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Abstract
The COVID 19 pandemic has triggered concerns and assumptions globally about trans-
mission of the SARS-CoV-2 virus via cash transactions. This paper assesses the risk of
contracting COVID-19 through exposure to SARS-CoV-2 via cash acting as a fomite
in payment transactions. A quantitative microbial risk assessment was conducted for
a scenario assuming an infectious person at the onset of symptoms, when virion con-
centrations in coughed droplets are at their highest. This person then contaminates a
banknote by coughing on it and immediately hands it over to another person, who
might then be infected by transferring the virions with a finger from the contaminated
banknote to a facial mucous membrane. The scenario considered transfer efficiency of
virions on the banknote to fingertips when droplets were still wet and after having dried
up and subsequently being touched by finger printing or rubbing the object. Accounting
for the likelihood of the scenario to occur by considering (1) a local prevalence of 100
COVID-19 cases/100,000 persons, (2) a maximum of about one-fifth of infected per-
sons transmit high virus loads, and (3) the numbers of cash transactions/person/day, the
risk of contracting COVID-19 via person-to-person cash transactions was estimated to
be much lower than once per 39,000 days (107 years) for a single person. In the general
populace, there will be a maximum of 2.6 expected cases/100,000 persons/day. The risk
for a cashier at an average point of sale was estimated to be much less than once per
430 working days (21 months). The depicted scenario is a rare event, therefore, for a
single person, the risk of contracting COVID-19 via person-to-person cash transactions
is very low. At a point of sale, the risk to the cashier proportionally increases but it is
still low.
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1 INTRODUCTION

The current SARS-CoV-2 inflicted COVID 19 pandemic has
triggered concerns globally based on general assumptions
about transmission of the virus via the exchange of banknotes
and coins (Auer et al., 2020; Central Banking, 2020a, 2020b;
Gardner, 2020; Roh, 2020). This was linked to general fears
that any frequently touched objects such as banknotes and
coins have long been suspected to serve as a transmission
vehicle (fomites) of various pathogenic bacteria, parasites,
fungi, and viruses and now including SARS-CoV-2 (Ange-
lakis et al., 2014; Galbadage et al., 2020; Pal & Bhadada,
2020). In the absence of evidence to the contrary, and

based on the relative importance of the four normal viral
transmission routes (direct transmission by droplets and
touch, indirect transmission via aerosols and fomites), a
diligent precautionary approach was adopted and promoted
by governments and public health authorities (CDC, 2019;
WHO, 2020). On top of that, some central banks also issued
statements that they were temporarily quarantining or disin-
fecting deposited banknotes before reissuing them, or even
incinerating them (Choi, 2020; Schroeder & Irrera, 2020;
Yeung, 2020). These types of statements undoubtedly had
an impact on the means of payments citizens decided to
use for their transactions. Indeed, survey data collected by
the European Central Bank in July 2020 among the general
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public showed that around 40% of the population of the euro
area was to a certain degree concerned about the risk of being
infected by handling cash. At the same time, it was seen
that one of the main reasons for respondents changing their
payment behavior was simply convenience, but it was also
partially due to the general concern of being infected via the
banknotes themselves, or via hand contact or close proximity
to a cashier. It probably was also because of various govern-
mental recommendations to pay online (ECB, 2020), which
subsequently led to an increase in the use of other means of
payment. Still, cash plays a very important role in society
worldwide. As stated by the ECB (2020), it is in fact indis-
pensable for a number of reasons, among which is the social
inclusion of a substantial number of citizens with limited
or no access to alternative forms of payment. It is therefore
in the interests of society to properly assess the risk due to
exposure to SARS-CoV-2 particles via cash as a fomite in
payment transactions, and not make uninformed decisions.

The US Centers for Disease Control and Prevention (CDC)
has recently published a “Science brief” on the possible trans-
mission of SARS-CoV-2 from surfaces (CDC, 2021). Here, it
is pointed out that the risk of fomite-mediated transmission is
dependent on the infection prevalence rate in the community,
the amount of virus that infected people expel, the deposition
of expelled virus particles onto surfaces (fomites), the inter-
action with environmental factors, the time between surface
contamination and a person touching the surface, the trans-
fer efficiency of virus particles from fomite surfaces to hands
and from hands to mucous membranes on the face (nose,
mouth, eyes) and, lastly, the dose of virus needed to cause
infection through the mucous membrane route. In this sci-
ence brief, it is concluded that the risk of fomite transmis-
sion of SARS-CoV-2 is considered low compared with direct
contact, droplet transmission, or airborne transmission, whilst
referring to Kampf et al. (2020) and Meyerowitz et al. (2021).
Also in this science brief, references to reports are given that
indicate that SARS-CoV-2 is transmitted between people by
touching surfaces that an ill person has recently coughed or
sneezed upon, and then immediately touching their mouth,
nose, or eyes (Harvey et al., 2020; Pitol & Julian, 2021;
Wilson et al., 2021). “Other factors that may have influ-
enced the risk assessment, such as frequency of contact with
fomites, were not discussed in the science brief.”

Recently, Todt et al. (2021) examined the stability of
SARS-COV-2 on different means of payment and developed
a touch transfer method to examine transfer efficiency from
contaminated surfaces to fingertips. The transfer efficiencies
as well as the persistence of the virus from Todt el al. (2021)
indicated that the transmission of SARS-CoV-2 via contam-
inated coins and banknotes requires high viral loads and a
timely order of specific events.

To understand this better, a quantitative microbial risk
assessment (QMRA) was conducted to quantify the risks
related to a scenario where an infectious person (provider)
contaminated a banknote by coughing on it, and then immedi-
ately handed it over to a second person (acceptor). The accep-
tor was then possibly infected by transferring SARS-CoV-2

F I G U R E 1 Schematic view of the contamination scenario

virions with their fingers from the contaminated banknote to
a facial mucous membrane. The transfer data of Todt et al.
(2021) was analyzed to pave the way to assess the risk of
SARS-CoV-2 transmission by banknotes and coins, between
two people. The risk assessment was focused on banknotes
and not on coins, because it can be assumed that coins gen-
erate a lower risk compared to banknotes simply due to their
much-reduced exposed surface areas.

2 METHODS

2.1 Scenario

The risk assessment comprised the following sequence of
events thus defining a scenario as schematically depicted in
Figure 1:

1. A highly infectious person holds a banknote to make
a payment and coughs upon it. The cough generates a
plume of respiratory droplets and droplet nuclei contain-
ing SARS-CoV-2 virions. Part of the plume contaminates
the banknote with virions.

2. The infectious person then passes the banknote to another
person (acceptor). Virions are transferred from the ban-
knote to the fingers of the acceptor via touching the freshly
contaminated banknote.

3. Virions are then transferred from the acceptor’s fingers to
their eyes, nose, or mouth by touching. This number of
transferred virions is considered to be the dose.

Note that the assessment did not cover the many other
likely permutations of the possible transfer route, that is, the
possible intermediary role of wallets, cash machines, pockets,
other precautionary measures such as face masks, hand clean-
ing, and the use of rubber gloves as these routes most proba-
bly would lead to a lower amount of virions transferred. Dur-
ing storage of cash in wallets, cash machines, and pockets,
virus numbers will decrease significantly (Todt et al., 2021).

The risk characterization entailed the dose response rela-
tionship, expressing the risk per event as described in the
exposure assessment, and a sensitivity analysis.

Because only short time frames were considered in this
sequence of events, and SARS-CoV-2 has been observed
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702 SCHIJVEN ET AL.

TA B L E 1 Parameter values

Unit Distribution Parameter values Mean 5% 95%

Log10c Log10(N/ml) Normal μ = 7.5, σ = 1.3 7.5 5.4 9.7

V μl Normal, 0-∞ μ = 8.4, σ = 7.0 10 1.4 20

X cm Triangular min = 20, max = 50, mode = 40 37 25 46

ϴ ◦ Triangular min = 20.5, max = 27.3, mode = 23.9 24 21 26

A cm2 Triangular min = 1, max = 4, mode = 2 2.3 1.4 3.5

fa – Equation 3 – 0.0025 0.0011 0.0050

k1,wet – Beta α = 1.5, β = 5.9 0.20 0.026 0.45

k1,dry,print – Beta α = 2.3, β = 1000 0.056 0.00071 0.19

k1,dry,rub – Beta α = 0.62, β = 11 0.0024 0.00051 0.0053

k2 – – 0.34

fv – – 1/80

R – – 1/18

to remain infectious in aerosols and on banknotes for hours
(Fears et al., 2020; Todt et al., 2021; van Doremalen et al.,
2020), decay over time was not modeled in this study. Due
to the drying of virus-containing droplets on a surface, virus
inactivation proceeds initially faster as shown by Todt et al.
(2021). But in a timeframe of seconds to a minute this does
not play a role in this assessment and has not been taken into
account. The lower transfer efficiencies under dry conditions
may be due to picking up virions less efficiently in combi-
nation with the numbers of virions that were already reduced
due to the drying.

This assessment concludes with an estimate of the likeli-
hood of the depicted scenario while putting the risk assess-
ment in perspective for the general risk per person per day, for
both person-to-person and points-of-sale cash transactions.

2.2 Risk assessment

2.2.1 Virus concentration

It was assumed that the viral concentration C [virus RNA
copies/ml] in droplets from a cough were the same as deter-
mined in throat and nasal swabs from infected persons. To
this end, viral concentration data collected during the pan-
demic before July 2020 as published by Schijven et al. (2021)
were used. Here, only the onset of symptoms when the con-
centrations are highest was considered. Table 1 lists the cor-
responding parameters.

2.2.2 Total volume of droplets in a cough

Data on numbers and size distributions of expiratory droplets
expelled during coughing were kindly provided by Chao et al.
(2009), who measured droplet size using the interferometric
Mie imaging. In that study, measurements were conducted
at 1 cm in front of the mouth. Therefore, evaporation of

the droplets (which would decrease their volume and, hence,
increase the concentration of virions in the droplets) was not
considered. Because of the 20–50 cm distance between the
mouth of the infectious person and his/her hand holding a
banknote, the whole spectrum of expelled droplets as found
by Chao et al. (2009) was considered. Chao et al. (2009) used
a factor of 18.94 to obtain a mean total droplet count of 2085.
Chao et al. (2009) kindly provided the original data from 10
healthy volunteers from which the variability in the measure-
ments could be included in the risk assessment as follows: For
each volunteer i, data were collected in 17 size bins of differ-
ent diameters ranging from 1 to 2000 μm, that were converted
to mean volumes Vi,j (ml) per size bin j:

Vi,j = 10−12𝜋

6

(
d3

i,j,min + d3
i,j,max

)
∕2 (1)

where d is the diameter (μm) and min and max designate min-
imum and maximum values per size bin, respectively.

The total volume of droplets from a cough per volunteer, Vi
(ml) was calculated by summing ni,j samples of Vi,j for each
Vi:

Vi =

17∑
j=1

Vi,jni,j (2)

Finally, a normal distribution that was truncated between zero
and infinity was fitted to the 10 Vi values.

2.2.3 Caught fraction of projected cough
plume

It was assumed that at the moment of coughing, the infectious
person held a banknote in their hand at a distance X from the
face, and only a fraction of the cough plume directed to the
banknote actually contaminated the banknote. Subsequently,
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RISK OF BANKNOTES AS A FOMITE OF SARS-COV-2 703

the exposed person accepted the banknote and touched part
of its surface area with their fingertips where transfer of viri-
ons from the banknote to the fingertips could take place. The
fraction of the projected cough plume on the banknote that is
touched by the fingertips and thereby caught by the exposed
person, fa, was calculated as:

fa =
A

𝜋
[
(X + 4) tan𝜃

]2
(3)

where A is the surface area (cm2) of the fingertips touching
the banknote, X is the distance (cm) between the mouth of the
infectious person and the banknote at the time of coughing.
Distance X was augmented by 4 cm to include the distance
from the throat (the origin of the plume) to the mouth open-
ing. ϴ is the opening angle of the cough plume (Bourouiba
et al., 2014). A, X, andϴwere all modeled as triangular distri-
butions. See Table 1 for the corresponding distribution param-
eter values.

2.2.4 Transfer efficiencies from banknote to
hand

The transfer efficiency data of infectious SARS-CoV-2 viri-
ons from surfaces of banknotes and coins to artificial skin
as reported by Todt et al. (2021) were analyzed in the cur-
rent study by means of a multivariate linear regression for the
relationship between the transfer efficiencies and the input
concentrations, types of surfaces, and transfer methods and
conditions. (Input concentrations and transfer efficiencies:
log base 10; types of surfaces: €0,10 coin, €10 banknote,
PVC, steel; transfer condition: wet = immediate contact after
inoculation, dry = after desiccation of the droplet; transfer
method: by finger print of finger rubbing; regression analy-
ses: R (version 3.5.2 (2018-12-20) - “Eggshell Igloo”) and
lm (Chambers & Hastie, 1992; Wilkinson & Rogers, 1973)).
Note that data for input concentrations less than 2320 infec-
tious virions per ml were excluded from the analysis, because
those values as well as the output concentrations (after trans-
fer) were near or below the detection limit and did not allow
to determine a transfer efficiency. The model with the lowest
Akaike’s information criterion (AIC) was selected using the
step-function (parameter k = 3.84). For graphical presenta-
tion of the data package ggplot2 was used (Wickham et al.,
2016). Transfer efficiencies were grouped along the signif-
icance of the effects of type of surface, transfer condition
and method. For each group of transfer efficiencies, a Beta
distribution was fitted and labelled k1,group. Note that it was
assumed that the transfer efficiencies from Todt et al. (2021)
for infectious virions also applied to virus RNA copies.

The rate of hand contact with target facial membranes
(mouth, eyes, nostrils) was estimated to be on average 15.7
per hour (Nicas & Best, 2008), that is, once every 4 min, and,
therefore, frequent enough to justify almost immediate trans-
fer to the facial membranes after having touched the contam-

TA B L E 2 Parameter estimates from regression analysis of the log10 of
the transfer efficiencies

Estimate Standard error Pr(> |t|)

Dry/wet: wet 1.0 0.17 3.5 × 10−7

Print/rub: rub −0.5 0.17 5.7 × 10−3

Adjusted R2 = 47%; 45 degrees of freedom.

inated banknote. For transfer efficiency, k2, of SARS-CoV-
2 from contaminated fingers to the face, that is, lips, nose,
eyes, the value 0.34 for transfer of bacteriophage PRD1 was
taken from Rusin et al. (2002). Bacteriophage PRD1 is an
environmentally persistent virus, which is strongly negatively
charged, and, therefore, can be considered as a conservative
model virus regarding virus persistence and attachment to
surfaces (Schijven & Hassanizadeh, 2000).

2.2.5 Dose and risk

The dose D was computed as follows:

D ∼ Pois
(
fvk1k2faCV

)
(4)

where fv = 1/80 and is a conservative estimate of the fraction
of intact virions that are able to infect specific cells in a tissue
culture (Schijven et al., 2021).

Finally, the risk of contracting COVID-19, Pill, was com-
puted using the exponential dose response model:

Pill = 1 − e−rD (5)

where r is the preliminary dose response parameter proposed
by Haas (2021). Haas (2021) recommended to use the dose
response data for human coronavirus 229E as representa-
tive for SARS-CoV-2. For human coronavirus 229E, it was
found that each plaque forming unit (pfu) has a probability of
r = 1/18 of causing illness symptoms.

2.2.6 Fitting of distributions and Monte Carlo
simulation

Fitting distributions to data of V and k1,group and drawing
10,000 Monte Carlo samples of C, V, A, X, ϴ, and k1,group
were conducted in Mathematica (version 12.3.0.0, Wolfram
Inc, Champaign, IL, USA).

3 RESULTS

Table 3 lists the numbers of virus RNA copies present in a sin-
gle cough (“coughed”), caught on a banknote area of a size
covered by fingertips (“caught on fingertip area”), then actu-
ally transferred to the fingertips and, finally to a mucosal site
of the facial area (“dose”). These numbers varied by many
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704 SCHIJVEN ET AL.

TA B L E 3 Numbers of virus RNA copies in the coughed plume, caught on fingertip area, transferred to fingertips and dose according wet, dry/print, and
dry/rub scenarios

Mean Min Max Median 5% 95%

Coughed 2.5 × 107 2 2.0 × 1010 2.5 × 105 1.6 × 103 4.3 × 107

Caught on fingertip area 6.2 × 104 0 4.3 × 107 5.6 × 102 3 1.0 × 105

Wet: transfer to fingertips 1.4 × 104 0 1.5 × 107 8.4 × 101 0 1.7 × 104

Wet: dose 4.7 × 103 0 5.1 × 106 2.9 × 101 0 5.8 × 103

Dry/print: transfer to fingertips 3.1 × 103 0 5.6 × 106 1.3 × 101 0 3.8 × 103

Dry/print: dose 1.0 × 103 0 1.9 × 106 5 0 1.3 × 103

Dry/rub: transfer to fingertips 1.5 × 102 0 1.4 × 105 1 0 2.0 × 102

Dry/rub: dose 5.0 × 101 0 4.8 × 104 0 0 6.9 × 101

F I G U R E 2 Boxplots of the log10 transfer
efficiency data according to the type of surface and
transfer under wet and dry conditions by printing
and rubbing. Data from Todt et al. (2021)

orders of magnitude, which stemmed from a combination of
the large variation in virus concentration in patient material
and the large variation in volume of coughed droplets. The
numbers caught on the banknote on a fingertip-sized area
were about 400 times lower than the numbers present in a
single cough. Under wet conditions, the numbers transferred
to the fingertips were lowered by about five times. Under dry
conditions, the virus RNA copy numbers were reduced 20 and
400 times by printing and rubbing, respectively. The amount
transferred from the fingertip to the facial area, the dose, was
about one-third of the numbers on the fingertips. At the end,
the dose was on average about 5000, 25,000, and 500,000
times lower than the numbers of coughed virions for the wet,
dry/print, and dry/rub scenarios, respectively.

Figure 2 presents the boxplots of the transfer efficiency
data according to the type of surface and transfer under wet
and dry conditions by printing and rubbing, and shows that
the transfer efficiencies under wet conditions were higher
than under dry conditions. It can also be seen that under
wet conditions, transfer efficiencies were similar for printing
and rubbing, but that under dry conditions, transfer efficien-

cies were lower for rubbing than for printing. According to
the statistical analyses of the transfer efficiency data, input
concentration and the type of surface did not significantly
affect transfer efficiency, but, dry/wet conditions and print-
ing/rubbing did significantly affect transfer efficiency. Under
wet conditions, transfer efficiencies were on average 10 times
higher than under dry conditions and transfer efficiencies
were on average three times lower for rubbing compared to
printing (see estimated coefficients in Table 2). Therefore,
for the risk assessment, the beta distributions were fitted to the
transfer efficiencies k1 of the €10 banknote under wet condi-
tions, regardless of printing or rubbing and for the dry condi-
tions accounting for printing and rubbing. The corresponding
parameters of the three k1’s are listed in Table 1.

Figures 3(A–C) depict the corresponding mean risks of
0.17 (= 1/6), 0.082 (= 1/12), and 0.014 (= 1/71) per cash
transaction under the scenario, which is assuming an infec-
tious person immediately handed over a heavily contaminated
banknote followed by wet, dry/print and dry/rub transfer con-
ditions, respectively. The risk distributions spanned the range
from zero to one due to the wide ranges of the transferred
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RISK OF BANKNOTES AS A FOMITE OF SARS-COV-2 705

(A) (b)

(D)(C)

F I G U R E 3 Histograms (A, B, C) of the distribution of the risk Pill of contracting COVID-19 according to three transfer scenarios (wet, dry/print, and
dry/rub transfer) and (D) the mean risk Pill of contracting COVID-19 as a function of the number of virus RNA copies per ml mucus for each the three
transfer conditions in the depicted scenario. The probability that an infectious person at the onset of symptoms is expelling at least 105, 106, 107, 108, 109,
1010, or 1011 RNA copies/ml is 100, 88, 66, 36, 13, 2.7, and 0.34%, respectively, based on virus load data in the beginning of the pandemic

numbers of virus particles. These risk estimates can also be
expressed as contracting on average COVID-19 once per 6,
12, and 71 cash transactions carried out under the scenario
for the wet, the dry/print, and the dry/rub transfer conditions,
respectively.

Figure 3(D) depicts the mean risk Pill of contracting
COVID-19, as a function of a given number of virus RNA
copies per milliliter mucus for each of the three transfer sce-
narios over the concentration range from 107 to 1011 virus
RNA copies per ml. In the legend, the corresponding per-
centiles are given for having at least a specific virus con-
centration. From these curves, it can be seen that the risk
level of 1% will be exceeded at a virus concentration of
about 107, 6 × 107 and 109 virus RNA copies per ml for the
wet, dry/print, and dry/rub transfer scenarios, respectively.
The risk level of 10% will be exceeded at a virus concen-
tration of about 108, 6 × 108, and 1010 virus RNA copies
per ml for the wet, dry/print, and dry/rub transfer scenar-
ios, respectively. In summary, under the scenario, in which
an infectious person immediately handed over a contami-
nated banknote, these curves imply that in the wet transfer
scenario, with an about average virus concentration of 108

virus RNA copies per ml, the risk can be considered high,
which is no surprise given the conditions. But in the dry/rub

scenario, a high virus concentration as produced by a super
spreader expelling virus at a concentration of 1010 virus RNA
copies per ml would be required to achieve the same risk
level.

4 DISCUSSION

The current study aimed to assess, using a number of assump-
tions, the risk of becoming ill through using cash in a trans-
action with another person, which acts as a fomite of SARS-
CoV2 during cash payment transactions. A coughing scenario
was selected, because a cough expels the large numbers of
droplets and aerosols, and hence, large numbers of viruses
(Schijven et al., 2021). Coughing directly in the hand, which
then takes a banknote and contaminate it, may also lead to
a high contamination level, however this is another transfer
step extra, and, moreover, when coughing or sneezing it was
advised to use the elbow.

Note that 1 PFU corresponded to a conservative estimate
of one per 80 virus RNA copies (Schijven et al., 2021).
The latter in combination with the prudent preliminary dose
response parameter of 1/18 (Haas et al., 2021), corresponded
to 1/1440 virus RNA copies on average leading to illness,
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706 SCHIJVEN ET AL.

which was not too conservative after all because it matched
the number of viral genomes needed to initiate infection of
about 1000 (1–5000) as reported by Popa et al. (2020) based
on a transmission network with 39 transmission events. Basu
(2021) estimated an infectious dose of about 100 virions to
explain a superspreading event.

To determine the volume of droplets in a single cough
using the data from Chao et al. (2009) variability in num-
bers of coughed droplets between persons was accounted for.
Jones (2020) also used the Chao data but accounting for vari-
ability by using Poisson variance for each diameter class,
which is a much narrower distribution. In contrast, Duguid
(1945) reported much wider ranges of expelled particles of
1–100 μm by a lip cough of 490–16,000 or a tongue-teeth
cough of 1500–52,000.

According to the statistical analysis of the transfer effi-
ciency data, the type of surface was apparently an insignif-
icant factor, nevertheless, risk estimates for a scenario in
which a €1 or €2 coin was handed over should be lower sim-
ply because the fingertips of the payer shield most of the coin
surface area against virus contamination from a cough.

The risk assessment demonstrated that risks of contracting
COVID-19 could be high in the events as described. Trans-
fer efficiencies were derived from the experimental data from
Todt et al. (2021), in which droplet spots of 10 ul (diame-
ter of about 5 mm) were deposited on the different surfaces.
Desiccation has been shown to reduce the numbers of viri-
ons by two orders of magnitude after 7 h (Todt et al., 2021).
In the contamination event, the amount of mucus caught on
the banknote is likely dispersed over much smaller droplets,
and, hence, desiccation may happen much faster. Therefore,
it can be deduced that later repeated contact with the fomites
on bank notes that ended in a wallet or cash register, directly
after the contamination, is not relevant.

From Equation 4, it is obvious that dose D is directly pro-
portional to the concentration of virus RNA copies C, the
volume of droplets in a single cough V, the fraction of the
cough caught by the area covered by fingertips fa, the trans-
fer efficiencies k1 and k2, and, finally, the fraction of infec-
tious viruses fv. Table 1 shows that the 5-percentile to 95-
percentile range of the concentration of virus RNA copies C
spanned four orders of magnitude, but one order for all the
other parameters. Therefore, the variability in dose D is by
far determined by the concentration of virus RNA copies C.
Figure 3(D) depicts the mean risk Pill of contracting COVID-
19 as a function of the number of virus RNA copies per ml
mucus for each the three transfer scenarios over the concen-
tration range from 107 to 1011 virus RNA copies per ml. Con-
sidering 1010 virus RNA copies per ml representing a super
spreader event (Schijven et al., 2021), values of the mean
risk Pill become high for all three transfer scenarios. The
viral load of the Delta variant might be at this level because
there are indications that the viral load of the Delta variant is
1000 times higher than the initial variants of 2020 (Li et al.,
2021) but the sample size of this study was limited. Com-
paring the viral load in 16,185 samples, von Wintersdorff
et al. (2021) found that the Delta variant contained about four-

fold higher viral loads compared to the non-VOC or Alpha
variants.

The virus transmission route that was chosen, that is,
coughing onto a banknote and then immediately passing it
to another person by hand, can be assumed to happen only
very rarely in public life because it is neither socially accept-
able nor courteous, and people would normally avoid such an
action. During the pandemic, it probably became even less
likely due to hygienic measures, social distancing, wearing
of masks, and increased awareness. Evaluation of the like-
lihood of the depicted event entails analyzing the frequency
of cash transactions, prevalence of SARS-CoV-2 infection,
as well as physical/biological susceptibility to SARS-CoV-2
infection. According to a study on the payment attitudes of
consumers in the euro area in 2019, 1.2 × 1011 cash trans-
actions (1.1 × 1011 point-of-sale and 8.0 × 109 person-to-
person) were made involving a value of €2.0 × 1012 (ECB,
2020). This amounts to an average of €17 per cash trans-
actions and may be interpreted that at least one banknote is
involved in each cash transaction. The same study estimated
that on average in the euro area, consumers made 1.1 cash
transactions and 0.4 card transactions per person per day, and
also that banknotes are used in 70% of the cash payments
(ECB, 2020).

As previously stated, in the depicted event, the risk of con-
tracting COVID-19 under wet transfer conditions from a ban-
knote was estimated to be one per six events. In reality, not
every infectious person is at the onset of symptoms when
emission of virions is at its highest. About 10–20% of peo-
ple with COVID-19 cause 80% of subsequent infections—
which may lead to so-called superspreading events—while
60–75% of people with COVID-19 infect no one else (Bi
et al., 2020; Chen et al., 2021; Endo et al., 2020; Goyal et al.,
2021). Most people with COVID-19 infect no one because
they expel little—if any—infectious SARS-CoV-2 when they
talk, breathe, sing, or cough, but highly infectious individu-
als on the other hand have high concentrations of the virus in
their airways, particularly the first few days after developing
symptoms, and can expel tens to thousands of infectious virus
particles per minute (Chen et al., 2021). Interpreting this het-
erogeneity in transmissibility and shedding of SARS-CoV-
2, in which at maximum about one fifth of infected persons
transmit high loads of virus particles, it may be assumed that
estimated risks are at least five times lower than those esti-
mated for the scenario with a person at the onset of having
symptoms. Taking a local prevalence of SARS-CoV-2 cases
of 100 per 100,000 persons as anchor point (ECDC, 2022),
together with the knowledge that there are 1.1 cash trans-
actions per person per day, this would imply that a person-
to-person cash transaction with an infectious person would
occur with a probability of 1.1/1000 per day. For a single per-
son, this leads to a risk estimate of contamination of once per
5 × 1000/(0.17 × 1.1 × 0.7) = 39,000 days (107 years) for
person-to-person cash transactions.

Also, hardly any person will cough on a banknote when
paying, therefore, this risk estimate must actually be much
lower than once per 39,000 days for the average citizen. How

 15396924, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/risa.13935 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [24/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



RISK OF BANKNOTES AS A FOMITE OF SARS-COV-2 707

much lower the risk is due to this is unknown. Additionally,
when taking into account that currently in European countries
a substantial part of the population has now acquired immu-
nity by infection or vaccination, this risk can now be pro-
portionally lowered even further as time progresses. A sec-
ond conclusion is that in the general populace, assuming 100
infectious persons per 100,000, there will be much less than
100,000 × 1/5 × 0.17 × 1.1 × 0.7/1000 = 2.6 expected cases
per 110,000 transactions (100,000 persons) per day.

Point-of-sale and person-to-person cash transactions dif-
fer significantly in frequency and exposure levels and there-
fore should be considered separately. At any point of sale,
a cashier at a supermarket or similar shop may be deal-
ing with cash transactions many more times per day, and
is therefore, more exposed to the risk of touching contam-
inated banknotes and objects. At an average point of sale,
with a cashier conducting 100 cash transactions per day, the
risk for the cashier with no protection is obviously propor-
tionally increased compared to the risk per single person-to-
person cash transactions to a rate much lower than once per
(39,000 × 1.1/100 = ) 430 working days (21 months). This
again emphasizes that it is important that adequate precau-
tions are taken at points of sale to protect the cashier. Having
an infectious cashier must obviously be avoided at all times,
emphasizing the importance of the public messages for reg-
ular testing and that every person with symptoms must self-
isolate.

To conclude, the overall risk of transmission via banknotes
between members of the general public with no protection is
very low (much less than once every 39,000 days). The sce-
nario as analyzed in this paper may be a high-risk event, but
it is also a rare event. Obviously, cashiers are more at risk
than the public (much less than once every 430 days) even if
still with a low risk to contract COVID-19 through exposure
to SARS-CoV-2 via cash. In any case, this should not pre-
vent from following the national and international guidelines
in such circumstances. These low risks support that fomite
transmission should be regarded as no more than a very
minor component of this pandemic as pointed out by Gold-
man (2021), who also concludes that normal routine hygiene
is all that is needed.

Note that the risk outcomes were based on 100
cases/100,000 persons. In January 2022, in many areas in
Europe, 500 cases per 100,000 persons were exceeded. Mul-
tiplying the risk estimates in this study by a factor of ten
still result in low values. Note that in that situation, trans-
missions via other pathways have increased also (ECDC,
2022). Additional research remains necessary to assess if the
risk increases significantly because of potentially newer virus
variants.
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