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Abstract
The technique of air sterilization by thermal effect was revisited in this work. The impact of incorporating a high efficiency 
heat recovery exchanger to a sterilizing cell was especially assessed. A mathematical model was developed to study the 
dynamics and the steady state of the sterilizer. Computer simulation and reported data of thermal inactivation of pathogens 
permitted obtaining results for a proof-of-concept. The simulation results confirmed that the incorporation of a heat recovery 
exchanger permits saving more than 90% of the energy needed to heat the air to the temperature necessary for steriliza-
tion, i.e., sterilization without heat recovery consumes 10–20 times the energy of the same sterilization device with heat 
recovery. Sanitization temperature is the main process variable for sanitization, a fact related to the activated nature of the 
thermal inactivation of viruses and bacteria. Heat recovery efficiency was a strong function of the heat transfer parameters 
but also rather insensitive to the cell temperature. The heat transfer area determined the maximum capacity of the sterilizer 
(maximum air flowrate) given the restrictions of minimum sanitization efficiency and maximum power consumption. The 
proposed thermal sterilization device has important advantages of robustness and simplicity over other commercial steriliza-
tion devices, needing practically no maintenance and eliminating a big variety of microorganisms to any desired degree. For 
most pathogens, the inactivation can be total. This result is not affected by the uncertainties in thermal inactivation data, due 
to the Arrhenius-like dependence of inactivation. Temperature can be adjusted to achieve any removal degree.
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Introduction

During 2019–2021, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), a new virus of the coronavirus 
family, spread throughout the world causing the so-called 
coronavirus disease (COVID-19) pandemic with a terrible 
death toll. During this time, there was a big discussion over 
the possibilities of contagion through the air. It was evi-
dent that the virus was transported in the drops and aerosols 
generated by sick people coughing or sneezing, and that it 
remained after some time on hard surfaces. Frequent hand 
sanitization, mask wearing and social distancing were the 
main measures against the spread of the virus. However, it 
was not initially clear whether droplet nuclei or the virus 
itself could remain suspended in the air for long periods of 
time. Some researchers then first reported that if small drops 
containing the SARS-CoV-2 virus particles reached the size 
of an aerosol (lower than 5 microns), they could remain sus-
pended in the air for 0.5–3 h (Kern and Krishnan 2006). 
Later, more evidence was gathered, and it was concluded that 
aerosols could represent an important transmission pathway 
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for SARS-CoV-2 because of many reasons (Shelton-Daven-
port et al 2020): (1) aerosols can contain infectious SARS-
CoV-2, be transported many meters from the emitter and 
remain suspended in air for hours; (2) asymptomatic indi-
viduals are a source of aerosols with main sizes < 10 µm 
and produce only a few droplets; (3) super-spreading events 
(events in which an infectious disease is spread much more 
than usual) can only be explained by aerosol transmission; 
(4) aerosols can lead to both close and long-range exposure 
if concentrated in a badly ventilated room.

Therefore, the possibility of contagion through air, even 
not in the proximity of a person with the virus, is possible. 
It would also be higher in hospital rooms or ambulances. 
For these and other places with a high possibility of finding 
a high virus concentration, decontamination of the room air 
should be mandatory. In the case of filtering, the best known 
technology is the use of HEPA (High Efficiency Particulate 
Arresting) filters that have a collection efficiency of 99.95% 
for particles with a size higher than > 0.3 microns. Microor-
ganisms may have quite different sizes depending on their 
origin. Generally speaking, fungal spores have 2–5 microns; 
bacteria, 0.3–10 microns; and viruses, 0.02–0.3 microns (3M 
2020; Levin and Angert 2015; Matthews 1975; Popov et al 
2019; Reponen et al 2001).Some reported sizes of microor-
ganisms are detailed in Table 1.

As it can be seen, HEPA filters can filter fungal spores 
and bacteria efficiently but may face problems filtering 
viruses. If the virus is contained in small droplets or aerosols 
not smaller than 0.3–0.5 microns, it will be suspended in air 
and eventually be retained in the filter. However, for smaller 
aerosol sizes, the filters could have a lower efficiency. It is 
in this case that methods based on virus deactivation could 
be a better choice. Almost all of them rely on first stages 
of suction of air and filtering of particles followed by a 
destructive treatment of the air stream. The treatment may 

involve ionization (Nunayon et al 2019), electric discharge 
(Pastuszka et al 2019), exposition to UV radiation (Kros-
ney et al 2014), plasma treatment (Gallagher et al 2004), 
ozonization (Dubuis et al 2020), heating (Fiorenzano 1989, 
Matias 1999), etc.

Thermal sterilization is a known robust and proven tech-
nique for the destruction of germs, both pathogenic and 
non-pathogenic. In its common form, it has high energy 
consumption, and for this reason its application for the sani-
tization of air is disfavored in comparison with other alterna-
tive techniques, particularly filtration. Continuous thermal 
sterilization of air is a simple concept that was first intro-
duced in 1950–1960, when the needs for supplying sterile air 
to biological reactors appeared (Humphrey 1960). Elsworth 
et al. (1955) reported that an air sterilizer operated at 300 °C 
and a minimum residence time of 1.6 s could reduce the pen-
etration of spores suspended in air to 1 in 470 million. The 
basic idea of thermal sterilization is to heat the air stream to 
a sufficiently high temperature (sterilization temperature), 
and to keep it at that temperature for some time (sterilization 
time) in order to effectively inactivate the microorganism. 
These devices were mainly aimed at removing spores, bacte-
ria and fungi and were later left aside in favor of other more 
energy efficient and less costly sterilization device. Small 
commercial devices can be found for the thermal elimina-
tion of suspended allergens and bacteria though their market 
penetration is small. Patents of such sterilization device are 
reported elsewhere (Fiorenzano 1989, Matias 1999).

The idea of thermal sterilization with a focus on virus 
inactivation is revisited in this work. In order to overcome 
the main problem of power consumption, an efficient heat 
integration between the inlet and outlet air streams is posed 
(see Fig. 1). Countercurrent heat transfer and a high sur-
face area are expected to reduce the energy consumption, 
Qb <  < Qa. Low values of energy consumed per unit of 

Table 1  Reported sizes of some biologically hazardous microorganisms

Microorganism Size (μm) Ref Microorganism Size (μm) Ref

Viruses Bacteria
SARS-CoV-2 0.07–0.09 (Kim et al 2020) Mycobacterium tuberculosis 1–5 (3M 2020)
Hepatitis B virus 0.042–0.047 (Feng et al 2020) Bacillus anthracis 1.0–1.5 (3M 2020)
Human adenovirus 5 0.07–0.09 (3M 2020) Clostridium Botulinum 0.9–1.2 (width)

4–6 (length)
(Boerema 

and Broda 
2004)

Alpha, Beta and Gamma influenza 
virus

0.08–0.012 (3M 2020) Fungal spores

Hepatitis A virus 0.028–0.030 (Kern and Krishnan 2006; 
Roberts et al 2010)

Batrachochytrium dendrobatidis 3–5 (width)
20 (length)

(Anon 2017)

Polio virus 0.03 (Kern and Krishnan 2006) Aspergillus sydowii 2.5–4 (Anon 2017)
Human immunodeficiency viruses 

(HIV)
 > 0.08 (Kern and Krishnan 2006)

Retroviridae 0.08–0.13 (Roberts et al 2010)
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processed volume could be obtained with an adequate design 
of the thermal sterilization cell and the heat exchanger 
economizer.

A dynamic model of the heat transfer and pathogen con-
centration as a function of time was built and solved in this 
work in order to extract the main features of the system. 
At this proof-of-concept stage, the idea of thermal steri-
lizer with efficient heat recovery was validated by simula-
tion only. A full validation for bio-hazardous environments 
would demand a specialized laboratory with high safety 
levels that is out of the scope of this work.

This is a joint study performed at Universidad Nacional 
del Litoral (Santa Fe, Argentina), Universidad Nacional de 
Jujuy (San Salvador de Jujuy, Argentina) and Universidad 
Nacional de la Patagonia Austral (Río Gallegos, Argentina), 
from December 2020 to May 2021.

Materials and methods

The sterilization device

Process description

All magnitudes in the text and formulae will be expressed 
in SI units. The basic scheme of the sterilization device is 
depicted in Fig. 1. The air is forced into the sterilizer by 
a blower. The air first enters the economizer, i.e., the heat 
exchanger for heat recovery, and is heated there until the 
sterilization temperature is practically reached. Then, the 
air is passed through the sterilization cell where the heat-
ing is completed to the target sterilization temperature, i.e., 
200–250 °C. Then, the air is maintained at that temperature 
in the sterilization cell for an adequate amount of time. The 
residence time can be adjusted to a few fractions of a second 
or some seconds, depending on the resistance of the targeted 

microorganisms. Some examples of deactivation of microor-
ganisms with different deactivation times will be given later 
in this work. The sterilization cell needs to be conveniently 
insulated to prevent thermal losses. Finally, the air goes out 
from the sterilization cell through the economizer where it 
exchanges heat with the inlet stream. The presence of a heat 
recovery economizer has been suggested in early proposed 
continuous sterilization processes for liquid streams (Pfeifer 
and Vojnovich 1952, Whitmarsh 1954).

The outlet temperature of the air is higher than the inlet 
temperature (room temperature). The magnitude of this 
temperature difference should be a function of the thermal 
efficiency of the economizer defined in Eq. (1).

Appropriate equations for heat transfer and rate of 
removal of microorganisms will be written in order to make 
a model of the air sanitizer. Equations will be solved, and 
the influence of the process variables (air velocity, cell tem-
perature) and sterilization device geometrical parameters 
(length-to-diameter ratio, surface area) will be assessed by 
means of simulation.

Sterilization as a chemical reaction and pathogens 
as reactants

Thermal sanitization is an activated process (Deindoerfer 
and Humphrey 1959). Deindoerfer (1957) early studied the 
sterilization of fermentation media and found that the reac-
tivity in sterilization of microorganisms followed a simple 
Arrhenius law:

(1)� = 1 −
Qb

Qa

(2)r = kC

Fig. 1  Air sterilization by heat treatment. a Without heat recovery. b With heat recovery. The heat source is an electric coil. ṁ is the mass flow-
rate of air, Cp is the specific heat capacity of air. Q is the heat consumption of the sterilizer
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where C is the microorganism density, r is the steriliza-
tion reaction rate, k is the rate constant, A is the pre-expo-
nential factor, Ea is the activation energy, R is the universal 
gas constant, and T is the absolute temperature.

Deindoerfer (1957) reported the value of the activa-
tion energy for the death of Bacillus stearothermophilus 
and compared it with data of Levine (1956) and Garrett 
(1956) for other microorganisms and complex molecules. 
Values of Ea in kJ  mol−1 were folic acid = 70.3, d-pan-
thothenyl alcohol = 87.9, cyanocobalamin = 96.6, thiamine 
hydrochloride = 108.8, Bacillus stearothermophilus strain 
1518 = 283.2, Clostridium sporogenes PA 3679 = 302.9, 
Clostridium botulinum = 343.5.

The different relative resistance of the microorganisms 
was long ago detected. Some microorganisms like thermo-
philes have optimal growth temperatures greater than 60 °C 
and can withstand common sterilization techniques, like 
exposure to steam at 120 °C for several minutes, whereas 
others are easily killed. Rahn (1945) found that bacterial 
spores were orders of magnitude more resistant to moist 
heat than viruses and bacteriophages. Sauerbrei and Wutzler 
(2009)found that dry heat inactivated different viruses at dif-
ferent rates: poliovirus type 1 > adenovirus type 5 > polyoma 
virus SV 40 > vaccinia virus >  > bovine parvovirus.

The fact that Eqs. (2) and (3) apply to thermal saniti-
zation methods has a big impact on the operation of the 
sterilization device because small increases in the steriliza-
tion temperature lead to big increases in the processing rate 
and hence the processing capacity. On the other side too, 
low sterilization temperature can lead to incomplete steri-
lization of resistant microorganisms even at long treatment 
times. Transmission of B19 virus by ineffectively sterilized 
coagulation factors (treated with dry heat) has been reported 

(3)k = Ae
−

Ea

RT

in the literature (Santagostino et al 1997; Schneider et al 
2004) despite of this treatment being broadly applied and 
being recommended for the inactivation of enveloped and 
non-enveloped viruses (Boschetti et al 2005).

For the choice of an adequate sterilization temperature 
and sterilization time, values of A and Ea in Eq. (3) should 
be known for the target microorganisms. Many of these val-
ues have been collected from the literature sources and writ-
ten in Table 2. With these values of the kinetic parameters, it 
is possible to integrate Eq. (2) to determine the time needed 
for a given percentage of inactivation of the microorganism 
at a given temperature. Most data on thermal resistance of 
microorganisms have been measured at temperatures lower 
than 150 °C. Therefore, any calculation at higher tempera-
tures involves an extrapolation. In this sense, the mecha-
nisms for thermal inactivation of microorganisms could be 
different in different temperature ranges, e.g., RNA denatu-
ralization of viruses occurs at relatively low temperatures, 
while chemical reactions of the protein envelope are sup-
posed to occur at higher temperatures.

An a priori screening of sterilization temperatures indi-
cated that temperatures should be higher than 100–120 °C 
in order to have high degrees of virus inactivation. A tem-
perature of 150 °C was adopted in most of the simulations.

Most of the previous data have been taken from experi-
ments with liquid suspensions of the viruses, and a few 
correspond to sterilization in hot dry air. The possibility of 
airborne presence of microorganisms is, however, not an 
assumption but a well-documented fact in the case of bacte-
ria (Smets et al 2016), viruses (Cox 1989) and fungal spores 
(Streifel et al 1989).

Some examples of the needed sterilization time for dif-
ferent microorganisms at the same temperature and with the 
same inactivation degree can be calculated with the data of 
Table 2 and Eqs. (2–3). At 90 °C, if 99.99% inactivation 

Table 2  Heat resistance of 
different microorganisms. 
Values of the pre-exponential 
and activation energy of the 
constant k of the first-order 
reaction of thermal inactivation. 
k in  min−1

Microorganism ln(A) Ea (kJ  mol−1) Refs

Lipopolysaccharides 24 96.7 Tsuji and Harrison (1978)
Clostridium tetani (NCTC 5411 and 5413) 23.9 151.8 Darmady et al (1961)
Hepatitis A virus 58.1 163.7 Bozkurt et al (2014)
RNA viruses (Hemorrhagic fever) 34.1 36.7 Madani et al (2014)
SARS-CoV-2 48.6 135.7 Yap et al (2020)
SARS-CoV-1 51.9 141.6 Yap et al (2020)
Gastroenteritis Virus-RH50 36.8 106 Yap et al (2020)
Clostridium Botulinum bacteria 105.2 307.9 Davey (1993)
Bacillus stearothermophilus spores 108.7 349.8 Wang et al (1964)
Bacillus stearothermophilus spores 104.5 339.8 Abraham et al (1990)
Bacillus ATCC 29,669 spores 44.4 167.7 Schubert and Beaudet (2011)
Escherichia Coli 89.9 247.6 Singh et al (2011)
Aspergillus Niger spores ––- 133–537 Fujikawa et al (2001)
Pichinde virus ––- 88.7–228 Allison et al (1985)
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is demanded, 104, 23 and 14 s are needed for the RH50 
transmissible gastroenteritis virus (a), Clostridium Botuli-
num bacteria (b) and SARS-Co-V2 virus (c). At 100 °C, the 
needed sterilization times are 40, 1.5 and 4.2 s, respectively. 
It can be seen that the order of needed sterilization time (ts) 
at 90 °C (ts,a > ts,b > ts,c) is altered at 100 °C (ts,a > ts,c > ts,b) 
because of the differences in activation energy.

One obvious result from the inspection of Tables 1 and 2 
is that spores of high thermal endurance have a much bigger 
size while viruses and bacteria of lower thermal resistance 
have a much smaller size. In this sense, thermal sanitization 
and filtration can be mutually complimentary. If a filter is 
placed before the thermal sanitizer, the microorganisms not 
retained in the filter can be inactivated at a relatively milder 
temperature.

As for the chemical reactions involved in thermal steri-
lization, they should be related to thermally activated reac-
tions of the microorganism constituents, i.e., proteins and 
lipids. For example, a virus is made up of a core of genetic 
material, DNA or RNA, surrounded by a protective coat 
called a capsid which is made up of different proteins. The 
capsid is sometimes surrounded by an additional coat with 
spikes called the envelope. Proteins are large biomolecules 
formed by long chains of amino acids. For example, the 
coronavirus of the COVID-19 pandemic has a core of RNA 
chain join to nucleoproteins and lipid bilayer envelope with 
spike glycoproteins and other small proteins which have 
76–109 amino acids (Schoeman and Fielding 2019).

Possible chemical changes could be: (1) Protein dena-
turation at temperatures higher than 60 °C, heat treatment 
producing the disruption of the hydrogen bonds of the non-
polar hydrophobic interactions and of the electrochemical 
interactions, all of them responsible for the 3D organization 
of the protein; protein shape thus being lost. (2) Loss of 
non-structural water by evaporation at temperatures higher 
than 90–100 °C. (3) Water and ammonia formation reactions 
from amino acids, mainly at 230–270 °C (Weiss et al 2018).

The economizer and the cell

The economizer is the heat recovery exchanger coupled to 
the sterilizing cell. The different reactions and temperature 
ranges pointed out in the previous paragraph suggest that 
some of the reactions might actually occur in the economizer 
rather than the sterilizing cell.

Apart from the hydraulic and heat transfer design, one 
basic problem is that of the choice of the material for con-
structing the economizer. Economizers are made with a 
variety of metals, but the most common are stainless steel, 
aluminum, copper, steel, brass. Air poses no corrosion prob-
lems. For efficient heat transfer, a good thermal conductor 
is appreciated and the values of this magnitude could be 
inspected (Abu-Eishah 2001) (conductivity in W  m−1  K−1 

in brackets): aluminum (240), copper (400), iron (55), sil-
ver (420), high Cr-Ni stainless steel (15), bronze (50–100). 
Copper and aluminum have the highest thermal conductiv-
ity, whereas steel and bronze have the lowest. Silver is too 
expensive to be considered for the application.

Good thermal conductivity is an advantage, but too highly 
conductive materials may prove a bad choice too. Axial con-
duction in the direction of the gas flow and along the metal 
walls can prove to be detrimental to the heat integration if 
high values of heat recovery are needed. In this sense, stain-
less steel walls of small thickness in the economizer could 
provide a sufficiently low heat resistance while minimizing 
the axial conduction effect.

Another effect of the metal is its catalytic action for some 
reactions with sanitizing effect. Most metals have negligible 
effects, but silver and copper have been found to have steri-
lizing properties. Particularly, copper reduces the half-life 
of viruses and bacteria deposited on its surface at least one 
order of magnitude with respect to other materials (Michels 
et al 2015; Warnes et al 2015). No such effect is, however, 
expected at the short residence time values (few seconds) 
involved in air sterilization.

On the basis of good mechanical resistance, weldability 
and low cost, stainless steel is chosen as material for both 
the heat exchanger and the sterilizing cell.

In this work, an unbaffled shell-and-tube heat exchanger 
is used as an example of economizer (see Fig. 2). This choice 
is based on simplicity for calculation for a proof-of-concept 
design. This kind of sterilization device could anyway have 
some advantages for maintenance since it can be easily dis-
assembled and cleaned to remove deposits of organic mate-
rial and dust. The sterilization cell is designed as one tube 
homogeneously heated by an electrical resistance.

The target space

The air sterilizer can be placed in many target spaces like 
hospital rooms, ambulances, etc. For hospital rooms, rec-
ommended ventilation rates for clearance of pathogens 
are ACH = 10–12  h−1 and minimum ventilation periods of 

Fig. 2  Example of implementation of the sterilization cell with heat 
recovery. Economizer is a shell-and-tube heat exchanger in this case
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20 min or higher (Public Health England 2020). ACH is the 
number of changes of the volume of the system per hour. 
Once the ACH and the volume of the target space are indi-
cated, the resulting air flowrate can be used for the design 
and optimization of the air sterilizer. An ACH of 1–10  h−1 
and a hospital room of 36  m3 were considered in the model, 
giving flowrates of 36–360  m3  h−1.

The mathematical model

In the proposed mathematical model, the cold air stream 
coming from the room is supposed to enter the economizer 
in the tubes side. The properties of this stream are denoted 
with the subscript “i”. The hot air stream leaving the steriliz-
ing cell is supposed to flow through the shell of the econo-
mizer, and their properties are denoted with the subscript 
“o”. The properties of the wall of a tube are denoted with 
the subscript “w”.

The model for the phenomena occurring in the counter-
current economizer is depicted in Eqs. (4)-(8). Equation (4) 
is the differential energy balance for the cold air in a tube. 
Equation (5) is the differential molar balance of the micro-
organism in a tube. Equation (6) is the differential energy 
balance for the wall of a tube. Equation (7) is the differential 
energy balance for the hot air stream (shell side), and Eq. (8) 
is the differential molar balance for the microorganisms in 
the shell side of the economizer.

T is the temperature, v is the air velocity, h is the heat 
transfer coefficient, P is the tube perimeter, A is the flow 
cross-sectional area, ρ is the air stream density, CP is the 
air specific heat capacity at constant pressure, C is the con-
centration of microorganisms and r is the sterilization rate.

The model for the sterilizing cell (or heater) is depicted 
in Eqs. (9–11). Variables for the heater are denoted with the 
“h” subscript.

(4)
�Ti

�t
= −vi

�Ti

�z
+

hiPi

Ai�iCPi

(Tw − Ti)

(5)
�Ci

�t
= −

�(viCi)

�z
− ri

(6)
�Tw

�t
=

1

Aw�wCPw

(
hoPo(To − Tw) − hiPi(Tw − Ti)

)

(7)
�To

�t
= vo

�To

�z
−

hoPo

Ao�oCPo

(To − Tw)

(8)
�Co

�t
=

�(voCo)

�z
− ro

Equations (9) and (10) are the differential energy balance 
in the wall and in the air stream, respectively. Equation (11) 
is the differential molar balance of the microorganism in 
the sterilizing cell. Q is the input power, and Lh is the heater 
length.

The initial conditions are depicted in Eqs. (12) and (13) 
in which ze and zh are the axial coordinates of the econo-
mizer and the heater, respectively, and Troom is the room 
temperature.

Boundary conditions must be written at the entrance, Eqs. 
(14) and (15), outlet, Eqs. (16) and (17), and at the points 
connecting the heater to the economizer, Eqs. (18)-(19). Teco 
and Ceco are the temperature and the microorganism concen-
tration of the stream leaving the economizer tubes. Croom is 
the microorganism concentration in the room air. Theater and 
Cheater are the temperature and the microorganism concentra-
tion of the stream leaving the heater. Le is the economizer 
length. Tout and Cout are the temperature and the microor-
ganism concentration of the sterilized air stream at the exit.

(9)
�Twh

�t
=

1

Awh�whCPwh

(
Q

Lh

− hhPh(Twh − Th)

)

(10)
�Th

�t
= −vh

�Th

�z
+

hhPh

Ah�hCPh

(Twh − Th)

(11)
�Ch

�t
= −

�(vhCh)

�z
− rh

(12)Ti = To = Th = Troom t = 0, ∀ze, ∀zh

(13)Ci = Co = Ch = 0 t = 0, ∀ze, ∀zh

(14)Ti = Troom ze = 0, t > 0

(15)Ci = Croom ze = 0, t > 0

(16)Ti = Th = Teco ze = Le, zh = 0, t > 0

(17)To = Th = Theater ze = Le, zh = Lh, t > 0

(18)Ci = Ch = Ceco ze = Le, zh = 0, t > 0

(19)Co = Ch = Cheater ze = Le, zh = Lh, t > 0

(20)Tout = To ze = 0, t > 0

(21)Cout = Co ze = 0, t > 0
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The input power Q should not be constant but rather sub-
jected to a control scheme. A simple proportional control 
scheme (Luyben 1990) is written in Eqs. (22)-(23). AcT is the 
proportional control action, AbT is the bias, kP is the propor-
tional gain, eT is the error, xT is the limited control signal, Tsp 
is the setpoint, and Qmax is the maximum power delivered by 
the heater.

The system of Eqs. (4)-(21) was numerically solved by dis-
cretizing the heat recovery exchanger into (N-1) intervals and 
the sterilizing cells also into (N-1) intervals. Partial derivatives 
were replaced by finite differences. In this way, the system was 
reduced to a system of first-order ODEs depicting the varia-
tion of the temperature and concentration of microorganisms 
in each node.

Pressure drop (ΔP) in the tubes, in the sterilizing cell and in 
the shell was calculated by using Eq. (26). The friction factors 
f were calculated with the correlations due to Bhatti and Shah 
(Kakaç et al 1988), Eq. (27). For the shell, the same equation 
was used but changing the normal diameter D by the hydraulic 
equivalent diameter. The value of the total pressure drop was 
used for calculating the power for moving the air through the 
sterilizer but not for correcting the pressure in the equations 
of the differential energy and mass balances. It was considered 
that if the pressure drop was not significant, a correction was 
not needed. Heat transfer coefficients for turbulent flow were 
obtained from the correlation of Sleicher and Rouse (Sleicher 
and Rouse 1975), Eqs. (28–30). For laminar Reynolds, a con-
stant Nu = 4.364 was considered.

(22)AcT = AbT + kPeT

(23)eT = Tsp − Theater

(24)xT =

⎧
⎪⎨⎪⎩

0 AcT ≤ 0

AcT 0 ≤ AcT < 1

1 AcT ≥ 1

(25)Q = xTQmax

(26)ΔP = f

�Lv
2

D

(27)f = a + bRe
−

1

m

(28)Nu = 5 + 0.012Re0.83(Pr+0.29)�

(29)� =

(
Tw

T

)
n

The tasks of simulation and equation solving were per-
formed in GNU Octave for Windows. With respect to the 
control of the accuracy of the method, discretization was 
increased until an error lower than 5% was found in the 
global thermal balance between the hot and cold streams 
of the economizer. Time integration of all dependent vari-
ables was performed with a relative tolerance of  10–6.

Influence of the axial conduction through the metal

In Eq. (6), a term including the transfer of heat by con-
duction along the metal walls was not written. Heat 
transfer degradation due to axial conduction of heat is, 
however, possible. In this sense, some authors (Baek 
et al 2012; Kroeger 1967) have obtained full solutions 
for countercurrent plate-fin heat exchangers and plot-
ted efficiency or inefficiency in terms of the λ parameter, 
Eq. (31), Cmin/Cmax and the NTU. Cmin and Cmax are the 
minimum and maximum heat capacity rates (in W  K−1) 
of the streams, and NTU is the number of transfer units, 
Eq. (32). For a countercurrent heat exchange between two 
streams of equal heat capacity rate, as in the air sterilizer, 
Cmin/Cmax = 1, and the flow is said to be “balanced”. For 
balanced flows, the authors predict that for NTU > 20 and 
λ < 0.02, the efficiency ε, Eq. (33) is greater than 95%.

At is the total area for heat transfer of the heat exchanger. 
U is the global heat transfer coefficient. kw and Aw are ther-
mal conductivity and total cross area of the metal walls.

Inspection of the definition of λ shows that too high 
thermal conductivity metals can bring problems to the effi-
ciency of the heat exchanger, and that high L/Aw steriliza-
tion device has an advantage. In this sense, the axial con-
duction can be reduced if L is increased and Aw decreased. 
For tubular heat exchangers, this implies a high L/D ratio.

The system was not modeled with axial conduction, 
and heat transfer efficiency was kept high by adopting 
exchanger configurations with λ lower than 0.02.

(30)n = − log10

(
Tw

T

)0.25

+ 0.3

(31)� =
kwAw

LCmin

(32)NTU =
UAt

(�FvCP)min

(33)� = 1 −
Tout − Troom

Tsp − Troom
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Results and discussion

The sterilizer is supposed to be placed in a small room 
with 36  m3 of air volume. In order to accurately calculate 
the air properties, they were interpolated from tabulated 
experimental values (Green and Perry 2008). Properties of 

the system are detailed in Table 3. A full solution of the 
system, Eqs. (2–25), using the finite differences method, 
is presented in the upcoming figures.

About 2 h are needed to reach the steady state. This is 
checked by inspection of the temperature traces of Fig. 3(a, 
b) and the power consumption plot of Fig. 3d. Figure 3c 
shows the steady-state temperature traces of the economizer. 

Table 3  Values of the process 
variables and design parameters 
of the sterilization device in the 
basic example

Economizer Process variables
Tubes length, Le (m) 8 Room temperature, Troom (°C) 25
Shell diameter (m) 0.06 Temperature set point, Tsp (°C) 200–300
Number of tubes 100 Max. heating power, Qmax (W) 300–9000
Tubes outer diameter (m) 0.0048 Air flowrate, Fv  (m3  h−1) 36–360
Tubes thickness (m) 0.0007 Sterilizing cell
Tubes material Steel Length, Lh (m) 2
Simulation Internal diameter (m) 0.034
z nodes, economizer 100 Wall thickness (mm) 1
z nodes, sterilizing cell 100 Material Steel
Simulation total time (h) 1–4

Fig. 3  Economizer temperature (T) as a function of position (z) and time (t). a T versus z, Tsp = 200 °C, Fv = 36  m3  h−1, Qmax = 300 W. b Idem, 
Qmax = 1 kW. c T versus z, steady-state. d Power as a function of t, Qmax = 1 kW
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These are perfectly linear. This is typical of economizers of 
autothermal reactors that have equal mass flow rates in both 
sides (Froment et al 2010). However, during the transient 
period, the traces have a parabolic-like pattern. Depending 
on the maximum power of the heater, the temperature of 
the cell can rapidly reach the setpoint like in (b). The heater 
setpoint is always reached before the economizer reaches 
the steady state.

Energy consumption is the summation of two compo-
nents. The first one is the net heating power consumed, i.e., 
power transmitted to the cold stream minus the power recov-
ered in the economizer. The second one is the energy con-
sumed by the blower that moves the air through the sterilizer.

During the warming-up of the device, the value of the 
power consumption is initially the maximum power avail-
able (Qmax). In the steady state, the consumption is 96 W, 
i.e., only 10% of the maximum value, Fig. 3d. The consumed 
power is proportional to the temperature difference between 
the inlet and outlet air streams. The temperature difference 
is 8.2 °C. This temperature corresponds to an efficiency of 
heat recovery in the economizer of ε = 95.3%. The efficiency 
is defined in Eq. (33). The pressure drop in the sterilizer is 
70 mbar and the pumping power, 70 W. The flow inside the 
sterilizer is laminar, Re about 2000, and the heat transfer 
coefficients are rather low, about 40 W  m−2  K−1.

With the chosen air sterilization rate for the example of 
Fig. 3, the air volume of a big room, like that of an inten-
sive care room, could be sterilized in 1 h. The sterilization 
effectiveness depends on the thermal death rate along the 
sterilizer. Figure 4 shows traces of the C/Croom ratio during 
the sterilization of some known viruses. SARS-CoV-2 and 
the other two checked viruses are practically dead at the 
entrance of the sterilizing cell, i.e., all virus entities have 
been killed when heating from room temperature to 200 °C. 
The death rate becomes significant at 5 m, corresponding 

to a tube temperature of 120 °C. The rate is, however, neg-
ligible for lengths lower than 4 m, when the temperature is 
lower than 100 °C.

The results of high degree of virus deactivation of Fig. 4 
are a consequence of the values of the pre-exponential fac-
tor and activation energy of the kinetic constant of thermal 
death of Table 2. Positive or negative deviations could pos-
sibly be found in a real experiment, but the global pattern is 
expected to be the same. If the real pathogen deactivation 
degree was found to be low, its value could be easily tuned 
by small changes in the cell temperature due to the very 
high sensitivity of the Arrhenius-like thermal death rate. In 
this sense, real-life experiments to refine the model could be 
spared due to the robust adaptability of the system.

Discretization of the z domain introduced a small error. 
To assess this error, an integral heat balance of the econo-
mizer was made at steady-state conditions. The result indi-
cated that the error was 6% for N (number of nodes) equal 
to 20, 4% for N = 40, 2% for N = 100 and 1% for N = 200. 
N = 200 was adopted for most calculations.

The heat recovery efficiency and the pressure drop were 
found to be strong functions of the air flow rate. If 3–6 room 
air replacements by hour were the target, then the flow rate 
must be increased 3–6 times with respect to the base case, 
and the pressure is especially sharply increased. Figure 5 
shows this.

Increasing the flow rate has advantages and disadvan-
tages. If heater cell and residence time are adequate for virus 
inactivation, as in this case, the only limitations for increas-
ing the air sterilization capacity are the heating and pump-
ing power. Figure 5 shows that increasing the air velocity 
also increases the heat transfer coefficient, which is good 
for maintaining the efficiency for heat recovery in all cases 
(≈ 95%) despite the higher flow rate. However, both heating 

Fig. 4  Thermal death of viruses. Relative concentration in air as a 
function of the length along the sterilizer. SARS-CoV-1 virus (v1), 
SARS-CoV-2 virus (v2), Transmissible Gastroenteritis Virus-RH50 
(v3), Hemorrhagic fever virus (v4)

Fig. 5  Influence of flow rate on process properties (virus destruc-
tion > 99.9999%). (filled square) Pressure drop (mbar), (filled circle) 
Pumping power × 0.1 (W), (open triangle) Heating power (W), (filled 
triangle) Heat recovery efficiency ε (%), (diamond symbol) Heat 
transfer coefficient (W  m−2  K−1)
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power and pumping are also increased. As the flowrate is 
increased four times, the heating power is increased three 
times. The heating power consumption per unit flow rate (W 
per  m3  h−1) is therefore almost not affected. The pumping 
power is, however, greatly increased from 36 to 2300 W, 
and the pressure drop goes from 36 to 588 mbar. It is clear 
that the main limitation for the use of the sterilizer is the 
pressure drop at high flow rates. This consequence is una-
voidable because narrow channels appear naturally in high 
surface area geometries needed for efficient heat recovery. 
The maximum air sterilization rate with acceptable pressure 
drop seems to be about 100  m3  h−1. For this condition, the 
temperature of the sterilized air is 7.3 °C hotter than the 
room temperature.

The influence of the ratio of the heat transfer area to 
the area for air flow (β) is depicted in Fig. 6. High β ratios 
favor the heat recovery, lowering the consumption of ther-
mal power. However, the main problem is again the steep 
increase in the pumping power and pressure drop as the area 
for air flow is reduced. Values of the β ratio higher than 
10,000 seem prohibitive in terms of pumping power. On 
the other side, values lower than 5000 increase the heating 
power also too much and increase the sterilized air tempera-
ture more than 15 °C over the room temperature (low heat 
recovery). This is due to the low value of the heat transfer 
coefficients in the region of laminar flow at small β ratios.

Finally, the influence of the temperature of the heater 
should be assessed. A plot similar to that of Fig.  4 is 
included in Fig. 7. Now, the thermal death traces for SARS-
CoV-2 and Bacillus sp. ATCC 29,669, at three different tem-
peratures, are included. The indicated spores have one of the 
highest thermal resistance recorded in hot air (Schubert and 
Beaudet 2011).

The results indicate that the heater temperature must be 
increased to 300 °C to kill all spores, but 200 °C is enough 
for deactivating SARS-CoV-2. In the case of the spores, the 
length of the sterilizing cell could be increased to achieve a 
reduction of  106 in the C/Croom ratio. Increasing the tempera-
ture from 200 to 300 °C does not modify the heat recovery 
efficiency, which stays at the same value of 95.4%. The tem-
perature of the sterilized air is, however, increased due to the 
higher temperature difference between the cell and the room 
temperatures. At 300 °C, there is a 12 °C difference between 
the room air and the sterilized air.

The results so far shown indicate that the heat recovery 
efficiency depends only on the flow dynamics and the avail-
able surface area. For this reason, it is advantageous to keep 
a rather high cell temperature to increase the thermal death 
rate and hence the sterilizing capacity. A high thermal death 
rate reduces the needed residence time and then a given ster-
ilization efficiency can be got with a shorter cell and shorter 
economizer. The logic of better short-time high temperature 
than long-time low temperature seems clear.

Comparison with other sanitization devices

Many technologies have emerged in the last years that per-
form the sanitization of air. Among them, UV treatment and 
filtering are the most common. With respect to the latter, 
some kind of filtering is included in most applications but 
single filtering can be a stand-alone technique if HEPA fil-
ters are used.

• UV. Advantages: medium energy consumption; high effi-
ciency if coupled with HEPA filtration. Disadvantages: 
relatively high maintenance cost (lamp replacement); 
few reports on virus removal efficiency; low efficiency 
for removing spores. Examples: (a) fungi and bacteria 
with 2–110 CFU  m−3 in rooms, removal of 78% fungi 
and 62% bacteria (continuous flow UV sterilizer + fil-

Fig. 6  Influence of β = heat transfer area/flow area. Constant heat 
transfer area, other conditions as in Table 3, Fv = 108  m3   h−1. (filled 
square) Pressure drop (mbar). (filled circle) Pumping power × 0.1 
(W). (∆) Heating power (W). (filled triangle) Heat recovery effi-
ciency × 1000

Fig. 7  Influence of the sterilizing cell temperature. 200  °C (solid 
line), 270  °C (dash line), 300  °C (dotted line). Air flow rate of 36 
 m3  h−1. Rest of the data as in Table 3
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ter, air flowrate, 0.11  m3 s−1, 0.11 units  m−2) (Guimera 
et al 2018). (b) Removal of 90% Serratia (bacillus) and 
99.99% Aspergillus (fungus) (continuous flow UV steri-
lizer + filter, air flowrate 4.5  m3  s−1, 72 W lamps, 0.5 s 
exposure time, 413 m  s−1 air speed, 3744 h lamp life 
(Kowalski and Bahnfleth 2000). (c) 99.5 + % removal 
of Staphylococcus aureus, Staphylococcus epidermidis, 
Serratia marcescens, Bacillus subtilis, 67% removal of 
Aspergillus niger (continuous flow UV sterilizer + filter, 
0.5 s irradiation time, 254 nm UV lamps) (Nakamura 
1987).

• Ionization. Advantages: —. Disadvantages: Few reports 
on virus removal efficiency. Examples: 99 + % removal 
of Staphylococcus aureus with ionic breeze air purifier, 
6 h discontinuous operation (Ko and Burge 2007).

• Cold plasma. Advantages: —. Disadvantages: —. Exam-
ples: a) 20–70% removal of Escherichia coli, Pseu-
domonas alcaligenes, Staphylococcus epidermidis (cold 
plasma continuous sanitizer, 2–7 m   s−1 air velocity) 
(Lai et al 2016). b) room with 6000 CFU  m−3, 31–89% 
removal of Escherichia coli (plasma + ionic wind, 
4.5 m  s−1 air velocity) (Prehn et al 2020).

• Filtration. Advantages: Low energy consumption. High 
efficiency for bacteria and fungi. Disadvantages: Inef-
ficient filtration of viruses in small aerosols. Filters must 
be disposed as hazardous medical waste. Needs UV 
germicidal irradiation if growth of microorganisms on 
surfaces is to be stopped. Need of prefilters to avoid clog-
ging by dust and particulate. Laminar flow demands air 
velocities of 0.3–0.5 m  s−1 leading to big filter areas. 
Filter replacement can be frequent. Examples: (a) Aero-
solized suspensions of  104  mL−1 Staphylococcus aureus, 
 104  mL−1 Escherichia coli,  108  mL−1 T7 virus; 99 + % 
removal (commercial electronic air filter, aerosol size not 
given) (Malaithao et al 2009). (b)  105 CFU in air; 99.97% 
removal of MS2 Coli phagus virus (continuous air puri-
fier with HEPA filter, air velocity of 2 cm  s−1, aerosol 
size not given) (Wilkes et al 2000). c) 95 + % removal of 
virus with aerosol diameters of 0.25–1 μm; practically 
100% for diameters higher than 2.5 μm SARS-CoV-2 
aerosols are about 30–90% smaller than 0.25 microns 
depending on sampling place; continuous air purifiers 
with HEPA filter, 0.1–0.28 Watt  (m3  h−1)−1; filters rec-
ommended to be collected and disposed as hazardous 
medical waste; intensive care unit with virus emission of 
31–113 copies  m−3  h−1 (Chen et al 2019; Liu et al 2020).

• Heat. Advantages: high removal rates possible; robust, 
simple construction and operation; practically no main-
tenance needed except for cleaning; high air velocities 
possible. Disadvantages: high power consumption if 
no economizer is used; heat is dissipated into the room; 
important pressure drop in heat recovery exchanger. 
Example: removal of 99.9999 + % virus, 99.9999 + %, 

bacteria 99 + % fungi; tubular thermal sanitizer, 36–144 
 m3  h−1, 150–250 °C cell temperature (this work).

Filtration and thermal treatment seem to be the alterna-
tives with maximum efficiency for a wide set of pathogens 
in air. Main advantage for filtration is the low energy con-
sumption, while its main disadvantages are bacteria growth, 
probable incomplete removal of small viruses and frequent 
maintenance and replacement. For thermal sterilizers, the 
main advantage is robustness and small maintenance, while 
high pressure drop in the economizer at high air flow rates 
seems to be the main disadvantage.

On the practical application of thermal deactivation

The thermal sanitizer was designed to be used in hospital 
rooms. These are contaminated, closed places with likely 
hazardous concentrations of known pathogens. A hazardous 
concentration is one that leads to an intake dose higher than 
the minimum infective dose for a short time of residence in 
the room, e.g., 10 min. Intake should be calculated on the 
basis of a normal breathing frequency, i.e., 6 L  min−1. Patho-
gens detection and identification should be performed with 
standard techniques such as air sampling and retention on 
filters, plaques, liquid impingers, followed by replication and 
counting (measurement of concentration) and visual inspec-
tion or specific testing (identification) (Pan et al 2019).

Sterilization of air is a dynamic process depending on the 
presence of multiple sources and sinks. Sources are contami-
nated people, e.g., patients in the room that emit pathogens 
through breathing and coughing. Sinks are related to settling 
of pathogen particles on room surfaces, natural death, with-
drawal of air by ventilation, and sterilization itself (Hussein 
et al 2009; Riediker and Tsai 2020).

The air of the room is recycled through the sterilizer. This 
is a common feature with other flow-through systems, inde-
pendent of the deactivation technique (UV, filtering, ozone, 
etc.). In the steady-state of a given system, the pathogens 
emission rate is equal to the sterilizing rate. Therefore, the 
sterilizer must be designed with a flowrate, cell temperature 
and residence time that allows balancing the emission rate. 
A simulation of a given situation is considered to be out of 
the scope of this article, but the general idea and the funda-
mental equations have been laid clear.

Conclusion

This work revisited the idea of air sterilization by heat 
treatment. The original idea of single sterilizing cell was 
modified by introducing high efficiency heat recovery with 
a countercurrent economizer. Fundamental data related to 
the kinetics of thermal inactivation of microorganisms were 
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compiled from literature sources. The problem was mathe-
matically analyzed, and then, transient and steady-state solu-
tions for power consumption, temperature distribution and 
virus concentration were found by solving the corresponding 
equations numerically. The simulation results are considered 
a valid proof-of-concept. The main conclusions are:

• Big spores require rather high temperatures (> 270 °C) 
for thermal destruction, while smaller viruses and 
bacteria require lower temperatures for inactivation 
(< 200 °C).

• The fundamental variable for thermal inactivation of 
microorganisms is the temperature. High-temperature 
short-time treatments are more convenient than low-tem-
perature long-time ones, the latter leading to prohibitive 
big cell volumes.

• Despite the possible uncertainty in thermal death data, 
the Arrhenius dependence leads to an exponential growth 
of the death rate, enabling total removal by appropriate 
adjustments of the sanitizing temperature.

• The key solution for operating a thermal sterilizer with a 
relatively high temperature is the heat integration of the 
process streams. Efficient heat integration is achieved by 
high heat transfer areas and coefficients and a countercur-
rent flow pattern.

• An example of a shell-and-tube heat exchanger cou-
pled to a sterilization cell was simulated. A sterilization 
device with a volume of about 26 L and 9  m2 heat trans-
fer area sanitized air with a virus removal efficiency of 
99.9999 + % with the cell operated at 200 °C, a flow rate 
of 36  m3  h−1 and a heat recovery efficiency of 95%.

• Thermal sanitization of air proves to be robust and simple 
and with a relatively small heat signature if efficiencies of 
heat recovery are greater than 90%. Main problem is the 
relatively high pressure drop in the economizer at high 
flow rates.
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