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a b s t r a c t 

Smart utilization of solar energy with OVW (Optic-Variable Wall) for thermal comfort is verified. The ap- 

plication of OVW in passive buildings is discussed. With no active heating & cooling measure adopted 

for building located in Shanghai, OVW can offer relatively comfortable environment in the whole year 

period. Compared with reflective OFW (Optic-Fixed Wall with high reflectivity), the cold period in win- 

ter is shortened and meanwhile the summer is kept cool. Compared with absorptive OFW (Optic-Fixed 

Wall with low reflectivity), the hot period in summer is enormously suppressed and the winter is kept 

warm. The performance of thermal comfort, e.g. Discomfort Hours, Discomfort-Degree Hours and Dis- 

comfort Degree, is significantly improved. Comparing with OFW, both reflective and absorptive, less dis- 

comfort hours and less discomfort-degree hours are concluded with the adoption of OVW. The average 

discomfort-degree of OVW is the least in summer as well as in winter, although the average discomfort- 

degree in the whole-year period is slightly larger than absorptive OFW. It is also concluded that absorp- 

tive OFW performs better than reflective OFW on Discomfort-Degree Hours, but worse on Discomfort 

Hours. The results are also meaningful for other applications, such as vehicles and light-steel-structured 

industrial warehouse. 

© 2019 Published by Elsevier B.V. 
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. Introduction 

With the development of society, the issues of energy-

onsumption as well as environment pollution have attracted more

nd more attentions [1,2] . Buildings account for almost one third

f the total energy consumption in the world, mainly consumed in

VAC system for indoor air control [3–5] . Therefore, passive mea-

ures, such as heavy thermal mass or strong thermal insulation

6–12] , effective ventilation strengthened with solar power [13–

7] , utilization or management of solar radiation [18–20] , etc., are

idely adopted in green (low-carbon) building design. 

Among these methods, utilization or management of solar ra-

iation is of the most interest to designers, engineers as well as

cientists [21–26] , since it has the least influence on the structure

f buildings. Moreover, to some extent, it can help release some

estrictions on the design of buildings, for the sake of energy-

aving. For instance, more freedom is available to adopt glass cur-
∗ Corresponding author. 
∗∗ Corresponding author. 
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ain or window to offer brighter indoor atmosphere or better sight-

iewing [27–30] , instead of the constraint of the window-to-wall

atio (WWR) [31,32] . 

The utilization of solar radiation includes the technologies of

V/PT/PVT [33–37] and trombe-wall [38–40] as well as the en-

ancement on ventilation [14,15,17] . Among these technologies, PV

s to some extent most attractive, due to its compatibility with

lectric-devices in HVAC. Moreover, it meets the trend of smart

rid infrastructure-construction. Luthander et al. [41] reviewed on

he self-consumption of PV electricity in buildings. It is proposed

hat the behavioral responses and the impact on the distribution

rid still need to be studied. Moreover, comparing with PT tech-

ology, PV system calls for large capital investment of electricity-

torage units and suffers from the short-term life of batteries as

ell as the performance degradation issues. As a matter of fact,

ost of these technologies cannot well fit the demand of HVAC

oad in the whole year period, due to the energy gap between

eating/cooling power in demand and solar power in supply. That

s to say, in summer, when the solar radiation is strong, the energy

n demand is in the form of cooling power; however, in winter, the

eating power is favored, while the solar radiation is weak. More-

ver, the solar radiation is one important source of cooling load in

https://doi.org/10.1016/j.enbuild.2019.109376
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
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mailto:wangcheng3756@163.com
mailto:xiaofeng.guo@esiee.fr
https://doi.org/10.1016/j.enbuild.2019.109376


2 Y. Zhu, C. Wang and X. Guo / Energy & Buildings 202 (2019) 109376 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

i  

i  

a  

c  

m  

m  

s  

v  

i  

d  

i  

e  

t  

t  

t  

w  

c  

a  

i  

o  

i  

t

 

c  

r  

i  

f  

c  

i  

l  

f  

e  

b  

m  

i  

t

o  

n  

a  

w  

t  

i  

f  

c  

p

 

d  

e  

o  

c  

g  

d

2

2

 

h  

t  

m  

t  

d  

a  
Nomenclature 

ADD Average Discomfort Degree-Hours, d ·°C ·y −1 

ADDc Average Over-Cooling Discomfort Degree-Hours, 

d ·°C ·y −1 

ADDh Average Over-Heating Discomfort Degree-Hours, 

d ·°C ·y −1 

C Thermal capacity, J ·kg −1 ·K 

−1 

DDH Discomfort Degree-Hours, d ·°C ·y −1 

DDHc Over-Cooling Discomfort Degree-Hours, d ·°C ·y −1 

DDHh Over-Heating Discomfort Degree-Hours, d ·°C ·y −1 

DH Discomfort Hours, h 

DHc Over-Cooling Discomfort Hours, h 

DHh Over-Heating Discomfort Hours, h 

h Heat transfer coefficient, W ·m 

−2 ·K 

−1 

I Solar radiation, W ·m 

−2 

MDDc Maximum Over-Cooling Discomfort Degree, °C 

MDDh Maximum Over-Heating Discomfort Degree, °C 

t Time, s 

T Temperature, °C 

x Position, m 

Subscript 

1 Parameter at onset temperature 

2 Parameter at offset temperature 

80 80% of satisfactory 

90 90% of satisfactory 

ai Indoor air 

ao Outdoor air 

H Horizontal surface 

H80 Upper limit for 80% of satisfactory 

H90 Upper limit for 90% of satisfactory 

i Inside 

L80 Lower limit for 80% of satisfactory 

L90 Lower limit for 90% of satisfactory 

o Outside 

s1 Onset for optic-variation 

s2 Offset for optic-variation 

V Vertical surface 

wl Wall layer 

Greek symbol 

β Reflectivity 

δ Thickness, m 

λ Thermal conductivity, W ·m 

−1 ·K 

−1 

ρ Density, kg ·m 

−3 

buildings. Therefore, it is necessary to manage the transformation

of solar radiation into heat source, e.g. less in summer and more

in winter. 

Shadowing is one normal way to conduct the management of

solar radiation [42,43] . When solar radiation is strong in summer,

it is possible to keep the indoor atmosphere cool by utilization of

solar shadowing to block the inlet of solar radiation. However, it

is invalid for heating in winter. Recently, radiation cooling tech-

nology is developed [44–48] . Goldstein et al. [46] reported that

with the radiative sky cooling, heat is passively rejected into space

through transparent windows, and results in the sub-ambient cool-

ing. Mandal et al. [49] reported a simple, inexpensive and scalable

phase inversion-based method for fabricating hierarchically porous

P(VdF-HFP)HP coating. The reflectance is reported as 0.96 ± 0.03

and the long-wave infrared emittance is reported as 0.97 ± 0.02.

The sub-ambient cooling power is approximately 100 W ·m 

−2 . The

principle is that when the radiation wavelength is kept at certain

range with delicate structure design, the sky or aerospace could be
pplied as the cooling source, therefore, the buildings are kept cool

n summer. Unfortunately, the enhancement of heating in winter

s not reported. Similarly, the cool roof or green roof technologies

re also only valid for the hot weather, even in some cases, at the

ost of heating load penalty. Uemoto et al. [50] estimated the ther-

al performance of cool colored paints, containing reflective pig-

ents. The experimental results indicate that more than 10 °C of

urface temperature repression is obtained, comparing with con-

entional paintings. As a result, the benefits of thermal comfort

mprovement as well as air conditioning costs reduction are pre-

icted. Castleton et al. [51] reviewed the application of green roofs

n building energy saving and the potential for retrofit in UK. How-

ver, the issue of heavy-duty maintenance as well as the damage

o the building structure should be paid more attention to. Besides,

he dual-colored curtain is reported to keep air temperature inside

he building, located in the North of China, cool in summer and

arm in winter [52,53] . However, it is under the control of me-

hanic adjustment, therefore, it is not possible to follow the vari-

tion of atmosphere in time. Correspondingly, heavy thermal mass

s, to the most extent, necessary to keep promise the performance

f passive buildings. However, heavy thermal mass is not favored

n some cases, from the viewpoint of other technical fields, such as

he issue of self-weight or structure-strengthen. 

OVW (Optic-Variable Wall), also naming as thermochromic

oating or painting, is the technology to automatically adjust the

eflection/absorption of solar radiation on surface (e.g. wall or roof

n buildings), as shown in Fig. 1 , responding to the variation of sur-

ace status, such as temperature. Since the surface temperature is

orresponding to the ambient temperature and the solar radiation,

t is possible to reflect the effects of bi-parameters on the HVAC

oad in buildings. As far as the thermochromic principle and per-

ormance enhancement, Hajzeri et al. [54] investigated the influ-

nce of developer on structural, optical and thermal properties of a

enzofluoran-based thermochromic composite. Karlessi and Santa-

ouris [55] investigated the performance of thermochromic coat-

ngs with exposure to UV and tested the aging property with fil-

ers. It is believed that most of the protection is due to the cut-off

f spectrum with wavelength shorter than 600 nm. Since there is

o mechanism control, OVW can theoretically trace the rapid vari-

tion of meteorological information, i.e. ambient temperature as

ell as solar radiation. It is reported that OVW has the potential

o simultaneously keep the indoor air cool in summer and warm

n winter [56,57] . However, to the most of our knowledge, the per-

ormance of OVW in the whole year period on thermal comfort

ontrol are not comprehensively reported, especially when only the

assive measures are applied. 

In this paper, the application of OVW in passive buildings is

iscussed. The profile of annual indoor air temperature and the

valuation of thermal comfort are discussed in details. The results

ffer new sight-viewing on the application of OVW and another

hoice for energy-saving and thermal-comfort control as well as

reen (low-carbon) design in vehicles and light-steel-structured in-

ustrial warehouse. 

. Physical model 

.1. Heat transfer process 

The typical model, i.e. a light-weight warehouse, as well as the

eat transfer process is shown in Fig. 2 . Vertical wall or horizon-

al roof is taken as the object for indoor air temperature assess-

ent in the building, located in Shanghai, which has a typical sub-

ropical humid climate in the East of China. The meteorological

ata is cited from ASHARE and transient heat transfer model is

pplied. No active measures is conducted, aiming at the goal of
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Fig. 1. Principle of Optic-Variable Wall (OVW). 

Fig. 2. Physical Model of OVW, (a) Warehouse and the studied model and (b) Heat 

flux for a horizontal roof / vertical wall. 
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β  
ero-energy-consumption. To make clear the effects of OVW, insu-

ation layer is neglected in analysis. 

The light weight warehouse is symmetrized along the east-west

ine, the length of which is around 20 m. The warehouse is ap-

roximately 6 m wide in the north and south orientation. In this

anuscript, the south wall and the roof are concerned as the ob-

ect in analysis. Due to the symmetry structure as well as the rel-

tive large size in east-west line, a cubic physical model with side

ength of 3 m, as shown in the right part of Fig. 2 a, is peeled out

nd evaluated with the thermal comfort. 
Due to the principle of OVW, the reflection of solar radiation on

VW corresponds to the outside surface temperature of wall-layer.

t low temperature, OVW shows weak reflection to solar radiation,

hile it offers strong reflection at high temperature [56] . For com-

arison, the results of indoor air temperature ( IAT ) with two kinds

f OFW (Optic-Fixed Wall), i.e. with the corresponding high and

ow reflectivity, are also assessed. 

Lumped indoor air temperature T ai is determined by: 

( ρai · C ai · δai ) ·
d T ai 

dt 
= h i ·

(
T wl | x = δwl 

− T ai 

)
(1) 

here ρai , C ai and δai refer to the density, heat capacity and equiv-

lent size of indoor air, respectively. h i is corresponding to the in-

oor comprehensive heat transfer coefficient, taking into consider-

tion of convection as well as radiation heat transfer. 

Wall layer temperature T wl is expressed as: 

( ρwl · C wl ) ·
∂ T wl 

∂t 
| x ∈ ( 0 , δwl ) 

= λwl ·
∂ 2 T wl 

∂ x 2 
| x ∈ ( 0 , δwl ) 

(2a) 

nd 

λwl ·
∂ T wl 

∂x 
| x =0 = h o · ( T ao − T wl | x =0 ) + ( 1 − β) · I (2b) 

λwl ·
∂ T wl 

∂x 
| x = δwl 

= h i ·
(
T wl | x = δwl 

− T ai 

)
(2c) 

here ρwl is the density of wall-layer. C wl corresponds to the heat

apacity of wall-layer. λwl refers to the thermal conductivity of

all-layer. h o is the comprehensive heat transfer coefficient be-

ween wall-layer and ambient, with the consideration of convec-

ion as well as radiation heat transfer. 

The reflectivity β is determined by outside surface temperature

f wall-layer T wl | x = 0 : 

= 

⎧ ⎪ ⎨ 

⎪ ⎩ 

β1 T wl | x =0 ≤ T s1 

β1 + 

T wl | x =0 −T s1 

T s2 −T s1 
· ( β2 − β1 ) T s1 ≤ T wl | x =0 ≤ T s2 

β2 T wl | x =0 ≥ T s1 

(3) 

here T s1 and T s2 refer to the onset and offset temperature of

ptic-variation, respectively. β1 and β2 corresponds to the re-

ectivity of OVW at T s1 and T s2 , respectively. β1 is smaller than

, and the ideal value is ranging from 0.1 to 0.9, implying that
2 
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Fig. 3. Solar reflectivity with increasing surface temperature in structure with OVW. 

Table 1 

Relevant parameters in the theoretical 

model. 

ρai 1 kg ·m 

−3 

ρwl 7800 kg ·m 

−3 

C ai 1000 J ·kg −1 ·K −1 

C wl 500 J ·kg −1 ·K −1 

δai 3 m 

δwl 3 mm 

λwl 4 W ·m 

−1 ·K −1 

h i 10 W ·m 

−2 ·K −1 

h o 30 W ·m 

−2 ·K −1 

T s1 23.5 °C [57] 

T s2 26.5 °C [57] 

Note: T s1 and T s2 are designated accord- 

ing to the optimal results in ref. [56,58] . 
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β1 = 0.1 and β2 = 0.9. The results of reflectivity in structure with

OVW at increasing surface temperature, measured with UV-3600

(Shimadzu) are depicted in Fig. 3 , verifying the increment of solar

reflectivity with temperature. As for the practical coating, it is es-

timated that the reflectivity varies from 0.1 to around 0.6, which

might be further increased by doping or mixing, etc. 

The initial state is assumed thermal-equilibrium and expressed

as: 

T ao | t=0 = T wl | t=0 = T ai | t=0 (4)

The relevant parameters in the model are summarized in

Table 1 . 

2.2. Thermal comfort assessment 

Due to the merit of building with passive measures, the thermal

comfort degree is assessed with the deviation of indoor tempera-

ture from the set temperature, which is linked with the ambient

temperature, as shown in Eq. (5). The deviation criterion has two

indices, i.e. the time span (Discomfort Hour), expressed in Eq. (6)

and the product of time span and temperature deviation (Discom-

fort Degree-Hour), expressed in Eq. (7). 

2.2.1. Acceptable indoor air temperature 

According to the ASHARE adaptive comfort model [59] , the

thermal comfortable indoor air temperature is expressed as: 

T ai = 18 . 9 + 0 . 255 · T ao (5a)

The temperature zone of indoor air for 90% of satisfactory is

determined by: 

T L90 ≤ T ≤ T H90 (5b)
ai 
here T L90 and T H90 refer to the lower and upper limit of T ai for

0% of satisfactory. 

 L90 = 16 . 11 + 0 . 255 · T ao (5c)

nd 

 H90 = 21 . 69 + 0 . 255 · T ao (5d)

The temperature zone of indoor air for 80% of satisfactory is

etermined by: 

 L80 ≤ T ai ≤ T H80 (5e)

here T L80 and T H80 refer to the lower and upper limit of T ai for

0% of satisfactory. 

 L80 = 15 . 63 + 0 . 255 · T ao (5f)

nd 

 H80 = 22 . 17 + 0 . 255 · T ao (5g)

.2.2. Discomfort Hours 

Summarizing the time span when the indoor air temperature

ies out of the thermal comfort range, as described in Eq. (5), the

iscomfort Hours DH as well as the over-heated DHh and over-

ooled DHc are determined for 80% and 90% of satisfactory, as

hown in Eq. (6). 

 H 90 = DH h 90 + DH c 90 (6a)

nd 

 H 80 = DH h 80 + DH c 80 (6b)

H h 90 = 

∑ 

T ai ≥T H90 

dt (6c)

nd 

H h 80 = 

∑ 

T ai ≥T H80 

dt (6d)

H c 90 = 

∑ 

T ai ≤T L90 

dt (6e)

nd 

H c 80 = 

∑ 

T ai ≤T L80 

dt (6f)

.2.3. Discomfort Degree-Hours 

Summarizing the product of indoor air temperature deviation

nd the corresponding time span leads to the Discomfort Degree-

ours DDH as well as DDHh and DDHc for 80% and 90% of satisfac-

ory, as shown in Eq. (7). 

D H 90 = DDH h 90 + DDH c 90 (7a)

nd 

D H 80 = DDH h 80 + DDH c 80 (7b)

DH h 90 = 

∑ 

T ai ≥T H90 

( T ai − T H90 ) · dt (7c)

nd 

DH h 80 = 

∑ 

T ai ≥T H80 

( T ai − T H80 ) · dt (7d)

DH c 90 = 

∑ 

T ai ≤T L90 

( T L90 − T ai ) · dt (7e)

nd 

DH c 80 = 

∑ 

( T L80 − T ai ) · dt (7f)
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Fig. 4. Profile of ambient temperature and solar radiation on horizontal and verti- 

cal surfaces. (a) Ambient temperature T ao ; (b) Horizontal solar radiation I H and (c) 

Vertical solar radiation I V . 

Table 2 

Comparison of maximum and minimum IAT . 

Maximum IAT / °C Minimum IAT / °C 

Horizontal Vertical Horizontal Vertical 

OVW 28.69 28.30 4.60 4.60 

Reflective OFW 28.60 28.22 3.59 3.58 

Absorptive OFW 33.81 30.39 4.60 4.60 

Note: Red-Bond-Mark value corresponds to the best performance of IAT. 

Inclined-Mark value corresponds to the results of OVW. 
.2.4. Maximum and average Discomfort Degree 

The maximum Discomfort Degree, i.e. MDDh and MDDc are ex-

ressed as: 

DD h 90 = max ( T ai − T H90 ) (8a) 

nd 

DD h 80 = max ( T ai − T H80 ) (8b) 

DD c 90 = max ( T L90 − T ai ) (8c) 

nd 

DD c 80 = max ( T L80 − T ai ) (8d) 

The average Discomfort Degree, i.e. ADDh and ADDc are ex-

ressed as: 

D D 90 = 

DD H 90 

D H 90 

(9a) 

nd 

D D 80 = 

DD H 80 

D H 80 

(9b) 

DD h 90 = 

DDH h 90 

DH h 90 

(9c) 

nd 

DD h 80 = 

DDH h 80 

DH h 80 

(9d) 

DD c 90 = 

DDH c 90 

DH c 90 

(9e) 

nd 

DD c 80 = 

DDH c 80 

DH c 80 

(9f) 

. Results and discussion 

Single passive measure is conducted with OVW. The comparison

orresponds to OVW and OFW with low or high reflectivity. The

erformance indicator is the thermal comfort degree, determined

y Eqs. (6)–(9). 

The time span is taken as the continuous years. The ambient

emperature as well as the solar radiation on horizontal and ver-

ical surface are depicted in Fig. 4 . The warehouse is located in

hanghai. The highest and lowest ambient temperature is 35.3 °C
n summer and −6.4 °C in winter, respectively. The strongest solar

adiation on horizontal and vertical surface is around 10 0 0 W ·m 

−2 

n summer and 900 W ·m 

−2 in winter, respectively. 

The comparison is independently conducted for both the hori-

ontal roof and the vertical walls. The onset and offset tempera-

ures for optic-variation, i.e. T s1 and T s2 are prescribed as 23.5 °C
nd 26.5 °C, respectively. The low and high reflectivity of OFW is

rescribed as 0.1 and 0.9, respectively. Correspondingly, the reflec-

ivity of OVW varies from 0.1 at temperature lower than T s1 to 0.9

t temperature higher than T s2 . 

.1. Indoor air temperature (IAT) 

The variation of indoor air temperature T ai in continuous years

s depicted in Fig. 5 and Table 2 . It is concluded that the range

f T ai is narrower in the case of OVW, rather than both cases of

FW. The peak temperature of OVW in summer is close to that of

FW with high reflectivity (reflective OFW), while the valley tem-

erature of OVW in winter is close to that of OFW with small re-

ectivity (absorptive OFW). Therefore, it is favored to adopt OVW
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Fig. 5. Variation of indoor air temperature T ai , (a) Horizontal surface and (b) Verti- 

cal surface. 
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r  
to keep the air temperature inside stable and comfortable in the

whole year. Instead, the adoption of OFW may be over-heated, in

the case of absorptive OFW, or over-cooled, in the case of reflective

OFW. 

During the period between summer and winter, the variation of

IAT in the case of OVW is more similar to absorptive OFW. In the
Fig. 6. Comparison of the Discomfort Hour DH, (a) Horizontal surface and (b) Vertical su

Note: DH 80 refers to the Discomfort Hour for 80% of satisfactory. CH 90 refers to the Comf

comfort. �DH 80-90 refers to the increment of Discomfort Hour, when the satisfactory deg

DH 90 . The sum of DH 80 , CH 90 and �DH 80-90 corresponds to the whole year period, i.e. 365
hole year, OVW offers more comfortable indoor condition, which

s neither too hot nor too cold. 

Comparing Fig. 5 a with b, it is also found that, due to the rel-

tively strong solar radiation, the difference of T ai among OFW, i.e.

bsorptive and reflective, and OVW walls is more obvious on hori-

ontal surface, such as the roof. The effects of OVW on IAT control

s, therefore, more significant on horizontal surface. 

It is concluded from Table 2 that the maximum IAT of OVW is

lose to that of reflective OFW, which offers the best result among

he three models. Comparing with absorptive OFW, the maximum

AT is reduced approximately by approximately 5 °C and 2 °C on

orizontal and vertical surfaces, respectively. On the other hand,

he minimum IAT of OVW is the same as that of absorptive OFW,

hich offers the best results among the three models, and is in-

reased by 1 °C, comparing with reflective OFW. The results of IAT

ith OVW are almost within the range of 5–30 °C, which is accept-

ble for NR (Non-Residential) buildings without HVAC systems. 

.2. Discomfort Hour 

The results of Discomfort Hour are depicted in Figs. 6 and 7 .

esides, two index of discomfort hour is proposed for positive and

egative deviation, as shown in Eqs. (7c) –( 7d ) and ( 7e )–( 7f ), re-

pectively. 

It is obvious that, OVW offers the best performance of thermal-

omfort, while absorptive OFW shows the worst results. For in-

tance, on the horizontal surface, CH 90 of OVW is 41.76% of the

hole year, which is 1.37 and 2.09 times of reflective and absorp-

ive OFW, respectively. However, on the vertical surface, due to the

elative weak solar radiation, the effects of OVW are not so much

bvious. CH 90 of OVW is only 1.17 and 1.52 times of reflective and

bsorptive OFW, respectively. Similar trends are concluded, as far

s CH 80 is concerned. 

When the composition of DH is taken into consideration, i.e.

Hh and DHc , it is concluded that most of the discomfort hour

s over-cooled, which implies not enough heat flux to lift-up the

nside air temperature. Since the absorptive OFW offers the best

erformance of DHc and OVW offers similar results, it is concluded

hat OVW makes the most effort s to help reduce the over-cooled

iscomfort hour, even though the indoor air is still not comfort. 

In the case of DHh , the reflective OFW always gives the best

esults, and OVW shows similar results. For instance, in the case
rface, (1) OVW, (2) Reflective OFW and (3) Absorptive OFW. 

ort Hour for 90% of satisfactory, corresponding to the strictest criteria of thermal- 

ree is increased from 80% to 90%. The sum of DH 80 and �DH 80-90 corresponds to 

days. 
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Fig. 7. Comparison of DHh and DHc for 90% satisfactory, (a) Horizontal surface and (b) Vertical surface, (1) OVW, (2) Reflective OFW and (3) Absorptive OFW. 

Note: DHh 90 and DHc 90 refer to the over-heated and over-cooled Discomfort Hour for 90% satisfactory, respectively. The sum of DHh 90 and DHc 90 corresponds to DH 90 . The 

sum of DHh 90 , DHc 90 and CH 90 corresponds to the whole year period, i.e. 365days. 
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Fig. 8. Comparison of the Discomfort Degree-Hour DDH , (a) Horizontal surface and 

(b) Vertical surface. 

D  

a

 

f  

d  

t  

o  

r  
f vertical surface, DHh 90 with reflective OFW is 8 d ·y −1 , and the

alue of DHh 90 is 12 and 59 d ·y −1 with OVW and absorptive OFW,

espectively. Therefore, OVW also makes the most efforts to help

educe the over-heated discomfort hour, and the results are satis-

actory, comparing with those of DHc . 

.3. Discomfort Degree-Hours 

Beside the Discomfort Hour, Discomfort Degree-Hour is an im-

ortant index for thermal-comfort, which takes the deviation de-

ree of IAT from the comfort value into account. The comparison

f Discomfort-Degree hour is depicted in Fig. 8 . 

Similar to the results of Discomfort Hour, OVW offers the best

iscomfort Degree-Hour. The effects of OVW are more significant

n horizontal surface. When OVW is adopted, DDH 90 on horizontal

urface is reduced by 35.0% and 22.6%, and DDH 90 on vertical sur-

ace is reduced by 26.1% and 4.6%, comparing with reflective and

bsorptive OFW, respectively. 

When DDHh and DDHc are concerned independently, DDHh is

lmost ignorable in the case of OVW and reflective OFW, and not

o strong in the case of absorptive OFW. Taken into consideration

f DDHc , it is found that OVW and absorptive OFW offer similar

esults. 

It is interesting to find that, different from the results of DH ,

bsorptive OFW offers better results than reflective OFW. This is

ainly due to the fact, most of DH is in the form of DHc . Absorp-

ive OFW can supply more solar radiation absorption, therefore, the

eviation of IAT from thermal-comfort is less in the case of absorp-

ive OFW than reflective OFW. 

.4. Maximum and average Discomfort Degree 

The maximum and average discomfort-degree are depicted in

ig. 9 and Table 3 . It is concluded that DDh max is smaller than

Dc max , implying that over-cooling is much worse than over-

eating, in all three models. DDh max is less than 5 °C, while DDc max 

s around 15 °C. 

It is also concluded from Fig. 9 a, that on horizontal and vertical

urfaces, OVW performs the best on Maximum Discomfort-Degree,

oth DDh max and DDc max , while OFW can only perform well on ei-

her DDh max or DDc max . The difference between OVW and OFW is

ore obvious on horizontal surface. Considering the effects of sur-

ace orientation, it is concluded that absorptive OFW is more sen-

itive, especially when DDh max is concerned. While in the case of
Dc max , all three models, i.e. OVW, reflective and absorptive OFW,

re little sensitive to the surface orientation. 

As far as the average discomfort-degree is concerned, OVW of-

ers the smallest ADDh and ADDc , among the three models under

iscussion, as shown in Table 3 . However, it is out of expecta-

ion that absorptive OFW shows the best ADD and reflective OFW

ffers the worst ADD . This is due to the fact that although the

eflective OFW reflects the most solar radiation in summer, the
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Fig. 9. Comparison of maximum and average discomfort-degree, (a) Maximum 

Discomfort-Degree and (b) Average Discomfort-Degree. 

Note: 80% of satisfactory is considered. 

Table 3 

Comparison of average discomfort-degree. 

Average Discomfort-Degree / °C 

Horizontal Vertical 

ADD ADDh ADDc ADD ADDh ADDc 

OVW 5.85 0.51 6.19 6.05 0.51 6.17 

Reflective OFW 7.31 0.57 7.51 7.44 0.53 7.56 

Absorptive OFW 5.21 3.28 6.32 5.22 1.05 6.21 

Note: 80% of satisfactory is considered. Red-Bond-Mark value corresponds 

to the best performance. Inclined-Mark value corresponds to the results of 

OVW. 
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major discomfort-hour DH is in the form of over-cooling in win-

ter, as shown in Fig. 7 and the maximum over-cooling discomfort-

degree DDc max is much larger than DDh max , as shown in Fig. 9 . 

4. Conclusion 

In this paper, the smart utilization of solar radiation with OVW

for thermal comfort control is verified. The performance of OVW

is assessed and compared with reflective and absorptive OFW,

including Indoor Air Temperature ( IAT ), Discomfort Hours ( DH ),

Discomfort-Degree Hours ( DDH ) and Discomfort Degree ( DD ). The

results offer new sight-viewing on the application of OVW and

another choice for energy-saving and thermal-comfort control in

buildings as well as green (low-carbon) building design. It is pre-

liminarily verified to design NR (Non-Residential) buildings with
VW, without strong insulation and heavy thermal mass. The fol-

owing conclusions are made: 

(1) With the adoption of OVW, the maximum IAT in summer is

close to that of reflective OFW, while the minimum IAT in

winter is close to that of absorptive OFW. On the contrary,

the maximum IAT of absorptive OFW is 2–5 °C higher, and

the minimum IAT of reflective OFW is 1 °C lower, comparing

with those of OVW. 

(2) Discomfort Hours is mainly in the form of over-cooling in

Shanghai. With the adoption of OVW, comfort-hour is sig-

nificantly increased. CH 90 is increased by approximately 40–

100% on horizontal surface and 20–50% on vertical surface,

comparing with those of OFW. 

(3) The major Discomfort-Degree Hours and the maximum Dis-

comfort Degree are DDHc and DDc max , respectively. When

the average Discomfort Degree is concerned, the absorptive

OFW offers the smallest ADD , while the reflective OFW the

largest. 

(4) When over-heating and over-cooling are considered inde-

pendently, OVW offers the best performance of average

discomfort-degree ADDh and ADDc , as well as the maximum

discomfort-degree DDh max and DDc max . 

Therefore, OVW can keep IAT low in summer and high in

inter, due to its property of tunable reflection on solar radia-

ion. The comfort hour is significantly increased. The average and

aximum over-heating and over-cooling discomfort-degree are the

est among these three models. The results are also meaningful

or other applications, such as vehicles and light-steel-structured

paces. The future works will cover the influences of OVW prop-

rties, as well as the integration of OVW with other passive mea-

ures. 
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