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ABSTRACT

The office areas of our research facility use a task-ambient air conditioning system,
where base loads are treated by an outdoor air handling unit and radiant air conditioning,
while sensible heat load is treated by personal air conditioning systems, DCFCU. Although
radiant air conditioning is more comfortable and energy efficient compared to conventional
systems, it has challenges such as requiring a large installation area and the need for
sound absorption measures. Therefore, as an energy-efficient alternative to radiant air
conditioning, we used the DCFCU for ambient air conditioning during summer and
conducted a comparative evaluation of the indoor environment. The results confirmed that
comparable comfort could be achieved with less water supply than with radiant air
conditioning.
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IN ENERGY SELF-SUFFICIENT INNOVATION CENTER
(PART 1) PERFORMANCE EVALUATION OF PERSONAL AIR
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ABSTRACT

We are developing a ceiling-mounted air conditioning unit (hereinafter referred to as DCFCU) using
DC fan with the aim of reducing the environmental impact of office buildings. The DCFCU installed at the
Takasago Thermal Engineering Innovation Center (hereafter referred to as “the facility””) was originally
introduced as a personal air conditioning (PECS: Personal Environment Comfort System) for cooling
purposes [1]. However, during peak periods in summer and winter, deterioration in the indoor working
environment was observed. Therefore, DCFCU was repurposed as an ambient air conditioning to improve
the working environment and reduce energy consumption. This study presents the results of improving the
indoor thermal environment and reducing energy consumption in open office areas by supplying waste hot
water to DCFCU discharged from a wood biomass gasification generator (hereafter referred to as biomass
CHP, CHP: Combined heat and power) in winter. In summer, groundwater was utilized for cooling. These
were implemented during early morning start-up and working hours.

1. INTRODUCTION

In the field of air conditioning systems, research on PECS is advancing from the perspectives of
achieving ZEB (Zero Energy Buildings), improving thermal comfort, and energy saving [2-4]. IEA EBC
Annex 87 is working to quantify the benefits of PECS in terms of comfort, health, energy performance, and
cost, as well as to establish design criteria and operation guidelines. These efforts underscore that the
integration of PECS with general ambient systems in space is an internationally significant research topic
[5].

This facility has adopted and operates PECS to achieve reduced environmental impact and enhanced
intellectual productivity. The PECS is localized air conditioning system developed to address individual
thermal discomfort and preferences by directly cooling or heating the body without affecting the overall
thermal environment. It provides low-power air supply, heating, and cooling near the user. Therefore, when
the PECS is used as ambient air conditioning, it is expected to contribute more significantly to energy
savings, particularly by reducing air transport power compared to conventional methods that distribute air
from multiple outlets. An overview of the building, energy and heat source systems, and air conditioning
systems is introduced first.

1.1 Architectural Overview

This facility is an energy self-sufficient that aims for off-grid operation by integrating solar power
generation, biomass CHP, groundwater heat utilization, and large-scale batteries [6]. Fig. 1 shows the exterior
and interior views, and Table 1 shows an overview of the facility. The facility primarily consists of office and
laboratory wings. The energy-saving goal for the office wing is to achieve ZEB status, and the entire facility
aims to achieve “ZEB Ready” based on actual performance [7]. During intermediate seasons such as spring and

This article is an update version of conference paper, submitted to the 18th Asia Pacific Conference on the Built Environment, Shaping a
Sustainable and Healthy Built Environment held on November 7-8, 2025, in Singapore.

! Takasago Thermal Engineering Co., Ltd.

2 Department of Architecture, Waseda University
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autumn, natural ventilation is carried out by opening windows located at both high and low positions when
outdoor climatic conditions are favorable.

Fig. 1 Exterior (upper) & interior (down) view of the facility

Table 1 Facility overview

Location Ibaraki Prefecture, Japan
Facility Use Office and Research facility
Number of floors | 2 stories

Height 15.455m

Gross floor area 11,763.97 m?
Office wing area | 4,757 m?
Completion date | January 2020

1.2 Energy and Heat Sources System for Air Conditioning

The schematic diagram in Fig. 2 shows an overview of the energy and heat source systems adopted in
the facility. Groundwater is used for cooling, whose temperature ranges from 15~17°C throughout the year. It
is used for various air conditioning systems, such as the desiccant outdoor air conditioning unit (DOAS) on the
first floor, the PECS, and ceiling radiant panels. Two biomass CHP units are installed, enabling the extraction
of both electricity and heat. The waste heat from the biomass CHP is utilized for the air conditioning systems,
hot water supply, and biomass chip drying.

Fig. 2 Conceptual diagram of energy and heat source systems

1.3 Air Conditioning Systems

Fig. 3 shows the concept of the air conditioning system adopted for the office area. The office area
on the second floor is designed based on the Activity-Based Working (ABW) concept, enabling a flexible
environment. This environment consists of ambient air treated by a reheat-type outdoor air handling unit
(OHU) and personal environments controlled by human centric PECS units.
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Fig. 3 Conceptual diagram of PECS uses in office area
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Fig. 4 2F plan view of the office area indicating PECS installation areas,
Closed area: Office area 2-1, Open area: Office area 2-2,2-3
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Fig. 5 Specifications of PECS: Application image (Left), Installation image in the facility (Right)
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Fig. 4 shows the office area, which is mainly divided into two different areas: a closed area named
Office 2-1 and an open area which consists of Office 2-2, Office 2-3, and Planet Office. The installation
areas for PECS are also indicated. Fig. 5 shows three types of PECS: partition type, desk type, and ceiling-
mounted DCFCU, installed in the office area along with their specifications. These units can be turned
ON/OFF using smartphones according to occupant preferences. The DCFCU uses DC fans and operates
with very low power consumption.

2. PERFORMANCE EVALUATION IN WINTER

The open office area is air-conditioned using OHU and PECS. During the winter, the OHU starts
preheating approximately two hours before the start of work; however, there was an issue where the indoor
temperature took a long time to rise, and even by the afternoon, it did not reach the required temperature of
22°C. Fig. 6 (a) shows the outdoor temperature and Fig. 6 (b) shows the indoor temperature variations in
the open area during a representative week in January 2023. Although there were variations depending on
indoor and outdoor temperatures, the room temperature ranged from 17~ 21°C at the start of work and
gradually increased, reaching approximately 22°C by the end of the working hours.

Therefore, in order to improve thermal comfort in the open area, the piping system was upgraded so
that hot water prepared by the exhaust heat of the biomass CHP could be supplied to the DCFCU.
Additionally, new functions were added to enable batch scheduled operation of the DCFCUs, which were
originally installed for personal air conditioning, so they could be used for ambient air conditioning as well.
Specifically, a method was adopted where all DCFCUs are operated in batch before the start of working
hours to preheat the open area. To evaluate the effectiveness of these operational improvements, verification
study was conducted under three conditions: without preheating (Case 1), and with preheating (Case 2 and
Case 3). The verification methods and results are presented below.

— 12
°L> 2 i i:‘.\ 'I-'.m. .
= — Wﬂmo * * ¥ * *
o ™ T ey . P * aattt ity
aE) -2 ~:w L Nl W s
~ -8 : :
1/23 1/24 1/25 1/26 1/27 1/28
(a) Outdoor air temperatures
Office 2-2 —— Same as left(Working hours)
Office 2-3 ==0=== Same as left(Working hours)
S Office Planet === Same as left(Working hours)
o2 |
% 22
5 20 %
218 | \f”\
C 16 . . . . .
1/23 1/24 1/25 1/26 1/27 1/28
Month/Day
(b) Indoor air temperatures
Fig. 6 Variations of temperatures (Jan. 2023)
2.1 Methodology

Table 2 shows an overview of winter measurements. Fig. 7 shows an overview of thermal
environment measurements in the office area. During preheating operation, the hot water supply temperature
to the DCFCUs (hereafter referred to as Tys) was set at: 45°C (Case 2) and 35°C (Case 3). The preheating
operation was carried out from 5:30~7:30, prior to the operation of the OHU, which operated from
8:00~18:00.
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A questionnaire survey was conducted once a day via an online format targeting office occupants.
Table 3 shows the scales used in the questionnaire survey for the thermal sensation vote (TSV) and thermal
satisfaction vote. TSV is evaluated using a seven-point scale based on the PMV, ranging from “Cold” (-3)
to “Hot” (+3). Thermal satisfaction is also assessed using a seven-point scale, ranging from “Very
dissatisfied” (-3) to “Very satisfied” (+3), and both are used for evaluation.

Table 2 Measurement overview in winter

Survey period Winter (2024/1/8~1/31)
Area Office 2-2 and 2-3 (open area)
Purpose of DCFCU use | Preheating

o Case 1: all units OFF
DCFCU operation time Case 2, Case 3: 5:30~7:30
OHU operation time Case 1:7:00~18:00

Case 2, Case 3: 8:00~18:00

Heat source

Waste heat of biomass CHP

Table 3 Scales used for questionnaire survey

Survey period Winter (2024/1/8~1/31)
Area Office 2-2 and 2-3 (open area)
Purpose of DCFCU use | Preheating

. Case 1: all units OFF
DCFCU operation time Case 2, Case 3: 5:30~7:30
OHU operation time Case 1: 7:00~18:00

Case 2, Case 3: 8:00~18:00

Heat source

Waste heat of biomass CHP

[
PMY measurement

Vertical temperature
j measurement

Fig. 7 Thermal environment measurement in the office area

2.2 Outdoor and Indoor Temperatures

Fig. 8 shows the variations of outdoor air temperature and indoor temperature for a representative
week in January 2024 after the implementation of operational improvements (Case 3, Tus: 35°C). On
January 22, the first workday after a holiday, the indoor temperature was below 20°C at 9:00, the start of
work. However, thereafter, it remained generally between 20~24°C, indicating the effectiveness of

preheating by the DCFCU.
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Fig. 8 Variations of temperatures (Jan. 2024, Case 3)

2.3 Vertical Temperature Distribution

Fig. 9 shows the vertical temperature distribution before and after preheating in the Office 2-3 on a
representative day. In Case 2, during preheating, the air temperature near the ceiling rises to as high as 30°C,
but gradually decreases after the DCFCUs stop, with the air temperature maintaining around 20-21° C in
the occupied zone. Subsequently, the OHU starts the operation, and by 9:30 (D in the Fig.9), the air
temperature near the ceiling start to increase again. This is because the DCFCU was operated again after the
preheating operation was ended. On the other hand, in Case 3, the temperature rise near the ceiling during
preheating operation was smaller compared to Case 2. At the end of preheating operation, the air temperature
in the occupied zone was maintained at around 22°C, indicating that the air is sufficiently mixed throughout
the room. Fig. 10 shows the thermal images taken at the end of the preheating operation. As shown in Fig.
9, in Case 2, only the ceiling area becomes hot, and warm air did not reach the occupied zone, whereas in
Case 3, the vertical temperature distribution is smaller.

3.0 r—v?:*-oa*y Fr=gm) 3.0 T <« Ceiling
25 ®’@ ©I<5? ) @’/‘ 25 ®'®, @O~@|/® Water setpoint: 45°C Water setpoint: 35°C
- T/ n// ol [ (2024/1/11, 7:30) (2024/1/25, 7:30)
£, |+ ? VA 20 %{ —o0— 5:20(DCFCU Off)
£ 4 ’ —+— (25:30(DCFCU On)
B 15 i 15 | —o— ®s6:30(DCFCUON) | |
< [ —2—— @7:30(DCFCUOn) | |
210 |§ 54 10 |-% —x— ©7:40(DCFCU Off)
& l)! ---0--- ©8:10(0HU On)
05 'A' 05 @ || ---&--- ©9:30(OHU On)
oo Lo oo LU [TTT]
X T . < < <« Floor vThermal e
1618202224 26283032 16 18 20 22 24 26 28 30 32 ‘@manikin ‘N
Indoor temperature [°C] Indoor temperature [°C] NI L
(a) Case 2 (Tus : 45C) (b) Case 3 (Tus : 35C) Fig. 10 Thermography image at
Fig. 9 Representative vertical temperature distribution the end of preheating
2.4 Evaluation by PMV

Fig. 11 shows a comparison of PMV during core working hours. PMV was calculated using measured
values of air temperature, globe temperature, and relative humidity at a height of 600 mm from the floor.
The clothing insulation was set to 0.73 clo, metabolic rate to 1.2 met, and air velocity to 0.1 m/s. In Case 1,
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the PMV was -1.0, indicating a cold thermal sensation. In contrast, in Case 2 and Case 3, the PMV remained
within the range of approximately -0.5 to 0.5, confirming the effectiveness of the preheating operation.

1.0
PMV during working hours (8:45-17:30)

0.5
_ explanatory notes
o 0.0 —_— Maximum
>
= 05 |=;=|I 3rd Quartile | Average

-
1.0 v Case 3 Medium
. i 1st Quartile Minimum
15 Casel

Fig. 11 Representative PMYV in winter

2.5 Evaluation by Questionnaire Survey

Fig. 12 (a) shows the TSV at the start of work (8:45), and Fig. 12 (b) shows the thermal satisfaction
vote during working hours. In Case 1, where no preheating operation was conducted, 44% of occupants
voted “Cool” or “Slightly cool” at the start of work. In contrast, in Case 2 and Case 3, where preheating
operation was conducted, votes of cold sensations disappeared significantly, and approximately 70% of the
occupants voted feeling “Slightly warm”~*“Hot”.

Regarding the thermal satisfaction vote during core working hours, Case 1 showed that only 68% of
occupants voted feeling “Neutral”’~“Satisfied.” The votes increased to 81% in Case 2, and further to 94% in
Case 3. The higher thermal satisfaction in Case 3 compared to Case 2 is considered due to some occupants
who voted “Hot” in TSV also indicating dissatisfied in terms of thermal satisfaction. In addition, thermal
comfort was found to be higher at Tus = 35°C compared to Tus = 45°C. This is likely due to the smaller
difference between the indoor air temperature and the supply air temperature, which led to mixing of indoor
air and reduced the vertical temperature difference.

o Dissatisfied
o Slightly satisfied

m Very dissatisfied
ONeutral
mVery satisfied

OSlightly dissatisfied
o Satisfied

| mCold OCool OSlightly cool ONeutral OSlightly warm gWarm lHot|

Case 1 T T T T T T T T T - - - - - - - - -
11% | 33% | 44% | 11% Casel 299% | 42% | 13% | 13%
(n=24) 2 A 17 (n=24) - _
P D S EEs i AU S S sl ol [ oAl Y s A S R NP A N
32% [ 32% D - b 15% | 42% [ 21%  [12%
02D T T T T [ [ [ (22 P T T T T T 11
Case3 — . — Case 3 = = -
%] 2% | 36% | 36% 6% 44% 31% [ 19%
(n=14) T T T T T T - - - (n=14) T T T T I I I I

0% 10% 20% 30% 50% 0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

(a) (b)
Fig. 12 Questionnaire survey results: (a) Thermal sensation votes at the start of work,
(b) Thermal satisfaction during core working hours

40% 60% 70% 80% 90% 100% 100%

2.6 Energy Efficiency Evaluation

To evaluate the energy-saving potential of the preheating operation, the power consumption of the
OHU, hot water secondary pump, and DCFCU were analyzed. Fig. 13 shows the comparison of the daily
cumulative power consumption on a representative day (January 24, 2024) when DCFCU preheating was
conducted at Tus35°C with that on a similar day (January 25, 2023) in the previous year without preheating.
During the preheating period, the OHU operating time was shortened by one hour, and the indoor
temperature reached the specified temperature earlier during core working hours, making it possible to
reduce the OHU supply airflow. As a result, daily power consumption was reduced by approximately 32%
compared to the day without preheating. Furthermore, even with reduced supply airflow of the OHU, indoor
CO: concentration remained below 700 ppm.
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A comparison of power consumption over the two-month period of January and February between

2023 (without preheating) and 2024 (with preheating) confirmed an energy reduction of approximately 25%,
equivalent to about 1,070 kWh.

100

80

60 oDCFCU
o Hot water pump
oOHU

40

20

Power consumption [kWh/day]

0 1
Without preheating With preheating

Fig. 13 Comparison of energy consumption

3. PERFORMANCE EVALUATION IN SUMMER

Using the ambient air conditioning function of the DCFCU system, which was upgraded during the
winter survey, performance verification was also conducted during the summer, with the aim of improving
thermal comfort and achieving energy savings. Specifically, the verification was conducted by changing the
number of DCFCU operating in the open area. The verification methods and results are presented below.

3.1 Methodology

Table 4 shows an overview of the summer measurements. The OHU operated from 6:00~18:00,
including pre-cooling, while the DCFCUs operated from 8:00~17:30. The OHU operation was scheduled to
start 2 hours earlier than the DCFCU operation in order to perform dehumidification during pre-cooling and
prevent condensation on the surfaces of the DCFCU units during their operation. The survey was conducted
once a day online, similar to the winter survey. Table 5 shows the operation patterns of the OHU and
DCFCU. In Case 1, all DCFCUs were turned off, while in Cases 2~5, the number of operating DCFCUs
varied. In Cases 1~5, the supply airflow of the OHU was set to the maximum airflow (design airflow rate).
In Case 6, the supply airflow of the OHU was reduced by half, with all DCFCUs in operation.

Table 4 Measurement overview in summer
Survey period Summer (2024/8/5~8/29)
Area Office 2-2 and 2-3 (open area)
Purpose of DCFCU use Zoned cooling
DCFCU operation time 8:00~17:30 (Case 2~Case 6)

OHU operation time 7:00~17:30
Heat source DCFCU: groundwater, OHU: heat pump chiller
Table 5 Operation pattern of OHU and DCFC in summer
Case 1 Case 2
OHU Maximum airflow Maximum airflow
All 70 units OFF All 70 units ON
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|0|f‘|f_||572 E ozf!llz!s [NNTRT s
DCFCU|| (gastside) | - | iwestsiae) ||| sanuen | T
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DCFCU || snnans v I TEII] v 'TIII]
mnnnn 7 (BN ERRE] 3 (BN ERRE]
(RRRNE] AL R RN 1gen ~Jrorenne
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Case 5 Case 6
OHU Maximum airflow Half airflow
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3.2 Outdoor and Indoor Temperatures

Fig. 14 (a) shows the variations in outdoor air temperatures while Fig. 14 (b) shows the variations in
indoor air temperatures in the open area during the survey period in August 2024. In Case 1, the air
temperature exceeding 26°C was frequently observed. However, in Case 2~6, the temperature remained
generally below 26°C except for some periods in the morning hours at the start of work, suggesting that
thermal comfort was maintained. Additionally, the indoor relative humidity during this period was generally
between 50~60%, and the CO: concentration remained below 650 ppm in all cases.

— 40 1

7% | 5

S P ~ I U 4N A U i S o
Flas SETCah TR SR A Te

8/06 8/21 8/22 8/23 8/24 8/25 8/26 8/27 8/28 8/29 8/30
(a) Outdoor air temperatures

—— Office 2-2 =t Same as left(Working hours)
—— Office 2-3 —0=— Same as left(Working hours)
S 2 —— Office Planet =0==Same as left(Working hours)
= Case 4 ase 6 Case 3|Case 2
(&}
=30 %%
=28
% 26
€24
(]
=22

8/06 8/21 8/22 8/23 8/24 8/25 8/26 8/27 8/28 8/29 8/30
Month/Day
(b) Indoor air temperatures

Fig. 14 Variations of temperatures (Aug. 2024)

3.3 Vertical Temperature Distribution

Fig. 15 shows a comparison of vertical temperature distributions around 14:00 PM during summer
when the outdoor temperature was approximately 30~32°C, under six different operation patterns. In all
cases, the vertical temperature difference in the occupied zone (height < 1.7 m) was maintained below 1°C,
but there are differences in the temperature range. In Case 1, where the DCFCU was not in operation, the
indoor temperature approaches 26°C. In Case 2~5, the indoor temperature tended to decrease as the number
of operating DCFCUs increased. In Case 6, all DCFCUs were operated with the OHU reduced supply
airflow to approximately half. The indoor temperature was around 24°C, showing only about 1°C increase
compared to Case 2, which operated at maximum airflow.

3.0 <« Ceiling
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Fig. 15 Representative vertical temperature distribution
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3.4 Evaluation by PMV

Fig. 16 shows a comparison of PMV during the core working hours. For the PMV calculation, the
clothing insulation was set to 0.5 clo, while all other parameters were kept the same as in the winter survey.
The PMV values showed a trend similar to the indoor temperature variations observed in Fig. 15, under the
varying number of DCFCUs operations. The average PMV values for Case 1 and Cases 4~6 fell within the
comfort range (PMV < +£0.5).

1.0
PMV during working hours (8:45-17:30)
05 =g
— 0.0 Casel Case 5
; . S
= == [ ; ]
o -05 e
i Case 4 Case 6
-1.0
Case 2
-1.5

Fig. 16 Representative PMV in summer

3.5 Evaluation by Questionnaire Survey

Fig. 17 (a) shows the TSV results for each case during the summer. In Case 1, where no DCFCU was
in operation, more occupants voted “Hot”, whereas in Cases 2 and Case 3, where a greater number of
DCFCUs were in operation, high number of occupants voted “Cold”. On the other hand, in Cases 4 and
Case 5, where a small number of DCFCUs were in operation, and in Case 6, where the OHU supply airflow
was halved, a relatively high number of occupants voted “Neutral”.
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Fig. 17 Questionnaire survey results in summer: (a) Thermal sensation vote, (b) Thermal satisfaction vote

Fig. 17 (b) shows the results of the thermal satisfaction vote. Similar to the TSV results, Cases 1~3,
the percentage of occupants who voted ‘“Neutral”’~“Satisfied” was below 50%, indicating low thermal
satisfaction. On the other hand, in Cases 4~6, where “Neutral” votes were more frequent, over 80% of
occupants voted “Neutral” to “Satisfied,” indicating high thermal satisfaction. Thermal satisfaction varies
significantly depending on individual preference, but the results suggest that adjusting the operation of
DCFCU and OHU can improve average TSV and thermal satisfaction of occupants.

Based on the results of PMV, TSV, and thermal satisfaction vote as shown in Fig. 16 and 17, Case 5
showed the best results. In this study, Case 6 showed slightly cooler evaluations, but reducing the number
of DCFCUs could further enhance comfort. It was suggested that by controlling both the OHU airflow and
the number of DCFCUs, the PMV could be brought even closer to zero.

Fig. 18 shows the relationship between indoor air temperature, questionnaire survey results, and PMV
for each case in summer. The average values of TSV and thermal satisfaction votes were quantified using

EREVE A ) R—3 3 kv #—H No.839 2025.

20



the scales shown in Table 3 and average for each case. Compared to PMV, TSV showed a steeper slope,
indicating higher sensitivity to indoor air temperature. Furthermore, both PMV and TSV were neutral around
the indoor air temperature of 25.5°C, suggesting that the thermal comfort indicated by TSV is reliable. Since
thermal satisfaction also peaked at around 25.5°C, this temperature appears to represent the optimal comfort
condition under the present HVAC system.

3.0
> y = [1.14x2 + 57.95x/- 734.16
= 20 z
R3=0.91 4
2 10 X X
; o0 Pre :3':,0' .—y=0.743x-12.29
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g -1.0 - ‘/‘r P 47 X x Ave. of Thermal Satisfaction
?ED -2.0 zp y =[1.28x - 32.90 \ \ A Ave, of TSV
] 17 _ .
S ., Lt R? = 0.89 o Ave. of PMV

23 24 25 26 27 28

Indoor air temperature [°C]
Fig. 18 Relationship between the indoor air temperature, questionnaire survey results, and PMV

3.6 Energy Efficiency Evaluation

Fig. 19 shows a comparison of the average power consumption per hour for each case. Compared to
Case 1, where the DCFCUs were not in operation, Case 2~5 showed increased power consumption due to
the operation of the chilled water secondary pump and DCFCUs. But the increase of power was relatively
small in the context of total energy consumption. On the other hand, in Case 6, the power consumption of
the OHU was significantly reduced, resulting in 18~36% reduction compared to the other cases. Based on a
comprehensive evaluation of these results, Case 6, in which all DCFCUs were operated while the OHU

supply airflow was halved, showed the best performance in terms of both thermal comfort and energy
efficiency within the scope of this study.

18
16 | —_—
= —
= 14 —
= — —
s 12 ¢ ] mDCFCU
g- 10 oChilled water pump
§ 8 O Heat pump chiller
S b mOHU
: 0
o 2t
0

Casel Case2 Case3 Case4 Caseb Caseb
Fig. 19 Comparison of energy consumption in summer

4. CONCLUSIONS

This study introduces the facility overview, energy systems, and air conditioning systems of the
Takasago Thermal Engineering Innovation Center, an energy-self-sufficient research facility. It examines
the ambient performance evaluation of DCFCU units, which were installed in the open office area as
personal air conditioning. These units were operated and implemented for preheating in winter and zone
cooling in summer, with the aim of improving indoor environmental conditions and enhancing energy
efficiency. The major findings of this study are summarized as follows:

1. In winter, preheating operations using waste heat from the biomass CHP were conducted with two
temperature settings, Tus: 35°C and 45°C. The results showed that a Tys setting of 35°C provided
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higher occupant satisfaction in terms of thermal comfort. This is likely because the supply temperature
of DCFCU being closer to the temperature in the occupied zone contributed to more uniform indoor
temperatures and improved indoor thermal conditions. By preheating operation, 93% of occupants
voted to the warm side at the start of work, and the overall thermal satisfaction vote reached 94%. From
the point view of energy, preheating allowed for a reduction in the air transport power of the OHU,
resulting in a 32% reduction in daily power consumption, and a 25% reduction over the two-month
winter operation period.

2. In summer, performance evaluation was conducted in the open office area by operating DCFCUs as
ambient air conditioning. A total of 6 cases were investigated and compared by changing the number
of operating DCFCUs and the OHU supply airflow. In terms of thermal comfort, Case 5, where only
one row of DCFCUs on the perimeter side was operated with full OHU airflow, provided the highest
comfort level, followed by Case 6, where all DCFCUs were operated with half OHU airflow. On the
other hand, in terms of power consumption, Case 6 achieved 18% reduction compared to the
conventional operation in Case 1. Therefore, Case 6 showed the best overall results in terms of both
thermal comfort and energy efficiency.

Based on the results of this study, the DCFCU system can be used for both PECS and ambient air
conditioning purposes. Furthermore, by improving the operation method, it is possible to reduce power
consumption and the improvement of thermal comfort. To achieve optimal operation, it is important to
consider not only adjustments to the operation of DCFCU and OHU based on thermal load fluctuations, but
also a multifaceted approach that includes whether the energy source for the heat supply is renewable or
fossil based. At this facility, efforts to improve equipment operation and indoor environmental conditions
will continue, with the aim of reducing global environmental impact and enhancing intellectual productivity.
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ABSTRACT

In recent years, higher and more sustainable demands on building values are expected
to the smart buildings that enable more efficient and intelligent operation of buildings. We
are developing emulators that builds HVAC systems in cyberspace and emulates them in
extreme detail, as well as applications based on this emulator. Through research on the
current air conditioning system application market, it has become clear that the use of Al
technology is currently limited to certain functions such as optimal control, but its adoption
is expected to expand in the future. Furthermore, we summarized the requirements for
emulator-based applications and discussed the gaps from the current situation. This will
enable the use of emulator technology in addition to Al technology in the future to provide
advanced functions that have been difficult to achieve with conventional operation data
alone — for example, advanced optimal control, fault detection and diagnosis, and support
for TAB (Testing, Adjusting, and Balancing).— We confirmed that emulation technology
1s important for the sophistication of applications, as it makes it possible to perform these

functions.
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FORMULATION OF A HIGHLY EXPLAINABLE MPC AND
VERIFICATION BY ENERGY SIMULATION

Masanori Takahashi!, Yuki Matsunami', Takuji Nakata', Kenichiro Katayama'

ABSTRACT

In this study, we aim to develop an Energy Management System (EMS) that uses model predictive
control (MPC) to optimize photovoltaic and battery energy storage systems. In previous studies, we
proposed an MPC formulation method based on mathematical optimization to address underlying issues.
However, we identified additional issues related to the requirement for specialized expertise and inherent
challenges in operational explanation and troubleshooting, which limit practical applicability. In this paper,
we propose a novel control methodology based on a relatively simplified logic. In addition, we conducted
case studies to compare its performance with conventional control strategies. Our simulation results showed
that, when compared to a strategy that maximizes energy self-sufficiency, our method reduces annual
electricity costs by approximately 20% and nearly half the simplified payback period. Furthermore, the
evaluation indicators show that our proposed methodology performs similarly to that of a mathematical
optimization control method.

1. INTRODUCTION

In this research, we aim to develop an energy management system (EMS) to maximize on-site
renewable energy utilization and mitigate power supply from the grid. The operational objectives and
evaluation indicators for equipment management differ according to each building, and stable operation
requires consideration of equipment constraints and operational planning extending several days ahead. To
address these issues, we have pursued the development of an EMS employing model predictive control
(MPC) as an optimal control method.

Previous studies have reported various approaches to solving MPC optimization problems, including
heuristic algorithms and mathematical optimization methods [1-5]. We have also reported an MPC
formulation method applying mathematical optimization for power supply and demand control in a research
facility, equipped with battery energy storage systems (BESS) and photovoltaics (PV) [2]. However, the
application of mathematical optimization methods entails a need for specialized expertise and practice. Also,
challenges remain regarding the difficulty of explaining system operations and investigating malfunctions.
These factors may present both physical and psychological barriers to EMS deployment.

In this paper, we describe an initiative to formulate a more highly explainable MPC using a relatively
simplified logic, with objectives of levelling grid power and enhancing energy self-sufficiency. The
proposed control method, hereafter, is referred to as peak-cut control.

2. TARGET SYSTEM AND ENERGY SIMULATION

2.1 Overview of Energy System

In this report, system of Takasago Innovation Center (TIC) [1] was selected as the target for analysis.
Main characteristics of the facility is shown in Table 1. The building is composed of an office, a laboratory and
an equipment exhibition building. Regarding the purpose of this research, we focused exclusively on the office
building.

This article is update of “International Symposium on Heating, Ventilation and Air Conditioning (ISHVAC 2025)”,
November 29 - December 2, 2025, Tokyo, JP
! Research & Development Center, Research & Development Headquarters, Takasago Thermal Engineering Co., Ltd.
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Table 1 Facility overview

Location Tsukubamirai-shi, Ibaraki-ken, Japan

Site Area 22,746 m?

Total Floor Area | 11,764 m?

Office: 4,897 m?

Laboratory: 6,058 m?
Equipment exhibition: 809 m?
Building Height | 15.455 m (2-story)

Structure Steel structure
(partially reinforced concrete structure)

Completion January 2020

Fig. 1 illustrates a schematic diagram of the target system's power configuration. Within TIC,
photovoltaic (PV) systems are installed on the laboratory building rooftop, and large-capacity battery energy
storage systems (BESS) are deployed both on the office building rooftop and site premises. However, in this
report, only the office building is considered as the target of analysis. Therefore, BESS capacity is
determined based on the office building’s power demand, and PV capacity is determined from available
rooftop area. The simulation conditions are summarized in Table 2. Notably, the simulation assumes that
surplus electricity can be exported to the grid through reverse power flow.

HEn
HEN
]
Building Power Grid
L
PV BESS

Fig. 1 Energy system diagram

Table 2 Simulation conditions

Target period 2024/1/1-2024/12/31

Annual power load 22,3403 kWh
(max.117 kW)

PV rated output 60 kW

BESS rated capacity 400 kWh (C-rate50%)
BESS rated output 200 kW

Prediction period 24 h (per 1 h)

Time step lh

2.2 Power Load of TIC

The annual power load of the office building is shown in Fig. 2, and weekly load with the
highest peak is shown in Fig. 3 (August 17-23). Throughout the year, power demand peaks during
the summer and winter seasons, reaching its lowest levels during the intermediate periods. Within the
selected week, load decrease is observed on weekends, with pronounced peaks occurring during
daytime hours of weekdays. These patterns show that the office building has typical load fluctuations
for standard offices.
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Fig. 2 Annual power load (2024/1/1-12/31) Fig. 3 Power load at 2024/8/17-8/23

2.3 Energy Simulation Flow

The flow chart of the energy simulation is shown in Fig. 4. First, the PV output is calculated using the
specified solar irradiation data. Next, both the PV output and power load are used to determine the grid power
target so that the operational constraints of BESS are met. Finally, values for BESS output, state of charge, and
grid power are calculated. While MPC typically forecasts solar irradiation and power load from given conditions,
this simulation assumes perfect prediction accuracy by utilizing actual measurement data from the office
building. The PV and BESS models employed in this simulation are formulated based on methods proposed in
a previous report [2].

l

Given conditions
Input :  Solar radiation [kW/m?]
Power load [kW]

Calculation of PV power
Input :  Solar radiation [kKW/m?]
Output: PV Power [kW]

N
Optimization of Target Grid power

Input : PV power [kW]
Power load [kW]
Output:  Target Grid power [kW]

Calculation of BESS SOC & Grid power
Input : PV power [kW]
Power load [kW]
Target Grid power [KW]
Output: BESS power [kW]
BESS SOC [kWh]
Grid power [kW]

Fig. 4 Flow chart of energy simulation

2.4 Energy simulation flow

This subsection describes the methodology of the proposed peak cut control in this report. Additionally,
the two control methods adopted for comparison is described: the energy self-sufficiency maximization control
and the peak cut control using mathematical optimization.

2.4.1 Common constraints for all control methods

The general constraints applicable to all control methods are specified in equations (1) and (2). These
constraints specify that both the output power and state of charge for BESS must remain within their respective
rated minimum and maximum values.

IA
IA

PBESS_min PBESS,k PBESS_max (1)

IA

Egpss min < Eppssk < EBEss max (2)
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(Psgssy: Predicted BESS power [kW], Pggss min: Minimum BESS power [kW], Pygss max: Maximum BESS power [kW], Eggs:
Predicted BESS SOC [kWh], Eggss min: Minimum BESS SOC [kWh], Egggs max: Maximum BESS SOC [kWh])

2.4.2 Energy self-sufficiency maximization control (Basic method)

This method is designed to store surplus power generated by PV and, in response to power demand,
preferentially supply the stored energy from BESS [2]. The calculation method of BESS output is showen
in equation (3).

Pgesst = Pioaat — Prve (3)
(t: Target time for control, Pggss:: BESS power [kW], Pyqq+: Power load [kW], Ppy . PV power [kW])

2.4.3 Proposed peak cut control (Proposed method)

Based on the proposed method, equations for determining target values of grid power are shown in
equations (4) to (8). In this approach, two thresholds are introduced: Pipy gy, Which is designed to
suppress the peak of grid power, and Ptp; min, which is utilized to elevate the minimum value of grid power
by pre-charging BESS.

0 < Pthr_max < Pdemand (4)

0 < Pthr_min < Pdemand (5)

Pgrid_basic = Pioga — Ppy (6)
Pthr_max ) Pthr_ max < Pgrid_basic,k

Pgrid_opt,k = Pgrid_basic,k ’ Pthr_min < Pgrid_basic,k < Pthr_max (7)
Pthr_min ) Pgrid_basic,k < Pthr_ min

minimize fop;7 = max(Pyrig opt) (8)

(P\gridibasi,:: Predicted grid power during the prediction period based on basic method [kW], Pjy44: Predicted power load during
the prediction period [kW1, Ppy: Predicted PV power during the prediction period [kW], Pgridio,,t_k: Target value of grid power
[kW], ﬁgn-dibasi,:,k: Predicted grid power based on basic method [kW], f5;1: Objective function of proposed method, Pgrss:
Predicted BESS power during the prediction period [kW])

The calculation procedure is outlined as follows. The threshold values, Py mayx and Pepy in, are
each explored across the range from 0 kW to the demand power, divided into 20 segments.

1. Calculate the grid power based on basic method control (ﬁgrid_net), given the PV output and power
load as input conditions.

2. Determine the target value of grid power using equation (7), from ?grid_net and the assumed values
of P thr_max and P, thr_min-

3. Run an energy simulation over the prediction period based on the target values of grid power
determined in Step 2.

4. By repeating Steps 2 and 3, search for the optimal solution as the set of conditions that minimizes the
objective function (fop 1)

Fig. 5 shows a schematic of grid power and BESS SOC control results using the proposed method.
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Fig. 5 Control results of grid power and BESS SOC

2.4.4 Peak cut control by mathematical optimization (SQP method)

The objective function of the SQP method is shown in Equations (9) and (10). The root mean square
of the grid power is utilized to minimize both the total amount and the variance of grid power over the
prediction period. To facilitate the convergence of the optimization calculation, grid power is normalized
by dividing it by the maximum value of the power load (demand power).

T-1

.. . ~ 2
minimize fopj, = zk—ow‘g”d'k 9
P
—~ grid,k
Byrigse = 20 10)
demand

(fobj2: Objective function of SQP method, T: Number of prediction steps [-], k: Any number of steps within the prediction
period [-], Wyriq: Normalized predicted grid power [-], f’gn-d'k: Predicted grid power [kW], Pgemanag: Demand power [kW])

An algorithm based on Sequential Quadratic Programming (SQP) was adopted to solve the
optimization problem. Specifically, the SLSQP solver from the Python library SciPy [6] was utilized.
Furthermore, as SQP requires the use of differentiable expressions, a continuous approximation model for
BESS, based on the method reported in a previous study [2], was employed to facilitate the optimization
process.

2.5 Evaluation Method

The simulation results based on each control methods were evaluated based on the following
indicators: electricity cost, CO2 emission and payback period. These metrics were selected to provide a
comprehensive assessment of the system's performance.

2.5.1 Electricity cost
The calculation equations for electricity cost are presented in Equations (11) to (13). The unit prices
for electricity charges are based on a typical high-voltage pricing structure in Japan [7].
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COSTy, = COSTg + COSTp (11)
COSTy = Ug Egria (12)
COSTp = 12 Up Pyrig max (13)

(COSTyy;: Annual electricity cost [yen/year], COSTg: Annual electricity charge [yen/year], COSTp: Annual basic charge
[yen/year], Ug: Electricity charge unit price [yen/kWh], Eg,;q: Annual amount of received grid power [kWh/year], Up: Basic

charge unit price [yen/kW'month], Pyyig max: Maximum annual grid power [kW])

2.5.2 CO; emissions
The calculation equations for CO, emissions are shown in Equation (14).

Cecarbon = Ucarbon Egrid (14)
(Cearpon: annual CO2 emission [t-COqz/year], U qrpon: CO2 emission coefficient [t-CO2/kWh])

2.5.3 Simple payback period

The calculation equations for the simple payback period are presented in Equations (15) and (16). In
this report, the simple payback period is defined as the equipment installation cost divided by the annual
electricity cost reduction achieved. The reduction in electricity cost is calculated based on the annual
electricity cost prior to the installation of equipment.

COSTinitiar
Y, = — 15
payback COSTreduced ( )
COSTrequcea = COSTpare — COSTyy (16)

(Ypayback: Simple payback period [year], COSTin;tiq:: Equipment installation cost [yen], COSTyeqyceq: Annual electricity costs
reduced by equipment installation [yen/year], COSTyq.: Annual electricity cost before installing equipment [yen/year])

The constant values adopted for each indicator are presented in Table 3. The electricity charges and
the CO, emission coefficient are based on the published figures for fiscal year 2024 [7].

Table 3 Constant values used for each indicator

Electricity charge unit price 20.61 | yen/kWh
Basic charge unit price 3,220 | yen/kW-month
COz emission coefficient 0.000434 | t-CO2/kWh
Equipment installation cost 34.2 | Millions of yen
PV system unit price 170,000 | yen/kW

BESS unit price 60,000 | yen/kWh

3. CALCULATION RESULTS AND EVALUATION

3.1 Qualitative Evaluation of a Representative Week

Fig. 6-8 display the weekly profiles of power load, PV output, BESS power, and grid power for
August 17-23, 2024, which had the highest load. With the Basic method, early depletion of BESS state of
charge limits its discharge and causes higher daytime grid power peaks. In contrast, both the proposed and
SQP methods optimize BESS usage, reducing grid power peaks to 4060 kW. The similar patterns in BESS
charge and grid power confirm the effectiveness of the proposed approach in peak reduction.
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3.2 Quantitative Evaluation of Annual Simulation Results.

The evaluation indicators of electricity cost, CO, emissions, and simple payback period were
calculated, and both the results and reduction rates were determined, respectively. The reduction rates for
electricity cost and CO; emissions were calculated based on evaluation values prior to equipment installation,
as well as the simple payback period.

3.2.1 Results of Electricity cost

The results for electricity cost and its reduction rate are presented in Fig. 9 and 10. Compared to the
Basic method, both the proposed method and the SQP method resulted in a comparable decrease in
electricity costs. Notably, the annual basic charge was reduced to approximately half, demonstrating a
significant effect of the grid power levelling achieved by the methods. The cost reduction rate for both the
proposed and SQP method was approximately 20%, indicating the pronounced impact of implementing
peak-cut control. Although the proposed method and SQP method differ in specific electricity cost
reductions, their overall reduction rates were overall the same.

8.000,000

OElectricity charge
m Basic charge
204,321

40.0 386
6,000,000
30
4,000,000 350,625 3,322,245 | R
20 183
2,000,000 10 l
0 0

Basic method Proposed method SQP method Basic method Proposed method SQP method

Reduction rate of
Electricity Cost [%/year]

Electricity Cost [yen/year]

Fig. 9 Results of annual electricity cost Fig. 10 Results of reduction rate for electricity cost

3.2.2 Results of CO; emissions

Fig. 11 and 12 show that all control methods reduced CO, emissions by about 30%, mainly due to
PV's effect on lowering grid power usage. It also shows that both the proposed and SQP methods produced
similar CO, emission outcomes.

On the other hand, compared to the Basic method, both the proposed and SQP methods slightly
increased CO, emissions due to greater annual grid power usage from BESS charge/discharge losses (see
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Fig. 13). This results from the increase in BESS cycles with the peak cut control versus Basic method. While
further optimization of BESS operations could reduce CO, emissions, there is a trade-off between lowering
electricity costs and CO; emissions. As PV and BESS adoption grows, it will be important to tailor solutions
to each customer's needs.
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3.2.3 Results of Simple payback period

The results for the simple payback period are presented in Fig. 14. In comparison to the Basic method,
both the proposed method and SQP method achieved a reduction in the payback period to approximately
half. Furthermore, the evaluation results for the proposed method and SQP method were essentially
equivalent.
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Fig. 14 Results of simple payback period

4. CONCLUSIONS

In this study, a control method for BESS with a relatively simplified logic was proposed for facilities
equipped with PV and BESS, and its performance was compared with multiple control strategies through
energy simulation. The findings for the proposed method are as follows.

1. Compared to the energy self-sufficiency maximization control, the proposed method achieved
approximately a 20% improvement in annual electricity cost reduction rate and shortened the simple
payback period to about half.

2. The annual CO, emissions reduction rate remained roughly equivalent at around 30% for all control
strategies implemented.
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. The proposed method achieved the peak-cut control similar to that achieved through mathematical

optimization method and resulted in evaluation values that were generally equivalent.
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ABSTRACT
We have developed an air conditioning system for gymnasiums that combines measures for heat,
cold, and infection control. Previous reports have shown the effectiveness of this air conditioning
system for gymnasiums. However, as the outdoor air temperature increased and the indoor
environment become worse, we focused on the use of thermal barrier sheets on indoor ceiling surface
to reduce the air conditioning load. This report presents a comparison of the indoor environment in
summer with varying thermal barrier areas on the ceiling and in winter with and without the

installation of thermal barrier sheets.
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10) HE 5 AMREREEEKEER AT AORIRE (20 1) HK - BUKEIBRIBEH OB B L EHERE, AR
T KR KR SR T A6, pp.138-143, 2022.

ABSTRACT

To achieve carbon neutrality by 2050, future buildings must engage in comprehensive
efforts that consider both the goal of achieving a zero energy building (also known as ZEB)
status and operational carbon reduction, including zero water building (ZWB) assessments
and achieving a ZWB status. The Takasago Thermal Innovation Center is working toward
this goal. It has achieved a net-zero goal in energy performance and has established a
water utilization system that effectively uses well water. This entails that water usage
improvement technologies aimed at achieving ZWB were pre-evaluated and implemented
in this building. Efforts were made to reduce groundwater usage through improved facility
operations, while existing rainwater storage infiltration tanks have been modified to allow
rainwater to infiltrate underground. To measure infiltration volume, a new estimation
method was applied based on actual water-level measurements placed within the
rainwater storage infiltration tanks. Calculations based on actual measured data over a
fixed operational period confirmed a significant improvement in the ZWB assessment

value.

EENT A ) N— 3 ¥ —# No.39 2025.

60



C:3HETDY

WEMEBE AT LDRT—)LT7YITRBREEIZH TS
":;71_7’(|‘I:|' :470) Zn-l_*ﬁn-.l-x

WEFRARE - SRMEE - RSB
5% K - A3 IEsE - I BB og
R - PEERE - R

Exploratory Design Study on Zeolite eco-Boiler through
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ABSTRACT

To expand the flexibility of utilization of unused heat, it is necessary to develop a mobile
thermal energy storage system that can resolve the spatiotemporal gap between
generating unused heat and heat demand. In the previous study, the adsorption thermal
storage system named “Mega Stock®”’, employing a fixed bed and direct heat exchanging
system to supply high temperature and low humidity air, has already been commercialized.
On the other hand, the steam generator called Zeolite eco-boiler, ZeB, employing a moving
bed and indirect heat exchanging system combined with zeolite steam ad/desorption cycle,
has been developed to expand the applicability of thermal energy storage system to
industrial sectors. The demonstration test of ZeB had been conducted on a bench scale,
and a developed numerical model had been experimentally validated. In this study, 10
times scaled up experimental setup of ZeB from the bench scale, was numerically designed
and constructed based on previous scaled up experiences of the commercialized adsorption
system. The discrepancy between simulated and experimental results because of scale-up
of the adsorption system was examined from the demonstration results, and it was
suggested that ununiform velocity of zeolite affected the performance of ZeB. The heat
transfer area of heat exchanger, settled in the ZeB, was designed considering the margin
ratio from the values obtained by the numerical model, so that the system can be operated
without losing performance when ununiform velocity of zeolite might be generated.
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ABSTRACT

We have participated in the Energy Recovery Team for the five-year period starting in
fiscal year 2020, as part of the New Energy and Industrial Technology Development
Organization (NEDO) project "Development of Innovative Plastic Resource Recycling
Process Technology". For utilizing the heat recovered from waste plastic incineration
facilities as high value-added cold heat, we have studied and developed basic technologies
for sub-zero absorption refrigeration systems that generate cooling energy below 0°C from
low-temperature waste heat, and for ice slurry utilization. Mainly, the results of ice
production and storage tests conducted using a thermally driven ice slurry ice-making
system employing a sub-zero absorption chiller were described in this paper. Furthermore,
a case study of the proposed system was introduced using a developed integrated
evaluation tool for thermal utilization systems.
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ABSTRACT

We have developed an environmental assessment model that can efficiently predict the
indoor environment of the Kibo module on the International Space Station. A simplified
computational fluid dynamics (CFD) model has previously been constructed based on
reported cabin geometry and ground-based experimental data. In this study, we integrate
on-orbit demonstration data obtained from small autonomous distributed environmental
sensors with CFD simulations through a fitting approach. After validating the CO2
concentration distribution at a representative cross-section, we estimate the global airflow
field within the cabin.
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ABSTRACT
Takasago Thermal Engineering has developed a water electrolyzer for technological
demonstrations, with the aim of producing hydrogen and oxygen on the moon. The
electrolyzer was integrated into the payload of the commercial lunar exploration program
Mission 2 by ispace Inc., which was launched on January 15, 2025. However, due to the
unsuccessful lunar landing on June 6, 2025, our mission was terminated. This paper
describes the summary of the mission, development, in-orbit operational results and future

prospects.
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ABSTRACT

Method for capturing water vapor extracted by thermal mining from lunar icy regolith
and for separating water from VOCs were studied. Lunar water contains a large amount
of VOCs; therefore, it is necessary to remove the VOCs and extract only the water for
electrolysis. As a result of studying the cooling performance of the steam due to differences
in the cold trap (CT) shape, in the case of inverted cone shape CT, which has been widely
studied, it may not be possible to sufficiently separate water and VOCs. Also, it is possible
that when VOCs are released into space on the lunar using the flow-through method, the
water extraction rate may decrease significantly. We have proposed a two-stage method of
capturing water vapor: in the first stage, a CT with a fine channel structure is used to
capture the water vapor as water on the CT surface, and in the second stage, an inverted
truncated cone CT or similar is used to capture the water vapor as ice on the CT surface.
This method makes it possible to significantly reduce the amount of VOCs in the extracted

water without reducing the water extraction rate.
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Evaluation of the Potential for Seed Cleaning Method using
Chlorine Dioxide Gas
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ABSTRACT

The conventional methods used to treat seeds infected with pathogenic microbes, such
as dry heat treatment and biocide dipping, can have certain detrimental effects, including
reduced germination rates. Therefore, based on the decontamination technology we have
developed using chlorine dioxide gas for the pharmaceutical and medical fields, we
evaluate the novel cleaning method for seeds infected with pathogenic microbe using the
effectiveness of reducing the number of microorganisms and the stability of the
germination rate. In this report, we evaluated the potential of seed cleaning method using
chlorine dioxide gas on seeds infected with Xanthomonas campestris pv. campestris, the
causative agent of black rot in Brassicaceae crops. The results confirmed that the reduction
in the number of microorganisms achieved using the assessed method satisfied the
designated target for artificially contaminated seeds. Moreover, we observed no significant
reduction in the germination rate immediately after exposure to chlorine dioxide gas.
These findings provide evidence for the potential wutility of chlorine dioxide

decontamination as an effective method for cleaning seeds.
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ABSTRACT

CO; application is carried out in greenhouses to improve crop yield and quality. However,
conventional methods using fossil fuel combustion gases or liquefied COz produced by
compressing and cooling by-product gases are not good for the global environment. Aiming
to develop a system that is more environmentally friendly than conventional methods, we
developed a system that recovers and supplies CO, from exhaust gases using an adsorbent.
In this study, a 4.5-month demonstration test was carried out on rose cultivation, and a
comparison was made with combustion CO, application and no CO, application. As a
results, it was confirmed that our developed system is able to supply CO, that is
comparable to conventional methods in terms of CO, supply performance and cut flower
quality, and it reduced energy-derived CO2 emissions by approximately 40%, making it
superior to conventional method in terms of the global environment.
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Evaluation of Indoor Continuous Cultivation and CO2 Fixation
Performance of Microalgae using Tube-type Photobioreactor
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O0I=voaveEl (0.06—0.1%)
CO,RIRERE
D {ERECO,

{ERECO,+EARHIRO,

@ mCo, Bt il

AR AP 29— EDEEERE
FEMEaEL
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EDRHIFEE I, Well-being % &1 L 72 A T ZEMIRRFHCENA 7 U T2 L CHi - 2 flifE 2 42k L5 5,

AIRICNL, A7 4 AFBEOAEFEERS IR 2 VX A0 EE, H—Ry=a— T VOERE FFFZ
FHLT DREFHOMBE KB E LTWD, BURICET 2 EERHEMRE & LTE, LT =3z
Fohns, T72bb, ()COETEEDH K L EHEY AT AOMHFE K= X Mba Bis L7 BEREE O
BEEAL, ()COWMLELERE & 7+ "NA AV T 7 — % HfEER T 5 720 O Fvid CO, W LS Bl O,
(iii)COy Z [EHE L2 E A A~ A OB E L OFEME 2 RIE 2 - H DK OEE CH 5, FE>) I
BILC, BT CIIRAEE)CHEE L F 2— 787 ¢ h3A 4 Y 7 7 X —(TPBR) & & iR M MR ietE %
ANWT COEEERAFEML, 3NAICOEHEREELER LI EE2MELLY, LrL, M
FEERIXIRIDE - JEBREE - BRBUKIRICRT T 2 i ekl 2173, KEEOFRE A 7 v L OR G454
HECHRAE L7 BREE) T CTHEdiE L2729, SOEE ORI L O CO, BEEHEITIH 2« K& S EH L,
LE LT REREE R DIZIEE SR D o T,

FRERRE AN E 2 BREESIEE X0 S ISR ATRE 2R BINES R S L BAT L. RBAMEE CHEL LA E)
BRI OPEFRZ X > 72, BNEREE T, JEHRE - A7 L - A 2RISR TE T 2130, Bk
B CO MR EZ mAEEICHIE T2 Z ENAMREL 725, ZAUC KV | MBS ORISR L KITT
K- Z BN R T & 2720 T <L RN L O CO, [HEHE OB SHEN KR L. X0 ZENRk
EHPEOHRNATRE L 725, S BT, BIFRA D TUV% TPBR 1Z. FREEGH)ICEE L TREEA v 2 X L—
2 LTORMABEEL TS, £DD, MIERE~DOBE., HRE~OZENN, ENEXEEL X
OVLERAYEN IR & W o TR SEBR B TP IBLE I D ORGET b B L 72 D, LT o T BINEFE R ORENLIT,
P E O R E RO REICE T 57200 Tl <, BEEH LT 2 ERB OB L THLEE
Thb,

A TIZENFEH TPBR OBRFICHLEL R L EMET — 2 25T 5 Z L2 HIE LT, MmO
feks e R A FM L. KUH COL IRFEECIEAFIR R (DOWREE . A7 COLIREE, WL, JtERIB X WpH DY 7L
Z A DFHAGE R B AR 3 L O CO, BB E 72 E 2B - FHl L2 RIc W Tl T 5, F72, &
FA U AZ L= arE LTORREMEE IR T2 BRYT, 2025 4 5 A ISBE S 7o 38 (LSR8 e 431
WRBEIHET)IZ BV T TPBR O BEE ARV EDRREZIT 72D T, EOMBEIZ OV T HIFETHET 2,

2 BBESE

2.1 WHEESE%

PEEATSCHI AR I, BPAE 20~ & O RBUBEERRIZ L 0 BB S 72 Chlorellasp. #RAHM LTz, AERITZARR R
LM T CORENARETH D . M O@EmBIRIC CO2AEMETET LN 20T 5, £z, it mMK<
SRR A LB L L WRRE S A LT D72 IRIEREE T CHRE LI EBIEME 2 #EFF T & 5, CO;,
B EAL BRI LB e B O BIAE R AR T 5720, FEEBORIIA— N7 L—7 12 X0 REAE L=
MCHEHI(ER, U VB LN~ 7 R0 A% Eiksr & T Dk ORI R L L 725517 %2 F T T VL,
LED MRS FCIE 7 4 V2 — %) Lo B LD G BEIC T v S A — Y v 7 LT,

2.2 TPBR D &4k

POIAEE O R E B, B CH A —T Ry RHRAR L —2A T =4 F B L OMER TH 5B IR
FRIZKNE A, FFRITES L VAT LFREFHIBET 2 e D LT 2% 1920 BIROI S 27 A
X, BASHR S AT A LG L Ca A MO E B CEMEE B LTS, EO— T, KRR
FENRESND Z ERMFH R EDIRBAE Vo Tma I x—2a VAT RENI L, ELICBERSIKT
IR L72 CO2 DF 99% M KA I SN D728 2D, CO FIHZRMMERN E W o 7R L IFET 5, B
TERAFE LT\ % TPBR IFPASHBI BRI R O AT LAO—FE T, ARMAEMIC L D2 X Ix—var U Ry
ORI DO FRHAR I 2 RIE IR C& 2 AR TH D, T2, HiE<CRENZEMr &% E mEICHlR o
HOLREIZBNTHEWEEZ A L TWD,
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AQ &0
EA]OSHCOMER: COEEBICLLF

- 3

[Al#s [2)iEARS 2 Bl ze-H [4|[7])AFRRRES (5] 7aMAUTIS—
CO,BEET (CO,-outlet) HEEET, IKATET 4: DO-outlet. 7: DO-inlet fi5AE2R (f6H): 34 m (100 L)
[6]meh=EELED [8]co, / Aid S (o] 2 A0 e —5— Ef: 59

24 hiEfaRst CO,BE:t (CO,-inlet)

fi2pHEt A3@&EFCoMEst

2 BRERER TPBR DER

BUE L 72BN E A TPBROFEIARTE - £9 100 L)X, FIZZERY T AE@ME : 65 mm, £ : 34 m),

PEERAN 7, REANZ 7 BROWRS 7 DS TERY , @EVTA /) XR—va v 2—07
RBUEENICHRE LB 2), tFICiE, BAGFHEND R M TIHICB O TUASFH S TW A ERL
BhEMf LED 28 L1m, BENA DT I 2l —v a UHERICHESX . ZHHDLED 2 45 A& L
ITIZEGE L. 24 hEe iR 297 - 72, FEERWIM T OREEIARIX, FITENZEH, LED BELE, I oich
T AR T ERIC R R A L CRRIE L2 A L b — & = b OBEGITRAE L. BB 2B BRI T 72 )
STz, HEERNEZERT IO, BEBERREESIOWEY v 7122/ 2 \[OoRT8Ee o —28&E Lz,
N =BG LT — X id e s I~ T Yy eay ba—7—CPLOIZ L Y INE -
SER S, HIE T 1 Z T TS X558 D IUHE(TPBR 7 b EFEE L= sE 2 HEH 92 TR Co¥ A
7 ViEHRE HEIPICR D IKLERTE 5 VAT MR E LT, o, RERIZBWTE, IEEOK T L
FRECIEMNE S EZ L 72 0 . H T RAEWNBEEIZANA A7 4 VAR SNAEAN S D 22, ZONAF T 4
NVAFENA~ONHEREZZE LSHEL, fRE L OLERBIGEHEOI T 20 U CROHIEEEE O HE 5 HE %
SH5, 20k BRI T 5720, TPBRICITAR Y PR — L& W ENER A S A LT, &
R VR— TR DIE N ZRH L TENEBE LR, WEEEIZATE LTS 47 4 )V AOHEREY) &
MBI PRET D ENAEETH D, ZOWRFHEEOIIEIC LY | T T AERONHBMED MR S, 5
BREOEMZELBK LN TN D,

2.3 TPBR &AM MERDIEE

TPBR & SGHIEEEEIC X 5 COL[E EILERRIL, 2024 4F 10 A D 2025 4F 3 Ao CEME L7z, K%y
AT LOEEBRIAICENL D 2.1 TR A7 A e OB & 725 KX O MKk E & 61 TPBR WA~
AL, SHICKRUBERCHR R EOVFEME LR EERE(ESR : Vo WV U A=6:10: 5ERML THE
e Lic, SR TIX. EWEEZEK) D DCOENN - JRiE 2 BE LK) 2.5%0) DCO-2E5IRG T A
(A DI AHCOEEE : COs-inlet) 2 HfHEAIIZ LG LT, bt T, BB OpH, IEFIEEIRE(A N : DO-inlet
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ELE ‘aa
AR (1) -
CO;+OH =HCO; Z \v‘\co,m,o: H,CO;
l n H;C0;HCO,+H*
O, | ; —
R 1] Heoyesco+he
| CO,EIE | QB
Hco,-ﬂ co,

3 WMHEERERICETS CO,NDABBITERBRREDOILETHET L

/1 : DO-outlet), ¥EAFCOBREE, 8 (OB OHFRFEAE), KiRd L OVEE, S HITRY v 7 b ik
HEN D H A DCO M EE(H AAKHFHCO I FE : COs-outlet) Z 18kt FICIE Lz, BUSG L2 b7 — 1%,
BER S DR blchn 2 . #iR 3 2(FECORE DR 3 L OCOE E(LZh =R OFAMIZ BT 2 el & L
TIEHA L=,

24 577 COEEDAIE

PRSI O S A BRI BT, BERIETTICIEMR L T D COx W D¥ETE CO, (COs(aq)) s b 3 [
EORE & LRI & 5(E 3), TPBR ~MEE XD COy T ADREER L OV &1L H < F THHG &M 2R
THAEICE &9, RIS ASE SR AT RE 7 R B BT COxaq)REEIC L » THRES N D,

COx(aq)lE/AKRFIIE &It LU THRER(H.CO3) 38 LT FIREEA A > (HCO5) & P REfRICH ¥ | K5I O pH 12
I U CHEERE IR FBRE D434 N AL 5, BGHIEEEIE CO(aq) DIEBAIER V) A~ TN 2. HCOy DREE I D& (K 5
TEFEHERE . CCM)IC X 0 Z ORI~ IR 2 B0 A Te S, WIS I i I R BRI K B% 32 (CA) DR
12X 5T COICEH X, Rubisco 1T LD INRFINMAVKIGICHIE SN D D, IBFE CO, BN RET D L
ARGEENEGERE E 720 | S A~ AERGEE QK T IS A2, @RS T TIOEED A Y 2 7 K
T 5, D=, CO, I BEDOREDHTITHARDOEREZ NI 2 Z LixTEd, HBERETO
CO(@IRED Y T A LARIENRAR &2 5,

I, COxaqiR B DWEFIE L L TIE, REERILFEHNICI-D < BHRIC L 0 MEMICHEE T 5 Hik
WLy Y — & W CEERICIIET 2 ik DO ZONREL LN TWAD, L., BigidEBIC®%
TR D RRMBIRESLCT IV H ) EEZRIRFEOIIC L > TRODZMLERZH Y . R 2R 2R 512
S 2, — 7, BEICET AR ML LT, B =IO RIR T R A L A AT, KA &R & D
ISR R RE 2 Rk LTz BT, SEARIRAEICIE LKA COy ZHIE T 2 FIENBR Sh T\ 5 2627,
ZOJFER HEDISEMICEN, R o RZBIT D COyaq)DENEEE Y TV X A MIFHli+ 5 FE: &
LTHHATHD, T CATEEZSEIC, BRMEEKT 2 —7, =27 R 7B LY COBERZMAABD
VRIS AR LT, KT 2 — 7 2 BBRPICEETS L. Fa—TNEHOKHMH & &K E ORT
SR U, P ORFEF O COIBEITIEAHT O CORIE L H L8 d, ZOKHH COs & I/ BUR
S HTENDIR)E = K W HIET 5 2 & T, AR OTELF COL I ORI 72BN FTRE & 72 5

EE I D CO(aq)I E 13 R TEA F 1238V TR COr D43 E(p"CO; [PaIZ LB 5 (-~ U —DiER]),
TPBR D T A EHIZE W THERRZME SO KR P2 EAR L, JIEICL VLIS CO, D5y
JE B Z W TELE CO2 R EE(COs(aq) [mol m3) & FH L7z,

[Coz]aq =H X p*C0, (1)

Z 2T, Himolm?Pa' iz~ U —EHTHY . TOMITKIE(T[K], = 2 TIIEREOKIE)DOREKE L
THLN TS 7D, XU TR 22 O COKIBHIEZIT - 72,
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100 T
InH = —58.0931 + 90.5069 X - +22.294 X In (m> (2)

728, COp WEFOIEREX, WMIEAT AT D CO;y /N ERICHES WE AT A K HEO R LD CO, HE
(pCO;[Pa) T V) (WM T AFMED RN 3 L 1R 5, LT o T o~y U —OERI~EH 3 5 720121,
K(3)D L 5 ITKKE(P [Pa]) 8 L OMaFI/KZA ST (e [Pa]) & WA IE R L EE L 72 5,

p*CO, = (P —e) xpCO, 3

72720, eldTIIRIET D b DD, i@ DR 20~30°C) 2B WV TIPOB L Z1~3%REICE Y ED
72, MIEEE L CORGITMAIT/I SV, Lzn->T, K@) Op CoNE Fit@) D & 9 iz,

p*CO, = pCO, 4)
Ll azEncE, ZnEXMITRATSL E

[COZ]aq = H x pC0, (5)
DRFHND,

25 MMEREDERAE

BER U P O e AR 3 BB K DL R E L CHE S D & IEOHBE 2R3, ARFIE T,
ZoOBERERIA L, WEREMED D EEARRE 2 R HEE T 2 FIEZ RN L7 192, 7o, isEOH
TERFE 2 Rl 9 D ECEEAR N T A= T L LB (u [h' )3, SPESEEHIC 1T 2 Wk B a4
Bz ag & L, A(6)ITHDW TR L7,

N
In (2
U= M & N, = Nleu(tz—tﬂ (6)
b=t
2T MBI MITENENREIETEENC I 1T 204 1 (B L O 6()IZB T 2 EAEREELYTH D
(N2>Ni, >1), S5, ERUITHB O TERIKIREN 265, 77205 No/Ni=2 & 72 2 OIZ84 2 R 2 (5 INRFH
D EERTLHE, ZhzazX(T)TRITZLNnTES,
In2  0.693
td = (7)
2 I
WO R IR T D AEFEM Z I T D729, /A A~ A EFERE ST (Poiomass [g L &) & E DFEIE L LTH
W, RE®)EHANTHEI L,
Ny — Ny
t - to

8

Pgiomass =

ZIZT, NBEXONIZENENEEEREM 1 (d)F L OEEEAHIEER 10 (ICB T 2IAREEZEEL)TH 5,
E BT RFEETHREZ NS 5 72D D COL B EHE(FReo2 [g L d DT FR(OO)D L HIcFF Z &N TX 53,

Mcz)Z)
M¢

FRCOZ = Ppiomass X fc X ( 9

Z T, fo [Y%wmNEIIEHESHTEF THIE L7 iR O RFEEEHE,. Mcor [g mol' 3 LT Mc [g mol')iEL%
NEN CO, BIORFBODFTETH D, 7ok, MHEIHICZ LS CO, DFIHFHELRHET %72, TPBR ©
COx-inlet 35 X TY COz-outlet Z @RI HIE L, CO» BREZNF(RECo [%]) 2 (10)D X 9 IZFEAm L 72 32,

COZ—outlet

- x 100 (10)
Coz—inlet )

RECOZ = (1
3 MERLEER

31 WHREEDERP IV COEE
B 4 12, s EoEERTIOERIVE L& Ee =% ) VB ORFEZILO 6l 2 R~3, ARt
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100

W RHE S LU REANA

h 4
v v v

Run

REco:z (%)
1

Gas-phase CO: cocn.
(%)

| — COwinlet |
. — COz-outlet |

FReoz (g L d)

(mg L)

N oW
©® o
| |

(degree of C)

N
-
|

Culture medium temp. Dissolved CO: concn.

=N
a B

-
F-

(mg L)
o @
[ I I I

-
-

DO concentration

-
(=]

T I T | T I T I T l T I T I IF
T Dointet |
. — DO-outlet |

-

N

=]

=
|

900 |
600 —

Turbidity (NTU)

1500

300 - |

T T 1T 717

I

T

2 4 6 8 10
Cultivation time (d)

W TPBRY ) —=2 %
EEFEFESE: 2360 L min”’

7.0
6.9
6.8
6.7
6.6
6.5

Culture medium pH

4 iEREHEPO COBRERIZEN), [il CO.BE(B), COEE
EREE(C), jBFE CO, BEED). HEHBKERE) . BEBRREE
(F), AEHIUEERZ pHG)DZE1L

131

Tl 16 HETS5 RFI(Runl, B LI~
IV)D CO, [EH &2k % Fhi L 7=, 7235, Run
I 2R, &RVIOERK TIRFIZIX, TPBR
DB DOULFEFS X OSREA DR & FEhi L7z,
BA4E L0 W TNOERRICE VT H L
TROKIBIZIR 21 U CRE RLETRS
NP BELF28+1°C TLEL THR Lz,
CO,-ZERIRA N A % —EiiE CHlfia L
T2 T CIE, AR ARRIC K D CO, HER
EIRISETT T A 728, 53R pH 13I8 R5
TR TMEHM AR Lz, —J7, B IIRERIT
ORI E & HITHML, FRloEmicix
FREBI S 78 ER DS HER S 7-(E 46), £
7=, TEERIE % 23 Lmin ' Ci#E#s L7~ Run
I CITBEHEMEME HER L2, iaE
% 60 Lmin '~ X7 Run I’ Tl
IR AR S L=, ZhuE, TEBREE
12X W TPBR D T A& BT 2 e
AT E)— b S A, MEREAS m Rk &Kt
FHI 2 RSB B D 2 & COGBRE & [nlkE

LoD ERE=R N m E L2 &R FEER
LEZLND, EHIT, WEMINC LYK
BN 720 | COy BEIGOTATT IR R
Fo. FBHENE & W o B BB N M E S
U, AR X OMRENEE 23 BHE S iz <
K pol=Z b FHELTWS, b
AHIZHRIC LV | IEERITE & OHINIE: &%)
K EICAEMERALZEEZ NS, 7
B. TPBR (28T 5 A1 - OB OEFEE %
T J£ £ (4Cpo = DO-outlet— DO-intlet)i% — &
LCEMERLEZZ SR 4F), ARk
FOSMZEE D Oy ARk A A TNz
ZEITA T, RIRM DT AZH T 1t A
NEIFICHEEE L TWEZ LR ENT-,

KHF D CO, WEDEMDLEM LT
REco2 13 65~97% & m < (E4A, B), ZDZ
LT TPBR ~HER S 172 COp D KERSY DK
AR O YA RIETEIC L W COy 23R, [
EINTZZEERBLTWDS, £z, iR
TP L RFBEARIZHASL FReoa 1 033~
0.48gL'd! Th v (B 4C), ZiLiX Shaikn &
(2016)I1Z & D BEHfE 33 & b 3 584 B
[ EPERE T o 72,

Run IZHWTiE, Run I ZER< L%
Fl) & brig U CH E O A & 22 Jiil &
NTERY, I FReor AHXFHIIZAL
T L7z, EBREOHBIC L DBENG, T
T AENBEZTERR ST A A7 4 v IR
FFmAEEEL TR, B ELDIENRN
Th b EHWr Sz, KEREOS(LITMH
B DN A BORE 2 BHERICHIIR T2 729,
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R 1 BREBRRITH TS HIETERE B & UE ks

Exp. No. p(d™) ty (d) ty (h)
Run[1] 0.20 3.4 82
Run|[r] 0.43 1.6 38
Run|[n] 0.40 1.7 41
Run ] 0.35 2.0 48
Run[Iv] 0.53 1.3 31
BETEREE OIMFNZF 595 9, K. Run [0 L HEFH 1500
JEIE Run 1T & BEBE LT 12.5%1F CIRVWMEA R L7228, A _A' | L B I
7 AENBEDVEF % IZFENE L 7= Run IV CIEHAREE S X .
O LA FENEHICWE LY, oo, o~ 2007 - Rund —
TPBR % I\ 72 5= W52 55 3% 12 38 W 6ad il M o ffl 5 28 E 1 = S
CO; EEMREDREMRIC R IR T = L ammts T 9007 % -
bOTHY, EEEFEL L TEMEROERH VI 5 . -
BHEE TN L 2 MO EANLECcH 8 600 —
LrEZLND, 2 - i
300 — T~ L
3.2 ATF CO imELIBMEEH DMK 4 : .
Run O3B X Run IV TIE, B3 HK pH 2N EEHL 6.76 0 ! | R !
B 682 % FREI-ZRHCEWENRMIC LA L, 2he ¢ 10 o1 ——T T
AR COAaq) I EE MR T 2 2 BAHER SN (BF D 2 - :
L OB S). COxaq) BEMEED K ARICHT 5 AL & 8.0 R
BERRIR T D = L0 h | UHIEHIC A IR § - : :
KU, BERGEEDR CO, OULEEEE Ll 7-ifElE S = 6.0 o WRun3 L
REV. ZOZ LR, COaqMMOEER T 2B Sw {1 i -
BEAGEET 52 L& RB LTS, —J7, Run MTIER S E 40 L =, ‘hHl B
FEDOBMRIZWIMEICFRO ST, WERIIN & COxaq)DBENE B {1 S, 2 T i
M Lipinote, THUE 31 T~ L3510, 9 2 204 BT L L
AENBECIGR S VTS A A7 4 VA K D EE RS § ] 4 Lt
ETAAHHEZHR L, CoxaqiBBFTTHLEZR> 8 4, — :lemz _
ziz =3 ‘ % 5 T
T2l L HEE I D, LLEDRERNS, CO2(aq) Lt i) 6.65 6.75 6.85 6.95

WG 5 Z &I, SRRSO FEAR T | RSB 2
DT AT T 4w VR RO T SR
LTCHERHTOD EEZLND, FFIT, B IEENEOSE 5 HEEKH - 3BEASEURECOE
- ClE COxaq)lR E DA NI EDIRE L 2 155 E@)OME

—J5, JEHIFR T ClrItEmEE D Ik & L CRiA RN 5 72

O, EESREOHER L OHIERECICB W TEERNT A—2 LD,

Culture medium pH

3.3 fEhneERE

1 ORTIED , LEHTEEE S B U7 FMNEFRIE, Run VICBWCREMTHD 3lh 2Lz, —
WREOIT . AE IR 2N O VIEE X, BAZEER S 72 0 o COy [ E RN E < R DM H 5 39, T,
AU 74y 2R S IRFBEULFBEOHE KIS U T, Rubisco ZE&ie /LB L -y o al KB E TR
FOCCM ORBINFHFE I NDT2DTh D, ZORER, TV B RO REEE E RSO RERFE) E L, Al
fad 7= 0 OERERFIL AR T T > 7 APEERKT 5 39, AHFFEIZE T TPBR @ CO, [HEEEZ L0 —)F
EDHITIE, N2 20h, S HITIXZ DD 10h FRE~LEHET D 2 EBNTE L 225 (B 6), 5N
DUEIZTFHETHR L LTI, F 7 AERARCBERICE., HERBKIRZ ENRZET b, LR DY
B, COy DY « k7 1t A2 b NI BIROMN S ICEEN R EZ B XIET, 2k, SeA
ERIOWEBEHHEE L RET 5 EERBERNFTH D Z EnD, WYIRHIECRFETIC LV HIEBREE
ORELNHIFFTE D, 5%IF. ER IOV TERNRIEEMIT 2D, VAT MSEZH LML
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BT EERSRA L EE TR O RIE A S DY 2 RR T D S
WY, ZOZ LD CO, [EEVERE & ERZENE 2 WS L7
BNRAAL AV T 7 2 —DWRICORN D LEZOLND,

34 BEBAVREIL—3ay —FEUEHETORERR—
ABFFE CBAZE D TPBR 1, Hi7e 2 BEREAEE & L CTONL
EOTICE EE BT EMOMEEZ 5 LGSR — R &
LCOEEELA LTS, £ZT, 202545 A3 A1H
6 BITHT CTHPS)I R (IHT CRAfE S iz T8 33 [mEEL=:
W ICBWT, BB A v AZ L —3 gL LTTPBR DFE
BRI EHEEREToTZ(BE )Y, TO/RRER, KGHE
NoIE TBIEEMEMOREEL LTHRE LW MAFSR T
ZEMENRE OO TR0 72 8 BIEESHFERICH T2
HERRAM AN 25 Z58 5 10, TPBR 23— i D £ AR I
LR LED Z L MR SNz, 72, KeFEOHFIZIIKRE
WREEZSTHEME LB N8 L OF -7t xy hU—
TIERRIZ DN ol bR E LTHETF oD, LELD,

Turbidity (NTU)

0 __“1 | T I T I T
0o 10 12 14 16
Cultivation time (d)
6 BEMERREICX I HEAE AR
(fEhnE5R 10 h KU 20 h (FBIBhER)

BAZE D TPBR (ZEREEHIN & A M S S5 2 & THAEMZ AN Z @), AR 2 (KR L1522 Zim

HEIEZ A5 2 & DR S 47,

35 SHRDFEE

TPBR (ZFH$ 54 % OB L LT, JERFECIMEBRIT AL, CO» BEIGAAT &\ o 7 E B R BB - 3 ke EE
DAEFTEMII LT TRELEAE L, REIAREERIERR MR T 2 O OREERFME LML T 5 2 L23%
FTond, £z, HITRAERNBEIR SO NA F 7 4V AT FEE AR T SEEEDREMET 572
D, APEIHEIBACTEF TFIEOL RIS L > TOEFRE 2 ZE L THEFF T2 2 8 b RD 6D, E6I,
COxaq) & & LA MER I E T — # it L, FEa KRB O L E) 2 Tl (THHRE - XIS T D8 - Sl Bd o

WENEEL D,

e

BEE 1 ELZWECHTS TPBR DEEWEMMZEZB) O BRTRE LUEIE D)
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— T, EEEIC L > THEEIND CO, &% LA D L ¥—23 158 TRCE OB OMIK « G TR
WCBWTHE S, fRE LT aEARE0 CO FHENMNT 5 X 9 ThiuE, AKOBREEAn K
) HEIEEERL S 72\, 1990 AEAREIRE, fEE 2 W T2 E I E S O A PE 2 B & L 7= K #& e
EPMREH TR SN TEY, ZhSITEIRIEROIEER L O A PEEORRR 2RI 5 HE
REMHE LTESIT BN TS, LLARRL, ZOFHMIIEEIX B A ED OPER L ORFE M ICRE
L. CO N E Vo T BLENHRICBRENTORWGAENRZ N, LIeRo T, SEIO X D ey AT AeR
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ABSTRACT

Elevated CO, concentrations in indoor environments impair the cognitive performance
of occupants therein; therefore, advanced technologies that suppress such increases are
required. Herein, utilizing microalgae with a high photosynthetic capacity, we developed
an indoor tube-type photobioreactor (TPBR) and comprehensively evaluated of its CO,
fixation performance and cultivation characteristics. Data analyses under indoor
environmental conditions demonstrated that the TPBR achieves a CO, removal efficiency
of 656-97% and CO, fixation rate of 0.33-0.48 g L't d7?, indicating high carbon-fixation
capability. Increasing the circulation flow rate yields improved light environment and mass
transfer, resulting in enhanced specific growth rates and shortened doubling times.
Conversely, biofilm formation on the inner surface of the glass tubes reduced the light
transmittance and acts as a limiting factor for the specific growth rate. Moreover, dissolved
CO, concentration effectively captured changes in the photosynthetic response,
demonstrating the utility of the TPBR as an indicator for optimizing operational conditions.
Finally, in addition to its functional performance, the TPBR exhibited strong visual appeal,
and exhibition-based evaluations confirmed its high potential for integration into

architectural spaces as an environmental design element.
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