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Abstract: In this paper, the authors examined the technology to maximize the use of renewable
energy. Passive ventilation systems are expected to reduce the energy consumption of the fan and
the maintenance burden. In addition, the wall-mounted solar air heater can supply thermal energy
without using any energy at all. Therefore, this paper presents a “passive ventilation system with a
solar air heater” that combines a passive ventilation system with the solar air heater to preheat the
air. This system can reduce the ventilation load. To evaluate the solar air heater performance in a
real environment, we developed a simulation for calculating the heat collection capacity of the solar
air heater, and then the system was implemented in a real building for verification. The simulation
performs hourly unsteady calculations, allowing for accurate evaluation of the annual simulation.
Based on the measurement results, the effects of heating load reduction and prediction methods are
presented. The solar air heater reduced the monthly ventilation load by up to 50% or more, and by at
least 15%. It was also confirmed that there was a high correlation between the actual measurements
and the simulation results.

Keywords: solar air heater; passive ventilation; ventilation load; residential house; actual measure-
ment; simulation

1. Introduction

In October 2020, the Japanese government declared a goal of virtually zero greenhouse
effect gas emissions by 2050. In order to realize this goal, energy conservation in the
housing sector is considered to be important. To save energy in homes, it is necessary to
reduce the heating load and use renewable energy at the same time.

In recent years, passive ventilation systems have been attracting attention in Japan,
mainly for residential buildings. This is because passive ventilation systems are expected to
reduce the energy consumption of fan power and reduce the burden of maintenance. A pas-
sive ventilation system mainly uses the stack effect. This has been generally recognized
as a ventilation method before mechanical ventilation systems became widespread, and
now, as one of the ventilation methods for buildings, it has official technical standards [1,2],
just like mechanical ventilation systems. Since the driving force of a passive ventilation
system is natural, it is more difficult to control the amount of ventilation compared to a
mechanical ventilation system. If the ventilation volume is too high, heat loss will be high,
causing discomfort. Moreover, too little ventilation results in poor indoor air quality (IAQ).
Shaw et al. [3] conducted an experiment using a two-story experimental house with a

Energies 2021, 14, 7651. https://doi.org/10.3390/en14227651 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4407-4154
https://doi.org/10.3390/en14227651
https://doi.org/10.3390/en14227651
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14227651
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14227651?type=check_update&version=1


Energies 2021, 14, 7651 2 of 12

heating system in the basement under four conditions, including the method of introducing
outside air and the presence or absence of a vent stack. They proposed a mathematical
formula to determine the ventilation frequency from the airtightness, neutral pressure level,
and inside/outside temperature difference of (1) introducing outside air into the basement
through openings in the exterior walls; (2) introducing outside air through the air supply
pipe connected to the heating system; (3) installing a vent stack leading directly from the
basement to the rooftop in accordance with (1); (4) installing a vent stack leading directly
from the basement to the rooftop in accordance with (2). Fukushima et al. [4] proposed a
passive ventilation system for Japanese conventional wooden houses. This system takes in
fresh outside air to the underfloor space that is insulated at the basement walls and heated
by radiators. Room air is exhausted through a vent stack at the top of the house. Floor
openings and interior wall cavities are also used for circulating the fresh outside air heated
in the underfloor space. They measured the ventilation rate and indoor temperature in a
two-story experimental house equipped with the system, and showed that the ventilation
rate during the heating period was generally satisfactory to the design ventilation rate, and
that the increase in heat loss was 10% compared to the heat loss with a constant ventilation
rate of 0.5 times/h. Southall [5] showed through simulation that demand control using
temperature, humidity, and CO2 sensors can significantly reduce the energy consumption
for heating a building. On the other hand, a hybrid ventilation system has been proposed
to improve IAQ by using a mechanical ventilation system in combination with a passive
ventilation system while taking advantage of its energy-saving properties. Turner et al. [6]
showed through simulation that it is possible to meet IAQ standards with less energy
by combining mechanical fans and mechanical flow dampers controlled by a residential
ventilation controller to prevent over- and underventilation in passive ventilation systems.
The simulation shows that it is possible to meet IAQ standards with less energy. Jreijiry
et al. [7] have shown by simulation that demand control combined with CO2 and motion
sensors can reduce occupants’ exposure to high CO2 concentrations while reducing fan
power consumption.

However, in the above studies, there is no research to obtain thermal energy like in
the heat exchange ventilation system. On the other hand, the solar air heater is a device to
heat outside air by solar radiation through the transparent top cover of the case. It usually
has fans to carry the heated air into room space. The heated air can reduce the heating
load in the winter season. Therefore, this paper was conducted to enable simple and easy
ventilation load reduction in passive ventilation systems. By incorporating solar air heater
into the air inlet of the passive ventilation system, all the outdoor air supplied is heated
by solar heat. This will reduce the ventilation load. Both the passive ventilation system
and the solar air heater are designed to utilize renewable energy, which is an important
technology to achieve the goal of zero carbon.

There are many studies to improve the solar gain efficiency of solar air heater. Potter
et al. [8] proposed a new fin shape that can achieve high heat collection efficiency with
low air resistance to reduce the airflow energy. Singh et al. [9] presented the tapered solar
air heater integrated on the building wall that increases the thermal effectiveness of the
device by 70%. Zhao et al. [10] proposed the solar air heater with built-in PV and fan
operation using electricity generated by the PV system, which does not require fan power
and improves the efficiency of solar air heater. Hosseini et al. [11] presented the numerical
studies for the effect of fins’ shadow in SAH. There are many studies on a performance
evaluation to examine the effectiveness of the solar air heater. Rodonò et al. [12] created a
mathematical model of air heating and natural convection and developed a practical tool to
optimize the materials and dimensions in the design of the solar air heater. Zhai et al. [13]
have developed a mathematical model based on the heat balance equation, verified it
by experiments and proposed the optimum tilt angle and panel size. Ho et al. [14] have
presented a mathematical model that utilizes commonly and widely-used exterior steel
plates for heat collection and allows prediction of their performance. Although these
mathematical models are constant conditions with no variation, Dissa et al. [15] have
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built a computational model in unsteady to evaluate the solar air heater performance in
a real environment and enable proper prediction of the collector temperature. In order
to evaluate solar heat in combination with ventilation, unsteady computations that can
simulate time variability are required. Therefore, a simulation using unsteady calculations
was created to accurately evaluate the annual heat collection. As a measured evaluation
of the solar air heater, Wang et al. [16] found that the panels that slip through the heat-
absorbing layer have the highest heat collection efficiency based on the investigations
of the previous studies. They reported the performance of the heat collection efficiency
in different flow rates in New Zealand. Budea [17] measured the solar air heater under
Romanian climatic conditions and reported that the heat collection efficiency was about
50%. A mathematical model was developed to determine the required area of the solar air
heater to improve ventilation, and case studies were conducted in residential and office
buildings to make recommendations.

With regard to verifying the combination of passive ventilation and a solar air heater in
real buildings, Khedari et al. [18] proposed the dwelling with SAH on the roof and verified
the natural ventilation rate was 0.08–0.15 m3/(s·m2). Yu et al. [19] proposed and verified a
hybrid system of active and passive systems. They proved that the indoor environment
in both the south and north rooms could maintain a room temperature of 17 ◦C in winter
in a solar demonstration building. Li et al. [20] proposed an energy-saving system that
can maintain CO2 concentration below 1000 ppm in an elementary school during winter.
However, a simple and less burdensome system needs to be proposed for houses where
the maintenance and management needs to be done by the owners themselves.

As a new approach, we implemented solar air heater, which has not been implemented
in actual houses before, in an actual house using wall-mounted solar heat collection panels
as the outdoor air intake part of the passive ventilation system proposed by Fukushima
et al. [4], which is a stand-alone system that does not require an external power supply.
Actual measurements will be conducted to verify the performance of the solar air heater
and the effect of reducing the ventilation load. The accuracy of the simulation for predicting
the amount of heat collection was also investigated based on actual measurements, with
the aim of establishing a method for accurately evaluating the annual amount of heat
collection. Since the ventilation load leads to the reduction of heating energy, we propose a
passive ventilation system that can reduce the heating load outside the building envelope.

2. Passive Ventilation System with a Solar Air Heater
2.1. Overview

Figure 1 shows an overview of the system studied in this research. The outside air
is supplied to the underfloor cavity through the solar air heater. The underfloor is an air
supply chamber with foundation wall insulation. The solar air heater is connected to the
fresh outside air intake. The outside air introduced into the underfloor is heated by the
underfloor heating and rises. The rising air is supplied to the room through a rattle. It is
also supplied to the second floor through the rising wall. Some of the air is exhausted
out of the vent stack through an exhaust vent installed at a higher level. The vent stack
should be mounted high to get the difference in height. The air, which is both ventilated
and heated, returns to the subfloor as return air through a descending rattle. Therefore, the
air of the entire house circulates. The downward rattle should be installed in a location
where there is no heat source, and the temperature is relatively low.

Table 1 shows the performance of the solar air heater. The solar air heater consists of
two layers of transparent polycarbonate with insulating properties on the solar radiation
acquisition side. Outside air is drawn in through small holes punched in the back of the
panel. The air then passes through a felt-like heat-absorbing layer into the panel. The air
heated by the solar heat inside the panel is supplied to the room by a built-in fan. The
fan is driven by electricity from the panel’s built-in power generation panel. The actual
heat collection area per panel is 1.326 m2 (1950 mm × 680 mm). The maximum capacity of
the solar air heater is about 100 m3/h, and they can heat outside air by about 30 ◦C, with
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a maximum capacity of about 1000 W. The fan airflow rate varies from 60 to 110 m3/h
depending on the amount of solar radiation and controller adjustment.
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Table 1. Technical data specification of the wall-mounted a solar air heater.

Parameter Value Unit

Dimension 1974 × 704 × 55 mm
Weight 14 kg

Air flow 60~110 m3/h
Ventilator–power consumption 3.7 W

Solar cell–power generation 12 W
Air outlet on collector 125 mm

Maximum heat collection capacity 1000 W
Rise in temperature compared to

outside temperature 30 ◦C

2.2. Method for Predicting the Amount of Heat Collected by a Solar Air Heater
2.2.1. Calculation Method of Heat Collection Capacity

In order to accurately predict the heat collection capacity of the air heater actually
installed in a building, it is necessary to calculate the time variation of the heat collection
capacity. In general, the heat collection capacity of the solar air heater is expressed as
Equation (1) in a steady state. Equations (2) and (3) show the time variation of the heat
balance in the air layer inside the panel of the solar air heater. The M in Equation (2) is
defined as the equivalent heat capacity, which is the combined heat capacity of the air and
components in the device.

Once M is obtained, it is possible to calculate the amount of heat collected by entering
numerical values into these equations. Once these values are obtained and the time
variation of the temperature is known, it is possible to calculate the heat collection volume
taking into account the time variation.

Qu = 0.348Q(Ti − To) (1)

M
dT
dt

= Qu + UF AF(Ti − To) + UB AB(Ti − To) + JR AF (2)

M = MA + MB (3)
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2.2.2. Identification of Heat Capacity for Heat Collection Calculation

Table 2 shows the summary of the experiments to identify M. The solar air heater
was set up as shown in Figure 2, and the amount of vertical solar radiation on the panel,
the temperature at each point, and the blow-off temperature were measured. The solar
radiation measurements were instantaneous and were greatly affected by temporary clouds
and shadows. To minimize measurement errors, the measurement interval was set to one
second, and the results were averaged over one minute for evaluation. The M was identified
from the experimental results and Equations (2) and (3).

Table 2. Outline of experiment.

Item Detail

Date 16 Febuary 2011
Location Nerima-ku, Tokyo

Installation azimuth Due south
Solar radiation Pyrheliometer PCM-01 (Made by Prede)
Temperature T type thermocouple

Measurement interval 1 s
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Figure 3 shows the results of the experimental on 16 February 2011, which was taken
as the representative day. MB was identified from the measured value by the least-squares
method to minimize the error from the calculation, and MB is 5057 J/K.
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Figure 3. Measured and calculated supply air temperature.

Figure 4 shows the correlation between the measured and calculated values. The error
was calculated by subtracting the calculated value from the measured value and dividing
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by the calculated value. The error between the calculated and measured values averaged
1.8%, which is a good correlation, and it can be concluded that the theoretical equation can
predict the time variation of the heat collection rate.
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Figure 4. Correlation between measured and calculated supply air temperature.

3. Building Used for Verification
3.1. Building Overview

The measurements were conducted at a two-story wooden house in Sapporo, Hokkaido.
Figure 5 shows a photograph of the building and Table 3 shows an outline of the

building. The dotted lines indicate the solar air heater, which also serve as air supply vents.
The city of Sapporo, where the building was constructed, is located at latitude 43◦ N and
longitude 141◦ E, and the average outside temperature in the coldest month is −4.6 ◦C.
It is an area with heavy snowfall, with a maximum snow depth of 80 cm and a cumulative
snowfall of more than 550 cm.
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Table 3. Outline of a house.

Item Detail

Location Sapporo City, Hokkaido
Completion June 2015

Family members Adult: 2 people, Child: 2 people

Total floor area 125.87 (m2)
1st floor: 65.42 (m2), 2nd floor: 60.45 (m2)

Building volume 352.76 (m3)

Q value 0.79 (W/(m2K))
* Air change rate: 0.4 (times/h)

C value 0.3 (cm2/m2)
* Equivalent leakage area

U value
Ceiling: 0.08 (W/(m2K))

Exterior wall: 0.12 (W/(m2K))
Window: 0.91 (W/(m2K))

Two solar air heaters are installed on the south exterior wall, which also serves as the
fresh outside air intake for passive ventilation. The floor area is about 125 m2, and the
family consists of four people. The heating is done by running hot water through a radiator
installed underfloor space.

3.2. Measurement Items and Measurement Period

Figure 6 shows the floor plan of this measurement and the outline of the installation
of the measuring equipment. Measurements were taken for indoor and outside tempera-
ture, humidity, carbon dioxide concentration, air velocity, temperature and humidity of
supply air, the solar air heater, and exhaust air, incident solar radiation, and heating usage.
The measurement data used in the analysis was taken from October 2015 to May 2016. For
the verification of the solar air heater performance, the days with more than 4 h of sunlight
were selected as “sunshine days” according to the data from the Japan Meteorological
Agency, and the heat collection time was set from 8:00 to 16:00. The performance evaluation
of the solar air heaters is done with two panels.
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Figure 6. Plan and measurement plan.

The indoor environment during the measurement period is shown in Table 4. The
temperature, humidity, and air environment in the room were maintained at a good level.
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Table 4. Indoor environment during the measurement period.

Measurement Item Avg SD Unit

Outside air temperature 4.1 7.1 ◦C
Indoor temperature 21.5 1.4 ◦C

Indoor relative humidity 50.3 4.7 %
Indoor CO2 concentration 743 192 ppm

4. Verification of the Effectiveness of the Solar Air Heater
4.1. Solar Air Heater Performance

Figure 7 shows the temperature rise effect (Ti − To) and the heat collection rate Qu of
the solar air heater during the sunny days in January. Eleven sunny days were observed in
January. The temperature rise effect was evaluated using one solar air heater on the left
side of the room where the measurement equipment was installed.
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Figure 7. Temperature rise effect and heat collecting effect by time.

The maximum amount of heat collected per hour by one solar air heater was about
0.85 kWh, and the average amount of heat collected at 11:00 a.m., when the highest amount
of heat was collected, was 0.55 kWh. The standard deviation was as large as 6.8 ◦C for
temperature rise and 0.23 kWh for the solar air heater, showing the difference in the effect
of sunlight. In January, solar radiation acquisition was not obtained before 9:00 and after
14:00. This was due to the influence of neighboring houses in January when the solar
altitude was low. When the amount of heat collected per day on sunny days was calculated,
the maximum was 3.3 kWh, and the average for 11 days was 2.33 kWh.

Next, we evaluated the solar air heater for the period from October 2015 to May
2016, including nonsunny days. Figure 8 shows the monthly average daily heat collection
and daily average incident solar radiation of the solar air heater as a box-and-whisker
diagram. The maximum standard deviation was 2 kWh in January, indicating that it
was greatly affected by the weather. Even with this influence of the weather, the lowest
daily average heat collection was 2.3 kWh/day on average in December, and the highest
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was 3.2 kWh/day in March. The average heat collection during the heating period was
2.1 kWh/day.
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Figure 8. Heat collecting effect of two solar air heaters.

In order to clarify the efficiency of the solar air heater, Figure 9 shows the relationship
between the amount of incident solar radiation and the amount of heat collected by the
solar air heater averaged over one day.
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Figure 9. Relationship between incident solar radiation and heat collection.

The variance in the actual measurement is due to the influence of external wind,
shadow of the entrance frame, snow and dirt adhesion, and other reasons. Although
there was some variation, the average measured heat collection efficiency was about 58%,
confirming that there was a high correlation between heat collection and solar radiation.

4.2. Effect of a Solar Air Heater on Ventilation Load Reduction

Figure 10 shows the relationship between the heat collection volume and the ventila-
tion load, and the ventilation load reduction ratio, which is the ratio of the heat collection
volume to the ventilation load. The data was calculated and evaluated for a total of one
day. The figure shows the median value with standard deviation.

The results show that the solar air heater can reduce the ventilation load by more
than 15% in the period from November to February, including the coldest month, by less
than 25% in March, and by 30% to 40% in April, May, and October. It was found that the
ventilation load for ventilation could be reduced by the solar air heater.

In addition, it was confirmed that the reduction rate varied greatly depending on the
difference in ventilation load, even though the solar altitude was about the same and the
amount of heat collected was almost the same, as in the case of October and February;
and that the ventilation load reduction rate varied depending on the solar altitude and the
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amount of solar radiation due to weather, even though the ventilation load was about the
same, as in the case of December and March, and November and April.

Energies 2021, 14, x FOR PEER REVIEW 10 of 13 
 

 

was some variation, the average measured heat collection efficiency was about 58%, con-
firming that there was a high correlation between heat collection and solar radiation. 

 
Figure 9. Relationship between incident solar radiation and heat collection. 

4.2. Effect of a Solar Air Heater on Ventilation Load Reduction 
Figure 10 shows the relationship between the heat collection volume and the venti-

lation load, and the ventilation load reduction ratio, which is the ratio of the heat collection 
volume to the ventilation load. The data was calculated and evaluated for a total of one 
day. The figure shows the median value with standard deviation. 

The results show that the solar air heater can reduce the ventilation load by more 
than 15% in the period from November to February, including the coldest month, by less 
than 25% in March, and by 30% to 40% in April, May, and October. It was found that the 
ventilation load for ventilation could be reduced by the solar air heater. 

In addition, it was confirmed that the reduction rate varied greatly depending on the 
difference in ventilation load, even though the solar altitude was about the same and the 
amount of heat collected was almost the same, as in the case of October and February; and 
that the ventilation load reduction rate varied depending on the solar altitude and the 
amount of solar radiation due to weather, even though the ventilation load was about the 
same, as in the case of December and March, and November and April. 

 
Figure 10. Relationship between heat collection volume and ventilation load. 

y = 0.58 x
R² = 0.98 

0
1
2
3
4
5
6
7
8

0 5 10

H
ea

t c
ol

le
ct

io
n 

(k
W

h/
 d

ay
)

Incident solar radiation (kWh/ day)

Oct.

Nov.
Dec.

Jan.

Feb.
Mar.

Apr.

May

0

1

2

3

4

5

0 2 4 6 8 10 12 14 16 18 20

H
ea

t c
ol

le
ct

io
n 

(k
W

h/
 d

ay
)

Ventilation load (kWh/ day)

集熱量

100%

15%

50%

Ventilation load reduction 
25%

Figure 10. Relationship between heat collection volume and ventilation load.

4.3. Comparison of Simulated and Measured Heat Collection Capacity

Figure 11 shows the relationship between the heat collection capacity and the ventila-
tion load based on the simulation of heat collection capacity prediction results with daily
average values. The solar radiation and ventilation load are measured values. The error
was calculated by subtracting the calculated value from the measured value and dividing
by the calculated value. The error between the calculated and measured values averaged
9.0%, which is a good correlation. Relatively speaking, the simulation results show slightly
higher values. It is considering that that the heat collection efficiency may drop due to
various factors such as shadows and dirt on the panels in the actual measurement. It was
confirmed that the results were highly correlated and reproducible.
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5. Conclusions

In order to utilize renewable energy in an energy-efficient passive ventilation sys-
tem, a study was conducted to reduce the ventilation load by combining the solar air
heater in the air supply section. The following is a summary of the findings obtained
through the verification of the heat collection calculation simulation, actual measurements,
and evaluation.

(1) A simulation was constructed to predict the heat collection capacity considering the
time variation. To obtain a part of the heat capacity of the surrounding components,
the measured and calculated values were identified by the least-squares method, and
a part of the heat capacity of the surrounding components was set to be 5057 J/K.
As a result of verification of the measurements and calculations, high reproducibility
was obtained. As a result of verification of the measured and calculated values, high
reproducibility was obtained.

(2) Actual measurements were conducted in a real building: the maximum temperature
increase effect of the solar air heater was about 30 ◦C, the maximum heat collection
per hour for one solar air heater was 0.85 kWh, and the average heat collection at 11:00,
when the most heat collection was obtained, was 0.55 kWh. The standard deviation
was as large as 6.8 ◦C for temperature rise and 0.23 kWh for heat collection, showing
the difference in the effect of sunlight. In January, when the solar altitude was low,
solar radiation acquisition was not obtained before 9:00 a.m. and after 2:00 p.m. due
to the influence of neighboring houses.

(3) The maximum heat collection rate was more than 7 kWh/day in January to March. In
terms of daily average heat collection, including days without sunshine, the lowest
was 2.3 kWh/day in December and the highest was 3.2 kWh/day in March. An
average of 2.1 kWh/day of heat collection was obtained during the heating period.

(4) The heat collection efficiency of the solar air heater was about 58%.
(5) The ventilation load reduction rate of the solar air heater was just over 15% from

November to February, just under 25% in March, and about 30% to 40% in April, May,
and October.

(6) As a result of comparing the simulation results of the heat collection volume cal-
culation with the actual measurement, it was confirmed that the simulation was
highly reproducible.

In this report, it was found that this system is effective as one of the methods that can
reduce the ventilation load. In this way, the performance of the solar air heater has been
verified, and the possibility of adapting it to heating has also been clarified. Furthermore,
if it becomes possible to simulate the effects of installing the solar air heaters in actual
buildings and the effects of energy conservation in residential buildings, it will be possible
to promote the adoption of renewable energy.
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Nomenclature

Qu Heat collection capacity W
M Equivalent heat capacity J/K
MA Heat capacity of air in panel J/K
MB Part of the heat capacity of surrounding components J/K
Q Air flow m3/h
UF U-value (front of panel) W/(m2K)
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UB U-value (back of panel) W/(m2K)
AF Area (front of panel) m2

AB Area (back of panel) m2

Ti Temperature (hollow layer in the device) ◦C
To Temperature (outside air) ◦C
JR Amount of solar radiation transmitted into the panel W/m2

t Time s
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