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ABSTRACT

Double envelope vacuum insulation panels (VIPs) have a possibility to significantly increase the service lifetime. In this paper, double
envelope VIPs were produced and installed in the residential house. The performance of installed VIPs was evaluated by using the
measuring data of heat flux meter. In addition, the total energy, the heating load and the indoor thermal environment of this house
were measured and analysed. The average heating load and the average temperature difference between room temperature and
ambient air temperature on the representative day was 2.49 kW and 29.9 °C, respectively. The heat loss coefficient per floor area
was estimated as 0.69 W/(m2K) and it was almost the same as the value calculated at the time of design. The result of indoor
environment measurement showed that the room temperature was maintained at around 20 °C and PMV was -0.5 °C or higher
although the outside air temperature fluctuated between -5 °C and -10 °C. The effective thermal conductivities of double envelop
VIPs were all estimated as 0.01 W/(mK) or less. It is considered that the insulation performance of the vacuum insulation panels is
maintained.
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1. Introduction

In order to prevent global warming, which is one of the global environmental problem, reducing
the energy consumption of building becomes an important issue [1]. In Japan, it has been decided
from 2025 that the compliance of energy conservation will be required also for newly built houses
with the aim of further reducing energy consumption in building sector. Furthermore, the Japanese
Government has set a goal of achieving ZEH (Zero-Energy-Housing) on average for new houses by
2030, therefore, it is necessary for houses to have high thermal insulation and high efficiency
equipment. These are required not only for the new construction, but also for the retrofitting.
Balancing the inseparably connected security of power supply and peak energy & exergy is a major
problem [2], particularly in the solar energy industry [3]. At the production level, advancements in
vacuum sealing materials are critical in leading vacuum insulation panels [4,5], smart vacuum
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windows [6,7], and solar thermal evacuated flat plate collectors [8,9]. A vacuum insulation is a
decreased quantity of atmospheric-air gap between two glass panes [10,11]. The amount of vacuum
pressure is determined by the rate at which the density of air in a space decrease. Because the mean
free path between air molecules may be extended to over 1000 m with a decreased density of air,
this offers thermal insulation [12,13]. When it comes to vacuum insulated glazing, obtaining a high
vacuum pressure is one thing, but sustaining it for more than 20 years is quite another [14-16]. A
recent development of new hermetic edge sealing materials such as fusion seal, composite edge seal
[17-22], laser sealing and neutron shielding [23-25] for the development of vacuum glazing and triple
vacuum glazing is promising. In recent years, the successful experimental development of translucent
vacuum insulation panel has demonstrated the potential of replacing walls with it. PV system
integration, as well as solar thermal collectors, are critical for achieving net-zero energy in a
residential home [26,27]. Due to the fact that a large quantity of solar radiative heat, particularly in
hot dry climates [28,29], and waste heat from solar thermal collectors and electric vehicles may be
harvested, as well as providing cooling to PV modules using thermoelectric [30-33]. The importance
of advancing thermoelectric materials for energy harvesting applications of passive cooling [34] and
converting waste heat into useful electrical power has grown over the last three decades.

The interest in the use of vacuum insulation panels (VIPs) for buildings, which have low thermal
conductivity, is growing. Their high insulation performance has a possibility to reduce the
construction works for insulating both of new and retrofitting buildings. The first patent for VIP was
recorded as early as 1930. However, the first VIP application for buildings was in 1999 [35]. VIPs have
been most used for roof insulation in building application [36]. From the 2000s to the early 2010s,
some research works applying VIPs to the walls of buildings was conducted in Germany [37], Norway
[38], and Canada [39]. More recently, there are several research works related to applying VIPs to
the external thermal insulation composite systems [40]. These research works have established the
strong potential of VIP applications in buildings [40]. On the other hand, there are still some issues
with the application of VIPs to buildings, one of which is the deterioration of insulation performance.
The deterioration is mainly caused by the permeation of water vapor and air into the VIP.

In order to prevent the permeation of water vapor and air into the VIP, there are main two
method. The first one is the improvement of the gas barrier performance of the envelope and the
other is the reduction of the pressure outside the VIP. For the latter, there is the double envelope
method, in which the conventional VIP is wrapped with core materials and envelope and vacuum
sealed. The double envelope method is firstly proposed by Jung et, al. They calculated the variation
of effective thermal conductivity according to elapsed time and showed significant increase of service
time [41]. However, there is no research works related to actually producing double envelope VIPs
and the application of them to buildings.

This paper contributes to the production and installation of double envelope VIPs and installed
them to a residential house. The performance of installed VIPs was evaluated by using the measuring
data of heat flux meter. Furthermore, the total energy, the heating load and the indoor thermal
environment of this house were analysed.
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2. Outlines of a Residential House with Double Envelope Vacuum Insulation Panels

2.1. Residential house

Fig. 1 shows an appearance of a residential house with double envelope VIPs and Table 1 indicates
the outlines of residential house. The residential was completed in Sapporo, Japan in December 2019.

Fig. 1. An appearance of the residential house in Sapporo, Japan, with vacuum insulation panels.

Table 1
Outlines of the residential house

Location Sapporo, Japan

Application Residential house

Number of floors | 2 Floors

Structure Wood structure

Site area 129 m?

Floor area 119.5 m?

Residents Couple and 2 children

The outlines of energy saving technologies installed in the residential house are indicated in Fig.
2. The double envelope VIPs were installed on the entire wall. The detail of VIPs is explained later.
The low-E triple glasses filled with argon gas were used as windows. The heat recovery ventilation
system was installed and reduces the ventilation heating and cooling load. In addition, the ground
source heat pump (GSHP) air-conditioning system was installed as heating and cooling system. One
of the features of this heating and cooling system is that one indoor unit can supply the heating and

cooling to the entire house. Furthermore, the PV system with the rated power generation of 4.5 kW
was installed.
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Fig. 2. Energy saving technologies installed in the residential house
2.2. Double envelope vacuum insulation panels

Fig. 3 shows the appearance and vertical cross section of the double envelope VIPs. As shown in Fig.
3, the double envelope VIP can be produced by wrapping the common single envelope VIP with the
core materials and envelope and vacuum-sealing. The double envelope VIPs can maintain the
insulation performance of inner VIP more than 10 times compared to the normal single envelope
VIPs. The reason is that the pressure around the inner VIP is extremely lower and there is almost no
permeation of air and vapor to the inner VIP. The glass wool was used as core material and the getter
material was placed in the inner VIP. In addition, the aluminium composite films are used as the
material for the inner and outer envelopes. The centre effective thermal conductivity of a double
envelope VIP was evaluated by the heat flux method and the value was 0.0025 W/(mK).

Single

~ envelope VIP — 1
Core 15
material ——————mm

Envelope / \

Getter material ~ Core material (Glass wool) Envelope

Fig. 3. Appearance (Left) and vertical cross section of a double envelope VIP (Right)

Fig. 4 introduces the application of VIPs to the residential house. The VIPs were pasted inside of
the wall materials and suppressed by filling the space between the VIPs and inner wall with rock wool.
Fig. 5 shows the process of construction works. First, two VIPs were overlayed (Figure 5(a)) and
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pasted inside of the wall materials (Figure 5(b)). After the pasting VIPs (Figure 5(c)), the rock wool
was filled (Figure 5(d)).

Vacuum Wall material o
insulation panels Lo
. p /_ ‘
Inside
Vapor
proof seat
. Conductin
Inside wall g
. - wire for
Inside B
; ; ventilation
insulation
(Rock wool) _
oniside Outside
insulation o Outside wall
(XPS) Ventilation layer
Waterproof seat -

Fig. 4. Application of VIPs to the residential house

Fig. 5. Process of construction works ((a) Overlayed two VIPs, (b) and (c) VIPs pasted inside of wall materials,
(d) Rock wool filled after VIPs pasted)

3. Measurement and Analysis Method
3.1. Total energy, heating load, indoor environment

The measurement items to analyse the total energy, heating load are shown in Fig. 6. The total
electric power consumption, the power generation by PV, the electric power consumption of the
GSHP air-conditioning system, and the electric power consumption of the heat pump water heater

19



International Journal of Solar Thermal Vacuum Engineering
Volume 3, Issue 1 (2021) 15-28

were monitored. Also, the inlet and outlet temperature in the primary side of the GSHP system, and
the flow rate of fluid in the primary side of the GSHP system was measured. By using these
measurement data, the heating load Qpeqting and cooling load Qcepi1ing in this house were calculated
as the following Eq. (1) and Eq. (2).

Qheating = Qgex + Ecom = C'fprf (T1in — Trout) + Ecom (1)
Qcooling = Qgin —Ecom = Cfprf (T1out — Tlin) —Ecom (2)

Here, Qgex and Qg;, are the heat extraction rate and the heat injection rate, respectively. ¢y is
the specific heat of the fluid and py is the density of the fluid. They can be given as the function of
fluid temperature. Gy is the flow rate of fluid in the primary side of the GSHP system. Ty, and T gyt
are the inlet and outlet temperature in the primary side of the GSHP system. E,,,, is the electric
power consumption of compressor in the GSHP air-conditioning system and this is estimated by the
following Eq. (3).

Ecom = Eac — Efan - Epump (3)

Eyc is the electric power consumption of the GSHP air-conditioning system. E¢qy, and Epy iy, are
the electric power consumption of a fan in the indoor unit and a pump in the primary side,
respectively.

Solar panels

| Ambient air temperature

Amount of solar power generation Solar Monitor

Inlet temperature in the primary side ‘

GSHP
Outlet temperature in the primary side ‘
/ Flow rate in the primary side |

Total electric power
consumption

Room temperature,
relative humidity,

N

Power consumption
of water heaters

Heat pump
water heater

Power consumption of GSHP
air-conditioning system

Ground heat exchanger

Fig. 6. Measurement items to analyse total energy and heating load

The arrangement of sensors to analyse the indoor environment is indicated in Fig 7. Temperature,
globe temperature, humidity and air velocity were measured. By using these measurement data, the
predicted mean vote (PMV) at each point were calculated. In addition, four points of temperature
and humidity were measured.
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Fig. 7. Arrangement of sensors to analyse indoor environment
3.2. Performance of double envelope vacuum insulation panels

Heat flux meters were placed on the inside surface of wall as shown in Fig. 8, and the heat loss
via the wall were measured. Also, the indoor air temperature and ambient air temperature were
monitored. Then, the overall heat transfer coefficient was evaluated by using the monitoring data of
heat flux, indoor air temperature, and ambient air temperature. In addition, the effective thermal
conductivity of VIPs was evaluated.
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5 i BN 2 o gy war T (1. sl W e . Wall
St CH4 CH vip |Pil|arl VIP 1 wal CH-2 : VIP |Pil|ar: I CH-2 | a
: 'y ! . o |
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' l 1 I ; 1 I : | :
I cH3 jcH4l  cHs | I I
; i | cH3 cH4lcHs/ |1 @ 'mr B !
I I = = = | |
1 : 1 : /E’ I cH3 Icp-ml CH-5 I
I | I 1
PO S I : I :
B ch b s = = | [
A cH2 Floor ! CH-1

Fig. 8. Arrangement of heat flux meters on the inside surface of wall
4. Result and discussion
4.1. Total energy, heating load, indoor environment

Fig. 9a shows the monthly electric power consumption. It can be seen that the electric power for
air-conditioning (AC) increases and the amount of power generation from PV decreases in winter
season. The power generation from PV was close to Zero on January and February because the snow
covered on the PV. The power generation was approx. 3,000 kWh smaller than the electric power
consumption. If the approx. 3 kW of PV is added, the total energy consumption becomes net-Zero in
this house. Fig. 9b is the breakdown of electric power consumption. In the conventional house in this
area, the ratio of energy consumption for heating is more than 50%. On the other hand, the ratio of
energy consumption for heating decreases to 33% due to the high thermal insulation and the high
efficiency GSHP air-conditioning system.
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Fig. 9. (a) Monthly electric power consumption, (b) Breakdown of power consumption

Fig. 10 is the hourly variation of heating load, room temperature and ambient air temperature
on January 1, 2021. The room temperature is the average value of Point A to Point D shown in Fig. 7.

The average heating load Qpeqring Was 2.49 kW and the average temperature difference between

room temperature and ambient air temperature was 29.9°C. The heat loss coefficient per floor area
(= Average heating load / Average temperature difference / Floor area) was estimated as 0.69

W/(m?+K) and it was almost the same as the value calculated at the time of design. Fig 11a shows

the monthly heating/cooling load and the average ambient air temperature, and Fig 11b shows the
relation. The annual total heating load was 5,763 kWh. Fig. 11b indicates that the heating/cooling

load can be expressed by a linear approximation formula with respect to the ambient air
temperature. The absolute value of gradient coefficient (=-0.5336) indicated in Fig. 11b was smaller

than the estimated heat loss coefficient per floor area. This is because the internal heat generation

was generated by the residents’ presence in the house (There was no resident on January 1, 2021).

Heating load [kW]

4.0
~ Room temperature
3.0 Ambient air temperature Heating load |
2.0
1.0
N e g |
0.0

6:00 12:00

18:00 24:.00

25

1 20

-10

-15

Temperature [°C]

Fig. 10. Hourly variation of heating load, room temperature and ambient air temperature on January 1, 2021
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Fig. 11. (a) Monthly heating/cooling load and average ambient air temperature, (b) Relation between
heating/cooling load and average ambient air temperature.

Fig. 12a and Fig. 12b show the variations of indoor air temperature, ambient air temperature,
and PMV at Point A and Point B indicated in Fig. 5, respectively. In both cases, the outside air
temperature fluctuated between -5°C and -10°C, but the room temperature was maintained at
around 20°C and PMV was -0.5 or higher. It can be said that the comfortable thermal environment
was maintained.
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Fig. 12. Indoor air temperature, ambient air temperature, and PMV at (a) Point A and (b) Point B indicated in
Fig. 5.

4.2. Performance of double envelope vacuum insulation panels

As measurement results on the representative day, Fig. 13a and Fig. 13b show the variations of
heat flux at Point a and Point b indicated in Fig. 5, room temperature, and ambient air temperature,
respectively. The values of heat flux at CH-3 and CH-5, in which the VIPs were installed, indicated
small values. On the other hand, the values of heat flux at CH-1 and CH-4 were larger because the
VIPs were not installed in these areas. By using the average values of heat flux, room temperature,
and ambient air temperature, the wall overall heat transfer coefficients K;,:q; Were calculated. In
addition, the effective thermal conductivities of VIPs A, were estimated by applying the following
equation.

1 —i+% dvip dT_W_*_l (4)

Ktotal @ Axps Avip Aw @

Here, the values of total heat transfer coefficient of @, and «; are given as 20 W/(m?K) and 10
W/(mZK), respectively. The thermal conductivities of XPS Ayps and rock wool A,,, are 0.022 W/(mK)
and 0.038 W/(mK), respectively. The thermal resistance due to other wall materials is small enough
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that it is not considered in the calculation. Table 2 summarizes the estimated value of effective
thermal conductivity of VIPs installed at each measurement point. Although there are differences of
effective thermal conductivities due to the individual difference in the vacuum insulation panels, the
effective thermal conductivities were all 0.01 W/(mK) or less. It is considered that the insulation
performance of the vacuum insulation panels is maintained. Finally, the surface temperature
distribution of the inside wall surface in which the VIPs were installed was measured using an infrared
thermography. Fig. 14 shows the surface temperature distribution. No significant temperature drop
was observed on any wall surface in which the VIPs were installed.

(a) 25 (b) 25
20 Room temperature —__ 20 Room temperature
10 CH4heat flux GHTheatflux — ~papoas qux %T'E 15
£.E10 ;‘g 10 CH4 heat flux CH1 heat flux
T : 21 S
I W g2 — —_—
2 0 CH2heat flux ~~ GHS heat flux ex 0 CH3, CHS heat flux
Eo 5 ST 5
= T m [
- . . -10
::: Ambient air temperature 15 Ambient air temperature
S I R I N T P S P P P I PP P ® OO
S &L \Q-,Q \’TP \&9 ,\69 .559 @-9 ‘_D-/.Q SRR S ,@'9 @9 \‘,;9 .\69 .359 ,]99 q‘}‘Q
Dec. 30, 2020 Jan. 4, 2020
Fig. 13. Variations of heat flux at (a) Point a and (b) Point b indicated in Fig. 5.
Table 2

Heat flux, temperature difference, overall heat transfer coefficient, and effective thermal conductivity of VIP

Heat flux | Temperature Wall overall heat Effective thermal
[Wim?] differ[:ance K] transfer coefficient conductivity of VIP
[Wi(m? + K)] [Wi(m * K)]
1F CH-3 1.68 28.8 0.058 0.0026
1F CH-5 1.91 28.8 0.066 0.0030
2F CH-3 2.81 259 0.108 0.0063
2F CH-5 3.02 259 0.117 0.0072

VIP installation part
18:5: 8 Q ELIRE

1F LDK

2F Bedroom

Fig. 14. Surface temperature distributions of inside wall surface
4. Conclusions

Double envelope VIPs were produced and installed to a residential house. The performance of
installed VIPs was evaluated by using the measuring data of heat flux meter. In addition, the total
energy, the heating load and the indoor thermal environment of this house were measured and
analysed. As the results, the following findings were obtained.
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@

I.  The average heating load heating load the average temperature difference between room
temperature and ambient air temperature on the representative day was 2.49 kW and
29.9°C, respectively. The heat loss coefficient per floor area was estimated as 0.69

W/(m?2+K) and it was almost the same as the value calculated at the time of design. The

annual total heating load was 5,763 kWh.

II.  The result of indoor environment measurement showed that the room temperature was
maintained at around 20°C and PMV was -0.5 or higher although the outside air
temperature fluctuated between -5°C and -10°C. It can be said that the comfortable
thermal environment was maintained.

[ll. By using the measuring data of heat flux meter, the effective thermal conductivities of
double envelop VIPs were all estimated as 0.01 W/(m - K) or less. It is considered that the
insulation performance of the vacuum insulation panels is maintained.
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Nomenclature

c Fluid specific heat [J kg*K™]
d Thickness [m]
E Electric power consumption [W]
G Flow rate of fluid [m3 s7]
K Overall heat transfer coefficient [W m2K?]
Q Heating / Cooling load, Heat extraction / injection [W]
a Total heat transfer coefficient [W m2K1]
A Thermal conductivity [W m*K?]
p Density [kg m3]
Subscripts
AC Air-conditioning system
com Compressor
cooling Cooling
f Fluid
fan Fan
gex Extraction from the ground via ground heat exchangers
gin Injection to the ground via ground heat exchangers
heating Heating
i Inside
o Outside
pump Pump
rw Rock wool
total Total
VIP Vacuum insulation panel
XPS Extruded polystyrene foam
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