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Abstract Particle number (PN) and mass (PM) concentra-
tions were measured in four offices in a HVAC building,
one of them corresponding to a printer room. On-line mon-
itoring of the indoor PM concentrations was accompanied
with monitoring of the outdoor concentration. In addition,
black carbon was measured in two of the selected offices.
PN concentrations were measured with a variety of instru-
ments (SMPS,NanoScan, P-Trak) covering a range be-
tween 10 nm and 9 μm, whereas PM10 mass concentrations
were measured with several DustTraks. Cleaning activities
and printing were identified as the most significant indoor
sources for ultrafine particles with the latter resulting in a
substantial increase of indoor PN<1 concentrations in the
printer room during workdays. Moreover, indoor transport
of fine particles from the printer room was found to have
an important contribution to both indoor PN<1 and PM10

concentrations in two of the rest three offices. The physical
presence of the occupants had an impact on particles
>2.5 μm during workdays due to particle resuspension.
However, when the offices were not occupied (night,
weekend) the outdoor environment was a strong contribu-
tion to indoor concentrations. Lastly, black carbon pre-
served low concentrations in both under study offices and
was not associated with printer emissions suggesting that

black carbon is not an appropriate measure for assessing
printer emissions.
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Introduction

Indoor contaminants involve a variety of chemical com-
pounds and gaseous pollutants. As the main component of
particulate matter, indoor pollutants essentially influence in-
door air quality (IAQ) with human occupational health being
on the focus for improving environmental conditions.
Accordingly, several studies have investigated the effect of
ventilation and air-conditioning system (HVAC) to indoor
concentration of particles (Fisk et al. 2000; Liddament 2000;
Quang et al. 2013; Park et al. 2014; Chatoutsidou et al. 2015).
These studies indicate the effective removal of outdoor parti-
cles through the ventilation system, thus reduce human expo-
sure to ambient pollutants. Nonetheless, human occupation
itself can cause particle generation and release of numerous
chemical compounds by indoor activities (Nazaroff and
Weschler 2004; Wu et al. 2012; Sangiorgi et al. 2013;
Hussein et al. 2015).

In general terms, pollutants may be considered as outdoor
or indoor origin. Outdoor-originated pollutants include all
compounds that are transported indoors mainly by natural
convection. In this case, technical characteristics of the build-
ings play important roles such as mechanical ventilation, fil-
ters, and insulation from doors and windows (Taylor et al.
1999; Liu and Nazaroff 2001; Tian et al. 2009; Lai et al.
2012). Indoor concentrations are then closely associated with
outdoor ones. Alternatively, pollutants may originate from
indoor sources as the product of human occupation, where
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chemical composition and characteristics of indoor pollutants
are directly linked with primary sources. IAQ in office envi-
ronments is highly affected by photocopier equipment as
shown by numerous studies (Lee and Hsu 2007; Kagi et al.
2007; Koivisto et al. 2010; McGarry et al. 2011), whilst the
physical presence of the occupants can contribute as well
(Fisk et al. 2000; Chatoutsidou et al. 2015). In particular,
hardcopy devices are responsible for enrichment of indoor
environment with ultrafine particles, ozone and volatile organ-
ic compounds (VOCs) (Destaillats et al. 2008, Vicente et al.
2016). On the contrary, human presence that is not associated
with particle generation (cleaning, smoking) mainly influ-
ences bigger particles with resuspension activities playing
the most dominant role (Qian et al. 2008; Serfozo et al.
2014; Chatoutsidou et al. 2015).

The last years, printer emissions has been on the focus as a
major contaminant in the indoor working environment. Many
researchers aimed to identify the characteristics of the emitted
particles, their impact to IAQ, estimate the emission rates, in-
vestigate formationmechanisms and provide an exposure index
(He et al. 2007; Lee and Hsu 2007; Kagi et al. 2007; Schripp
et al. 2008; Morawska et al. 2009; Hanninen et al. 2010;
Koivisto et al. 2010; Betha et al. 2011; McGarry et al. 2011;
Byeon and Kim 2012; Salthammer et al. 2012; Kowalska et al.
2015; Vicente et al. 2016). These studies employed different
experimental methods and techniques. Hence, a variety of mea-
surements is available consisted of measurements in office
workplaces, chambers and copy centres. The experimental set
up usually involved online monitoring of particle number size
distributions, mass concentrations, ozone, carbon dioxide
(CO2), volatile organic compounds (VOC) sampling, air tem-
perature and relative humidity. All studies verify the impact of
printer emissions to airborne ultrafine particles and VOC com-
pounds. Whilst emission characteristics were examined thor-
oughly (He et al. 2007; Wensing et al. 2008; Schripp et al.
2008; Betha et al. 2011; Salthammer et al. 2012), exposure
studies are limited with Hanninen et al. 2010 and McGarry
et al. 2011 proposed that the associated health risk is low due
to the use of the printers. As such, occupational exposure was
attributed predominantly to particles originating from sources
other than printers. However, these results need to be linked
with toxicology studies. Pirela et al. 2015 suggest that the emit-
ted particles may be deleterious to lung cells and that epigenetic
modifications might translate to pulmonary disorders.
Furthermore, multi-zone environments have been investigated
the last years in order to examine the impact between particle
transport and indoor airflows (Miller and Nazaroff 2001; Kao
et al. 2009; Ng et al. 2013; Rim et al. 2013; McGrath et al.
2014). It was found that multi-zone environments and the rel-
evant concentrations are affected by several factors, those be-
longing to building design and those to the primary emissions.
Accordingly, primary emissions and the related source charac-
teristics (concentration, size distribution, duration of emission)

affect IAQ with enrichment of the indoor air with pollutants,
with the location of the source playing a significant role. On the
other hand, building design and operation of the ventilation
system has major impact to the airtightness of the building
and inter-zone distribution through exhaust or supply flows
(Ng et al. 2013). Higher exchange rates are recommended in
cases of higher pollutant concentrations, where inhalation ex-
posure can be considerably reduced. Internal layout, airflows or
door configuration determine particle transport to indoor areas
and dilution of the indoor concentrations (McGrath et al. 2014).
Moreover, IAQ control in buildings with HVAC operating sys-
tem is challenging due to recirculation of the indoor air through
the heating and air-conditioning operation. As such, filters can
behave as a source of contamination due to particle deposition
(Hinds 1999). A common assessment of all relevant parameters
must be undertaken in order to promote high-quality conditions
for the occupants.

Herein, particle concentrations were measured in a
multi-zone HVAC building equipped with a printer room.
Although, emission characteristics from laser printers are
widely investigated, experimental studies in real working
environments are scarce; hence, occupational exposure to
these contaminants is still limited. The present study aimed
to investigate the influence of printer emissions to the in-
door environment in a rural/suburban location. The objec-
tive was to evaluate the impact from the use of printers to
indoor particle number (PN), mass (PM) concentrations
and black carbon (BC) in different locations of the build-
ing. Printer emissions were evaluated in a real office envi-
ronment characterized by a large number of printed pages
during the day. The influence of human occupation to in-
door PN and PM concentrations was also investigated.

Methodology

Sampling site

Indoor/outdoor 1-week sampling campaign was conducted at
the Technical University of Crete, Greece duringMay (18–25)
2015. Indoor sampling was performed in a building located in
the university campus that belongs to the School of
Environmental Engineering. Outdoor sampling was sited
50 m away from the under study building in approximately
1.5 m above the ground. The area surrounding the university
campus corresponds to an urban/semi-rural area with insignif-
icant contribution from vehicular emissions (Kopanakis et al.
2013) and is located 5 km north-west of the city of Chania.
Detailed description of the area can be found in Lazaridis et al.
2008 and in Kopanakis et al. 2013.

The under study building is a two-floor building that
consists of offices and computer rooms on the ground floor
and offices and a few laboratories on the first floor. All

680 Air Qual Atmos Health (2017) 10:679–693



offices or laboratories in each floor are connected to a main
corridor, which uses two, exits one at each end. The two
floors are connected through an elevator, internal stairs
and square-shaped openings areas of 4 m2 on the ceiling
of the ground floor, thus give a feeling of internal balcony.
The building is occupied daily on weekdays during open
hours, i.e. 08:00 to 21:00.

The building is equipped with mechanical ventilation and
separate air-conditioning (AC) system, both of them operated
manually by the occupants. Mechanical ventilation uses dis-
trict ventilation ducts for entrance and exhaust of the airflows.
Therefore, the offices are connected with each other through
ventilation ducts, depending on their location in the building.

Four offices were selected to conduct the measurements (PR,
A1, B1, B2). Offices A1, B1 and B2 correspond to typical work-
ing offices whereas PR corresponds to a printer room. Two of
them are located on the ground floor (PR, A1), and two of them
are located on the first floor (B1, B2). Figure 1 shows the internal
layout of each floor and the location of each office. The offices
are of rectangular shape and are connected to the outdoors with
onewindow and to the indoorswith one door. All selected offices
face the north side of the building. Mechanical ventilation was
turned off during the campaign but the air-conditioning system
was selectively used by the occupants.

OfficeA1was occupied permanently by 2–3 people, but other
people entered the office occasionally for a short period. No
hardcopy device was present inside A1 but common office
equipment (personal computers, telephones) whilst furniture
(desks, chairs, shelves, closet) covers the internal area. On the
contrary, PR is a printer room where four professional printers
(Xerox 4110 PS, HP LaserJet 550 and two HP LaserJet 9050)
were operated by the users of the building during open hours. PR
is not permanently occupied but instead several people enter the
room briefly. Office B1 was permanently used by two people,
whereas office B2 was very rarely occupied. Both offices are
covered with common office equipment and furniture like A1.

Prior to the measurement, the possible major indoor
sources were identified in order to minimize the impact from
multiple sources. Hence, smoking and combustion in general
was not allowed as well as the use of electrical appliances
besides office equipment. Furthermore, a diary was given to
the occupants to report all indoor activities or any kind of
deviation from the measurement protocol. Windows in all
the offices were permanently closed during the campaign.
The doors in PR and A1 were constantly open during open
hours of the building, whereas the doors of B1 and B2 were
opened only to enter or exit the office. Table 1 summarizes the
location and use profile for each office.

Instrumentation

Particle number size distribution was measured with a
NanoScan SMPS (TSI) 3910 and an SMPS+C (CPC Model

5.403 and L-DMA-Vienna type, GRIMM). NanoScan was
logging the data every 1 min in 13 channels from 0.01 to
0.42 μm. The measuring principle of NanoScan is based on
a unipolar charging where the positively charged particles sent
to a radial DMA for size classification which is followed by
counting in a CPC. SMPS+Cwas taking a sample every 6 min
and 46 s at flow rate 0.3 l/min in the size range from 0.011 to
1 μm in 44 channels. The operational principle of SMPS is
based on a bipolar charging of the sample air in the DMAwith
a following counting in a CPC. Additionally, particle number
concentration was measured with two P-Traks 8525 (TSI)
with a 5-min log interval at flow rate 0.1 l/min. P-Trak uses
high-purity isopropyl alcohol to grow microscopic particles
for easier detection and is able to measure the total particle
number concentration in the size range 0.02–1 μm.

Indoor particle mass concentration was measured with a
DustTrak II 8532 (TSI) at flow rate 3 l/min, DustTrak 8520
(TSI) at flow rate 1.7 l/min and DustTrak DRX 8534 (TSI).
Outdoor particle mass concentration was measured with
DustTrak II 8530 (TSI) at flow rate 3 l/min. The log interval
was chosen 5 min for all instruments. All DustTrak used a
PM10 head to sample, whereas DustTrak DRX measured
size-segregated mass fractions for PM1, PM2.5, PM10 and re-
spirable particles.

In addition to the online monitoring of particle number and
mass concentrations, black carbon was measured using a
MicroAeth AE51 with time resolution of 1 min and flow rate
at 100 ml/min. Indoor temperature and relative humidity was
recorded with Tinytag data loggers. Table 2 lists the sampling
instrument that was placed at each location.

All instruments were synchronized prior to the beginning
of the measurements, thus log times of all data were the same
(except SMPS).

Side-by-side tests

Side-by-side tests were conducted for all DustTraks. The
PM10 concentration was measured in a chamber of 7.6 m3

volume equipped with a HEPA filter (EN 1822).
Background measurements were performed whilst incense
burning was used as a source for indoor particles. Hence, the
following least square linear relationships were obtained be-
tween the instruments:

DTII 8532ð Þ μg=m3
h i

¼ 1:41DRXþ 2:47

DTII 8532ð Þ μg=m3
h i

¼ 1:26DTI 8520ð Þ þ 3:80

DTII 8532ð Þ μg=m3
h i

¼ 0:99DTII 8530ð Þ−7:11

As such, all measured data from the DustTrak II 8532,
DustTrak I 8520 and DustTrak DRX 8534 were converted to
the equivalent DustTrak II 8532 reading. Subsequently, all
DustTrak II 8532 readings (measured and equivalent) were
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corrected through the gravimetric instrument Sequential
Sampler FH 95 SEQ, THERMO, by operating side-by-side
for 10 days. The following least square equationwas obtained:

corrected PM10 μg=m3
h i

¼ 0:31DTII 8532ð Þ þ 5:07

For comparative analysis of the particle number concen-
trations P-Trak values were corrected to the corresponding
SMPS values. P-Trak uses higher minimum size limit
(20 nm) and is generally accepted to underestimate

ambient concentrations especially when a source of ultra-
fine particles is present (Matson et al. 2004, Zhu et al.
2006). Therefore, a factor was used to interpret the P-
Trak values to the equivalent SMPS values. The factor
was obtained as Fc ¼ PNPtrak=PNSMPS where PNPtrak cor-
responds to the particle number concentration measured by
the P-Trak and PNSMPS corresponds to the particle number
concentration measured by the SMPS. Laboratory mea-
surements were performed using the P-Trak placed in B2.
Fc was found equal to 0.78 in agreement with Morawska

Ground floor

Elevatorwc wc

PRA1

First floor

Elevator

B1 B2

4 m2 4 m2

4 m2 4 m2

N

S

EW

Fig. 1 Internal layout of each
floor and location of each office

Table 1 Location, surface area
and use profile of each office Office Floor Surface

area (m2)
Mechanical
ventilation

Air
condition

Door open Window
open

Occupation

PR 0 17 No Daily During open
hours

No During
open
hours

A1 0 17 No Daily During open
hours

No During
open
hours

B1 1 17 No Occasionally Occasionally No During
open
hours

B2 1 17 No No Occasionally No Rarely
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et al. 2011. P-Trak values were then corrected to the equiv-
alent SMPS values by the equation:

corrected PN cm‐3
� � ¼ PNPtrak B2ð Þ=0:78

Moreover, side-by-side measurements were performed be-
tween the two P-Traks and the following least square linear
relationship was obtained:

PNPtrak B2ð Þ cm‐3
� � ¼ 1:04PNPtrak A1ð Þ þ 11:88

Thus, number concentration in A1 was corrected twice in
order to convert P-Trak readings into the equivalent SMPS
values. Laboratory measurements between NanoScan and
SMPS showed that the data were in reasonable agreement.

Two-compartment indoor mass balance model

Consider a two-compartment indoor volume i and j with an
AC operating system where particles are emitted only at com-
partment i. Assuming a well-mixed air volume, indoor particle
concentration in compartment i can be described by a mass
balance model:

dCin;i

dt
¼ aPCout−aCin;i−kCin;i−λCin;iηþ b1Cin; j−b2Cin;i þ S

V
ð1Þ

where Cin;i is the indoor particle number concentration
(cm−3) at i compartment, Cin; j is the indoor particle number
concentration (cm−3) at j compartment, Cout is the outdoor par-
ticle number concentration (cm−3), P is the penetration efficien-
cy from outdoors, a is the air exchange rate (h−1) with the
outdoor environment, λ is the recirculation rate of the indoor
air in the AC system (h−1), η is the single-pass removal effi-
ciency of the AC system, b1 (h−1) is the airflow rate from
compartment j to i, b2 (h

−1) is airflow rate from compartment

i to j, k is the deposition rate (h−1) in compartment i, S is the
emission rate of particles (h-1,), V is volume of the area under
study (cm−3) and t is the time (h). Hussein et al. 2009 has
reported that coagulation for ultrafine particles becomes signif-
icant when the indoor concentration is higher than 104 cm−3.
For numerical calculations, particle coagulation using the pres-
ent mass balance model was considered negligible since indoor
PN concentration was rarely higher than 104 cm−3.

Equation (1) can be used to determine the total removal of
particles in compartment iwhen no source is present (S ¼ 0 ).
Thus, Eq. (1) is rewritten:

dCin;i

dt
¼ aPCout þ b1Cin; j− aþ k þ ληþ b2ð ÞCin;i ð2Þ

where the total removal rate is expressed by the quantity a
þk þ ληþ b2 which corresponds to losses due to airflow from
the under study volume to outdoors (a) or to compartment j (b2
), losses due to filtration of the indoor air by the AC system (λη
) and losses due to particle deposition on indoor surfaces (k). On
the contrary, the first two terms on the right hand side of Eq. (2)
express the airflow into the under study volume from the out-
doors and indoors respectively, thus, have a positive contribu-
tion to indoor particle concentration at compartment i.

Equation (2) can be solved analytically; therefore, indoor
PN concentration at any time t is given as:

Cin;i tð Þ ¼ aPCout þ b1Cin; j

aþ k þ ληþ b2

þ Cin;i 0ð Þ− aPCout þ b1Cin; j

aþ k þ ληþ b2

� �
e− aþkþληþb2ð Þt ð3Þ

Equation (3) suggests that the indoor PN concentration is
exponentially decreasing with a rate equal to aþ k þ ληþ b2.
Subsequently, the first term in the right hand side of Eq. (3)
represents the PN concentration that remains suspended in-
doors but originates by penetration from the outdoors or is
transported from the indoors.

Equation (1) was used as a mass balance model in order to
evaluate the contribution from printer emissions inside PR.
Therefore, the contribution from other internal areas into PR
was incorporated as a common term in Eq. (1)—compartment
j—considering that the major source of ultrafine particles was
located in PR (printers).

Results and discussion

PN concentrations in the printer room

The measured PN<0.4 concentration inside PR during the cam-
paign is plotted in Fig. 2 along with the total number of printed
pages. It is seen that PN<0.4 concentration preserved lower

Table 2 Location of sampling instruments placed for outdoor and
indoor measurements

PR A1 B1 B2 Outdoor

PN concentration

NanoScan x

SMPS+C x

P-Trak 8525 x

P-Trak 8525 x

PM concentration

DustTrak II 8532 x

DustTrak I 8520 x

DustTrak II 8530 x

DustTrak DRX 8534 x

Other

MicroAeth x x

Tiny Tag x x
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concentrations on weekends and on workdays during closed
hours (21:00–08:00). These periods were considered as back-
ground concentrations mostly affected by the outdoor concen-
tration. Median concentration during these hours was
3,080 cm−3. Moreover, Fig. 2 indicates a substantial increase
of the indoor particle number concentration early in the morn-
ing (08:00–09:00) for workdays, which is not associated with
any printing activity. Peak concentration reached 28,320,
39,672, 30,217, 33,378 and 46,506 cm−3 for 19/05, 20/05,
21/05, 22/05 and 25/05, respectively. This sharp increase usu-
ally lasted for 5 min and was caused by cleaning of the corri-
dor just outside PR. Emissions from cleaning agents usually
involve particle generation in the ultrafine region (Huang et al.
2011; Nørgaard et al. 2014) as the product of secondary or-
ganic aerosol formation by primary VOC emissions (Nazaroff
and Weschler 2004; Coleman et al. 2008). Figure 1S demon-
strates that cleaning-generated particles lie in the ultrafine re-
gion with the dominant particle size being always at 50 nm for
all five cases.

However, the most important contribution to submicron
particles indoors in terms of long exposure is attributed to
emissions from printers. Although, outdoor measurement
of PN concentrations during the campaign is missing, par-
allel measurements of both indoor and outdoor PN concen-
trations were performed for 48 h at a different period
(Figure 2S). The measurement period corresponded to a
weekend thus PR was constantly unoccupied and no activ-
ity took place. Figure 2S demonstrates that outdoor PN
concentration is characterized by great variability as a re-
sult of outdoor atmospheric conditions (mainly meteoro-
logical conditions), whereas indoor PN concentration pre-
sents a smoother curve which suggests the absence of sig-
nificant sources. Therefore, the intensive temporal fluctu-
ations of indoor PN concentration observed on working
hours (Fig. 2) is attributed to human activities, i.e. the
use of printers inside PR.

Printing periods, which correspond to periods with printing
activity, were identified usually between 09:00 and 21:00 on
workdays. A t test was performed to investigate if PN concen-
trations in PR are statistically higher on printing periods com-
pared to the background levels. Assuming a null hypothesis
that the two concentration means (μem; μbc ) are equal and
the alternative hypothesis being μem � μbc > 0, p value was
found <0.001. Thus, at confidence level >99% PN concentra-
tions during printing periods are statistically significantly great-
er than that during background periods, a conclusion that is
associated with printer emissions. Figure 2 indicates that during
these periods, PN<0.4 concentration was considerably higher
compared to no printing periods (night hours, weekend).
Median concentration during printing periods was 4933 cm−3.

In addition, Fig. 3 compares the histograms of the frequency
of observation of PN concentrations obtained for background
and printing periods. It suggests that there is a shift towards
higher concentrations during printing periods with the most fre-
quent PN concentrations being at 5000 cm−3, in contrast with
background concentrations where the most frequent concentra-
tions were measured between 2500 and 3000 cm−3.

The impact from printer emissions in particle size is
highlighted in Fig. 4. Figure 4a demonstrates that ultrafine
PN concentration varied temporarily with sharp increases
leading to substantially higher indoor concentration during
daytime (printing period), compared to that during night-
time (no printing period) where no activity took place
(Fig. 4c). On average, PN<0.1 concentration between 09:00
and 21:00 was 1.2 times higher compared to that at night-
time during the campaign. In addition, particles in the size
range 0.1–0.4 μm presented higher concentration during day-
time (Fig. 4b), although the corresponding concentrations
were significantly lower than that of PN<0.1. Hardcopy de-
vices and printers are known for their effect on indoor PN
concentration and especially in particle sizes <0.1 μm
(Schripp et al. 2008; Wensing et al. 2008; McGarry et al.

Fig. 2 Particle number
concentration PN<0.4 and PM10

concentration in the printer room
(PR). Also shown the total
number of printed pages. The
highlighted area corresponds to
weekend
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2011). Recent investigation on emission characteristics from
laser printers suggests that particles are of secondary nature
and are formed in the air from VOCs, emitted by the printers.
This effect leads to indoor ultrafine particle generation, either
by homogenous nucleation or secondary particle formation
(Morawska et al. 2009). On the other hand, the higher (com-
pared to night hours) PN concentrations measured during day
hours for particles in the size range 0.1–0.4 μm are attributed
to coagulation of ultrafine particles. Thus, PN0.1–0.4 concen-
tration maintained lower levels than PN<0.1 concentration but
still higher compared to the concentration during the no print-
ing period (Fig. 4d). However, indoor PN concentration for
submicron particles during night-time is likely influenced by
outdoors. Therefore, submicron particle concentrations in PR
are substantially affected by printer emissions.

PM concentrations in the printer room

PM10 concentration in PR presented a behaviour similar to the
one observed for PN concentration (Fig. 2), i.e. intensive tem-
poral fluctuations during open hours characterized by higher
ambient concentrations compared to closed hours. This

behaviour is likely due to printer emissions and associated par-
ticles <1 μm (PM1). Median concentration during printing pe-
riods was 15 μg/m3, whereas during no printing periods, it was
12 μg/m3 suggesting an increase of 25%. Vicente et al. 2016
reported that approximately 60% of the measured PM10 con-
centration in copy centres was composed of particles <2.5 μm.
Figure 5 suggests that PM2.5 concentration contributed to PM10

concentration in PR by 72–95% during open hours.
Moreover, Fig. 5 demonstrates that PM1/PM10 and PM2.5/

PM10 ratios preserved ratios higher than >0.9 during periods
where the building was not occupied (workdays 21:00–08:00,
weekend). In practice, a diurnal variation for both ratios was
observed during working days, whereas during the weekend,
no diurnal variation was present. PM2.5/PM10 reached a ratio
almost equal to 1 during closed hours (21:00–08:00) on week-
days suggesting that indoor PM concentration during the night
inside PR is dominated by smaller micron-sized particles and
that coarse particle concentration (> PM2.5) is negligible, i.e.
not suspended in the air. The same behaviour applies for PM1/
PM10 but with lower ratios since PM1 is included in PM2.5.
Similar results were obtained for the weekend where the office
was constantly unoccupied. Therefore, during closed hours
submicron particles most probably originate from the outdoors
due to infiltration, although a major part corresponds to the
suspended particulate matter emitted from daily activities due
to low terminal settling velocity and long residence time.

Nevertheless, during open hours the contribution from
coarse particles becomes important. In more detail, ratios
<0.9 for both PM1/PM10 and PM2.5/PM10 were obtained only
during open hours (08:00–21:00), implying that coarse parti-
cles (>2.5 μm) are significantly suspended during daytime
most notably due to particle resuspension. Particle size and
resuspension are associated in many studies (Qian et al.
2008; Serfozo et al. 2014; Hussein et al. 2015). Note also that
the PM1/PM10 ratio reached its lowest value on 21/05 which
coincides with a substantial increase of PM10 concentration in
the same day (Fig. 2), caused by cleaning activities inside PR.
Sarwar et al. 2004 and Nørgaard et al. 2014 have shown that
the use of cleaning products (general purpose cleaner, floor
cleaner) causes an immediate increase in particle mass con-
centration along with particle number concentration due to
fine particle formation/growth. Moreover, cleaning activities
(dusting, vacuuming) can cause increased concentration of
coarse particles due to resuspension (Ferro et al. 2004).
However, in the rest of the workdays (no cleaning) resuspen-
sion of coarse particles is attributed to human walking or the
physical presence of the occupants.

I/O ratio

Figure 6 presents the I/O ratios obtained from all measured
PM10 data. Ratios higher than 0.90 (10th percentile) found for
all three offices (PR, A1, B2). This finding strongly suggests

Fig 3 Frequency histograms of observation of PN concentrations for
background and printing periods in PR
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that the indoor PM10 concentrations preserved values consider-
ably higher than the outdoor levels, therefore, implies the pres-
ence of indoor sources. PM I/O ratios higher than 1 in commer-
cial buildings are also reported in Challoner et al. 2014.

B2 preserved the higher I/O ratios among the three offices
due to the substantially higher indoor PM10 concentrations
measured in that office (Table 3). I/O ratios for B2 varied be-
tween 1.42 and 2.10 with a mean value at 1.71. No indoor
source was recorded in B2 (it was very rarely occupied) besides
cleaning the office on 21/05 (higher daily median PM10 con-
centration, 23 μg/m3). The cleaning of B2 resulted in a sharp

short-term increase of PM10 as seen in PR due to the use of
cleaning agents. Similar observation is reported in Alves et al.
2014a and Pagel et al. 2016. Nevertheless, it is believed that the
higher I/O ratios obtained for B2 are due to particle transport
from another internal area through gaps of the door or from the
ventilation ducts. It is likely that indoor PM10 concentration in
the office was influenced by that of other offices through ven-
tilation ducts when mechanical ventilation was off.
Accordingly, forced airflows inside the ventilation ducts pre-
vent air mixing between the offices when mechanical ventila-
tion is operating, whereas the opposite behaviour is not ensured
when mechanical ventilation is not operating. Thus, it is likely
that the high concentrations are associated with an indoor
source originating from another office which is connected with
B2 with the same ventilation duct.

A comparison between offices PR and A1 (occupied of-
fices) suggests that PR was characterized by slightly higher
I/O ratios. Mean values were 1.24 and 1.18 for PR and A1,
respectively. I/O ratios higher than 1 for PM10 are also report-
ed in a study inside copy centres (Vicente et al. 2016). The
difference between the two offices is associated with printer
emissions and especially the fine particle fraction. To further
investigate the statistical significance of printer emission to
PM10 concentrations and the resulting I/O ratios in PR and
A1, three t tests were performed. The t test #1 examined the
statistical significance of printer emission to I/O ratios in PR
and A1. The test was conducted using the overall I/O ratios
obtained for PR and A1. The t test #2 examined the statistical

Fig. 4 Particle number concentration at different size ranges in PR during the day (printing period) and the night (no printing period) hours. The data
correspond to 19/05 and the following night

Fig. 5 PMX ratios (PM1/PM10 and PM2.5/PM10) inside PR. The
highlighted area corresponds to weekend
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significance of printer emission to I/O background and emis-
sion period ratios in PR, whilst t test #3 examined the statisti-
cal significance of printer emission to I/O background and
emission period ratios in A1. The results of the tests are pre-
sented in Table 4. In all cases p value was <0.05; thus, the null
hypothesis was rejected. The statistically significant higher
I/O ratios in PR and significantly greater ratios during emis-
sion periods in both offices are attributed to printer emissions.
Enrichment with particles <1 μm in PR, caused by the use of
printers during open hours, leads to higher PM10 concentra-
tions compared to the PM10 concentrations measured in A1. It
is well-established that the physical presence of people in
indoor environments has impact on coarse particles (Fisk
et al. 2000; Qian et al. 2008; Shaughnessy and Vu 2012;
Chatoutsidou et al. 2015; Hussein et al. 2015) due to particle
resuspension. However, the present results demonstrate that
printing emissions in PR had bigger impact on PM10 concen-
tration than particle resuspension due to human occupation.
Figure 5 shows that the PM1 concentration, submicron parti-
cles, dominated the indoor air in PR with PM1/PM10 being
usually above 0.7, whilst the median PM>2.5 concentration
during the campaign was 0.44 μg/m3.

Lastly, no operation of the mechanical ventilation in the
under study offices is believed to contribute to the high I/O
ratios reported in the present study. Studies that have investi-
gated the impact of mechanical ventilation confirm that the
operation of the HVAC system results in reduced I/O ratios
indoors for both fine and coarse particles (Goyal and Kumar
2013; Quang et al. 2013; Park et al. 2014; Othman et al. 2016).

Contribution of printer emissions in the printer room

Figure 7 presents the daily median PN<1 concentrations ob-
tained only during open hours in each office. In general,
higher PN<1 concentrations of submicron particles were mea-
sured inside PR, whilst the other three offices preserved nearly
similar levels of PN concentrations (with an exception on 18/
05 for B1-increased median concentration is due to a local
indoor source). Median PN concentration in PR was higher
by an average factor of 1.58, 1.50 and 1.61 from the median
PN concentration in A1, B1 and B2, respectively. Higher con-
centrations in PR are attributed to emissions from printers;
although, cleaning of the office contributed temporarily to
particle generation in the ultrafine region.

Fig. 6 I/O ratio for offices PR,
A1 and B2 obtained from mass
concentration data of PM10. The
box plots correspond to all
measured data

Table 3 Indoor daily median concentration and median concentration obtained only during open hours (in brackets) for PM10 for offices PR, A1 and B2

18/05 19/05 20/05 21/05 22/05 23/05 24/05 25/05

PR 16 (17) 14 (14) 11 (11) 14 (17) 14 (15) 14 (−) 10 (−) 10 (13)

A1 17 (17) 13 (15) 10 (11) 13 (15) 13 (14) 13(−) 9 (−) 9 (12)

B2 – – 18 (17) 23 (24) 19 (19) 21 (−) 12 (−) 13 (14)
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Time-resolved PN concentrations in PR showed an expo-
nential decrease of the indoor concentration after reaching a
peak concentration on workdays during open hours (Fig. 4a).
The data after these peaks were used to determine the total
removal rate (aþ k þ ληþ b2 ) for ultrafine particles, the
particle size that was mostly affected by printer emissions.

The total removal rate of ultrafine particles was estimated
for each calendar day separately using Eq. (3). Table 1S lists
the averaged total removal rate for each workday along with
the averaged suspended PN<0.1 concentration originating from
areas other than PR. High removal rates were obtained for all
days. Although, it was not possible to estimate each variable
separately, it is believed that the main contribution to the total
removal rate in PR originates from b2, the exchange rate of PR
with internal areas of the building. The door connecting PR
with the main corridor was always open during daytime, thus
air and particulate matter transport is easier and more effec-
tive. McGrath et al. 2014 conducted measurements in a room
with different sources and found that the open door scenario
results in lower indoor concentrations which is associatedwith
easier escape of particles. Moreover, daily variations of the
total removal rate are likely influenced by diurnal variations

of the air currents inside the building. A higher estimate
(12.84 h−1) was obtained on 20/05, which corresponds to the
day with the lower measured indoor PN<1 concentration be-
tween the working days (Fig. 7).

Subsequently, emissions from printers were estimated for
PN<0.1 concentration using Eq. (1) for each time interval. The
emission rates were determined from the term S=V . Only, pos-
itive numbers were accepted when evaluating dCin;i=dt in or-
der to represent the physical situation: emissions increase in-
door particle concentration. Moreover, linear regression was
used to correlate the estimated emission rates with the corre-
sponding indoor PN<0.1 concentrations. Accordingly, a least
square line was obtained for each day with Cin ¼ aS þ b.
Table 5 presents the statistical indicators of the estimated emis-
sion rates in PR. The parameters of linear regression are given
in Table 2S. It suggests that the two variables (Cin and S) are in
good agreement, with R2 being higher than 0.8. Hence, emis-
sion rates were well estimated from number concentration data.

Ultrafine particle emission rates were significantly
scattered. The number of printed pages as well as indoor con-
ditions such as internal air flows can influence daily varia-
tions. Higher values were obtained for 21/05 and 22/05 with
90th percentile at 669 · 108 min−1 and 758 · 108 min−1, respec-
tively. Figure 7 suggests that both days correspond to the
higher averaged PN<1 concentrations measured in PR with
5363 cm−3 and 6360 cm−3 for 21/05 and 22/05, respectively.
Median emission rates obtained in the present study varied
between 109 and 1010 min−1, which is in agreement with other
studies that evaluated emission rates from printers (He et al.
2007; Koivisto et al. 2010). Themain particle removal process
is believed to come from the ventilation of the room which
influences substantially the ambient PN<1 concentrations.
Consequently, indoor PN<1 concentrations were increased on-
ly by a few thousands (4000–5000 cm−3) during printing pe-
riods. Emissions from printers and the relevant indoor PN
concentrations depend substantially on the printer, room char-
acteristics and indoor conditions (Wensing et al. 2008;
Koivisto et al. 2010). Figure 8 shows that there is no specific
trend between indoor PN concentrations and the number of

Table 4 Results of t tests conducted for PM10 I/O ratios in PR and A1

H0 H1
p
value

Result

t test
#1

μPR ¼ μA1 μPR≠μA1
<0.05 Reject

H0

t test
#2

μem ¼ μbc μem � μbc > 0
<0.001 Reject

H0

t test
#3

μem ¼ μbc μem � μbc > 0
<0.001 Reject

H0

H0 represents the null hypothesis, whereas H1 represents the alternative hypothesis

Fig. 7 Daily median concentration obtained only during open hours of
submicron (PN<1) particles in each office
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printed pages, which is associated with daily variations in
removal rates inside PR. The same observation is reported in
Betha et al. 2011 in a study in a commercial printing center.
Variations in time are also associated with the use of the
printers during the day. Multiple prints were performed during
open hours of the office with the printed pages varying con-
siderably in number. Figure 8 demonstrates the complexity of
a real working environment in residential buildings and the
difficulty to obtain a mathematically based correlation, unlike
experimental studies conducted in controlled conditions.

Impact of printer emissions in other offices

The use of printers influenced substantially both the PN and
PM concentrations in PR. In turn, printer emission had signif-
icant impact in other offices due to particle transport. PM10

concentrations in A1 and B2 were found to correlate signifi-
cantly with PM10 concentrations in PR. Figures 9 and 10
present the correlation of PM10 concentration in each office
with the PM10 concentration in PR and with the outdoor con-
centration. All data correspond to printing hours, i.e. 09:00–
21:00. It is observed that higher correlation was found be-
tween the PM10 concentrations in the under study offices
and PR. Specifically, R2 was 0.74 between the PM10 concen-
tration in A1 and PR, whereas R2 was 0.47 between the PM10

concentration in A1 and the outdoor concentration. For B2 the
same observation was found but with lower correlation for
both cases. Thus, R2 was 0.69 between the PM10 concentra-
tion in B2 and PR and 0.36 between B2 and outdoors. These
findings demonstrate that PM10 concentrations in A1 and B2
are primarily affected by the PM10 concentration in PR due to
particle transport through the internal areas of the building.
Nevertheless, the outdoor environment is an important but
weaker contribution to indoors during occupied hours.

In addition, Fig. 11a, b present the correlation between A1
and B2 with PR using the number concentration data. Again,
good agreement was found between PN<1 concentrations for
both cases with R2 0.63 and 0.61 for A1 and B2, respectively.
Although, parallel correlation with the outdoor data is missing

in this case, the present results confirm the impact of submi-
cron particles that originated from PR but transported to other
offices. Recall that A1 was occupied during open hours;
hence, human presence in A1 had a negligible impact to in-
door PN concentration for submicron particles. Fine particles
are not effectively escaped as coarse particles due to their
smaller inertia that allows them to be influenced by airflow
patterns of the building, momentum jets and eddies indoors
(Kao et al. 2009). Internal airflows, location and magnitude of
the emissions influence substantially particle transport indoors
(McGrath et al. 2014), thus variations may be observed from
day to day. Therefore, smaller particles are easily transported
to internal areas of the building compared to bigger particles.

The relative higher correlation obtained for A1 compared
to B2 (both for PN and PM concentrations) is associated with
the location of each office. It is likely that A1 is more effec-
tively influenced by printer emissions because the office is
located closer to PR and at the same floor (ground floor).

Figure 12 presents the correlation of PN<1 concentration
between PR and B1 using the data between 09:00–21:00 for
workdays. Due to different log intervals of the instruments,
average values were used for PR data. The poor correlation
(R2 = 0.19) found between these offices does not allow to end
at a safe conclusion for office B2. A possible reason is the
discrepancies between the data due to the different log inter-
vals. Linear regression parameters for mass and number con-
centration data are given in Table 3S and Table 4S
respectively.

Overall, the present results imply that the impact from
printer emissions is significant and that submicron particle
transport indoors is important to other locations of the build-
ing. Daily variations of internal airflows and environmental
conditions are believed to influence indoor particle transport.

Fig. 8 Variations of indoor PN concentrations with number of printed
pages

Table 5 Statistical indicators of the estimated emission rates S
(108 min−1) of ultrafine particles in PR

Min Max 10th Median (50th) 90th

18/05 5.4 501 16 99 263

19/05 1.7 752 19 138 444

20/05 0.05 545 14 85 285

21/05 1.3 3,463 23 180 669

22/05 0.3 1,704 26 144 758

25/05 30 476 32 134 342
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Black carbon

Table 6a summarizes statistical indicators for black carbon in
PR and B1, where open hours (08:00–21:00) values are com-
pared with the corresponding closed hours (21:00–08:00)
values. In general, BC levels in both offices maintained low
concentrations with no significant difference between open
hours and closed hours. Both indoor averaged and mean BC
concentration was considerably lower compared to other stud-
ies where mean indoor BC concentration was usually above
1 μg/m3 (Viana et al. 2011; Wang et al. 2013; Reche et al.
2015; Tunno et al. 2015). Averaged BC during open hours and
closed hours in PR was almost equal (0.24 and 0.25 μg/m3,
respectively), whereas in B1, BC was slightly higher during
open hours (0.38 μg/m3) compared to that during closed hours
(0.32 μg/m3). The values also indicate higher BC concentra-
tions in B1 compared to that in PR during the sampling period.

The low indoor BC concentrations for both open and
closed hours strongly suggest the absence of a direct im-
pact from indoor sources. Accordingly, the results demon-
strate that black carbon was not directly influenced by
emission from printers. Similar observation is reported

in Betha et al. 2011, in measurements in a printing centre.
Instead, BC concentration in both offices is likely influ-
enced by outdoor levels. Indoor/outdoor relation of black
carbon is well noted in other studies (LaRosa et al. 2002;
Diapouli et al. 2011; Viana et al. 2011; Reche et al. 2015).
In the present case, daily variations in the two offices are
believed to originate from outdoor fluctuations. The car-
bonaceous content of particles is closely related with PM
concentrations (Alves et al. 2014b). Table 6b verifies that
BC is a major component of fine particles with better
correlation for PM1 (R2 = 0.52). Higher correlation for
fine particles (PM2.5) is also reported in Wang et al. 2013.

Conclusions

The impact from human occupation and printing activity
was studied in four modern offices (three typical working
offices and one printer room) in a HVAC building. Indoor
particle number (PN) and mass (PM) concentrations were
measured in all four offices whilst black carbon was mea-
sured in two selected offices. Different occupation

Fig. 10 Correlation of PM10 concentrations between (a) B2 with printer room (PR) and (b) B2 with outdoor concentration

Fig. 9 Correlation of PM10 concentrations between (a) A1 with printer room (PR) and (b) A1 with outdoor concentration
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schemes characterized each office; however, common
sources were identified in all offices as the product of
human occupation.

The primary contribution to indoor PN and PM con-
centrations in PR originated from printer emissions in
terms of long exposure; although, cleaning activities sub-
stantially influenced indoor PN concentration in terms of
short exposure. Both sources affected ultrafine particle
concentration (<0.1 μm) with PM1 corresponding to
>75% of the PM10 concentration. In addition, the results
showed that fine particle concentration in two of the three
offices was influenced by printer emissions indirectly due
to indoor particle transport. Regression analysis provided
high correlations (R2) between the indoor (PN and PM)
concentrations in PR and the corresponding concentra-
tions in A1 and B2. The same behaviour was not identi-
fied for B1. On the contrary, in periods were the offices
were closed and no printing activity took place (night,
weekend), indoor concentrations were influenced by the
outdoor concentration.

Human occupation during workdays had secondary
impact in the occupied offices. Human presence without
particle generation was associated with resuspension ac-
tivities that caused increased concentration indoors for
particles higher than 2.5 μm. I/O ratios higher than 1
that were obtained for two of the selected offices (A1,
PR) were attributed to printer emissions, whereas the
relative substantial higher ratios obtained for B2 were
associated with particle transport through the ventilation
ducts. Lastly, indoor black carbon was not associated
with printer emissions rather than was influenced by out-
door levels as a significant component of particulate mat-
ter. The results presented herein indicate that evaluation
of printer emissions with black carbon measurements is
ineffective.

Overall, particle number and mass concentrations in the
under study building are influenced primarily by indoor
sources (printers) during working days. Human occupa-
tion has significant impact to fine particle concentration;
thus, use of the ventilation system on a daily basis and
continuously during open hours is necessary.

Fig. 11 Correlation of PN<1 concentrations in the printer room (PR) with offices (a) A1 and (b) B2

Fig. 12 Correlation of PN<1 concentrations between offices B1 and PR

Table 6 (a) Statistical indicators for black carbon (μg/m3) in PR and
B1. Comparison between open hours (OH) and closed hours (CH). (b)
Correlation between black carbon and PM1, PM2.5 and PM10 for PR

(a) PR B1

OH CH OH CH

Mean ± SD 0.24 ± 0.06 0.25 ± 0.03 0.38 ± 0.15 0.32 ± 0.09

min 0.08 0.13 0.14 0.19

max 0.38 0.34 0.87 0.67

Median 0.25 0.25 0.30 0.30

(b) PM1 PM2.5 PM10

R2 0.52 0.48 0.38
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