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ABSTRACT

The Takasago Thermal Engineering Innovation Center will start operation in March
2020 and will be in its third year in 2022, with the aim of becoming an energy-sufficient
research facility that reduces environmental impact and improves intellectual productivity.
During this time, under the constraint that reverse power flow into the grid was not
possible, in April 2021, we added a large-capacity storage battery and started operation in
order to effectively utilize renewable energy. In this report, we evaluated the operation
status of the building's supply/consumption of energy, including the operating status of
renewable energy and storage batteries, for two years after completion. Based on these
operational results, we have confirmed that the entire site has achieved Nearly ZEB, the
office building has achieved "ZEB", and CO2 emissions have been carbon neutral.
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ABSTRACT

This building was built with the aim of becoming an energy-independent facility with
100% renewable energy. It uses a compact woody biomass gasification Combined Heat &
Power, solar power generation, and a cascade heat utilization system for groundwater. The
operation of the facility started in March 2020, and each energy system started operation.
We are continuously attempting to the operational status, identify issues, and verify
countermeasures. In this study, we report the results on the operation of groundwater heat
utilization system and the utilization of waste heat produced during biomass gasification
Combined Heat & Power in FY2021.
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ABSTRACT

The air conditioning system of Takasago Innovation Center follows a minimal design
that maintains indoor air quality and processes latent heat load by supplying air from
dedicated outdoor air system (DOAS), and the shortage of sensible heat is processed by
radiant air conditioning and individual air conditioning systems. In this report, we
compared and evaluated the dehumidification control accuracy and energy efficiency of
two types of built-in DOASs using actual measurement data and air conditioning system
simulation. The results showed that the cooling dehumidification method is efficient in
terms of its dehumidification control accuracy. In terms of energy efficiency, it was
confirmed that the desiccant system, which uses medium-temperature cold water of

approximately 15°C or higher, can exert a high energy-saving effect.
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ABSTRACT

This report shows the indoor thermal environment during cooling and heating by
displacement ventilation systems that are operated with energy saving while ensuring the
required ventilation volume as a measure to prevent the spread of infectious diseases in
the office area with a stairwell. In addition, because the comfort of heating by displacement
ventilation systems decreased owing to the cold draft, we will introduce measures to

effectively use waste heat.
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ABSTRACT

In this innovation center with a task-ambient air-conditioning system, the outside-air
conditioner, the radiant air conditioning treats with the building skin load and lighting
load, and the personal air-conditioner mainly treats with the human related load which
varies dependent upon an individual behavior and preference.

In this report, we report about the effects of individual control type radiant air conditioning

system on energy saving and comfort from actual summer data in offices that use ABW.

37 No.36 2022



[Special Issue of Innovation Center])

DEVELPMENT OF A GRID INDEPENDENT ENERGY SYSTEM
USING ENERGY SUPPLY AND DEMAND PREDICTION
(Part 3) Designing Model Predictive Control by Energy Simulation

Yuki MATSUNAMI !, Yuan GAO 2, Shohei MIYATA 2, Yasunori AKASHI >
Katsuhiko SHIBATA !, Yoshiaki KAWAKAMI !

ABSTRACT

In this research, we aim to develop an energy self-sufficient building by applying model predictive control
(MPCQC). In this paper, the details of the objective functions (OF) for the MPC, at the Takasago Innovation
Centre are explained. One OF aims to prevent reverse power flow, and the other aims to minimize the peak
of received power, during the predicted period. Then, the validity and effect of the MPC is shown through
energy simulations. As a result, both OFs worked as planned, and the annual peak of received power was
reduced 55.3% , compared to the case of conventional sequence control.

1. INTRODUCTION

This study aims to build an energy management system (EMS) which can achieve an energy self-sufficient
building by renewable energy. In this context, model predictive control (MPC) is employed to optimally
control the system against various objective functions (OFs) and constraints, based on the predicted results
of energy demand and power generation. Therefore, the objective of this study is to propose a design method
of prediction models, as well as OFs and constraints of the MPC, through verification on an actual building
(TIC: Takasago Thermal Engineering Innovation Center).

In the first report !, system overview of TIC (Fig. 1), and the fact that reverse power flow is restricted was
introduced, as well as operational issues. It was stated that given the energy balance of TIC, stored electricity
will reach maximum, and excessed energy will lose its way and reverse power flow will occur in some
periods. It was also stated that charged energy of the battery (SOE: State of Energy [kWh]) will run out on
some periods, resulting in the excessing of received power over the target value of 10kW. In the second
report 21, methodology and case study results of the solar radiation prediction, which is required for the
hourly PV output prediction were presented.

In this report, two MPCs were formulated as measures to address the operational issues presented in the first
report '), and the results of the verification of the MPCs through energy simulation are described. The first
MPC aims to control the maximum SOE of the battery energy storage system (BESS) and prevent reverse
power flow. The second MPC aims to reduce the peak of received power, based on the assumption that the
basic electricity bill is determined according to the maximum received power in the previous 12 months 1,
In the next report ¥ (Part 4), the improved methodology and case study results in predicting solar radiation
are described.

This article is an update of a technical paper, submitted to the 2022 annual meeting of the Society of Heating, Air-Conditioning and Sanitary
Engineers of Japan (SHASE), September 15-17

1 Takasago Thermal Engineering Co., Ltd.

2 The University of Tokyo
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2. BATTERY ENERGY STORAGE SYSTEM (BESS)

2.1 Model overview and calculation formula
As shown in Fig. 1, the three components of the BESS are: (1) storage battery, (2) PCS (Power Conditioning
Subsystem), (3) auxiliary equipment (temperature control function, power supply for controls, etc.).
In addition, the following assumptions were made.
1) Energy losses of BESS occur only at the PCS and the proportion of power going in and out (p¢s: PCS
coefficient) of PCS is constant.
2) Power consumption of auxiliaries (P,yx)is constant.
3) Power going in and out of the storage battery is equal to the change in SOE (State of energy).
Equations based on these conditions are shown in Eq (1) ~ (3).

Ppattery = 0 (Discharge)

PSytem = 77PCSPBatftery — Pyyx (D)
Pgattery < 0 (Charge)
1
PSytem = EPBattery — Payx - (2)
t+1
EBattery,t+1 = EBattery,t - ft PBattery dt €]

( Psytem: System output [kW], Pggtery: Battery output [kW], Pyyyx: Auxiliary Power [kW], Eggitery,t:
SOE at step(t) [kWh] and npcs: PCS coefficient [-])

As the only measured data of TICs BESS are the system output and SOE, auxiliary power and PCS
coefficient were estimated from these measured values. Specifically, auxiliary power and PCS coefficient
that minimize the residual difference between the measured difference of SOE between each time step,
and the estimated difference of each time step from Eq. (1) ~ (3), were calculated. Summary of used data
and estimated values are shown in Table 1.

]

m 1]

"

—_—> Takasago Innovation Center
Communication Signal
Power Flow Battery Energy Storage System
L ]
1 1
| Psystem |
1 1
'PGrid,set PSystem T \1' Payx 1
Energy : Power :
1 Conditioning Auxiliaries |
Management \ BESS Subsystem |
System | |Controller P I
-MCC | Batter-
“ESL 1 E € — '
1 Batfery + Battery — \
! I |
1 I 1
1 1
D R 1
v Pgria _T T
PV Controller Positive(+)

%0

B

Power grid

Yy

CHP
(Biomass Gasification Generator)

Fig. 1 TIC System Overview

Table 1 Data and Results of Parameter Estimation

Used Data Time .Stcp 1 hour
Period May 2021~ December 2021
P B
Estimated Values AUX 349 kWh
Necs 0.95
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2.2 Time series SOE estimation

Transition of SOE over a one-week period was calculated from Eq. (1) ~ (3), which were compared with
measured values. Initial value of SOE was set to the measured value at 2022/1/12/00:00, from which the
transition of SOE was calculated by iterating the calculation of Fig. (3). The storage battery output (Ppgttery)
at each time step was calculated from Eq (1) and (2), as well as the measured system outputs (Psygtem). The
results showed that mean absolute percentage error was 2.99%, and that the calculation model described
above is sufficient for predicting the transition of SOE.

4000
";" 3000
2000
0
© 1000
7]
0
0 24 48 72 96 120 144 168
Time h
——Predicted Value ——Real Value

Fig. 2 SOE Prediction Result

2.3 Constant Power Receiving Control (CPC)

The existing BESS controller determines the system output value which brings the received power closest
to a specific value (RPV: Receiving Power Value), within the boundaries of the system output determined
by the current SOE and rated value. On the other hand, as a safety measure against control errors due to
CPC response delays etc., RPV is basically set tol0 kW (RPT: Receiving Power Target) 1.

3. FORMULATION OF MPC

MPC requires the formulation of an OF within a given prediction period, as well as optimizing the
problem at each time step, with the control inputs as variables [2!. This chapter describes the formulation of
the following optimization problem: maximum energy capacity control (MCC) which aims to prevent
reverse power flow, energy supply levelling control (ESL) which aims to cut the peak of received power.

3.1 Maximum Energy Capacity Control (MCC)

Control overview is shown in Fig. 3, and the OF and constraints are shown in Eq. (4). The OF is defined
as the residual square between the predicted maximum SOE, and the predetermined maximum SOE
threshold (MST) within the prediction period. Therefore, the PV output rate at each time step that
minimizes the OF is the output of MCC.

Prediction Period Tw

[ ooery e s
EBatteryﬁser v {

Past value

No control
Optimum  ———|

— —— ‘ Objective Function fuce |

SOE kWh

k Time k+Tw
Fig. 3 Maximum Capacity Control (MCC)
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_ " 2
min. fycc = (EBattery_max - EBattery_Set) RN C))
S.t.Proga = TpvPpv_max + Pcup + Psystem + Peria
Ppatterys Peria = fCPC(PGrid_Target)
0y <1
(E Battery max- Predicted maximum SOE, Eggtrery ser: MST, P, pqq: Predicted load, #py: PV output rate,
PPV_M ax: Predicted maximum PV output, Pgyp: Predicted CHP output, psystem: Predicted BESS output,
Pgriq: Predicted received power and fp.: Function of CPC)

If the maximum SOE in the prediction period is to exceed the MST, PV output it is suppressed by
multiplying the PV output rate, which is considered to avoid full charge and can prevent reverse power
flow.

3.2 Energy Supply Leveling Control (ESL)
Control overview is shown in Fig. 4, and the OF and constraints are shown in Eq. (5). The objective of
ESL is to find the PRV (which is the control set value of CPC) that will result to the lowest peak of
received power during the prediction period. Thus, the residual square between the RPT and the peak of
received power is defined as the OF.

min fESL = (ﬁGrid_max - PGrid_target)Z ct e (5)

s.t.Progar = fPV,tpPVMAX,t + Peupt + Poatterys + Poriae

pBattery' pGrid = fCPC(pGn.d set)

( Pgrid max: Predicted maximum received power , Pgria_target: RPT)

Prediction Period Tw

Past value

-
@
o B Optimum ~ ———
- — - ]
2= Objective Function f&s. |
=
(O] P..
Grid_target
§ | [ Gridtargery [ [ \ .

k Time k+Tw
Fig. 4 Energy Supply Leveling (ESL)

3.3 MPC Flow
The Flow of MPC is shown in Fig. 5. First, the PV output rate during the prediction period is calculated by

MCC, based on the given prediction results as well as the current SOE. Next, the PRV is calculated by
ESL based on the given PV output rate. Finally, the control values (PV output rate, RPV) are input to each

controller respectively.

- MPC
ELomi FPV.!: - PV
EPV—MAX Maxi “l controller
Time Series |Peup Camm_um
Prediction > apacity Energy
Model Control |
: T suDPy PGrid set,t
min fycc PV | Leveling S BESS
min fgg;,
* EBattery,t—l

Fig. 5 Flow diagram of MPC
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3. MPC Verification

This chapter presents verification results under hypothetical conditions for the two MPCs presented in Eq.
(4) and (5). It is assumed that both power consumption and generation can be predicted with 100% accuracy.
The effectiveness and validity of the MPCs are demonstrated through simulations. Also, the assumed
prediction period is changed and the effects on the occurrence of reverse power flow and the peak of received
power are shown. The Powell method from the Python library SciPy I*! was used to solve the MPCs.

3.1 Operation check
For each MPC, simulations were carried out with hypothetical values for the following time series of each
hour: power consumption, maximum PV output, CHP output.
(1) MCC

The preconditions are shown in Table 2, and PV output and SOE are shown in Fig. 6 and 7. Hypothetical
conditions were set up where surplus power was continuously generated and the SOE exceeded the MST
when no controls were applied. It was set so that surplus power continues to be generated even when the PV
is shut down, due to the base operation of CHP which is a feature of TIC. The results showed that MCC was
able to keep the SOE below the MST regardless of the prediction period. But when the prediction period
was 80h, the exceedance was predicted earlier, resulting in an earlier start of PV suppression.
(2) ESL
The preconditions are shown in Table 3, and the SOE and received power are shown in Fig. 8 and 9.
Hypothetical conditions were set up where SOE would go down to 0%, and the received power increases
from the target value of 10 kW to 120 kW. The simulation results showed that the ESL was able to calculate
the optimum RPV regardless of the prediction period. When the prediction period was 80h, the peak of
received power was lower because ESL responded earlier.

Table 2 Preconditions for RPP test

Time Step 1h
Period 60 h
Max. Charged Energy Set Value 2500 KWh
Initial Charged Energy 0 kWh
Prediction Period 20 h, 80h
150
E 125
100
‘i 75
= 50
C 25
)
e
0 10 20 30 40 50 60
Time h
—-No control —-20h -—80h
Fig.6 Results of PV Output

3500

:Ej 3000 M

= 2500 #-0-omsmtt -
=4 2000
., 1500
8 1000
A 500
0

0 10 20 30 40 50 60

Time h
—No_control —-20h ~+-80h
Fig.7 Results of SOE
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Table 3 Preconditions for PCC test

Time Step 1h
Period 60 h
Target of Power from Grid 10 kW
Initial Charged Energy 2.500 kWh
Prediction Period 20 h, 80h
3500
= 3000
= 2500
=4 2000
., 1500
—OJ 1000
w1 500
0
0 10 20 30 40 50 60
Time h
—No_control —-20h —=-80h
Fig.8 Results of SOE
150
E 125 r——
.. 100 | \
z 75 .' \
5 )
& 5o J )
T 25 ff fI A
2 L—o—o—.—.—o—.—.ﬂﬂﬁ:
5 o0
& 0 10 20 30 40 50 60

Timec h

—No_control ~ —=-20h  —=80h
Fig.9 Results of Power from Grid

3.2 Annual Simulation
(1) Operation plan of CHPs
As described in the first report [!], if the CHPs annual operation is not set so that the balance between
power consumption and generation is matched, surplus power will be constantly generated and SOE will
reach maximum, leading to excessive PV suppression. Therefore, the CHP operation pattern was
determined according to the following conditions.

1) Annual total of CHP generation, PV generation and received power (10 kW) equals the total of power

consumption.

2) CHPs operate in base operation, simultaneously.

3) CHPs are shutdown on holidays longer than three days

4) CHPs are shut down on weekends once every 600 hours (maintenance cycle recommended by the

manufacturer)

(2) Other Preconditions

Other preconditions are shown in Table 4.
(3) Simulation Results

The results of annual SOE and received power are shown in Fig.10 and 11. The results from the
conventional sequence control ! are plotted together for comparison. For example, in the case of sequence
control, SOE reached maximum just after 6,000h resulting in reverse power flow, whereas MCC kept SOE
below the threshold value and prevented it. On the other hand, ESL reduced the peal of received power of
approximately 109 kWh (55.3%), compared to sequence control.
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Table 4 Preconditions for Annual Simulation

Time Step lh
Period Angust 2020 ~ July 2021 (8760h)
Input Load Measured Data [kK'W]
Data Max. PV Output | Estimated from Measured Insolation [k'W]
(N=8760) CHP Calculated from Operation Plan [kW]
BV 200 KW (Max )
. Rated Output: 75 kW
Esq;zpcﬁzlt CHPs Power of Auxiliaries: 20kW
_ SOE Capacity: 4.590 kWh
Battery -
Quput Range: £625 kW
Target of Power from Grid 10 KW
Max. SOE Threshold 4.131 kWh (90% of Max. Capacity)
MPC Initial SOE 0 kWh
Prediction Period 100 h

(4) Effects of Prediction Period
Finally, effects on the annual occurrence of reverse power flow, as well as the peak of received power was
verified when the prediction period was changed. The results showed a gradual decrease in the peak of
received power as the prediction period increased (Fig. 12). This can be considered that the longer the
prediction period, the earlier the received power could be increased, and so that the annual peak could be
further decreased. As for reverse power flow, it was found that the annual occurrence could be prevented if
the prediction period was longer than 50h (Fig. 13). This is considered that at least 50h is required to respond
to the sudden increase in SOE, immediately after 6,000h. and start suppressing the PV output.

5000 Maximum Capacity W

Max. 8O Threshold W

4000

3000 | l

SOE kWh

2000 |

1000

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Time h
—S8equence control  —MPC (100h)

Fig.10 Annual Results of SOE
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Fig.11 Annual Results of Received Power
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CONCLUSION

The BESS calculation model and two MPCs were formulated, and the results of their operation test and
effectiveness were presented. The results showed that for the given preconditions, there exists an aptitude
value length of prediction, in which reverse power flow can be prevented (approximately 40~50 h).
Results also showed that MPC is effective in reducing the peak of received power by 55.3% when the
prediction period is 100 h, compared to the conventional control method.

In this report, confliction of the 2 OFs from MCC and ESL where not considered. But when prediction
period becomes longer, conflict is expected when MCC intends to reduce SOE as it reaches near
maximum, but on the other hand, ESL intends to increase SOE and lower the future peak of received
power. Furthermore, it was assumed that a 100% accurate prediction was obtained. Henceforth, study on
conflicts between OFs (Requiring a multi-objective optimization) as well as effects of prediction error is
necessary.
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FEASIBILITY STUDY ON COMFORTABLE SPACE
ENVIRONMENT UNDER LOW GRAVITY

Katsuhiko SHIBATA !, Tai NAKAMURA ?

ABSTRACT

Today when even ordinary people could visit the International Space Station (ISS) as travellers, a new
question is raised whether the current cabin environment of ISS set for professional astronauts such as
temperature, humidity, air quality, and noise levels are really good for everyone. Above all, for the Asian
people, whose habitus are different from Westerners, the comfortable environment and the air
conditioning system that creates it must be different. In particular, when we travel to deep space or the
lunar surface, the duration of stay extends no less than a few weeks. Consequently, the Crew Quarter (CQ),
the relaxing and sleeping place, requires individually customized air-conditioning and noise suppression.
Therefore, in this research, we investigated the desirable environmental conditions based on ASHRAE,
ISO, and the standards of comfort in Japan by comparing and evaluating the ISS standards with them. In
this paper, we propose an air conditioning method that realizes customization in temperature, humidity,
and airflow in the CQ with low noise and proper diffusion of carbon dioxide from exhaled breath, using
computational fluid dynamics (CFD) analysis.

1. INTRODUCTION

In Japan, JAXA holds a central role in implementing space development programs, and from the
beginning of Japan's human space program, most of them were conducted in collaboration with NASA. In
2018, NASA issued a roadmap for Mars exploration in the 2030s as the new human space program after
ISS (the International Space Station) [1]. Then, in 2019 Artemis program [2] was announced by NASA,
which will begin with constructing a gateway in near lunar orbit in the 2020s to carry out lunar exploration
based on the gateway. A Japanese private entity “ispace, Inc.” [3] participates in the Artemis program
providing a lunar explorer "THAKUTO-R” and Takasago Thermal Engineering Co., Ltd. has invested in
this program taking on the challenge to electrolyze water on the lunar surface. On the other hand, the
space travel business by private companies has become a reality and has already conducted several space
flights. Through these activities, we recognized there are potential demands for ECLSS (Environment
Control / Life Support System) in manned space missions to enable long travel in terms of the period and
the distance and to embark the untrained tourists. Under such circumstances, the improvement of the
environment quality of the cabin space from “endurance” to ”comfort” by utilizing ECLSS functions. In
particular, improving the CQ (Crew Quarter) environment in conformity with the request of the individual
passenger is considerably important for long travel. In this research, we surveyed the literature on the
environment quality standards of CQ, and investigated and examined a range of comfortable temperatures
and humidity as well as the way to realize it.

This article is update of “73™ International Astronautical Congress (IAC), Paris, France, 18-22 September 2021.”
1 R&D center, TTE Co., Ltd.
2 External Expert, Japan Aerospace Exploration Agency (JAXA)
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2. STANDARDS OF THE INTERNATIONAL SPACE STATION

An environment standard with the requirements for the development was specified when JEM (the
Japanese Experiment Module) of ISS (the International Space Station) was developed [4]. Since Japan has
few experiences in human space programs, it followed NASA's environment standards almost as it is.
Table 1 shows typical items related to air qualities extracted from the environment standards. This table
listed the environment quality standards of JEM and NASA and the Japanese environment quality
standards for building hygiene management on the ground as a reference. The validity of these criteria was
verified based on literature such as NASA-STD-3000 [5] and related materials.

Table 1 Environment standards of relating to Air qualities.

Building i

Parameter JEM Japanese Experiment Module U.S ECLS J:;al:ng n
Total pres. (kPa) 97.9~102.7 97.9~102.7 —
O, pres. (kPa) 19.51~23.1 19.51~23.1 —
CO, pres. (kPa) Daily ave. 0.707, peak 1.01 Daily ave. 0.705, peak 1.01 1,000 ppm
Atmospheric temp. (°C) 18.3~26.7 17.8~26.7 17~28
Dewpoint °C) 4.4~15.6 4.4~15.6 —
Relative humi. (%) 25~70 25~70 40~70

. . Daily ave. 3,530,000 part/m3 Daily ave. 0.05mg/m? (100,000 part/ft®) 3
Particulate concentration peak 70,600,000 part/m3 peak 1.0mg/m® (2,000,000 part/f®) 0.15 mg/m

o Daily ave. 0.067~0.203 Daily ave. 0.051~0.2
Intramodule circulation (m/s) in. 0.035 1.02 <0.5 m/s
mm. 8.L55, max. 1. min. 0.036, max. 1.02

Noise <NC-50 - -

2.1 CO; concentration standard

Dilution and removal of air contamination are a priority in non-ventilated spaces. In particular, as the
amount of CO, produced by human exhaled breath is uncontrollable, appropriate control of CO»
concentration is required. Since JEM's CO; concentration standard is based on a partial pressure marking,
the concentration conversion at a total pressure of 1 atm is approximately 7,000 ppm. This is a
considerably higher concentration than the hygiene control value on the ground. However, although CO;
concentration is used as a substitute index for ventilation volume on earth, there is a difference in that JEM
sets a standard value from the health hazard of single component gas. In the previous literature [6], [7],
there is a description that the minimum concentration that affects health is 7,000 ppm, which is consistent
with JEM's environment standards. Table 2 shows the permissible CO, concentrations on the ground of
several countries [8]. In some cases, the upper limit is 5,000 ppm in the labour environment, but in the
deskwork environment it is approximately 1,000 ppm, and as an index of CO; alone, it is 3,500 ppm.

In addition, Japanese ventilation standards set the required ventilation volume per person to 30 m*/h. This
requirement can reduce the CO; concentration in the habitable room to 1,000 ppm or less by dilution, but
ventilation is not possible on the ISS. In addition, due to insufficient ECLSS performance, the current
environment standard is 7,000 ppm, but further improvement is desirable in the future.

Fig. 1 shows the relationship between the CO, concentration and the dissatisfied rate [8]. The experiment
in the figure is consistent with the increase in the concentration in CQ because it is the dissatisfied rate
when the CO; concentration increases due to the bio-emissive substance. According to the results of
Japanese experiments [9], a CO, concentration of about 1,000 ppm results in a 20 % dissatisfied rate. This
experiment is the case when the CO2 concentration of the outside air is 370 ppm, and the concentration
difference compared to the outside air is more significant than the absolute value. At the current standard
of 7,000 ppm, the dissatisfied rate exceeds 70 %. Moreover, although there are some differences in
sensation between Japanese and Westerners [10], [11], it seems that 3,000 to 3,500 ppm, which at least
50% of people do not feel uncomfortable, is appropriate.
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Table 2 Permissible CO, concentrations of several country.

Country (Year) Permissible CO, concentration Target
.. Max 1,000 ppm .
Norway Ministry of Health and Welfare (1999) % Indicator of indoor air pollution Habitable room
.. 1,000 ppm
Canada Ministry of Health (1995) % Indicator of ventilation Office
=3,500 ppm

Canada Ministry of Health (1987)

*k Acceptable long-term exposure range

Habitable room

Singapore Ministry of the Environment (1996)

1,000 ppm (8 hr average)
* Indicator of ventilation

Office with air conditioning

China Hong Kong Special Administrative Region (2003)

Best quality : 800 ppm (8hr average)

Good quality - 1,000 ppm (8hr average)

Building, enclosed space with
ventilation andor air conditioning

China General Administration of Environmental Protection (2002)

1,000 ppm (24hr average)

Residence and office

South Korea Environment Department (2003)

1,000 ppm

Large-scale store, hospital
building etc.

Taiwan Environmental Protection Agency (2012)

1,000 ppm (8 hr average)

== Japanese

== + Europeans(Female)
Europeans(Male)

= == North americans

99
95
901
80
60
40
20 —_
10
54

14

Dissatisfied (%)

1000
CO, concentration (ppm)

100

Fig. 1 CO; concentration and the dissatisfied rate.

2.2 Temperature and humidity standards

The heat sensation is a necessary item when a person judges comfortability. Temperature, humidity,
airflow, and radiation are environment factors of human heat sensation. In addition, the human body
elements such as the amount of clothes and the metabolic rate are also important factors. Hence, it can be
determined by these factors in combination with the exposure time. Judging from the way of CQ
utilization, the amount of clothes is presumed to be about 0.5 clo [Note 1], which is the same amount of
summer clothing on earth, and the metabolic rate is about 1.0 met [Note 2], which is almost same level as
a quiet state of the body. Assuming that the time of stay in CQ is about 8 hours including the sleep the
lowest permissible temperature is 18 “C, and the comfort zone is around 25 “C from the previous study
shown in Fig. 2 [5]. This fact indicates that the current JEM temperature standard is set slightly lower.

For reference, Fig. 3 shows ASHARE Standard 55, which is well known as the thermal comfort range on
the ground [12]. ASHRAE divides the temperature and humidity range into summer and winter based on
the difference in the amount of clothes. In addition, the operative temperature, which is the average value
of the air temperature, and the radiation temperature, are used as the temperature here. On the other hand,
natural convection does not exist in the weightless space, but heat transfer by radiation still occurs.
Therefore, it is considered more appropriate to use the operative temperature in the same way as on the
ground to evaluate the heat sensation in CQ where the amount of clothes is half-sleeved and the metabolic
rate is small.
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Next, we consider the humidity standard. As for the heat sensation, the low humidity alleviates the heat
even at a high air temperature. Fig. 4 shows the transition of ASHRAE's comfort zone [12]. With every
standard revision, the relationship between temperature and humidity for comfort has become more
detailed. Furthermore, in recent years, with the spread of PET bottled beverages, restrictions on the low
humidity side have tended to be relaxed. As a result, if the temperature range is 23 “C to 26 C and the
humidity range is non-condensation, it is appropriate to consider it no problem.

Dry bulb temp. (°C)
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& LT R 18
L Vi I : Y ‘yl(l == JEM range
N Y innrannr —t— (atdry bulb) | 16
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range for wigter D AP AR 2m e R 14
\;, e — iConfirm by detailed}.
"’-‘—U'—L/ — calculation — 12
| % Il | 1 [ | TRl ] T 1A
Ly Recommended —— 10
Co WSuERR ~ range for summer §
oy, ] T RS 8
20 M, Condition SREEEEPauEmEREREES
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] "_4_,_,1/ 4hr . C_Iothingl clo : H : 1 - ‘ | j
|,’—‘—I—7'2hr + Light work 104 W " RN = 4
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Fig. 2 Environmental requirements. Fig. 3 ASHRAE standard 55.
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Fig. 4 Transition of ASHRAE's comfort zone.

2.3 Criteria for circulation air volume
For processing the internal heat load in ISS, we cannot count on radiational cooling because the inside
walls of the experiment modules and common areas are equipped with various devices. Therefore, the heat
load from human bodies and the lighting equipment is processed by the convective heat transfer with
circulating air. On the other hand, since the CQ targeted here does not have a device on the wall that
impedes heat transfer, we can also count on radiational cooling from the wall surface for heat load
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processing. It means the diffusion of CO, in the exhaled air rather than the heat load processing governs
the amount of air supplied to the CQ. One of the previous research on CQ users [13] has examined the
expiratory advection range from the analysis of the expiratory jet flow and CO; concentration. However,
in this research, not only temperature distribution, the CO, concentration of exhaled air, and the subjects
but the noise from the air supply and exhaust ports are equally concerned. And as far as we know, there is
no such case as these factors have been comprehensively evaluated. Since CO- has a slower diffusion rate
than air, it should be enough to exhaust the equal air to the breathing volume out of the zone between each
breath to exhaust CO; from the respiratory zone. Generally, a human breathes 500 ml (=8 cm X8 ¢cm X8
cm) of air 12 to 20 times per minute. Based on this, if the airflow speed moves 8cm in 3 seconds, that is, if
there is an airflow of 0.03 m/s or more one can breathe fresh air provided that the frequency of breaths is
20 times per minute, which is the worst case. Fig.5 shows the concept of the minimum air velocity. Also,
regarding the upper limit of the airflow speed, we think 0.5 m/s or less is appropriate, which does not
cause discomfort.

2.4 Noise standards

A quiet environment is necessary when resting or sleeping. The environment standards for noise based on
the Environmental Basic Law of Japan are 50 dB or less at night in areas used for commercial and
industrial purposes, and 45 dB or less at night in areas used for residential purposes. Therefore, NC-50, the
requirement of JEM, seems acceptable. In the meantime, the noise data of the CQ during low airflow
operation measured with the microphone installed at the head position at the pre-launch inspection of the
CQ in Fig. 6 shows a higher noise level of 58 dB at 250 Hz. An environment in which such low-frequency
noise is constantly generated interferes with a good night's sleep.

The noise source of the CQ is the air supply fan into the CQ. The drastic countermeasure is to make the air
supply fan quieter, but there are other ways to do this by using the sound absorption effect of the CQ
interior, such as sound absorption in the duct and the air outlet away from the head. In any case, noise
reduction is closely related to the air conditioning system.

70

mPoint 1(Head)

. APoint 2
60 -f---->- NGz Point 3 -
®Point 4
8cmx8cm x8cm oNC-50

- —I 50-f-----=

40-F---mm N\ T

S . N

20 f - T T

10-

|
Sound pressure level (dB)

6‘3 1;5 25‘0 5;)0 10‘00 20‘00 40‘00 8[;00 (;A
Octave band frequency (Hz)

Fig. 5 Concept of the minimum air velocity. Fig. 6 CQ interior sound level measurements

at low fan speed.

3. PROPOSAL OF COMFORTABLE ENVIRONMENT STANDARDS CONSIDERING
UNSKILLED PASSENGERS

In this section we will review the environment standards of JEM again, which already have been shown as
appropriate, assuming that unskilled people will advance into space hereafter, and then propose the
comfortable environment standards as follows. Table 3 shows the current JEM standards and our new
environmental standards that lay stress on comfort. As for the concept of the new standards, since the
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operating costs in space are significantly different from those on the ground, we prioritize comfort for the
items that do not require significant improvements from the current ECLSS. At the same time, we tried to
comply with the current standards considering the feasibility for the items such as processing devices that
require increment of size and equipment that needs further replenishment. Moreover, as a new trial, here
we focused on the sensation of the Japanese representing Asian people.

3.1 Standards for CO2 concentration, temperature, and humidity

Regarding the CO, concentration, the lower concentration is desirable to improve intellectual productivity
[14] needless to say to prevent health damage by it. On the other hand, since CO, removal requires
consumables such as adsorbents, it is not realistic to require too less concentration. Then, according to a
policy we set in this study, the discomfort shall be less than 50%, and the CO concentration in the
inhalation zone of respiratory air shall be at 3,000 ppm as the upper limit.

As for temperature, since the amount of clothes is different, the working temperature, which is the average
of the radiation temperature and the air temperature, was used as the standard. And we set the average
temperature inside CQ at around 25 °C, which is the comfortable range in summer on the ground. In
addition, the vertical temperature distribution near the person is kept within 3 °C [15] to reduce the
discomfort caused by the temperature change. No lower limit is set for the humidity, which tends to be
relaxed on the ground.

3.2 Criteria for circulation air volume and noise

As for the airflow speed that affects the circulation of air volume, the faster the velocity, the more
discomfort we feel regardless of exposure time. Therefore, the airflow speed is better to set to the low
range as much as possible. Then, the lowest limit of the velocity is determined by that the breathing air is
replaced between each breath, and the upper limit is set at 0.5 m/s based on the air environment standard
[16] for air conditioners in Japan.

For the sound environment, we recommend NC-45, which is equivalent to the level at night-time in
residential areas in Japan, considerating a good night's sleep.

Table 3 Environment standards of current and new.

Parameter Current JEM value New CQ comfort value

CO, pres. (kPa) Daily ave. 0.707(=7,000 ppm) Breathing air peak 0.308 (—3,000 ppm)

peak 1.01
At heric t °C 18.3~26.7 Around 25

mospheric temp. (C) o Vertical distribution < 3°C
Relative humi. (%) 25~70 ~70
. Around body
Dail . 0.067~0.203 h

Intramodule circulation (m/s) ay av.e Daily ave. 0.07~0.203

min. 0.035, max. 1.02 min, 0.03, max. 0.5
Noise <NC-50 <NC-45

4. ENVIRONMENTAL ASSESSMENT OF CQ

Since the air sucked from the cabin space is supplied into the CQ, it is difficult to control its temperature,
humidity, and CO2 concentration suitable for each CQ. Therefore, the location of the air supply/exhaust
port, the shape of the air outlet, and the outlet velocity are the parameters for creating the environment
inside the CQ. According to the open information, photos, papers, etc. [17], [18] about the ISS interior, the
air outlet inside the CQ is at the top, and the jet flow is blown from the rectangular grill toward the head.
Though the suction port is at the bottom, it is a unidirectional airflow system in which the blown jet flow
reaches the suction port after stirring inside the CQ. One disadvantage of this method is that the noise
reduction by distance is not feasible because the outlet is near the ears. In addition, since the blowing jet
flow directly hits the human body, it is likely to cause discomfort due to exposure to the airflow and the
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difference in the upper and lower temperature distributions. Furthermore, there is a risk of creating a dead
space where the blown jet flow cannot reach and becomes stagnant.

To verify these concerns, we have performed the environmental analysis inside the CQ using
computational fluid dynamics (CFD). The modelling and results of this analysis are specified below.

4.1 Analysis model

Fig.7 shows the analysis model of CQ. For the shape and dimensions of the analysis area, we referred to
the previously published materials. Then we adopted the human body model standing at the center of CQ
while resting and operating the PC and staying in a sleeping bag on the wall with only the head exposed
during sleep. Table 4 shows the calculation conditions. In this table, we used the same turbulence model,
radiational convergence calculation, convective heat transfer coefficient, and material and gas physical
properties as on the ground. The only difference from the ground model is the gravitational acceleration in
the x, y, and z directions, which is set to 0.0.

4.2 Analysis case

For the analysis case, we used the same unidirectional flow method of top blow-bottom intake following
the current shape. To reduce the noise generation, we tested the following conditions: two cases for
circulating air, such as the usual amount and a half amount, and two cases for processing the heat load in
the break time and the sleep. Table 5 shows analysis cases.

Table 4 Calculation condition.

" Supply blow port 3 Flow Designer
400mm X 100mm ” —
i ’ Software (Advanced Knowledge Laboratory Inc.)
* Lighting : 3W a“'—v‘i Caliculation metho Unsteady/steady
+ Breathing air “ T/ Turbulant model High reynoise type k-
Evaluation area /‘7/ "“? Gravity setting X, Y, X=0
» CO2 generation area T I § Initial temp. 23°C
35g/h
g. o sow / § Initial CO, coe. 2,000 ppm
N ol
i I o
I / . Temp. 23°C
« Human body : j AN A Wi Supply air ci)nzlp 2,000
Calorific value 90W 4 \ |/ coe. 2, ppm
« Shelf ‘ \ ‘ | .|\ / CO, genearation 35 g/h
\ It X/ Rectangular mesh
B & Mesh X.Y.Z-100x43x200
« Indoor air : X=1,04/—
evaluation area € — .
Sucti Table 5 Analysis cases.
* Suction port

400mmX150mm [CFp model at break time]) {CFD model at sleep] Case] 1-1 | 12 2-1 | 22
Flg' 7 Analysis model of CFD. Human status Break time Sleep
Heat load (W) 145 75
Supply ari Flow speed (m/s) 05 | 025 | 05 | o025
Flow temp. (°C) 23
CO, generation (kg/h) 35

4.3 Analysis results

As an example of the analysis, temperature contours, CO, concentration contours, and ventilation
efficiency SVE3 [Note 3] are superimposed on the airflow vectors of outlet velocity 0.5 m/s during rest in
case 1-1 and outlet velocity 0.5 m/s during sleep in case 2-1. Fig.8 shows the results.

In case 1-1, although CO; in exhaled breath is blown away and the concentration is low, it is observed
from this figure that the blown jet flow hits the human body directly, and the upper body is super-cooled.
In addition, since the blown jet flow reaches the suction port from the bottom after it flows around the
human body, local heating at the PC, and the increase of storage temperature and ventilation efficiency
SVE3 are observed because the air in CQ is not well-stirred. Since this phenomenon is also observed in
areas of CQ where the face is likely to come close, there is a danger of inhaling stale air.
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And in cases 2-1, exhaled CO, is blown away and the concentration is low. Since the PC does not
generate heat during sleep, heat spots do not occur. By staying in a sleeping bag, the respiratory zone and
the environment around the human body are controlled and perceived to be comfortable. However, the
distance of the head from the air outlet is less than 1 m, and the noise from the air outlet is heard directly
without reduction.

Table 6 shows the maximum, average, and minimum values of CO» concentration, temperature, operative
temperature, and wind speed at evaluation points around the respiratory zone and the human body in each
analysis case. In breathing air zone, the comfort environment standards are mostly satisfied except for the
sleeping state. In the environment around the human body, even in Cases 1-2 and 2-2 with the half volume
of air supply, the CO, concentration almost satisfies the comfortable environment standard. However, the
temperature is high except for Case2-1. Furthermore, the vertical temperature distribution obtained from
the difference between the maximum and the minimum temperature widely exceeds 3 °C, and the heat
sensation seems to be uncomfortable. Stirring the air in the CQ may be insufficient because the amount of
CO; emissions from exhaled breath and the heat load are handled well by the difference in CO>
concentration and temperature between the outlet and the inlet.

From the above results, we think it is necessary to improve the air conditioning system to improve stirring
in the room while reducing noise during sleep by making the air volume changeable for both periods of
rest and sleep.

Y

7

[CO2 concentration] {Temperature] (SVE3) (CO2 concentration) (Temperature]

(1) Case 1-1 (2) Case 2-1

/

Fig. 8 Example of analysis results.
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Table 6 Analysis results of evaluation points.

CASE 1-1 1-2 2-1 2-2

o Max 2,748 3,342 2,179 2,358

Breathing air zoon [CO2 (ppm)
Ave. 2,154 2,367 2,041 2,076
Max 2,505 3,027 2,459 2,983

CO2 (ppm)
Ave. 2,337 2,778 2,207 2,409
Max 33.9 40.4 32,5 42.9
. Ave. 29.7 35.0 26.5 30.3

Temp. ("C)
Min. 24.7 28.6 23.4 23.8
AT(Max-Min) 9.2 11.8 9.1 19.1
Max 31.8 38.9 30.0 40.1

Around human body . .
Operative temp. (°C) Ave. 28.5 34.5 25.5 29.2
Min. 24.5 30.2 22.4 24.5
Max 0.22 0.13 0.22 0.11
Intermodule circulation (m/s)

(Upper half of CQ) Ave. 0.11 0.07 0.09 0.05
Min. 0.02 0.03 0.02 0.01
Air age(SVE3) Max 1.38 0.95 1.24 1.25
(Upper half of CQ) Ave. 0.96 0.79 0.94 0.93
CO2 (ppm) Ave. 2,418 2,864 2,429 2,861
Suction air Temp. (°C) Ave. 28.1 33.5 26.4 30.1
Intermodule circuration (m/s) Ave. 0.33 0.17 0.35 0.17

5. CONCLUSION

Regarding the CQ environmental standards, we focused on CO, concentration, temperature and humidity,
air velocity, and noise, which are closely related to air conditioning. After verifying the validity of
conventional environmental standards aimed at sustaining life, we proposed comfortable environmental
standards assuming unskilled people will advance to space. Furthermore, the environment in the current
air conditioning system was examined by analysis using CFD. As a result, we confirmed that the CO;
concentration could be controlled within the range of the comfortable environment standard during sleep
when the heat load was low even if the air circulation was half volume. In the future, we plan to improve
the air-conditioning system and study to lower the blower noise to satisfy the comfortable environment
standards including the heat sensation.

Note 1: The unit of metabolic rate “met” is the metabolic rate of 58.2 W/m2 in the state of resting in a chair.

Note 2: The unit of clothing volume “clo” indicates the thermal insulation of clothing, and refers to the state of resting in a chair
at a temperature of 21.2 °C, relative humidity of 50 %, and airflow of 0.1 m/s.

Note 3: Ventilation efficiency “SVE3” is the time it takes for the blowing air to reach.
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ABSTRACT

In this paper, we report on the development of a new humidification system that saves
energy and improves the indoor environment. We tested the steady-state and non-steady-
state humidification performance of a liquid desiccant unit, in which only the gas-liquid
contactor part was extracted from a conventional liquid desiccant air-conditioning system.
Under various steady-state air supply conditions, the standard deviation of the dry bulb
temperature was within 0.1°C and the relative humidity was within 0.09%RH, confirming
the high controllability of temperature and humidity. Under non-steady-state conditions,
the standard deviation of dry bulb temperature and relative humidity were within 0.22°C
and 0.22%RH, respectively, confirming high temperature and humidity controllability and
stability.
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ABSTRACT

We developed a biomass boiler using dried sewage sludge as fuel. We devised an energy
conversion system that promotes regional expansion by concentrating sludge discharged
from small- and medium-sized treatment plants with low-cost treatment. A demonstration
facility was constructed at the Ranto Sewage Treatment Plant, Muroran City, for this study.
At this demonstration facility, digested sludge was dewatered and dried using a flash dryer.
Sludge burned in a biomass boiler significantly reduces sludge emissions and enables
energy recovery. The demonstration concluded that stable operation is possible. The life
cycle cost can be reduced by 26% by reducing the sludge disposal cost.
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ABSTRACT

Since FY2020, we have been participating in the Energy Recovery (ER) team of the New
Energy and Industrial Technology Development Organization (NEDO) project
"Development of Innovative Plastic Resource Recycling Process Technology". For highly
efficient heat recovery in waste plastic incineration facilities, we are conducting basic
research on metallic and ceramic heat transfer materials with high durability and difficult
ash adhesion, and also, on surface modification of heat transfer tubes. In addition, to utilize
the recovered heat as high-value-added cold heat, we are advancing technologies related
to adsorbent heat storage, absorption chillers that generate cold heat below 0°C from low-
temperature waste heat, and ice slurry utilization. Furthermore, we plan to develop
evaluation technologies for integrated heat utilization systems covering heat recovery to
ice slurry utilization, and to study case studies in various regions. This paper presents the
background of this research and an overview of the technological development in the ER

team.
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ABSTRACT
In October 2020, the Japanese government declared that it aims to achieve carbon
neutrality by 2050. With this as an opportunity, decarbonization activities have become an
important management issue in all industries. On the other hand, the Ministry of Economy,
Trade and Industry is promoting the concept of carbon recycling, which treats CO:z as a
carbon resource and reuses it. In response to these trends, this report outlines trends in
COz2 capture/utilization technology and carbon pricing.
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ABSTRACT

Takasago Thermal Engineering Co., Ltd. and Kitakodensha Co., Ltd. jointly installed a
"Sustainable Low-carbon Microgrid with Disaster Prevention Functions" powered by solar
power in the Atsuta district of Ishikari City. This microgrid consists of photovoltaic power
generation equipment, a power receiving/transforming equipment, a battery and a
hydrogen energy system (consisted of a water electrolisor, a fuel cell and hydrogen tanks).
By combining a storage battery controlled by an energy management system and a
hydrogen energy system, the system enables highly efficient use of solar power and the
minimum necessary power supply even in the event of a disaster. In addition, Ishikari-
Atsuta Green Energy Co., Ltd., wholly owned by Takasago Thermal Engineering Co., Ltd.,
has received an order for the operation of this microgrid, and will operate the microgrid for
the next 10 years.
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