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ABSTRACT

Optic-Variable Wall (OVW) holds the property of tunable reflectivity to solar radiation. By allowing more
solar radiation absorption in winter while maintaining high reflection in summer, OVW can help energy-
saving during the HVAC of buildings. In this paper, the energy saving potential with OVW for stable air
temperature control is investigated. Annual meteorological conditions are adopted in the comparison of
cooling and heating loads. The effects of properties of OVW and Indoor Air Temperature (IAT) are dis-
cussed. It is concluded that OVW is able to simultaneously reduce heating and cooling loads. The opti-
mum onset temperature of OVW is half the temperature zone lower than IAT. With the adoption of OVW,
the heating load is close to the case of OFW (Optic-Fixed Wall) with low reflectivity; the cooling load of
OVW provides close effect as using high-reflectivity OFW. In terms of tuning temperature, narrow
temperature zone is favorable for the reduction of HVAC load. Comparing with OFW, the relative
reduction of HVAC load with OVW is independent of conductive thermal resistance, corresponding to the
thickness of insulation layer. The results offer new choices for the passive design of green buildings and

show directions for future development and performance improvement of OVW.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Heating, Ventilation and Air-Conditioning (HVAC) in the build-
ing sector represents a large portion of energy consumption in
society [1]. To achieve the goal of energy saving and sustainable
development, besides the performance improvement of active
HVAC devices or systems [2—7], considerable passive measures are
taken to the building itself [8—16]. These measures include passive
heating in cold seasons [10,11], natural ventilation in hot seasons
[12,13], reinforced thermal insulation [14,15] as well as peak shift-
ing by heavy thermal mass [16]. While the above techniques act
mostly on heat diffusion in the building envelop and the convective
heat exchange between the building and ambience, some emerging
technologies are developed to modulate the radiative heat transfer.
These technologies mainly include radiation cooling [17—19] and
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the adjustment of solar radiation absorption (or reflection)
[20—25].

Concerning energy consumption, HVAC load is usually traced
back to two elements: outdoor ambient condition and occupant's
behavior. In the case of stable indoor air temperature control, the
occupant's demand is considered rigid, conforming to the design of
processing parameters or indoor thermal comfort. Regarding the
ambient condition, the key parameters are the ambient tempera-
ture and solar irradiance. Besides these two main factors, the wind
speed and the surrounding constructions, etc., also have secondary
influence on the heating or cooling load of buildings. The adoption
of passive technologies is mainly aimed to reduce the HVAC load
dependent to the difference between the ambient condition and
the comfortable indoor temperature zone [26].

In most building structures, the opaque part, i.e. the wall, is the
largest contact intermediate between the indoor air and ambient
conditions. Windows, even double-layer ones, often results in
higher HVAC loads due to the solar penetration into the indoor area.
Architects are constantly facing the dilemma of either letting more
daylight natural lighting in through large windows or meeting high
energy-saving standards. In this sense, the effective energy saving
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by opaque structure allows the design of larger area of transparent
structure, such as window or glass curtain. Therefore, the wall
structure with energy-saving property arouses increasing attention
from many researchers [27—29], including this paper.

When the opaque wall is taken into consideration, the load for
air-conditioning (cooling) and heating is modeled with the tem-
perature difference between the outer wall and the indoor air, as
well as the conductivity and the thickness of the wall/insulation
layers. The smaller the temperature difference, the lower the
heating or cooling load. When the indoor air temperature is
maintained constant, the reduction of the temperature difference
lies mostly on the adjustment of the outer wall temperature, e.g.
towards warmer values in winter and cooler ones in summer. Due
to the fact that the outer wall temperature is determined
comprehensively by the solar radiation as well as the ambient
temperature, the adjustment of solar radiation absorption or
reflection will modify the wall temperature and ultimately adjust
the HVAC load in buildings [30].

Several recent publications use the principle of adjustment on
solar radiation absorption or reflection. Goldstein et al. [31] re-
ported that the reflection of solar energy and emission at certain
wavelength will generate cooling power in hot dry weather.
Recently, a continuous kW-scale cooling test is reported [32].
However, radiative cooling is useful only in cooling dominated hot
conditions and thus plays no role for heating reduction in winter.
Zhu et al. [33] reported a long-time period experiment on a passive
house with color-change in summer and in winter. The results
show good performance in Dalian city, situated in the North of
China. Zhang et al. [34] studied the performance of cooling energy
saving by coating solar reflective material on building envelops. The
average indoor air temperature is reported to be of 2.4°C lower
than the reference box without the above coating. More recently,
Wang et al. [30] proposed Optic-Variable Wall (OVW) to automat-
ically adjust the solar reflectivity in seasons, verified the feasibility
with preliminary winter experiments and analyzed theoretically
the performance on air temperature control in containers. How-
ever, in this reference, the energy-saving potential is proposed,
while not quantitatively evaluated. The effects of OVW properties
are not discussed in detail. Moreover, the indoor air temperature is
not strictly kept constant.

In the current paper, the energy-saving potential of HVAC in
buildings with OVW is theoretically analyzed in whole-year period
with typical meteorological conditions of Shanghai city in China.
The buildings are designed for stable indoor air temperature con-
trol, i.e., through HVAC. The ideal temperature responsive reflec-
tivities of the OVW are taken as inputs. The effects of the properties

(€Y

of OVW, e.g. the onset temperature of OVW and the temperature
zone of optic-variation, and the arbitrary air temperature inside, on
the HVAC energy-saving potential are discussed. The results offer
new choices for the design of green buildings and the reduction of
HVAC load, and give useful guidance for the performance
improvement in future studies.

2. Physical model

An OVW is able to automatically adjust its absorptivity, ac-
cording to the temperature variation. The samples of lab developed
OVW are shown in Fig. 1. Our previous experiments found that
OVW is dark at low temperature and light at high temperature. The
onset temperature and the temperature zone of optic-variation are
respectively 33 °C and 3 °C, meaning a high reflectivity at above
36 °C and low reflectivity at below 33 °C. The reflectivity, measured
with Shimadzu 3600 UV—Vis—NIR, is estimated as 0.15at low
temperature and 0.45 at high temperature. With the principle of
optic-variation, the onset temperature of OVW as well as the
temperature zone of optic-variation can be modulated, and the
ideal reflectivity of OVW is expected to be 0.1 at low temperature to
0.9 at high temperature.

When OVW is adopted, the surrounding of buildings may
include the roofs with different slopes, the walls with different
orientations as well as the floor contacting with the environment
different from the ambient conditions. For simplification concerns,
in this paper, we adopted a multi-layer heat transfer model
depicted in Fig. 2. The simplified model is composed of three main
parts: (1) the ambient conditioned with ambient temperature T,
and solar irradiance I, (2) the opaque wall characterized with
conductive thermal resistance Ry, and reflectivity p and (3) the in-
door conditioned with indoor temperature T,i. The background
radiation, the reflective radiation as well as the convective heat
transfer between outside of the wall and the ambient are integrated
into the ambient comprehensive heat transfer coefficient h,.

The ambient condition is cited from meteorological data and the
stable indoor air temperature is prescribed at 25 °C. Since the in-
door condition is kept constant, the heat flux Q through the wall is
determined, which is then considered as the HVAC load of the
buildings.

When the orientation of wall, neither horizontal nor vertical,
should be considered, for instance, in the case of sloped roof, it is
easy to take into consideration of the modification of solar radia-
tion. When the surrounding condition of the building should be
considered, e.g. in the wild field or surrounded by other buildings, it
is easy to take the consideration of these factors into the

(b)

Fig. 1. Sample color-test of OVW. (a) Low temperature at 20 °C and (b) High temperature at 45 °C (Note: the non-uniform color distribution of OVW at high temperature is due to

inhomogeneous temperature control limited by test conditions.).
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Fig. 2. Model of buildings with OVW. (a) Physical Model and (b) Simplified Model.

modification of comprehensive coefficient between the ambient
and the wall. The properties of insulation layer, such as the thick-
ness or the thermal conductivity, are integrated into the conductive
thermal resistance Ry. The wall is considered as light-mass for
structure weight limitation or convenient mobility, if necessary.

3. Determination of HVAC load

As mentioned above, HVAC load can be considered equal to the
heat flux Q, as far as the indoor condition is prescribed and no other
heat loads is considered. When the heat flux Q flows from the
ambient to the indoor space, it is named as the cooling load and
assigned positive. When the heat flux Q flows in the reverse di-
rection, it is named as the heating load and assigned negative.

Since the time interval of meteorological data is 1h, the heat
transfer process can be treated as quasi-stationary. Therefore, the
heat flux Q is expressed as:
Q=(1-p)I—-ho (Two — Tao) (1a)
where Ty, and T,, refer to the temperature of outside wall and
ambient air, respectively, I represents the solar irradiance, h, cor-
responds to the ambient comprehensive heat transfer coefficient,
and p is corresponding to the reflectivity of OVW to the solar irra-
diance, which is expressed as:

P1 (Two < Ts1)
T- Ts]
p=9 P, +t=—F—2—p1) (Ts1 <Two <Ts) (1b)
TsZ - Ts]
P2 (Two > Tsp)

where p; and p; are the reflectivity of OVW below the lower

transition temperature Tg; and over the upper transition tempera-
ture Ty, respectively. The difference between Ts; and Ts; is defined
as temperature zone AT for optic-variation, the typical value of
which is prescribed at 3 °C.

The heat flux Q can also be expressed as:

(2a)

where R represents the global thermal resistance between T, and
Tai, and is determined by:
R=Rw+R; (2b)

where Ry, refers to the conductive thermal resistance of OVW and
insulation layer, and is expressed as:

-3 ()

i
where 6; and J; refers to the thickness and thermal conductivity of
the layer with counting number j. R; refers to the thermal resistance
of indoor comprehensive heat transfer, and is expressed as:

(20)

1
Ri = B (2d)
Combining Eqgs. (1) and (2), the heat flux Q is determined by:
_ (1 =p)I = ho+ (T4 — Tao)
Q= 1-+R-ho (33)
and
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4. Results and discussion <
-10 I . I I I I
4.1. Ambient conditions 0 2000 4000 6000 8000
The profiles of ambient temperature and solar irradiance on a Time, 7/h
horizontal as well as on a vertical surface (facing south) in ' ' ' ' '
Shanghai, located in the East of China, are shown in Fig. 3. The - 1000 -
minimum and maximum reflectivity, i.e. p; and p; are assigned as 'E
their theoretical values 0.1 and 0.9, respectively. a 800
4.2. Variation of HVAC load :f 600 |
When T and Ts; are designated as 23.5 °C and 26.5 °C, respec- -§
tively, the variation of HVAC load on horizontal and vertical sur- ,-.g 400 -
faces with ambient temperature Ty, solar irradiance rate Iy or Iy as S
well as time t is depicted in Figs. 4—6. The indoor air temperature Ty; f 200 -
is prescribed as 25 °C. =
Since positive Q corresponds to the cooling load and negative Q ﬁ ok
to the heating load, it is concluded from Fig. 4 that comparing with . . . . . .
OFW (Optic-Fixed Wall), either high or low reflectivity as well as
either horizontal or vertical, HVAC load is always reduced, thanks to 0 2000 4000 6000 8000
OVW. Comparing with OFW with low reflectivity, the cooling load Time, 7/ h
of OVW is smaller. On the contrary, the heating load of OVW is 1000 — : : : :
smaller, comparing with OFW with high reflectivity. Both two cases
support the energy saving potential of OVW in buildings. ' ©
As found in Fig. 5, HVAC load with OVW, i.e. Qg or Qy is more o 800 - -
discrete than OFW with high reflectivity, i.e. Quy or Qyy, but less E
discrete than OFW with small reflectivity, i.e. QgL or Qyi, when the 3
ambient temperature T,, is prescribed. In the case of high T, the \> 600 |-
discretion of HVAC load with OVW is the same as OFW with high ~
reflectivity. Meanwhile, in the case of low T, the discretion of .5 400 -
HVAC load with OVW offers smaller heating load than OFW with =
high reflectivity. Since the less sensitive to the solar irradiance, the =
more stable operation of HVAC system, it is concluded that OVW is :cz 200 -
favorable for the stable operation of HVAC system at cooling mode =
and is favorable for the reduction of HVAC load at heating mode. > oL
It is also found that OVW demands only cooling load at high v . . . . .
ambient temperature region and only heating load at low ambient ’
temperature region, which is similar to the case of OFW with high 0 2000 4000 6000 8000
reflectivity. However, in the case of OFW with small reflectivity, Time, ¢/ h

heating and cooling demands could shift during a day in the wide
range of ambient temperature. Therefore, OVW is also favorable for

Fig. 3. Profile of air temperature and solar irradiance in Shanghai. (a) Air temperature;
(b) Solar irradiance on horizontal surface and (c) Solar irradiance on vertical surface.
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Fig. 5. Variation of HVAC load with ambient temperature. (a) Horizontal surface and
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the control strategy of HVAC system operation with the criteria of
ambient temperature Tg.

The variation of HVAC load with solar radiation rate is shown in
Fig. 6. Different from the discretion distribution of HVAC load at
prescribed ambient temperature, comparing with OFW, OVW offers
the least discretion at prescribed solar irradiance.

Comparing Figs. 5 and 6, it is found that comparing with solar
radiation rate, the ambient temperature has more significant in-
fluence on the difference of HVAC load on horizontal and vertical
surfaces. The difference between Fig. 6a and b is more obvious than
that between Fig. 5a and b.

4.3. HVAC load in the whole year

As shown in Fig. 7, in the case of OFW, low reflectivity is favor-
able for the reduction of heating load, while high reflectivity is
favorable for the reduction of cooling load. On the contrary, in the
case of OVW, the cooling load and the heating load are simulta-
neously reduced. It is found that the heating load of OVW is close to
that of OFW with low reflectivity, and the cooling load of OVW is
close to that of OFW with high reflectivity. Therefore, OVW is
favorable for the reduction of HVAC load, comparing with OFW
with high or low reflectivity.

The comparison of HVAC load is also listed in Table 1. It should
be mentioned that the heating load Ey of OVW is actually slightly
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larger than OFW with small reflectivity, on both the horizontal and
the vertical surfaces, ie. 2.7-2.8 kWh-m~2 (0.5%). However,
comparing with the significant reduction of the cooling load Eg, i.e.
158.4—60.2 kWh-m 2 (266.2—121.6%), it is proper to announce that

OVW is favorable for the reduction of HVAC load. Similar condition
is also found in the case of comparison between OVW and OFW
with high reflectivity, where the cooling load Ec is increased by
3.1-5.2kWh-m~2 (6.3—8.7%) and the heating load Ey is decreased
by 80.6—95.2 kWh-m 2 (14.6—18.0%), with the adoption of OVW.

4.3.1. Effects of onset temperature of OVW

The effects of onset temperature Ts; of OVW on the HVAC load
are depicted in Fig. 8. It is found that HVAC load has similar vari-
ation trends on the horizontal and vertical wall. The cooling load is
always larger on horizontal surface, while the heating load is larger
on vertical surface. This is due to the less intensive solar radiation
on vertical surface, as shown in Fig. 3.

Threshold temperature occurs in the profile of cooling and
heating load. It is concluded as 25 °C and 22 °C for heating load Ey
and cooling load Eg, respectively. When Tg; is lower than 22 °C, the
cooling load E¢ is independent of Ts;. The heating load Ey is inde-
pendent of Tg;, when Ty is larger than 25 °C.

Transition temperature is also found in the profile of HVAC load,
which is concluded as 23.5°C for both cooling and heating load.
When T is between 22 °C and 23.5 °C, E¢ increases slightly with
Ts1. When Ty is higher than 23.5 °C, Ec increases sharply with Ts. On
the contrary, Ey decreases slightly with Tg;, when Ts; is ranging from
25°C to 23.5°C, while Ey decreases sharply with T, when Ty is
lower than 23.5°C.

Therefore, it is concluded that the optimal onset temperature Ty
of OVW is 23.5 °C, corresponding to half the temperature zone 4T
lower than the stable air temperature inside T,;.

4.3.2. Effects of temperature zone of optic-variation

The variation of HVAC load reduction potential with the tem-
perature zone AT of optic-variation is depicted in Fig. 9. The air
temperature inside is prescribed at 25 °C. The onset temperature Tsq
is designated half the temperature zone lower than the air tem-
perature inside.

It is shown from Fig. 9 that the performance of OVW on the
reduction of HVAC load decreases with the temperature zone of
optic-variation. Therefore, it is suggested to develop more sensitive
color-transformation, responding to the temperature variation, to
narrow the temperature zone of optic-variation and correspond-
ingly to reduce the HVAC load.

4.3.3. Effects of air temperature inside

The effects of indoor air temperature on the reduction of HVAC
load are depicted in Fig. 10. It is concluded that with the increase of
T.i, OVW offers smaller absolute reduction of cooling load,
comparing with OFW with low p and larger absolute reduction of
heating load, comparing with OFW with high p. This implies that
OVW offers better performance than OFW with low reflectivity,
when the indoor air temperature is prescribed at low value; OVW
offers better performance than OFW with high reflectivity, when
the air temperature inside is prescribed at high value, as far as the
absolute reduction of HVAC load is taken into consideration.

When the relative reduction of HVAC load is concerned, OVW
shows stronger benefits on the reduction of cooling load, in the case
of high air temperature inside, as compared with OFW with low
reflectivity. However, comparing with high reflective OFW, OVW
offers highest reduction of heating load at 15 °C of air temperature
inside, on horizontal surface, and at 10 °C of air temperature inside,
on vertical surface.

4.3.4. Effects of conductive thermal resistance

The variation of HVAC load reduction with the conductive
thermal resistance of OVW is depicted in Fig. 11. The air tempera-
ture inside is designated as 25 °C. The temperature zone of OVW is
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Table 1
Comparison of HVAC load in the whole year.
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Horizontal surface

Vertical surface

OovVW OFW OVW OFW
Low reflectivity High reflectivity Low reflectivity High reflectivity
Heating load, Ey;/kWh-m—2 -529.4 -526.7 —624.6 —550.6 —547.8 —631.2
Absolute difference*®/kWh-m 2 2.7 -95.2 2.8 —-80.6
Relative difference™/% -0.5 18.0 -0.5 14.6
Cooling load, Ec/kWh-m~2 59.5 217.9 54.3 49.5 109.7 46.4
Absolute difference®”/kWh-m 2 158.4 -52 60.2 -3.1
Relative difference™/% 266.2 -87 121.6 -6.3
Note.
4 Comparison takes the HVAC load in the corresponding case of OVW as the basis.
b positive value of absolute difference refers to larger cooling load or smaller heating load. Vice Verse.
¢ Positive value of relative difference refers to larger cooling load or larger heating load. Vice Verse.
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Fig. 8. Variation of HVAC load with onset temperature of OVW.

prescribed as 3 °C. The corresponding results of HVAC load with
OVW are taken as the basis for the estimation of absolute and
relative difference.

It is concluded from Fig. 11 that the relative difference of heating
and cooling load is almost independent of the conductive thermal
resistance Ry. In the case of OFW and the absolute difference of
heating and cooling load is slightly influenced by Ry, in the case of
OFW with low and high reflectivity, respectively. Comparing with
OFW with low reflectivity, the advantage of absolute reduction of
cooling load decreases with the conductive thermal resistance.
Similarly, comparing with OFW with high reflectivity, the advan-
tage of absolute reduction of heating load decreases with the
conductive thermal resistance.

Therefore, it is implied that with the adoption of OVW, the
necessary thickness of thermal insulation layer, which is related to
the conductive thermal resistance Ry,, can be reduced. Moreover,
even in the case of buildings with thick insulation layer, the
adoption of OVW still offers obvious relative reduction of HVAC
load, comparing with OFW.

5. Conclusion

The potential of energy saving with OVW for stable air tem-
perature control in buildings by reducing the HVAC load was
theoretically investigated in this paper. The effects of properties of
OVW as well as the arbitrary prescribed air temperature inside on
the reduction of HVAC load were discussed. The results offer new
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300 |- .
. L
S 250t _ .
o |  Horizontal
2 200 —a— ; i
= OFW with low p
8 150 OFW with high p (b) i
g Ay ,
g 100 [ 4 .
% L Vertical -
@ 50 - —A— OFW with low p
§ 0 | —v— OFW with high p |
é’ L —
_50 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
1 2 3 4 5 6 7 8 9 10

Temperature zone of optic-variation, AT, / K

Fig. 9. Variation of HVAC load reduction with temperature zone of optic-variation. (a)
Relative difference of Ey and (b) Relative difference of Ec.

choices for green-building design and conclusions are made as

follows:

(1) With the adoption of OVW, the HVAC load, including heating

and

cooling load,

could be simultaneously reduced.

Comparing with OFW with low reflectivity, the cooling load
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is reduced. Comparing with OFW with high reflectivity, the
heating load is reduced.

(2) The optimum onset temperature of OVW is half the tem-
perature zone of optic-variation lower than the air temper-
ature inside. When the onset temperature of OVW is higher
or lower than the optimum value, the cooling or heating load
would increase sharply, respectively.

(3) Narrow temperature zone of optic-variation is favorable for
the reduction of HVAC. With the increase of temperature
zone, the performance of OVW on the reduction of both
heating and cooling load is weaker.

(4) The relative difference between OVW and OFW is indepen-
dent of the conductive thermal resistance, which corre-
sponds to the thickness of insulation layer. With weaker
insulation, the absolute reduction of HVAC load with the
adoption of OVW is more significant.

Our future works include the performance improvement of the

OVW itself as well its application in urban heating and cooling
reduction. In particular, the adaptability of the OVW for emergency
cooling during heatwaves [35] will be evaluated by dynamic
building energy simulation.
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Nomenclature

E HVAC load in the whole year, kWh-m—2
h convective heat transfer rate, W-m~2-K~!
I solar irradiance, W-m™2

Q heat flux, W

R thermal resistance, W~ 1-m?-K

t time, h

T temperature, °C

Greek symbol

) thickness of layer, m

yi| difference

A thermal conductivity, W-m~1.K~!

p reflectivity

Subscripts

1 lower set value

2 upper set value

ai air inside

ao ambient air

b background

C cooling

ci coefficient inside

co coefficient ambient

H heating; horizontal surface with OVW
HH horizontal surface with high reflectivity
HL horizontal surface with low reflectivity
i inside comprehensive coefficient

j counting number

o ambient comprehensive coefficient

r reflective

s1
s2
\%
VH
VL
w
wo

onset value of optic-variation

offset value of optic-variation
vertical surface with OVW

vertical surface with high reflectivity
vertical surface with low reflectivity
wall

outside of wall
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