in 2014 – 2017, airborne, marine, ground, lab

Susanne Benner 2018



Franky‘s playground



COVID 19: infection pathways and measures

Infection pathways: 

• direct droplet infection
• airborne by aerosols (focus on closed rooms)
• contact infection via contaminated surfaces

measures AHA-L-L: 

• keeping distance
• active hand and surface desinfection
• wearing (community) masks
• venting
• lock down („parametric“)

Red: key kompetences of the MPIC



How does the virus work? 

Timing data:

• RKI: Incubation time median 5-6 d 
• manifestation index ca. 55-85% 
• Drosten: serial intervall ca. 5.2 d, large variability
• Typical authority reporting and action delay 3 d
• Virion size: 100-150nm

Infektion Gesundheitsamt 
verhängt 
Quarantäne



How can we asses indoor infection risk? 

For estimation of indoor infection risk we need:

• Average RNA / virion Dose (D50) inhaled to have 50% infection risk: 

• Ask virologist (rough estimate: 100-1000 RNA copies / Virion)

• Ask epidemiologist (rough estimate: 100-1000 Virions / D50)

• Calculate back from superspreading events with known setting (highly speculative
because of unresolved contribution of direct droplet impact)

• Aerosol number size distribution exhaled by infectious individual depending on activity
(Morawska et al. 2009)

• Virus concentration (viral load) in respiratory fluids (e.g. Wölfel et al 2020, Jacot et al.2020, see
below)

• Room properties / air exchange rate / fresh air inflow / spatial / temporal pathogen distribution



COVID 19, viral loads, typical progressions, Wölfel et al. (Drosten)

• Hospitalised patients
• Viral load time dependency (RNA copies/ml, days after onset of symptoms)
• yellow: nose and throat samples, semi-quantitatively, brown: samples from mid respiratory tract

• roughly: samples with RNA conzentrations >= 6 log10 can be cultivated, saliva until day 5, sputum until
day 8 after onset of symptoms. 

• Viral load from saliva dominant during most infectious period, decays by ~1 order of magnitude / day



COVID 19, viral loads, Jacot et al. 2020, Lausanne

• Hospitalised patients in Switzerland (1.2.2020 – 27.4.2020), 22323 specimens, 4172 positive, only
first sample, nose and throat, viral loads 3-4 days after onset of symptoms.

• Distribution of viral loads with a maximum of 8 log10 3-4 days after onset of symptoms, 
extrapolate back by 2 days -> ~ 10 log10 !



COVID 19, viral loads, Jones et al. 2020, (Drosten)

• KG: kindergarden, GS: primary school, HS: high school, Uni: university
• „no significant differences in viral load“

• Sometimes they testet early enough to see 10 log10. Even on small children.



Bottleneck sizes, Popa et al. 2020 

• Very roughly 100-1000 virions required for infection
• Combination with RNA/virion ratio in respiratory liquids explains in vitro cultivation

threshold of (5 – 6) log RNA copies.



From viral load to infectivity, droplets vs. aerosols

right: RNA Konzentration in respiratory
liquids seen from infectees perspective
(linear y-axis)

Indoor aerosol infectivity is linear in 
RNA concentration and contact time.

Mutations: aerosol pathway
increasingly important !!!

left: Infectivity from Virologist‘s
point of view (RNA-logarithmic y-
axis), Drosten (Zeit, s.o.) 

Large droplet infectivity (couging, 
sneezing) might be logarithmic in 
RNA concentration (distance, setting
dependent).

RNA Concentration

Infectivity



How do (infectious) Aerosols work? 

• „number“ mean „dry“ diameter: ~ 1um (10-12 cm³)

• „volume“ mean „wet“ … „dry“ diameter: ~ 5um … 2um (10-10 cm³)

• sedimentation speed @2um, ~ diameter²: ~ 0.1mm/s

• measured typical surface deposition rate: ~ 0.5/h

• # particles exhaled by infectious individual (Morawska, Asadi):

breathing … speaking … singing: ~ 8 … 80 … 1000 #/s

~ 29k … 290k … 3.6M #/h

• av. max RNA concentration during highest infectivity: ~ 5 * 1010 /cm³

• av. max exhaled virions (RNA/virion ~ 100-1000): ~ 1.5k – 15k #/h

• min droplet diameter containing 1 virion: ~20um

• min droplet diameter containing infectious dose: ~100um

• Gemessene Lebensdauer Sars COV-2 (40-60% r.h.): ~ 1.7/h

• number of people to be infected with 1(!) 3mm droplet: ~30000



Aerosol transmission of COVID-19 and indoor infection risk

Lelieveld et al. 2020. (https://doi.org/10.3390/ijerph17218114)

• Online calculator
https://www.mpic.de/4747361/risk-calculator

Example result:

• Quasi-stationy condition assuming the infectious
person was in the room some time (>3.2 h) ahead
of the meeting

• 9.9% propability of infection of a specific person
(individual infection risk).

• 91% probability of infection of at least one person.

https://www.mdpi.com/1660-4601/17/21/8114/htm
https://www.mpic.de/4747361/risk-calculator


„Minor problem“: Yearly flu epidemics, RKI, Epid.Bull.3, 2015

• For comparison: risk to die from COVID 19 for 50+ people considerably higher than in 
fully developed flu epidemic. Season 2017/18 comparable to 2012/13.



„Minor problem“: CO2 in class rooms, Fraunhofer, UBA 2008

• …following recommendations of the Innenraumlufthygiene-Kommission des 
Umweltbundesamtes „with average class sizes several air exchanges per hour are
recommended (ca. 25-30 m³/h/p).“

https://www.umweltbundesamt.de/themen/gesundheit/kommissionen-arbeitsgruppen/kommission-innenraumlufthygiene


Indoor environment

Human emissions

breathing volume at rest (sitting, reading): ~7ml/kg

breathing volume student at rest (60kg): ~420 ml

additional ~20% (light activity): ~500ml

15 breathing cycles/min: ~7.5l/min = 450l/h

CO2 emission (4% vol): ~18l/h

steady state fresh air inflow for 1000ppm CO2 limit: ~18l/h / 0.0006 = 30m³/h

power loss dry (at rest + 20% light activity): ~100W

power loss latent / breath / aerosol: ~20W / 1.6W /  1e-5W

venting power loss 30m³/h*1kJ/(kg*K)/3600s/h*1.2kg/m³ : ~10W/K

steady state temperature difference venting/cooling air: ~100W/(10W/K) ~ 10K

H2O emission (13g vol breath + 27g transpiration): ~18l/h + 36l/h = 54l/h

steady state H2O partial pressure rise: ~1.8mbar

Oliver Thews, Karl Kunzelmann: Ventilation und Atemmechanik. In: Ralf Brandes, Florian Lang, Robert F. Schmidt (Hrsg.): Physiologie 
des Menschen. 32. Auflage. Springer-Verlag GmbH Deutschland, Berlin 2019, ISBN 978-3-662-56467-7, S. 331–333.

VDI 2078 Ausgabe Juli 1996 : Berechnung der Kühllast klimatisierter Räume (VDI-Kühllastregeln). 

https://de.wikipedia.org/wiki/Spezial:ISBN-Suche/9783662564677


Venting box model class room

Simple box model, well mixed, ODE 1.O.:

dci / dt = I/V - (dV / (V * dt) + d) * ci

concentrations- Immission air exchange rate decay rate concentration
change / time (amount/V/t) (AER)

Solution:

ci = Ii / (V * (AER+d))    *    (1 – e- (AER+d) * t)    +    ci,0 *   e- (AER+d) * t

Remarks:

• steady state concentration independent of room volume for d = 0. Small rooms need the
same volume flow, e.g. inverse proportional higher air exchange rate.

• Rise time proportional to room volume, relevant for discontinous venting strategies. 

• Decay rate d von Sars-COV-2 ~ 0.6/h (van Doremalen 2020))

• Outside concentration ca ~ 0 für Sars-Cov 2 und ~ 420ppm für CO2



1D class room heat flux model

average dT during heating period (Wiesbaden, 3000Kd/a (20°-12°) / 207d) : 15K

mean ventilation loss / air exchange (1kJ/(kg*K)*200m³/3600s/h*1.2kg/m³) : 67Wh/K 

transmission losses fassade (3W/(m²*K)*24m²) : 72W/K

transmission losses basement/roof (0.5W/(m²*K)*140m² / 3) : 24W/K

solar gain (November - Januar 15kWh/m²/M (west/north/east) = 0.5kWh/m²/6h * 15m² * 0.7 : 900W

wall energy buffer (floor+ceiling+wall(140m²+60m²)*0.15m = 30m³*570Wh/(K*m³) = 17kWh/K / 8h : 2000W/K

Heat transfer coefficient total h = hr + hc = 25W/m²*K (DIN EN ISO 6946)

Convective hc = 12 * sqrt(v) + 2 = 12 * 0.1² + 2 = 2.1 W/(m2*K), Wikipedia

Human 50W/2m²*10K ~ 2.5W/(m²*K), room 200m² * 2K * 2.2W/(m²*K) ~ 1kW

𝐻𝑒𝑖𝑧𝑠𝑐ℎ𝑢𝑙𝑡𝑎𝑔𝑒 = (217𝑑 – 40𝑑) ∗ 5/7 = 126𝑠𝑑

𝐻𝑒𝑖𝑧𝑠𝑐ℎ𝑢𝑙𝑔𝑟𝑎𝑑𝑡𝑎𝑔𝑒 = 126𝑠𝑑 ∗ 3300𝐾𝑑/217𝑑 = 1922𝑠𝐾𝑑

𝑄𝑣𝑒𝑛𝑡 = 1922𝑠𝐾𝑑 ∗ 7ℎ/𝑑 ∗ 25𝑚³/ℎ/𝑝 ∗ 0.34𝑊ℎ/𝐾 ∗ 1600𝑝
= 182𝑀𝑊ℎ

1999_HMUEJFGetIWU_Heizenergie-im-Hochbau-Leitfaden-energiebewusste-Gebäudeplanung

DIN 10456, volume related heat capacity concrete / carbonate stone 570Wh/(K*m³)



The benefits of full blown airconditioning –

1D (wall) class room heat flux model

Results:
• ventilation losses balanced by student heat

loads.

• transmission losses dominate heating costs.

• building insulation (thermal protection) saves
5 times more energy than air recirculation
technology with heat recovery. 



Comfortable room air: absolute humidity

ASR 3.6: r.h. 80% @ 20°C for „physiological reasons“, no reference given
DGUV: DGUV Information 215-510, basierend auf DIN EN ISO 15265.
FGK: Status Report 8, Fragen und Antworten zur Raumluftfeuchte
T/r.H. data Heidelberg: https://www.wetterkontor.de/de/klima/klima2.asp?land=de&stat=10734, Magnus formula.

https://www.wetterkontor.de/de/klima/klima2.asp?land=de&stat=10734


The benefit of full blown airconditioning –

respiratory airways vs. air conditioning

results:

• „best comfort“ air conditioning for
rest+20% light activity like in office or
school misses light activity like teaching
by a factor 2.

Air co humidification
contribution, Kat 1
r.h. 45% @ 22°C,

Air co humidification
contribution, Kat 2
r.h. 25% @ 22°C,



Discussion „best comfort“ r.h. 

• Humans can not generate favourable relative humidities (40..50% rel.) by exspiration and 
transpiration, but can help to reach comfort zone (30% r.H. DGUV).

• Sas-Cov 2 lifetime is assumed to be longer at humidities below 30%, but residence time  << 
lifetime in well vented rooms already.

• Dry mucous membranes are assumed to be more susceptible to virus infestation.



A venting „solutions“ comparison:

• Kähler / TROTEC TAC V+ HEPA air cleaner 1500 m³/h, AFR = 5.45/h

„…aerosol concentration in a 80 m² room can be reduced everywhere within a short time to a small value.“ 

(1500m³/h, 90% reduction within 24min read from plots). 
„Due to the high risk of a SARS-CoV-2 infection the air exchange rate should be in the range of 4 – 8.“

• Curtius / Air Cleaner 3-4 x Philips 2887, 22-29°C outside, 29 persons, ca. 1026m³/h, „air filtration rate 5.5/h”
“In times when classes were conducted with windows and door closed, the aerosol concentration was reduced 
by more than 90 % within less than 30 minutes when running the purifiers.”

• Seipp und Steffen, THM Mittelhessen; shock ventilation according to UBA/IRK, AER < 6.
„…, that pushing all windows open for 3 min at outside temperatures between 7-11 Grad Celsius reduced the
aerosol concentration by up to 99,8 Prozent. … window shock ventilation is 10 - 80-fold more effective than … 
mechanised air cleaning (same room as Curtius et al).“

• Kriegel / Wolf modelling study ventilation unit 800m³/h, 20°C outside, 24 persons, AER = 4.4/h
„it can be shown, that venting by tilt windows achieves only a small air exchange and that the effect of wide
open windows is more effective.“ (same as UBA)
„…the venting unit serves continously for a steady reneval of the indoor air and for a noticeable reduction of
areas with high particle concentration.“ 

• Air Circulation Technology in Schools; „Baustandards Heizung Lüftung Sanitär Neubauten Mainz“
20m³/h/p is äquivalent to AER ~ 3-4/h (200m³ room), before Corona.



Recommendations of UBA (Umweltbundesamt)

and the IRK (Innenraum-Lufthygiene Kommission am UBA)

Cited and translated from:
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-
cov-2_0.pdf , 12.8.2020
https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag, 
15.10.2020

IRK: „According to theoretical considerations 1 air exchange per hour leads to a reduction of the concentrations of
immitted substances by about 60%,…“

IRK: „Class rooms should be vented intensively with wide open windows in every (!) lesson break, during lessons
longer than 45 min also within the lesson.“ 

UBA: „For protection against infectious particles the air should be exchanged 3 times per hour, completely.“

UBA: „The larger the temperature differences, the more effective venting will be. With cold outside temperatures, 
3-5 minutes will be sufficient. On warm days, 10-20 minutes are needed.“

Todo: 

• Compare air exchange rates of shock / continous / mechanical ventilation procedures.

• Measure shock venting efficiency, practice vs. UBA recommendations. 

https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-cov-2_0.pdf
https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag


venting box model classroom, 1school day

• RNA concentration time series, 3 double lessons, 5min venting break in between, 15min venting break 
after, one extra 5min venting break after 20min of lesson, students leave the room during 15min break.

• Decay rate d of Sars-COV-2 ~ 0.6/h (van Doremalen 2020)), window front leakage 0.4/h, summing to 1/h.

• dose-equivalent continous vs. shock ventilation air exchange rates.



„our“ window front

• window front ca. 15m², 

• 3 ceiling tilt windows 180 x 50 cm

• 4 bottom tilt windows 180 x 50 cm

• 2 tilt windows 180 x 140 cm

• 1 turn window (emergency exit) 130 x 140 
cm

• free opening of tilt windows ca. 13cm

• front 24m², glass area ca. 15m²

• According to UBA:

Not well ventable!



Measurements shock ventilation 20/5min

• CO2 (red), room temperature (blue), simulations (black), different outside temperatures and 
wind influence, CO2 source flux ca. 360l/h (23p). 

Ta =  13°
Wind =  0-1 Bft
LWRS =  ~7/h
LWRE =  ~2.5/h

Ta =  9.2°
Wind =  2 Bft
LWRS =  ~14h
LWRE =  ~3.8/h

Ta =  2.5°
Wind =  0-1 Bft
LWRS =  ~11h
LWRE =  ~3.2/h

Ta =   2.0°
Wind =   2 Bft
LWRS =  ~15h
LWRE =  ~4.5/h



Measurements shock ventilation 20/5 min

Results:

• UBA / IRK recommendations (>3/h) met with 20/5 min shock ventilation below
10°C outside, despite all windows except for one are tilt ones. 

• Prolong venting times above 10°C (UBA: „warm days“), especially at low winds. 

• Tedious procedure: Operate 10 relatively large and heavy windows 4 times per 
single lesson.



Relative infection risk

Modelling relative infectious dose 
accumulated in a double lesson:

• Less efficient shock venting with
additional venting after 20min

• Efficient shock venting with
additional venting after 20min

• MPIC exhaust air system, ~70% 
direct aerosol removal (as measured

in smoker experiments, see below)

Leak rate 0.35/h, Sars-COV-2 decay 0.6/h

Thomas Klimach, Apr. 2021

Results

• MPIC System can reduce the infectios dose inhaled by 80% compared to less efficient shock venting, and 
by 70% compared to efficient shock venting, without additional venting during the lessons.



Recommendations of UBA (Umweltbundesamt)

and the IRK (Innenraum-Lufthygiene Kommission am UBA)

Cited and translated from: 
https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag, 
15.10.2020
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-
cov-2_0.pdf , 12.8.2020

UBA: „Tilt windows do not accomplish sufficient air exchange, even if the window is tilt for the whole day. In the
cold time of year this hygienically inefficient way of venting leads to unnecessary heat losses.“

ToDo: 

• Measure tilt window venting efficiency, practice vs. UBA perception. 

• Compare tilt vs shock ventilation hygienic efficiency.

• Compare tilt vs shock ventilation energetic efficiency.

• Compare tilt vs shock ventilation comfort.

https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-cov-2_0.pdf


Measurements tilt window ventilation

• CO2 (red), Temperature
(blue), simulations (black). 
different outside 
temperatures and wind 
influence.

• Shaded:      sample height 2.8m 
White:        sample height 0.6m

Ta =  6.8-10°
Wind =  0 Bft
3 BL + 3 TL
LWRE =  ~5-4/h

Ta =  12.5°
Wind =  0 Bft
4 BL + 4 TL
LWRE =  ~4/h



Compare shock vs. continous ventilation

Results:

• Mean room temperature: no significant difference between shock and continous ventilation. 

• Temperature transients: with shock ventilation, at the windows / table height below 10°C. 

• Comfort: continous venting air speeds 4-5 times lower for the same air exchange. Shock 
venting draft hazard significantly higher.

Ta =   2.0°
Wind =   2 Bft
LWRS =  ~15h
LWRE =  ~4.5/h



Measurements tilt window ventilation

Results cntd.:

• Throughput: UBA / IRK recommendations (>3/h) easily met by „parametric“ tilt
window ventilation below 15°C outside. Better than shock ventilation. 

• Energy efficiency: Equal mean room temperature and exchanged air volume given, 
shock venting can not be more energy efficient than continous venting. (Fitzner 
2012, Gertis&Hauser 1979)

• Venting efficiency (hygiene plus): Outside temperature data < 10°C show the
existence of pollutant gradients, giving significantly lower than average loads in 
aspiration height. Advantage continous ventilation,  not possible with shock
ventilation.



Recommendations the IRK (Innenraum-Lufthygiene Kommission am 

UBA) and RWTH Aachen

Cited and translated from: 
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-
cov-2_0.pdf , 12.8.2020
https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag, 
15.10.2020

D. Müller, K. Rewitz, D. Derwein, T. M. Burgholz, M. Schweiker, J. Bardey, P. Tappler, Abschätzung des 
Infektionsrisikos durch aerosolgebundene Viren in belüfteten Räumen, White Paper, RWTH-EBC 2020-005, 
Aachen, 2020, DOI: 10.18154/RWTH-2020-11340

IRK: In highly occupated rooms so called „CO2-Ampeln“ can serve as rough indication for good or bad ventilation. 
CO2 is a good indicator for air exchange, concentrations below 1000 ppm (0,1 Vol-%) show hygienically
sufficient air exchange under normal conditions [7,9]. Therefore, „CO2-Ampeln“ can be used as an instrument to
decide, when ventilation is necessary.

Müller:

„It is important to note that the CO2-concentration does not necessarily correlate with the concentration of
infectious aerosols, because all occupants exspire CO2, wheras only infected persons emit infectious aerosols.“

„The calculated absolute infection risk has to be considered relative to the probability, that there is an infected
person at all in the lesson of the reference scenario.“

ToDo:

• What does that mean for different venting strategies?

https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-cov-2_0.pdf
https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag


Venting Strategies

Example split classes:

Calculate relative individual infection risk for different venting strategies

If fast reduction of incidences were the ultimate goal,
why would one compromise efficient measures by

relaxing venting efforts
proportional to CO2 conc or local incidence?

UBA shock vent 3/h,

whole class

UBA shock vent 3/h,

half class

UBA vent on demand (CO2)

half class

1 0.25 0.5



Recommendations of UBA (Umweltbundesamt)

and the IRK (Innenraum-Lufthygiene Kommission am UBA)

Cited and translated from: 
https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag, 
15.10.2020
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-
cov-2_0.pdf , 12.8.2020

UBA: „It has to be noted, that good ventilation alone cannot prevent the transmission of SARS-CoV-2-Virus from
one person to another in general. This would require very high air exchange rates, which cannot be realised in 
practice. Therefore in rooms occupated by several people additional measures like face masks, distancing and 
appropriate scheduling are especially important“.

ToDo: 

• Find ways to reduce pollutant concentrations without raising nominal air
exchange rates.

https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-cov-2_0.pdf


Displacement ventilation in class rooms?

Aus: Raumklimatechnik: Band 2: Raumluft- und 
Raumkühltechnik, hrsg von Rietschel und Fitzner

right:
lateral mass transfer a factor of 5 lower
with displacement vs. mixing ventilation.



Compare variants vs Tdiff

Mixing ventilation
(z.B. Standard with ceiling outlet / intake)

Displacement ventilation

25 students: temp. diff. inside/outside of ~10K.

-> always on the cooling side

-> displacement ventilation should work. 

Quelllüftung und ihre Anwendungsbereiche, 
KLIMA/LÜFTUNG FACHJOURNAL 2002/03, 
Dr.-Ing. Franc Sodec



Measurement tilt ventilation, floor inlet

• Top windows 180 x 50 cm

• Bottom windows 180 x 50 cm

• Free opening of tilt windows ca. 11cm

• Foil cover of bottom window, guide fresh air
flow to the floor underneath the heaters.



Tilt window ventilation, floor inlet

Results:

• By tilt window venting with only 1 top / 1 (covered) bottom window, outside 
temperatures of 1-3°C, we easily achieve 4/h nominal in „our“ class room, well
above the UBA / IRK >3/h.

• Due to mass gradients of up to a factor of 5 top/bottom, pollutant reductions
comparable to mixing air exchange rates of 12-20/h are obtainable. 



Recommendations of UBA (Umweltbundesamt)

and the IRK (Innenraum-Lufthygiene Kommission am UBA)

Cited and translated from: 
https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag, 
15.10.2020
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-
cov-2_0.pdf , 12.8.2020

UBA: „In case windows cannot be opened, improving the venting situation should be considered. Besides
measures to make windows usable again, simple air intake and exhaust systems are feasible as to be realisable in 
short time. In case such interventions are impossible, the respective rooms are not appropriate for holding lessons.“

Question: 

• What kind of improvements can be achieved by simple air intake or exhaust systems in practice
under different technical and environmental situations?

https://www.umweltbundesamt.de/richtig-lueften-in-schulen#wie-funktioniert-richtiges-luften-im-schulalltag
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/irk_stellungnahme_lueften_sars-cov-2_0.pdf


Simple Window Ventilation System

• Decentralized

o Lowest requirements: wall socket, 2 tilt windows

o Lowest cost, possible refit in existing buildings, no fassade change

o Lowest operation cost, no or only cheap filters preferably

o Simple, individual and intuitive operation.

• Take advantage of simple physics

o align physical (buoyancy driven) and technical flow direction

o reduce convective mixing of intake and exhaust air.

o reduce pollutant concentrations by increasing venting efficiency

o distributed intake air and targeted exhaust air

highest possible venting efficiency with least possible air exchange rates

-> save energy, low noise, minimal sensible winds.



Buoyancy flows

from Rietschel und Fitzner:

Buoyancy strongly dependent on 
temperature gradient.

Due to high heat loads of 30-50W/m² temp
gradients can be more than 2K/m, except for
summer (perspiration cooling). 

Without heat loads we get 1.3K/m in „our“ class
room.

Use of floor air intake reinforces this effect
especially at low outside temperatures. At ~0°C we
get up to 3K/m (more layered than continous).

For the design we should take buoyancy flows of
~40m³/h/p in 2m height as rough estimate.



Buoyancy flows, 2d polar simulation

• Radial integral of buoancy flow of a person mockup, ceiling height dependency, 
2K/m, Thomas Klimach 2020. 

• Taking the buoancy flow of a person at moderate temperature gradients of some
70m³/h at hood height of 2m, direct removal of a major fraction of it and the
content pollutants are to be expected.



Windows and heating: a flow technical problem?

• right 2D: with „student-wall“, 
convection in the vicinity dominated
by person. Has to be confirmed.

• Left 2D: without student, heater and 
window generate a limited convection
cell, but drive some secondary
circulations by viscous effects. 

Thomas Klimach, MPIC



Fan throughput (in system)

• Post Ventilator 360mm OD Bomann VL 1136S CB 

• Professional 300mm OD EC axial fan EBM Papst W3G300-CK13-32 

power [W] 15 21 27 35 43 52

pressure [Pa] 12.2 15.7 19.8 24.3 28.4 33.4

air speed [m/s] 1.9 2.1 2.35 2.6 2.8 3.1

air flow [m³/h] 646 714 799 884 952 1054

power [W] 22 25 32

pressure [Pa] 3.8 5.3 7.8

air speed [m/s] 0.7 1.0 1.4

air flow [m³/h] 238 340 476



Test setup

Exhaust system, heated student dummies, aerosol source, sample inlets



Fan ventilation, hoods, floor inlet

Results:

• Floor inlet + overhead exhaust effect 6 / 4 (nominal) ~ 1.5

• Hood effect 450ppm / 130ppm ~ 3.5

• effective room ventilation rate 2600ppm/h / 130ppm ~ 20/h (!)



Aerosol measurements

• measurements from 15:40 with deenergized student mockups, reduced convection

Results:

• direct exhaust effect without hoods: 55%, with hoods: 97%

but:

• little wind, small lateral advection, semi-real lab experiment.



Smoker experiment

Background sampling

Fits:



Smoker experiment

Suction tube sampling

Result:
• With the assumption of comparable total emission ~70% direct effect, AEReff ~ 8/h, are

achieved.



Efficacy of single hood

Results :

• Free standing generator (almost no buoancy flow): factor 5 (80%) reduction.

• Accompanied by standing person: factor 100 (99%) reduction.

• Accompanied by sitting person: factor 5 (80%) reduction.

• Essential for hoods efficacy are heat source of a person, source latent heat, lateral flows, 
distance to the hood, flow rate. 



Efficacy of single hood



Efficacy of single hood vs hood flow

Results:

• steady state model:

chood = rimm / f0

croom = branching * chood

fits hood direct effect well from 10…30 l/s hood flow.

chood

rimm

croom

f0

fbv



Fan ventilation, hoods, floor inlet, 13 / 9 real people

Results:

• concentration gradients exhaust tube – ceiling up to factor 1.4

• hood effect 300ppm / 100ppm ~ 3

• nominal air ventilation rate ~ 3.5/h

• effective room ventilation rate at „nose height“ ca. 1000ppm/h / 100ppm ~ 10/h



Fan / no ventilation, hoods, floor inlet, 13 / 9 real people

Results:

• without fan concentration gradients hood height – ceiling up to factor 2

• with fan hood effect 450ppm / 150ppm ~ 3

• nominal air ventilation rate ~ 3.5/h

• effective room ventilation rate ca. 1000ppm/h / 140ppm ~ 7/h



Simulationen 3D COMSOL

• Concentration single aerosol emitter, 5°C outside  



Simulationen 3D COMSOL

• Velocity field z component, left: 5°C outside, heating on



Simulationen 3D COMSOL

• Single Emitter, concentration field horizontal cross section in breathing height (1.1m), 5°C outside



Simulationen 3D COMSOL

• Single Emitter, concentration field horizontal cross section in breathing height (1.1m), 12°C outside



Results on continous mechanical venting

Results:

• The MPIC Window Ventilation System achieves effective air exchange rates
for aerosol of 6/h …  20/h, less favourable …. favourable conditions. 

• The requirements of IRK / UBA for class rooms are fulfilled completely, the
system would even be useful for fitness centers (>5/h, IRK).

• In the low flow regime the overall system performance is nonlinear in the
hood flowrate. At medium temperatures hood flow can be turned up, 
increasing nominal air exchange rate and and hood efficiency as well.

ToDo:

• Aerosol measurements in real classes (postponed due to lock downs).
• Simulations to quantify the contributing effects to venting efficiency.



How about fresh air showers?

• „Laminar“ flow built from foil tubing and a shawl
• Fresh (outside) air temperature ~5°C and ~15°C
• Fresh air flow rate 20l/s
• Air velocity 0.25-0.3 m/s
• Start of aerosol generator at 16:00, filling background
• Shaded: background, white: nose height
• Background aerosol discrimination factor 70-300.



Commercial solution - Viessmann Vitovent 200 P

D. Müller et al. Empfehlung zum 

erforderlichen Luftwechsel in 

Schulen, Großraumbüros, 

Hörsälen und Turnhallen zur 

Reduzierung eines 

aerosolgebundenen 

Infektionsrisikos, White Paper, 

RWTH-EBC 2020-004, Aachen, 

2020, DOI: 10.18154/RWTH-

2020-10366

Combined venting / 
filtering air recirculation
system with „built in“ 
natural convection.

Reference scenario
according to Müller 
850m³/h.

Data validating
displacement effect not 
available on request.



Viessmann product information:
„The assessment of the actual venting demand during operation of Vitovent 200-P by mobile CO2

devices is only possible in a limited way. … Therefore CO2 Values to determine the venting demand
for infection protection have to be set higher compared to mobile CO2 equipment.“

Viessmann Vitovent 200 P  - fact check

Window ventilation (UBA 
2020) causes unpleasant
indoor atmosphere and dry 
mucuos membranes

Vitovent 200-P creates
pleasant indoor environment
due to heat- and humidity
regeneration

25 persons

„UBA“ cf. Viessmann Vitovent + shock vent UBA shock vent 3.5/h Cont. Vent. 4/h

2/h 2.8/h 3.5/h 6/h



Viessmann Vitovent 200 P  - fact check

claim reality match

UBA requires 6/h during open window UBA requires min average 3/h no

„40% displacement. vent. effect“ 25% cf. CO2 plot, not specific to 200-P 

system, compromised by heat recovery

not 

obvious

„…provides almost 100% cleaned air.“ 30% extra air for CO2 required no

„Venting is not enough“ Shock vent. < 8°C, cont. vent. > 8°C works no

„HEPA filter removes 99.99% of all virus“ HEPA filter reduces virus conc. by ~ 40% no

„very small heating energy loss due to heat

regeneration“

contraproductive most of the time – during

lessons almost no heating required.

yes, but 

useless

„feel-well-atmosphere due to humidity

regeneration“

sommer: contraproductive, spring, autumn: 

irrelevant, winter: little humidity there to

regenerate

no

„…inovative and effective system for

optimal air hygiene in class room…“

See above, additional shock vent required, 

too low fresh air capacity, „intelligent“ 

regulation increases infection risk

no

„suff.“: according to reference scenario



Summary and comparisons:

• shock ventilation: makes only sense at low outside temperatures, when
window slits cannot be fine adjusted.

• continous vent.: can have significant energetic and hygienic advantages with
well designed / optimized window front.

• displacement vent.: can make the difference with high heat loads up to factor 4.

• hoods: achieve factor 2 – 10 depending on flow rate and setting.

• tilt windows: effective in principle, but hard to control at low
temperatures or wind.

• CO2 devices: simple „Ampeln“ problematic, digital equipment useful in 
educated hands. 

• air cleaners/disinfectors: don‘t vent. In combi with shock ventilation small effects, 
factor 1.3 – 1.7.

• masks: community ca. factor 2-3, FFP2 ca. factor 5 (leak limited).

• heat regeneration: energy savings < 10%, hygiene issues, investment cost

• convectors: use radiators instead.



Projecting, mass production and assembly DIY

Challenges Projecting:

• budget: projected cost limit materials: ca. 10 Euros per student

• fire protection: minimal mass (<15 kg) of uncritical materials (PE, PP)

• regulations: no mods on fronts or windows

• statics: relaxed mounting issues due to low weight

Challenges Realisation:

• Criticism from authorities, associations, clubs (e.g. DGUV) and experts:

because of budget, fire protection, law, statics, LÜAR, VDI 6022, DIN EN 12599, …

• Tools: development of simple tools for fast efficient prototype assembly.

• Man power:  organisation of the integration of companies, parents, teachers and students
within project weeks or on week ends.



criticism (cf. www.ventilation-mainz.de)

• shock ventilation is sufficient.

• venting effect, aerosol removal not scientifically proven.

• negative flow effects, lateral flows, hoods don‘t work.

• energy waste.

• „DIY“ equipment (made by non-experts) with „DIY market materials“ cannot
make the required air exchange.

• no intake air or missing control of intake air.

• distribution of contaminated air through the open door.

• Ventilators too weak, wind dependence.

• Recirculation of contaminated air.

• Window connections not storm proof, not burglary proof.

• Not sustainable, low lifetime expectancy.

• Fire protection regulations violated.

• Work safety regulations violated, street noise, hallway noise.

• VDI 6022, DIN EN 12599 violated, no CE, condensation, hygieny issues…

• Missing environmental planning, e.g. toilets, canteens, wet cooling towers…



Another „comparison“…

world wide pandemic

lock downs

restriction of personal rights

health authorities and hospitals in 
overload

>80000 deaths in Germany (up to now)

hundreds of billions public debts

massive insolvency in service sector
educational distress

overly stressed parents

domestic violence

„concerns“ against
some foil tubing and 
a ventilator to speed
up window air flow.

any comparativeness here?
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At the very end…

…thanks for your attention!


