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Executive Summary 

Thermal storage systems can increase the range of battery electric vehicles in public transport by 

providing the heating power for cabin heating. In cold climatic regions in particular, the heating demand 

accounts for a large proportion of the vehicle's energy requirements. However, the thermal energy that 

has to be provided for heating could also reduce the risk of infection from aerosols in the vehicle 

through thermal inactivation. The performance of such a system depends on the boundary conditions of 

the vehicle and the environment. This study uses a Modelica simulation model to demonstrate the 

application, control, optimization and limitations of thermal inactivation of airborne pathogens for the 

passenger cabin of a people mover. 
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Energy Management, Modelling and Simulation 
 

 

 

1 Introduction 

The COVID-19 pandemic has shown the relevance of infection transmission by aerosols. Previous studies 
demonstrated, that the infection of several passengers by one index person is possible in public transport 
vehicles [1]. Reduction of the infection risk can be achieved by dilution of the aerosols with fresh air, by 
filtration through high efficiency filters or by inactivation of the infectious aerosols. However, increasing 
the fresh air supply increases the heating power demand significantly [2] while higher efficiency filters 
increase the pressure drop and thereby power demand of the HVAC system and require regular replacements 
[3]. For inactivation of aerosols generally UVC-light or plasma are used [4]. Another possible inactivation 
method is thermal inactivation, which was already investigated for the treatment of indoor air in buildings 
[5]. To achieve a thermal inactivation the recirculated air of the vehicle must be heated in the HVAC system 
to an appropriate inactivation temperature for an adequate exposure time. Compared to buildings, thermal 
inactivation could especially be suitable for public transport vehicles in flu season in winter, as they require 
high heating loads in comparison to their cabin volume due to big window areas and thin wall insulation. A 
previous study of Grübbel et. al. has already calculated a possible average infection risk reduction of up to 
23.8% from October to March for a people mover concept in the City of Edmonton in Canada [6]. In this 
study, the sensitivity of infection risk reduction by thermal inactivation to the boundary conditions of the 
vehicle and environment, the inactivation characteristics of the microorganism, an optimization of the 
temperature control for thermal inactivation and a comparison to the risk reduction by fresh air exchange 
and HEPA-Filters are presented.  

2 Methods 

The performance of the thermal inactivation depends on the heating load and thereby the ambient 
temperature, as no additional energy should be used to achieve the infection risk reduction. Therefore, a 



2 EVS38 International Electric Vehicle Symposium and Exhibition  

thermal cabin model of a people mover, similar to the DLR U-Shift [7] is used to calculate the thermal 
inactivation with Modelica. The thermal cabin model considers all thermal loads of the vehicle, including 
occupants, ambient heat transfer, air supply and radiation as well as thermal masses as visualized in Figure 
1. The model was validated using the measured temperature data of Torregrosa-Jaime et. al. of an battery 
electric Iveco ALTRA Daily minibus [8]. For validation purposes two electric 2000W heaters were used to 
heat up the vehicle cabin until it reached 50°C, which was stationary in a garage. Afterwards the heaters 
were turned off and the vehicle cabin cooled down until it was close to ambient temperature. 

 
Figure 1 Simplified scheme of the cabin model 

The parameters of the vehicle cabin for the validation of the model with the experimental data of the Iveco 
ALTRA Daily are listed in Table 1. The other parameters were set according to the publication of 
Torregrosa-Jaime et. al. [8]  
 

Table 1 Cabin parameters of the Iveco ALTRA Daily for the validation of the thermal cabin model 

Parameter Value Unit 

V_Air 24.3 m3 

A_Walls 27.9 m2 

A_Roof 10.6 m2 

A_Floor 10.6 m2 

A_Seats 30 m2 

A_Glass 8.2 m2 

Then, the model was adapted with the following parameters to the cabin of a battery-electric people mover, 
similar to the DLR U-Shift cabin. The vehicle cabins are of similar size but the considered people mover 
has significantly larger window areas. The parameters are listed in Table 2. 

 
Table 2 Cabin parameters of the people mover cabin 

Parameter  Value Unit 

V_Air 20 m3 

A_Walls 20.6 m2 

A_Roof 11.8 m2 

A_Floor 11.8 m2 

A_Seats 25 m2 

A_Glass 24.1 m2 

𝑄ሶ
𝑆𝑜𝑙𝑎𝑟 

𝑄ሶ
𝑂𝑐𝑐  

𝑄ሶ
𝑅𝑎𝑑 

𝑚ሶ 𝑉𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 

𝑄ሶ
𝐶𝑜𝑛𝑣 
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After validation and adaption of the model the heating power 𝑃𝐻 can be calculated in dependence of the the 
operating conditions of the vehicle. 

In addition to the thermal storage, the system for the thermal inactivation of microorganisms in the ambient 
air of public transport vehicles consists of a fan, bypass and a thermal inactivation volume 𝑉𝑖 in which the 
necessary inactivation temperature can be set. The bypass is necessary to control the outlet temperature of 
the thermal storage which fluctuates during the operation. The exposure time of the air can be calculated 
with the following equation:  

  

 

(1) 

Where 𝑇𝑖 is the inactivation temperature, 𝑇𝐶 the cabin temperature, 𝑐𝑝 the specific heat capacity of air and 
𝜌 the density of air. The thermal inactivation can then be determined by the following first-order 
reaction equation: 

𝐶

𝐶0
= 𝑒−𝑘𝑡𝑒𝑥𝑝  

(2) 

Here 𝐶0 (TCID50/m3) is the initial concentration of the aerosolized pathogen while 𝐶 (TCID50/m3) is the 
concentration after the inactivation. The exposure time 𝑡𝑒𝑥𝑝 results out of the size of the inactivation volume 
in the HVAC system, the inactivation temperature and the current heating power demand. Due to the higher 
airflow the exposure time decreases with increasing heating power. The rate constant 𝑘 determines the 
temperature dependent speed of the inactivation and is given by an Arrhenius approach: 

ln(𝑘) = −
𝐸𝑎

𝑅𝑇
+ ln 𝐴 

(3) 

To model the rate constant 𝑘 various models by Yap et. al. [9] and Hessling et. al. [10] for different 
Coronaviridae are used. The hygienic air exchange rate for the vehicle is then calculated as follows: 

𝐻𝐴𝐸𝑅 =
𝐶0

𝐶

3600𝑃𝐻

(𝑇𝑖 − 𝑇𝐶)𝑐𝑝𝜌

1

𝑉𝐶
 (4) 

The relative infection risk reduction is calculated using the RiSiCo model [11], taking into account the 
air exchange rate, occupancy rate and cabin size in comparison to the bus operating without the HAER 
provided by thermal inactivation by the following equation: 

𝑅𝑅𝑖𝑛𝑓 =
𝑛ሶ̅𝐴𝑒𝑟𝑜𝑠𝑜𝑙

𝑛ሶ̅𝐴𝑒𝑟𝑜𝑠𝑜𝑙,𝑟𝑒𝑓

𝑉𝐶  𝐴𝐶𝐻

𝑉𝐶,𝑟𝑒𝑓 𝐻𝐴𝐸𝑅 + 𝑉𝐶  𝐴𝐶𝐻
 

𝑛

𝑛𝑟𝑒𝑓
 

𝜏

𝜏𝑟𝑒𝑓
   (5) 

Where 𝑛ሶ̅𝐴𝑒𝑟𝑜𝑠𝑜𝑙 is the aerosol exhalation rate, 𝐴𝐶𝐻 the air changes per hour, 𝑛 the number of passengers 
and 𝜏 the duration of the travel. As we assume that 𝑛ሶ̅𝐴𝑒𝑟𝑜𝑠𝑜𝑙 and 𝜏 stay constant the equation reduces to: 

𝑅𝑅𝑖𝑛𝑓 =
𝑉𝐶  𝐴𝐶𝐻

𝑉𝐶,𝑟𝑒𝑓  𝐻𝐴𝐸𝑅 + 𝑉𝐶  𝐴𝐶𝐻
  (6) 

The inactivation temperature 𝑇𝑖 in the inactivation volume is either set to fixed value, or controlled by a PI 
controller in Modelica to account for the varying heating power 𝑃𝐻. The PI controller is programmed so that 
99% of the initial pathogens are inactivated according to the model. This could increase the performance of 
the system compared to a fixed inactivation temperature. As fixed inactivation temperatures values between 
90°C and 150°C are investigated. The size of the inactivation volume was determined by a simulation study 
and defined in dependence of the maximum heating power of the HVAC system as follows: 

𝑡𝑒𝑥𝑝 =
𝑉𝑖(𝑇𝑖 − 𝑇𝐶)𝑐𝑝𝜌

𝑃𝐻
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𝑉𝑖 = 1.5
𝑐𝑚3

𝑊
𝑃𝐻,𝑚𝑎𝑥 

 

(7) 

To assess to potential effectivity of the system models for thermal inactivation from Yap and Hessling et. 
al. are evaluated for different locations. Furthermore, the sensitivity to changes in cabin temperature and air 
changes per hour (ACH) of the model are discussed and the energy consumption is compared to other 
possible methods of air quality improvement. 

3 Results 
 

Figure 2 shows the result of the thermal validation of the cabin model. The temperature curve of the 

simulation shows general agreement with the measured temperature from Torregrosa et al.. The 𝑅² value was 

calculated at 96.8% while the RSME is 1.26K. The biggest deviation appears with 3.5K at the end of the 

cooling down phase were the experimental data also shows some irregularities. 

 
Figure 2 Comparison between the experimental and simulated cabin temperature of the IVECO mini-bus 

 

In Figure 3 the daily averaged Hygienic Air Exchange Rate (HAER) is visualized for operating the People-

Mover in Göteborg and Stuttgart from beginning of October to the end of March. The thermal inactivation is 

modelled for SARS-CoV-2 according to Yap et. al. [9]. The daily HAER varies as it is directly dependent on 

the heating power required. Therefore, the highest HAER is achieved for days with the lowest ambient 

temperatures. This shows the strong dependence of the possible thermal inactivation on the ambient 

conditions. The seasonal average HAER in Göteborg is 9.0 and in Stuttgart 7.4 for a variable inactivation 

temperature controlled by an PI controller from October till the end of March. This results in an infection 

risk reduction of 18.4% and 15.6% respectively. This shows the influence of the location on thermal 

inactivation. Compared to a fixed inactivation temperature of 130°C the HAER was increased by 5.5% and 

8.1%. 
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Figure 3 Daily average HAER in Stuttgart and Göteborg 

To further discuss the impact of the inactivation temperature, 𝑇𝑖 is varied between 90°C and 150°C for 

operating the people mover in Göteborg using the model of Yap et. al. for SARS-CoV-2. As displayed in 

Figure 4 the seasonal HAER reaches its maximum with 8.9 at 120°C inactivation temperature. The PI 

controlled inactivation temperature offers a by 1% increased HAER of 9 as previously mentioned and offers 

the benefit of a constant and controlled inactivation efficiency. 

 

 
Figure 4 HAER for operating the people mover in Göteborg in dependence of the inactivation temperature; ACH=40 

In addition to the inactivation temperature, the HAER of thermal inactivation also depends on the air 

exchange with fresh air. An increased number of ACH increases the heating power required to keep the 

cabin at the defined comfort temperature of 20°C. However, as the general ACH is higher, this reduces the 

possible additional risk reduction due to thermal inactivation. Different sources for air exchange rates for 

buses can be found in the literature. The Association of German Transport Companies (VDV) requires a 

minimum air exchange rate of 15 m3/h per passenger [12]. In the people mover under consideration, which 

is designed for a number of 15 passengers, this results in a minimum air exchange rate of 11.25 per hour. 

The RAL German Institute for quality assurance requires a minimum air exchange rate of 15/h for 

comfortable coaches at an outside temperature of -20°C and a cabin temperature of 20°C [13]. Shinoara et. 

al. [14] measured the ACH for an IVECO bus operating in Japan at 8.5 1/h during summer in stop & go 

operation with regular door openings. However, the ACH of door openings is dependent on the temperature 

difference. A calculation of the air exchange through a door opening of 20s every 90s using an approximation 

                     

     

 

 

 

 

 

  

  

  

  

 
  
  
 
  
  
  
  
  
 
 
 
 
 
  
 
  
   
  
  
  
 
  
 
 
 

         

         

0

1

2

3

4

5

6

7

8

9

10

PI

controlled

90 100 110 120 130 140 150

S
ea

so
n
 a

v
er

ag
e 

H
A

E
R

 i
n
 1

/h

Inactivation Temperature Ti in °C



6 EVS38 International Electric Vehicle Symposium and Exhibition  

according to the DIN 2078 resulted in a maximum air exchange rate of 30 air changes per hour for a constant 

temperature difference of 20K between the indoor and outdoor environment for the considered people mover 

with one door. This overestimates the air exchange through door opening due to the assumption that it occurs 

instantaneously and the temperature difference stays constant. Nevertheless, an air exchange rate of 40 air 

changes per hour was considered as the upper limit. This is the sum of possible leakages, the minimum 

requirement for air exchange during operation and door openings as a worst-case scenario for the design of 

the heating capacity. This air exchange rate was also used to dimension the inactivation volume and 

determine the previous HAER. In order to determine the influence of the air exchange rate on thermal 

inactivation, this parameter is varied from 10 to 40 air changes per hour for the operation of the people mover 

in Gothenburg using the thermal inactivation model Yap et. al. for SARS-CoV-2 and an PI-controlled 

inactivation temperature. Furthermore, the possible infection risk reduction through the HAER is calculated 

and displayed in Figure 5. This clearly shows that the HAER also increases as the ACH rises. This is to be 

expected, as a larger fresh air supply also causes a higher heating output as soon as the outside temperature 

is below the cabin temperature. The higher heat output increases the air flow rate through the thermal 

inactivation system. However, the potential risk reduction due to thermal inactivation is greatest with the 

lowest fresh air supply, although the HAER is also lowest here. The reason for this is that the HAER 

increases the total air change in the vehicle proportionally more at low ACH. This is due to the fact that heat 

loss through air exchange with the environment only accounts for part of the heating output. The heat loss 

through heat conduction, convection and radiation remains unaffected by this. 

 
Figure 5 HAER and infection risk reduction in dependence on ACH; Ti: PI-controlled 

An advantage of thermal inactivation is that no additional power is required, only thermal energy already 

used to heat the cabin. The risk reduction through thermal inactivation when heating the cabin in winter is 

based on a reduction in potentially infectious aerosols. This can also be achieved by other technical measures 

such as additional air exchange with fresh air or the use of HEPA filters. However, additional air exchange 

increases the heat output required to heat the cabin. HEPA filters offer the advantage of not increasing the 

heating power demand, but require an increased fan drive power, as they cause a pressure drop in the 

ventilation system. Simulations were carried out to assess these effects. The additional air exchange was 

added to the ACH and the additional power requirement for cabin heating was calculated. Furthermore, the 

necessary additional fan drive power was calculated for the integration of a HEPA filter with a pressure loss 

of 500 Pa at an overall fan efficiency of 50% according to the recommendations by the International Energy 

Agency [15]. The results are shown in dependence of the previously discussed original ACH for operating 

the people mover in Göteborg in Figure 6. 
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Figure 6 Infection risk reduction by thermal inactivation and power demand for comparable infection risk reduction by fresh air 

exchange and HEPA-filter in dependence on original ACH; Ti: PI-controlled 

The power demand of the overall HVAC system for an equivalent risk reduction by fresh air exchange is 

increased by 14.4 to 16.5%, the relatively highest additional power requirement is caused at the lowest 

original ACH. Thermal inactivation can therefore significantly reduce the energy requirement of the HVAC 

system while maintaining the same risk of infection. In contrast the HEPA filter only increases the power 

demand by 0.8%. The fan power required to operate the HEPA filter is negligible in relation to the required 

heating power. 

 

The HAER and possible infection risk reduction are not only sensitive to the location and vehicle boundary 

conditions but also to the inactivation characteristics of the potential pathogen. In Figure 7 the seasonal 

average HAER and possible infection risk reduction for operating the People Mover in Stuttgart Vaihingen 

are shown for three different models for SARS-CoV-1, MERS-CoV and SARS-CoV-2 from Yap et. al. [9] 

and Hessling et. al. [10] respectively with the maximum ACH of 40: 

 
Figure 7 HAER and infection risk reduction calculated with models by Yap et. al. [9] and Hessling 

et. al. [10] for SARS-CoV-1 and SARS-CoV-2 in Stuttgart; ACH = 40; Ti : PI-controlled 

The resulting HAER and risk reduction differ due to the different models. Assuming that the response of the 

microorganisms to thermal shocks is comparable due to their similarity, the HAER is between 6.0-9.2 1/h 

with CI=95%. The resulting risk reduction with CI=95% is between 12.1% and 18.5%. 
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4 Discussion & Conclusion 
This study showed that infection risk reduction is possible by using the heating energy required for the cabin. 

By using thermal inactivation, approx. 13% of the energy required to heat the vehicle can be saved compared 

to increasing the air exchange rate with fresh air to achieve comparable infections risks. Compared to a 

HEPA Filter, the energy saving is significantly lower and <1%. However, thermal inactivation offers the 

advantage that the filters do not need to be replaced. The costs for regular filter replacement and maintenance 

should be considered in future studies. In contrast HEPA-filters offer constant air cleaning performance 

while the thermal inactivation system reacts sensitively to boundary conditions as location and temperature, 

inactivation characteristics of the pathogen and system parameters such as inactivation temperature. The 

suitability of such a system for different climatic regions must be demonstrated by further simulation studies. 

So far, the effectiveness has been demonstrated in regions with cold to temperate climates. Furthermore, the 

characteristics and modeling of the thermal inactivation of pathogens have a major influence on the 

applicability of thermal inactivation. It is advisable to obtain a more precise basis for modeling through 

further measurements, especially with short thermal exposure times, as models and experimental results 

currently available in the literature show deviations which could be based on different experimental setups. 
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