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Abstract: A simulated system was created to evaluate an air circulation-type geothermal ventilation
system, focusing on measuring microbial contamination levels on the surface of the heat exchange
unit. Additionally, this study examined sterilization methods using UV lamps on the surface of the
heat exchanger. The fungal concentration on the surface of the heat exchanger showed a tendency to
increase over time. Although direct comparison is challenging due to the varying concentrations of
outdoor air fungi at different measurement times, the surface fungal concentration was highest at a
minimum airflow rate of 150 m3/h compared to other conditions. However, since the adhesion of
contaminants from outdoor air to the surface of the heat exchanger is influenced not only by airflow
but also by outdoor temperature and relative humidity conditions, future research needs to consider
these factors. According to the ATP measurement results, microbial contamination was evaluated as
“slightly dirty” after 24 h and “dirty” after 48 h of operating the experimental apparatus. Therefore, it
is advisable to clean the internal surfaces of the geothermal ventilation system every 1–2 days. The
results of the sterilization experiments using UV lamps indicated that irradiation for approximately
30 min inactivated 94.5%-to-96.1% of microorganisms derived from outdoor air. However, since the
sterilization dose varies depending on the type of microorganism, it is necessary to determine the
optimal irradiation time based on the target microorganisms and the UV lamp’s irradiation intensity.

Keywords: geothermal ventilation; fungal; UV lamps

1. Introduction

The Japanese government has set a goal of achieving zero greenhouse gas emissions by
2050 as part of its measures to combat global warming and has expressed its commitment
to this goal [1]. As of the 2016 fiscal year, the civilian sector accounted for approximately
one-third of Japan’s carbon dioxide emissions [2]. Consequently, there is a need to re-
duce energy consumption in buildings such as residences, hospitals, schools, and office
buildings. The utilization of renewable energy is effective in reducing carbon dioxide
emissions in the civilian sector, leading to increased use of natural energy sources such
as solar power, solar heat, wind power, and geothermal energy. However, natural energy
sources are highly dependent on weather conditions, making it difficult to ensure a stable
energy supply. In contrast, geothermal energy systems can provide relatively stable energy
compared to other natural energy sources, making them highly valuable. Geothermal
energy utilization includes systems such as geothermal heat pumps and air circulation-type
geothermal systems [3]. The method of utilizing geothermal energy should be selected
based on the type and purpose of the building. According to Hasegawa et al., ground
temperature is influenced by the soil’s thermal conductivity, heat capacity, and regional
outdoor temperature variations, and the depth at which the annual average outdoor tem-
perature is maintained is approximately 5–6 m [4]. However, when installing a cool tube at
this depth in actual residential settings, there are difficulties due to the cost of excavation
and potential reduction in ground bearing capacity. Therefore, Tarumizu et al. examined
the effectiveness of geothermal energy utilization in residences by burying heat and cool
tubes at a depth of approximately 2 m and calculating the heat removal in summer and
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heat acquisition in winter [5]. Previous studies on cool tubes include investigations of
cooling effects and factors affecting performance in experimental houses and numerical
analyses of the thermal performance of natural ventilation-driven cool tube systems [6–13].
The authors have been conducting research on the thermal performance evaluation of
geothermal ventilation systems and the removal of outdoor-derived contaminants [14,15].

However, since the air circulation-type geothermal ventilation system directly intro-
duces outdoor air into the pipes, airborne fungi, dust, pollen, and PM2.5 from outdoor
air are likely to be conveyed into the system, contaminating the surfaces of the heat ex-
change pipes with outdoor-derived pollutants. Particularly, condensation on the surfaces
of geothermal pipes may significantly promote microbial growth.

In this study, a simulation system representing an air-circulating geothermal venti-
lation system was created, and two experiments were conducted. The first experiment
measured the level of microbial contamination on the surface of the heat exchange unit. Af-
ter confirming microbial contamination on this surface, the second experiment investigated
a sterilization method for the inner surface of the system’s piping.

2. Materials and Methods

Figure 1 shows the floor plan and the A–A’ cross-sectional view of the laboratory.
The experimental apparatus was installed in an environmental laboratory with adjustable
temperature settings. The laboratory dimensions are 7.3 × 7 m, with a ceiling height of
2.5 m. The entrance of the simulated geothermal heat exchange unit is open to the outside
of a window, allowing outdoor air to be drawn into the apparatus. A ventilation fan
was installed at the indoor end of the simulated unit to draw in outdoor air. Figure 2
provides a detailed cross-sectional view of the simulated geothermal heat exchange unit.
The simulated unit was designed to mimic the geothermal heat exchange part of an air
circulation-type geothermal ventilation system [14]. The length of the simulated unit is
2.6 m, with a duct cross-section of 280 × 300 mm. The simulated unit utilized 30 mm-thick
insulation material. The inner surface of the simulated unit was finished with aluminum
tape. An aluminum flat plate, identical in material to the heat exchange part of the air
circulation-type geothermal ventilation system, was installed on the bottom surface inside
the simulated unit. The aluminum plate dimensions are 3 × 250 × 2000 mm. To replicate
the surface temperature of the geothermal heat exchange part, a silicone tube was placed
under the aluminum plate, and cold water was circulated to cool the aluminum plate. The
cold water was generated using a cooling water circulation unit (LTC-1200α).

This laboratory is generally not open to the public, and its air is directly exhausted to
the outside. Additionally, measurements were taken while wearing sanitary gloves and
laboratory attire to prevent contamination from human-derived microorganisms. Figure 3
shows photographs of the experimental apparatus.
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Figure 3. The photographs of the experimental apparatus.

3. Measurement Overview
3.1. Measurement Conditions

The soil temperature around the air circulation-type geothermal pipes measured in
our laboratory was between 17 and 20 ◦C [14]. Therefore, the temperature of the cold water
supplied by the cooling water circulation unit was set to 20 ◦C. The air circulation-type
geothermal ventilation systems are often installed in residences, educational facilities,
gymnasiums, etc. Based on the airflow rates of actually implemented systems, the airflow
rates through the simulated apparatus were set to 150 m3/h, 300 m3/h, and 550 m3/h.

3.2. Measurement Methods

Table 1 details the measurement instruments. To understand the contamination status
on the surface of the aluminum plate, the fungal concentration on the surface of the
aluminum plate installed inside the simulated apparatus was measured using stamp-type
agar media. Additionally, the ATP (Adenosine triphosphate) amount, which indicates the
level of microbial contamination, was measured. The airborne fungal concentration in the
outdoor air was also measured using a mold sampler. Before measurement, the surface of
the aluminum plate was washed with water and sterilized with alcohol. Figure 4 shows
the measurement instruments and the measurement process.
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Table 1. The details of the measurement instruments.

Measurement Item Measuring Device Model Number

Fungal concentration in outdoor air Mold Sampler (IDC-500B)

Surface ATP concentration Highly sensitive luminometer (EnSURE)
ATP swab test reagent (Supersnap)

Surface fungal concentration Stamp-type agar medium (PDA)
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(1) Airborne Fungal Concentration

The airborne fungal measurement referred to the environmental standards of the
Architectural Institute of Japan [16]. For measuring the fungal concentration in the outdoor
air, a mold sampler (IDC-500B) was installed at the outdoor air intake part of the simulated
apparatus, and outdoor air was collected. Potato Dextrose Agar (PDA) for fungi was used.
The suction volume of the outdoor air was 100 L. The incubation conditions were at a
temperature of 25 ◦C for 3–5 days, and the colony count was recorded. The colony count
unit was cfu/m3. Fungal concentrations in the outdoor air were measured outside the
laboratory in mid-September 2022, during a hot and humid period.

(2) Surface ATP Amount

ATP measurement utilizes the reaction between ATP, which is present in all living or-
ganisms, and a reagent that emits light, with the relative light emission being measured [17].
ATP was measured using a high-sensitivity luminometer (EnSURE) and the Supersnap
ATP swab test reagent. Table 2 shows the contamination levels for ATP measurements in
terms of cleanliness evaluation [18]. The cleanliness evaluation referred to previous studies,
and the measurement results were evaluated per 100 cm2 [19,20].

Table 2. The contamination levels for ATP measurements in terms of cleanliness evaluation [18].

Level Evaluation Criteria

I Extremely clean 0~100

II Very clean 110~300

III Usually clean 310~800

IV A little dirty 810~2000

V Dirty 2010~5000

VI Very dirty 5010~10,000

VII Extremely dirty 10,010~
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(3) Surface Fungal Concentration

The fungal concentration on the aluminum plate surface was measured using stamp-
type PDA. The incubation temperature was 25 ◦C for 3–5 days, and the colony count
was recorded.

3.3. Measurement Points and Schedule

Figure 5 details the measurement points on the aluminum plate. Figure 6 shows actual
photos of the aluminum plate. As the width of the aluminum plate is 25 cm, leaving 2.5 cm
on each end, the measurement area was divided into 20 cm (width) × 200 cm (length),
containing 160 squares of 5 × 5 cm each (40 locations horizontally, 4 locations vertically).
As shown in Figure 5, the aluminum plate was divided into three sections along its length:
I, II, and III. For each measurement, two sampling points (a, b) were taken in sections I, II,
and III for the surface fungal concentration measurement.
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For ATP concentration, two squares were treated as one unit, and the measurement
surface (A) was evaluated. The reason for increasing the ATP measurement area was to
avoid missing data. For each ATP measurement, one sampling point was taken in sections
I, II, and III. Table 3 shows the measurement schedule. The surface fungal concentration
and surface ATP amount were measured on the sterilized surface of the aluminum plate on
days 0, 1, 2, 3, 5, and 7. On day 0, measurements were taken every 3 h starting at 9 AM,
with a total of four measurements: twice in the morning (9 AM, 12 PM) and twice in the
afternoon (3 PM, 6 PM). On days 1, 2, 3, 5, and 7, measurements were taken once in the
morning (9 AM). The airborne fungal concentration was measured four times on day 0,
every 3 h from the start of the measurement, and once in the morning (9 AM) on days 1, 3,
5, and 7.
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Table 3. The measurement schedule.

Schedule Time Surface ATP
Concentration

Surface Fungal
Concentration

Fungal
Concentration in

Outdoor Air

Day 0

0 h

Measure one
place each in

areas I, II, and III

Measure two
places each in

areas I, II, and III

The fungal
concentration in the

outside air was
measured twice

3 h

6 h

9 h

Day 1 24 h

Day 2 48 h

Day 3 72 h

Day 5 72 h

Day 7 168 h

3.4. Results and Discussion
3.4.1. Fungal Concentration in Outdoor Air

Figure 7 shows the fungal concentration in outdoor air under various conditions. The
fungal count result is the total microorganisms that grew on the medium. The fungal units
are expressed in cfu/m3. For the condition with an airflow rate of 150 m3/h, the average
fungal count in outdoor air was 349 cfu/m3, with a minimum and maximum of 125 and
895 cfu/m3, respectively. At an airflow rate of 300 m3/h, the average fungal count was
362 cfu/m3, with a minimum and maximum of 160 and 1025 cfu/m3, respectively. For an
airflow rate of 550 m3/h, the average fungal count in outdoor air was 449 cfu/m3, with
a minimum and maximum of 170 and 790 cfu/m3, respectively. Comparing the average
fungal concentrations in outdoor air across the measurement periods for each airflow rate,
the condition with an airflow rate of 550 m3/h showed the highest concentration.
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Figure 7. The fungal concentration in outdoor air under various conditions.

3.4.2. Surface Fungal Concentration

Figure 8 shows the temporal change in fungal concentration on the surface of alu-
minum plates. The fungal counts are converted to values per unit area. The fungal concen-
tration on the aluminum plate surface increased over time. After 168 h, the surface fungal
concentration was approximately 74,000 cfu/m2 under the 150 m3/h airflow condition and
approximately 49,000 cfu/m2 under the 300 m3/h airflow condition. The 550 m3/h airflow
condition reached its peak at 120 h, with approximately 65,000 cfu/m2. In all conditions,
the surface fungal concentration within the device increased over time. It was challenging
to determine the extent of the impact of airflow on surface fungal concentration. The
authors hypothesized that slower airflow conditions would result in higher fungal counts
and that faster airflow conditions would reduce the number of fungi adsorbed on surfaces.
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However, the fungal count under the 550 m3/h condition was higher than that under the
300 m3/h condition, contrary to the authors’ hypothesis. This discrepancy is attributed to
differences in factors such as the concentration of fungi in the outdoor air introduced into
the device, temperature, relative humidity, and surface condensation conditions.

Environments 2024, 11, x FOR PEER REVIEW 7 of 12 
 

 

to determine the extent of the impact of airflow on surface fungal concentration. The au-
thors hypothesized that slower airflow conditions would result in higher fungal counts 
and that faster airflow conditions would reduce the number of fungi adsorbed on surfaces. 
However, the fungal count under the 550 m3/h condition was higher than that under the 
300 m3/h condition, contrary to the authors’ hypothesis. This discrepancy is attributed to 
differences in factors such as the concentration of fungi in the outdoor air introduced into 
the device, temperature, relative humidity, and surface condensation conditions. 

 
Figure 8. The temporal change in fungal concentration on the surface of aluminum plates. 

3.4.3. Surface ATP Levels 
Figure 9 shows the temporal change in ATP measurements on the surface of alumi-

num plates. ATP values are for all microorganisms from outside air. The unit for ATP is 
the RLU (Relative Light Unit). Table 2 was used for the assessment of contamination levels. 
The ATP measurements immediately after washing the aluminum plate surfaces with wa-
ter and disinfecting with alcohol ranged from 6 to 11 RLU for all conditions, with the 
contamination level rated as “very clean.” Over time, the surfaces of the aluminum plates 
gradually became contaminated. At airflow rates of 150 m3/h and 300 m3/h, the ATP meas-
urements exceeded 810 RLU after 24 h, with a contamination level rated as “slightly 
dirty”. For the 550 m3/h airflow condition, the ATP measurements exceeded 2010 RLU 
after 48 h, with a contamination level rated as “dirty”. Figure 10 shows the correlation 
between surface fungal counts (cfu/25 cm2) and ATP measurements (RLU/25 cm2). The 
surface fungal counts and ATP measurements are converted to values per area of one agar 
plate (25 cm2). The correlation coefficient was R2 = 0.6843, indicating a certain correlation 
between fungal counts and ATP measurements. While measuring fungal counts using 
agar plates is time-consuming and labor-intensive, if fungal counts can be predicted by 
ATP measurements, ATP measurements could serve as an effective and simple method 
for field assessments. 

 
Figure 9. The temporal change in ATP measurements on the surface of aluminum plates. 

0

20,000

40,000

60,000

80,000

０ｈ ３ｈ ６ｈ ９ｈ 24ｈ 48h 72h 120ｈ 168h

Day 0 Day 1 Day 2 Day 3 Day 5 Day 7

150（㎥/h） 300（㎥/h） 550（㎥/h）

0

1000

2000

3000

4000

5000

０ｈ ３ｈ ６ｈ ９ｈ 24ｈ 48h 72h 120ｈ 168h

Day 0 Day 1 Day 2 Day 3 Day 5 Day 7

150(㎥/h) 300(㎥/h) 550(㎥/h)

810～2010（A little dirty） A
TP

［
R

LU
］

 

[c
fu

/m
2 ] 

Figure 8. The temporal change in fungal concentration on the surface of aluminum plates.

3.4.3. Surface ATP Levels

Figure 9 shows the temporal change in ATP measurements on the surface of aluminum
plates. ATP values are for all microorganisms from outside air. The unit for ATP is the
RLU (Relative Light Unit). Table 2 was used for the assessment of contamination levels.
The ATP measurements immediately after washing the aluminum plate surfaces with
water and disinfecting with alcohol ranged from 6 to 11 RLU for all conditions, with the
contamination level rated as “very clean.” Over time, the surfaces of the aluminum plates
gradually became contaminated. At airflow rates of 150 m3/h and 300 m3/h, the ATP
measurements exceeded 810 RLU after 24 h, with a contamination level rated as “slightly
dirty”. For the 550 m3/h airflow condition, the ATP measurements exceeded 2010 RLU
after 48 h, with a contamination level rated as “dirty”. Figure 10 shows the correlation
between surface fungal counts (cfu/25 cm2) and ATP measurements (RLU/25 cm2). The
surface fungal counts and ATP measurements are converted to values per area of one agar
plate (25 cm2). The correlation coefficient was R2 = 0.6843, indicating a certain correlation
between fungal counts and ATP measurements. While measuring fungal counts using
agar plates is time-consuming and labor-intensive, if fungal counts can be predicted by
ATP measurements, ATP measurements could serve as an effective and simple method for
field assessments.
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4. Sterilization Effect of UV Lamps

Using a simulated experimental apparatus, the microbial contamination on the sur-
face of the geothermal heat exchange unit was measured, confirming that the surface is
contaminated with microorganisms in a short period. According to Yanagi, microbial
contamination within heating and cooling systems can lead to the generation of mold
odors and deteriorate indoor air quality [21]. Furthermore, to create an environment where
microorganisms cannot proliferate, proper maintenance, removal of contamination sources,
and the use of technologies to inhibit microbial growth, such as ultraviolet (UV) sterilization
and ozone sterilization, are necessary. Various measures can be taken to prevent microbial
contamination in air conditioning systems. The authors measured the surface sterilization
effect of UV lamps.

4.1. Confirmation of Ultraviolet Intensity

Many commercially available ultraviolet lamps emit 254 nm UVC, which is highly
effective for disinfection, using low-pressure mercury lamps. The required ultraviolet
(UV) dose for microbial disinfection varies depending on the type of microorganism.
The UV dose [J/m2] from a UV lamp can be calculated by multiplying the UV intensity
[W/m2] by the exposure time [s] [22]. Since the commercially available UV lamps did not
display the UV intensity information, the UV intensity was measured using a UVC sensor
(Lutron YK-37UVSD). Figure 11 shows the measurement positions and photos of the UV
intensity measurement. The UV intensity was measured by placing the UV lamp inside
the experimental setup and positioning the UVC sensors at three locations ( 1⃝, 2⃝, 3⃝), as
shown in Figure 11. The distance from the UV lamp to the UVC sensors was approximately
28-to-30 cm. The average UV intensity at the three locations was 0.156 mW/cm2.
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4.2. Experimental Overview

The sterilization experiment using UV lamps was conducted within the simulated
apparatus described in Chapter 2. The target microorganisms for sterilization were As-
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pergillus niger (NBRC 6341) and Penicillium pinophilum (NBRC 6345), as these are the most
common fungi found in the air. The sterilization exposure doses for these two species were
264 and 26.4 mW·s/cm2, respectively, which are sufficient to achieve 99.9% sterilization
on culture media [22]. For this experiment, the exposure time was determined based on
the higher sterilization exposure dose required for Aspergillus niger (NBRC 6341). Table 4
shows the experimental conditions for sterilization (levels of exposure doses). The exposure
time for each condition is the cumulative time. Before the sterilization experiment, the
aluminum plates, which were the measurement surfaces, were washed with water and then
sterilized with alcohol. The sterilized aluminum plates were then placed in the simulated
apparatus and dried for 10 min. After that, the ventilation fan was operated at an airflow
rate of 300 m3/h for 24 h, introducing outdoor air into the simulated apparatus. The
microbial contamination on the surface of the aluminum plates was due to fungi from
the outdoor air. After 24 h, the ventilation fan was stopped, and the UV lamp installed
in the simulated apparatus was activated for the exposure times corresponding to each
experimental condition.

Table 4. The experimental conditions for sterilization (levels of exposure doses).

Exposure time 15 min 30 min * 60 min

Dosage (mW·s/cm2) ** 140.4 280.8 561.6
*: Irradiation time required for 99.9% sterilization; **: This is the average value measured multiplied by the
time (seconds).

4.3. Measurement Methods

A stamp-type PDA was used to measure the fungal count on the surface of the
aluminum plates. Additionally, ATP concentration was also measured. This experiment is
the same as described in Section 3.2: see Figure 5 or Figure 6.

4.4. Results and Discussion

Figure 12 shows the changes in fungal count and ATP concentration due to sterilization,
and Figure 13 shows photographs of fungal cultures. The average fungal count on the
aluminum plate surface before UV lamp sterilization was 127 cfu/25 cm2. After 15 min
of UV lamp exposure, the fungal count ranged from 5 to 9 cfu/25 cm2, and after 30 min
of exposure, the count ranged from 4 to 6 cfu/25 cm2. Not all fungi were eradicated with
sterilization exposure times of 15-to-30 min. The reason for this is that the sterilization
exposure dose was calculated based on Aspergillus niger (NBRC 6341), and it is possible
that some fungi from the outdoor air required a higher exposure dose for sterilization than
Aspergillus niger. However, with an exposure time of 60 min, which is twice the sterilization
exposure dose for Aspergillus niger, no fungi were cultured. The results of this measurement
indicate that exposing a microbially contaminated surface to UV lamps for 15-to-30 min
can achieve a sterilization rate of 94.5%-to-96.1%. Furthermore, doubling the exposure time
to 60 min for Aspergillus niger (NBRC 6341) resulted in a sterilization rate of 99.9%.
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Generally, UV lamp sterilization in buildings is applied in HVAC systems to sterilize
microorganisms or viruses in the air passing through ducts [23]. However, factors such as
duct size, air velocity, and the UV lamp’s sterilization intensity must be considered [24].
Additionally, the sterilization efficiency of low-pressure mercury UV lamps varies with
temperature changes, making it essential to understand and consider these characteristics.
Typically, the air temperature in HVAC systems ranges from 5 to 35 ◦C, with air velocities of
0.5~4 m/s [25,26]. In this study, air temperatures ranged from 25 to 28 ◦C, and air velocity
was approximately 0.5 m/s in a system utilizing geothermal energy in summer. However,
this study was not aimed at sterilizing microorganisms in the air, but rather microorganisms
attached to the surface of geothermal heat pipes. Consequently, the results of this study
cannot be directly compared to those of previous studies; however, the sterilization effect
can still be evaluated. Recent studies report extensively on the sterilization efficiency
for coronaviruses. The attachment of microorganisms on the cooling coil surface can
reduce heat transfer efficiency, increase airflow resistance, and ultimately elevate the energy
consumption of the fan and chiller plant. Studies have reported that applying an ultraviolet
germicidal irradiation (UVGI) system to the air handling unit (AHU) can clean the coil,
enhance coil performance, and contribute to energy savings [27,28]. Additionally, studies
show duct air velocities of 1.5~3 m/s, with temperatures between 21 and 25 ◦C, and UV
doses ranging from 2.47 to 423 J/m2 [29,30]. Under these conditions, reported sterilization
efficiencies vary from 39 to 100%, suggesting a strong correlation with both air velocity
and UV lamp intensity. When air velocity is high and UV intensity is low, sterilization
efficiency tends to decrease. In this study, however, the sterilization effect was measured for
microorganisms attached to duct surfaces, and it is believed that the attachment duration of
microorganisms on surfaces has a more significant impact on sterilization than air velocity.
To enhance system sterilization efficiency, it is recommended to increase exposure time or
UV lamp intensity. Moreover, this study suggests the potential presence of microorganisms
on HVAC duct surfaces. By sterilizing both airborne microorganisms and those on duct
surfaces, cleaner air is expected to be supplied indoors.

5. Conclusions

In this study, a simulated apparatus was constructed to model an air circulation
geothermal ventilation system, and the microbial contamination levels on the inner surfaces
of the pipes were measured. Additionally, the surface sterilization effect of UV lamps
was evaluated.

The fungal concentration on the surface of the aluminum plates within the simulated
apparatus showed a tendency to increase over time. However, the adhesion of outdoor-
derived contaminants to the surface is influenced not only by airflow (wind speed) but also
by the outdoor air temperature, relative humidity, and surface condensation conditions
inside the pipes. Therefore, future research should consider these factors as well.

Based on the ATP measurement results, the contamination due to microorganisms was
evaluated as “slightly dirty” after 24 h and “dirty” after 48 h of operating the experimental
apparatus. Therefore, it is recommended that the internal surfaces of the geothermal
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ventilation system be cleaned every 1 to 2 days. Given the observed correlation between
fungal counts and ATP measurements, ATP measurement can be considered an effective
method for the simple assessment of microbial contamination levels in the field.

The results of the sterilization experiment using UV lamps confirmed that it is possible
to inactivate microorganisms derived from outdoor air. The measurements indicated that a
microbial-contaminated surface can be sterilized by 94.5%-to-96.1% with 15-to-30 min of
UV lamp exposure. However, since the sterilization exposure dose varies depending on
the type of microorganism, it is necessary to determine the optimal exposure time based on
the type of target fungi and the intensity of the UV lamp exposure.

Funding: This research was supported by Grant-in-Aid for Scientific Research(c) (2020–2022) and the
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