
Vol. 
2 

Special 
Journal 

of Chongqing 
University-Eng. 

Ed. 
October 

2003 

sheltering 
effect 

of 
trees 

on 
reducing 

space 
heating 

in 
an 

office 
building 

with 
large 

glazing 
area 

in 
a 
windy 

city 

Fan 
W
A
N
G
 

, 
YaLliU 

The 
School 

of 
the 

Built 
Environment, 

Heriot-Watt 
University, 

Edinburgh, 
Scotland, 

UK 

Abstract: 
Roles 

of 
trees 

and 
woodland 

are 
not 

only 
restricted 

to 
those 

of 
aesthetically 

and 
landscaping. 

They 
also 

include 

moderating 
micro/macro 

climate. 
Reducing 

wind 
speed 

in 
the 

vicinity 
area 

of 
a 
woodland 

or 
a 
windbreak 

place 
an 

important 
role 

in 
urban 

planning. 
Although 

the 
sheltering 

effects 
of 

vegetation 
have 

been 
known 

and 
utilized 

in 
urban 

planning 
and 

landscape 

design, 
there 

is 
lack 

of 
quantitative 

studies 
on 

reducing 
wind 

speed 
and 

thereafter 
space 

heating 
in 

Scotland 
and 

even 
in the 

UK. 

The 
study 

carried 
our 

earlier 
computes 

that 
a 

shelterbelt 
that 

reduces 
50% 

of 
its 

leeward 
wind 

speed 
can 

save 
about 

4.5% 

heating 
energy 

in 
a 

conventional 
medium 

size 
office 

building. 
The 

saving 
could 

be 
large 

in 
a 

modern 
office 

with 
large 

glazed 

facade. 
To 

quantitatively 
evaluate 

the 
sheltering 

effect, 
a 

modeling 
study 

is to 
be 

carried 
out, 

consisting 
of 

three 
elements: 

Firstly 

a 
statistical 

analysis 
of weather 

data 
was 

carried 
out 

to 
identify 

the 
prevailing 

wind 
direction 

during 
a typical 

winter 
heating 

season. 

That 
would 

ensure 
that 

the 
rows 

of trees 
were 

placed 
rightly 

to 
maximize 

their 
sheltering 

benefits 
for the 

buildings 
in 

their 
leeward. 

The 
second 

part 
was 

the 
development 

of 
a 

computer 
model 

that 
simulates 

the 
effects 

of 
shelter 

trees 
on 

space 
heating 

of 
a 

building. 
The 

last 
one 

was 
the 

parametric 
study 

applying 
the 

model 
to 

the 
same 

building 
modeled 

in 
a 

previous 
study 

but 
with 

significantly 
larger 

area 
of 

glazed 
fagade 

to 
estimate 

the 
sheltering 

effect 
on 

energy 
saving 

and 
CO2 

reduction. 
This 

forms 
a 

continuation 
of study 

for 
various 

types 
of 

offices. 
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1. 
I
n
t
r
o
d
u
c
t
i
o
n
 

The 
effects 

of 
trees, 

such 
as 

shelterbelts, 
hedges 

and 

woodlands 
have 

been 
known 

on 
reducing 

wind 
speed 

and 
thereafter 

space 
heating 

for 
many 

decades. 

Suffered 
from 

strong 
wind 

in 
winter, 

many 
Scottish 

cities, 
such 

as 
Edinburgh 

benefit 
from 

well 
planned 

and 

planted 
trees 

for 
their 

shelter 
and 

ameliorative 
effect 

on 

wind 
flows 

and 
local 

climate. 
The 

effects 
of 

trees, 
such 

as 
hedges, 

shelterbelts 
and 

woodlands 
have 

been 
well 

known 
on 

reducing 
space 

heating 
for 

many 
decades. 

Much 
research 

has 
been 

done 
on 

various 
aspects 

of 
this 

issue. 
A 

comprehensive 
survey 

confirms 
that 

this 

reduction 
will 

be 
more 

significant 
in 

windy 
places 

[1]. 

Due 
to 

the 
nature 

of 
turbulent 

boundary 
layer 

flow, 

wind 
effects 

on 
shelter 

tress 
and 

consequently 
on 

space 

heating 
in 

buildings 
are 

complex 
and 

individual. 
They 

are 
subject 

to 
many 

factors, 
such 

as 
local 

climate, 

topography, 
landscape, 

shelter 
vegetation, 

the 
building 

and 
its 

surroundings. 
And 

these 
will 

consequently 

affect 
the 

reduction 
on 

heating 
energy 

consumption, 

this 
has 

been 
confirmed 

by 
Heisler 

and 
his 

colleagues 

in 
a 

series 
of 

studies 
[2-5]. 

Although 
there 

have 
been 

many 
studies 

carried 
out 

investigating 
the 

shelter 
and 

ameliorative 
effect 

on 
heat 

losses 
in 

buildings, 
the 
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evident 
is 

that 
the 

results 
span 

over 
a 
wide 

range 
which 

gives 
only 

qualitative 
information 

if 
not 

confusing. 
For 

instance 
the 

prediction 
of 

reduction 
of 

annual 
energy 

saving 
to 

shelter 
trees 

varies 
from 

3% 
to 

50%, 
and 

for 

infiltration 
only 

there 
is 

a 
huge 

discrepancy 
in 

predicted 
reduction[1]. 

Obviously 
such 

variation 
is 

due 

to 
local 

topography, 
surrounding 

terrain, 
physical 

characteristics 
of 

the 
shelterbelt, 

building 
geometry, 

and 
the 

relative 
location 

of 
surrounding 

buildings. 
They 

all 
influence 

the 
mechanism 

of 
heat 

dissipation 
from 

any 
specific 

building. 
The 

research 
in 

U
K
 

was 
carried 

out 
in 

50’s 
and 

the 
results 

were 
actually 

rather 

qualitative 
[6]. 

The 
most 

recent 
investigation 

con- 

ducted 
in 

Milton 
Keynes 

was 
quantitative. 

But 
only 

speed 
reduction 

and 
solar 

access 
were 

measured, 

heating 
in 

buildings 
was 

excluded 
in 

this 
study 

[7]. 

Moreover, 
many 

of 
the 

studies 
were 

actually 
on 

the 

reduction 
on 

wind 
speed 

and 
then 

on 
infiltration[8]. 

This 
uncontrollable 

infiltration, 
although 

important, 
is 

only 
one 

part 
of 

the 
total 

heat 
losses 

from 
a 

building. 

Dissipation 
via 

the 
external 

surfaces 
of 

a 
building 

envelope 
accounts 

about 
half 

of 
the 

total 
heat 

losses 

and 
this 

portion 
is 

even 
higher 

for 
new 

buildings 
which 

are 
normally 

more 
airtight 

and 
with 

large 
glazed 

areas. 

No 
m
u
c
h
 

research, 
however, 

has 
been 

found 
on 

the
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Special 

shelter 
effect 

on 
the 

surface 
heat 

exchange 
of 

building 

envelope. 
This 

might 
be 

due 
the 

facts 
that 

surface 
heat 

exchange 
is 

extremely 
complex 

and 
measurement 

in 

either 
field 

or 
laboratory 

is 
difficult. 

The 
shelter 

effect 

on 
reduction 

of 
heating 

energy 
would 

be 
incomplete 

without 
studies 

on 
convection 

heat 
dissipation 

on 
the 

external 
surfaces 

of 
a 

building. 

This 
study 

was 
to 

continue 
the 

quantitative 

estimation 
carried 

out 
earlier 

on 
energy 

benefits 
due 

to 

the 
wind 

shelter 
effects 

on 
an 

office 
building[9]. 

This 

modelling 
confirms 

that 
the 

traditional 
converted 

office 

building 
could 

save 
about 

4.5% 
energy 

for 
heating 

annually 
due 

to 
a 
windbreak 

planted 
in 

its 
prevailing 

direction. 
This 

part 
of 

study 
examined 

some 
new 

office 

buildings 
with 

larger 
windows, 

of 
which 

the 
structural 

thermal 
resistance 

is 
lower 

than 
a 

normal 
wall 

and 

surface 
convection 

plays 
a 

more 
important 

part 
in 

its 

overall 
U-value. 

The 
objective 

of 
this 

study 
was 

to 

examine 
the 

relationship 
between 

the 
window 

ratio 
and 

the 
potential 

energy 
saving 

due 
to 

the 
shelterbelt 

for 

new 
office 

buildings. 
A 

computer 
model 

office 
was 

created 
to 

simulate 
thermal 

performance 
of 

a 
building 

under 
various 

wind 
conditions. 

The 
method 

to 
model 

wind 
reduction 

for 
its 

effects 
on 

infiltration 
and 

convection 
was 

also 
established. 

A 
sensitivity 

test 

confirmed 
that 

the 
model 

was 
sensible 

enough 
to 

response 
the 

changes 
of 

the 
wind 

speed 
due 

to 
the 

presence 
of 

a 
windbreak 

in 
windward 

direction. 
The 
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mode] 
was 

then 
used 

for 
the 

simulation 
over 

a 
heating 

season 
of 

six-month. 

2. 
T
h
e
 
m
e
t
h
o
d
s
 

The 
methodology 

applied 
in 

this 
quantitative 

study 

comprised 
of 

three 
parts, 

statistical 
analysis 

of 
local 

weather 
data, 

wind 
reduction 

prediction 
and 

thermal 

dynamic 
modelling 

of 
a 

representative 
building. 

A 

dynamic 
thermal 

performance 
package, 

TAS 
was 

used 

to 
assess 

the 
impact 

of 
shelterbelts 

on 
the 

energy 

consumption 
of 

space 
heating 

in 
office 

buildings[10]. 

2.1 
The 

weather 
features 

The 
statistical 

analysis 
was 

carried 
out 

using 
the 

facility 
of 

report 
generator 

in 
TAS. 

Rewriting 
the 

scripts 
with 

various 
“filters” 

allows 
the 

some 
weather 

features 
to 

be 
counted, 

such 
as 

the 
wind 

speed 
and 

wind 
directions, 

solar 
radiation 

and 
cloud 

cover. 
One 

of 

the 
major 

tasks 
of 

this 
statistical 

analysis 
was 

to 
find 

the 
direction 

of 
the 

prevailing 
wind 

during 
the 

heating 

season, 
so 

that 
the 

windbreak 
could 

be 
planted 

to 
this 

direction 
for 

a maxim 
protection. 

2.2 
The 

physical 
background 

Heat 
losses 

through 
a 

building 
are 

mainly 
in 

two 

ways: 
air 

infiltration 
and 

heat 
conduction 

through 
the 

building 
fabric 

(Fig 
1). 

Dissipation 

L
n
 

Space 
Heating 

  

 
 
 
 

Fig. 
| 
Schematic 

diagram 
of 

sheltering 
effect 

of trees 
on 

space 
heating 

2.3 
Air 

infiltration 

Air 
infiltration 

is 
the 

passage 
of 

air 
into 

a 
structure 

through 
joints, 

pores, 
cracks, 

and 
other 

openings. 
Such 

flows 
result 

from 
pressure 

differences 
between 

inside 

and 
outside 

air, 
which 

is 
mainly 

caused 
by 

the 
force 

of 

the 
wind. 

The 
mass 

flow 
rate 

of 
air 

infiltration 
is 

expressed 
as 

follows: 

m = 0.62(2p)' 
fAlAp|"”” 

(1) 

where 
m 

is 
mass 

flow 
rate 

of 
air 

infiltration, 
kg-s"; 

p 
is 

the 
air 

density 
on 

the 
inlet 

side 
of 

the 
aperture, 

kgm”; 

and 
fA 

is 
the 

area 
of 

the 
aperture, 

m. 

The 
heating 

load 
due 

to 
the 

air 
infiltration 

is: 

QO, 
= 0.62(2p)'? 

fAlAp)” 
C, 

(,, 
-T,,) 

(2) 

where 
Cp 

is 
the 

specific 
heat 

capacity 
of 

air 
at 

constant 

pressure, 
k
g
!
 

‘KT; 
Tao 

is 
the 

outside 
air 

temperature, 

K; 
and 

7%; 
is 

the 
inside 

air 
temperature, 

K
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Di
ss
ip
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io
n 

Th
e 

he
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h 
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ar
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th
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d 
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Th
e 

ef
fe

ct
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wi
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g 
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he
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Th
e 

ex
te
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e 

he
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fl

ow
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n 

be
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fo
ll
ow
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Qo
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(T
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— 
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t) 
(4)

 
wh

er
e 

Qe
xt
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th
 

of
 

wh
ic
h 

we
re
 

th
re
e 

ti
me

s 
of

 
th
os
e 

of
 

a 
bu
il
di
ng
 

lo
ca
te
d 

d
o
w
n
w
i
n
d
 

wi
th
in
 

a 
di

st
an

ce
 

of
 
54
m,
 

th
re
e 

ti
me

s 
of

 
th

e 

he
ig
ht
 

tr
ee
s.
 

It 
ha
d 

a 
me
di
um
 

po
ro
si
ty
 

(o
pt

ic
al

 
po
ro
si
ty
: 

ab
ou

t 
30
%)
 

in 
wi
nt
er
 

[1
2]

. 
Su
pp
or
te
d 

by
 

th
e 

li
te
ra
tu
re
 

re
vi
ew
, 

th
e 

CF
D 

mo
de
ll
in
g 

ca
rr
ie
d 

ou
t 

in 
ho
us
e 

ca
lc

ul
at

ed
 

re
sp
ec
ti
ve
ly
 

a 
wi
nd
 

re
du
ct
io
n 

of
 

th
e 

wi
nd
br
ea
k 

in 
th

e 
le
ew
ar
d 

ar
ea
 

ab
ou

t 
50
% 

fo
r 

th
e 

pr
ev
ai
li
ng
 

wi
nd
, 

35
% 

fo
r 

15
° 

as
id

es
 

of
 

th
e 

di
re
ct
io
n 

an
d 

15
% 

fo
r 

45
°.
 

Ze
ro
 

re
du
ct
io
n 

wa
s 

as
su
me
d 

fo
r 

all
 

ot
he
r 

wi
nd

 
di

re
ct

io
ns

 
[1
3]
. 

It 
wa
s 

as
su
me
d 

th
at
 

th
e 

sh
el
te
rb
el
t 

wa
s 

pl
an
te
d 

to
 
th

e 

So
ut
hw
es
t 

of
 
th

e 
bu

il
di

ng
 

to
 
ga
in
 

th
e 

ma
xi
m 

sh
el
te
ri
ng
 

pr
ot
ec
ti
on
. 

Fu
rt
he
rm
or
e 

th
e 

bu
il
di
ng
 

in 
th

e 
le
ew
ar
d 

of
 

a 

sh
el
te
rb
el
t 

ex
pe
ri
en
ce
d 

th
e 

wi
nd
 

co
nd
it
io
ns
 

as
 

it 
ha
d 

be
en
 

in
 

an
 
op
en
 

sp
ac

e 
wi
th
 
re
du
ce
d 

wi
nd
 

sp
ee
ds
, 

an
d 

th
e 

re
du
ct
io
n 

ra
te

 
we

re
 

di
re
ct
io
n 

de
pe
nd
en
t 

as
 

me
nt
io
ne
d 

ab
ov
e.
 

Th
ro
ug
ho
ut
 

th
e 

wh
ol
e 

he
at
in
g 

se
as
on
s 

(a
bo
ut
 

6 
mo
nt
hs
),
 

th
e 

ho
ur
ly
 
wi
nd
 
sp
ee
d 

va
lu
es
 

in
 

th
e 

we
at
he
r 

fi
le

 
fo

r 
Ed
in
bu
rg
h 

we
re
 

in
di
vi
du
al
ly
 

ad
ju
st
ed
 

to
 

re
fl
ec
t 

th
es
e 

ch
an
ge
s 

in
 

th
e 

wi
nd

 
sp
ee
d 

pa
ra
me
te
r.
 
Ru
nn
in
g 

TA
S 

wi
th
 

th
e 

or
ig
in
al
 
we
at
he
r 

fi
le
 

an
d 

th
e 

mo
di
fi
ed
 

fi
le

 
wo
ul
d 

pr
od
uc
e 

tw
o 

pe
rf

or
ma

nc
es

: 

on
e 

wi
th
 

no
t 

sh
el

te
r 

pr
ot
ec
ti
on
 
an
d 

th
e 

ot
he
r 

ta
ki
ng
 

in
to

 

ac
co
un
t 

of
 t

he
 
sh
el
te
ri
ng
 

ef
fe

ct
. 

2.
6.

 
Th
e 

se
ns

it
iv

it
y 

te
st

 

A 
se
ns
it
iv
it
y 

te
st

 
wa

s 
co

nd
uc

te
d 

to
 

ex
pl
or
e 

ho
w 

a 

bu
il
di
ng
 

co
ul
d 

be
 

co
rr
ec
tl
y 

bu
il

t 
wi
th
 

TA
S 

th
at

 
its

 

 



    Vo
l.
 

2 
Sp
ec
ia
l 

th
er
ma
l 

pe
rf
or
ma
nc
e,
 

na
me
ly
 

its
 

in
fi
lt
ra
ti
on
 

an
d 

ex
te
rn
al
 

su
rf
ac
e 

he
at
 

ex
ch

an
ge

, 
wo

ul
d 

re
sp

on
se

 

ad
eq
ua
te
ly
 

to
 

th
e 

ch
an

ge
s 

of
 
wi
nd
 

sp
ee

d.
 

Th
is
 

mo
de

l 

wa
s 

a 
th
re
e-
st
or
y 

bu
il
di
ng
 

of
 
5x
4x
3m
3.
 

Th
e 

te
st

 
ro

om
 

wa
s 

on
 

th
e 

fi
rs

t 
fl
oo
r 

to
 

av
oi

d 
he
at
 

tr
an

sf
er

 
on
 

its
 

ce
il
in
g 

an
d 

fl
oo
r,
 

as
 
th

e 
ot
he
r 

fl
oo

rs
 
we
re
 
ma
in
ta
in
ed
 

at 

th
e 

sa
me

 
in
te
rn
al
 

co
nd
it
io
ns
. 

Th
e 

fa
ga
de
 

ex
am
in
ed
 

fa
ce
d 

to
 

th
e 

so
ut

h,
 

ha
d 

a 
wa
ll
 

an
d 

a 
si

ng
le

 
gl

az
ed

 

wi
nd

ow
s 

(T
ab
le
 

1).
 

Th
e 

re
st

 
of
 

th
e 

en
ve
lo
pe
 

wa
s 

de
li
be
ra
te
ly
 

ma
de

 
wi
th
 

hi
gh
 

in
su
la
ti
on
, 

so
 

th
at

 
he
at
 

lo
ss

es
 
th

ro
ug

h 
th
em
 
wo
ul
d 

be
 
ne

gl
ig

ib
le

. 

Ta
bl
e 

1. 
Th
er
ma
l 

pr
op

er
ti

es
 

of
 
so

me
 
bu
il
di
ng
 
el

em
en

ts
 
ap
pl
ie
d 

in
 
th

e 
te
st
 
bu
il
di
ng
 

Su
rf

ac
e 

ar
ea

 
Tr

an
sm

it
ta

nc
e 

/m
? 

/(
Wm

?C
"'

) 

Te
st

 
wa

ll
 

11
.5

5 
5.

0 

Si
ng
le
 
Gl

az
ed

 
wi

nd
ow

 
2.

00
 

10
0.

0 

Ot
he
r 

wa
ll

s 
35
.7
0 

0.
00
5 

A 
sp
ec
ia
l 

we
at

he
r 

fi
le

 
wa

s 
pr

ep
ar

ed
 

fo
r 

th
is

 
te

st
, 

in 

wh
ic

h,
 

si
x 

ho
ur

ly
-v

ar
ia

bl
es

, 
in

 
60
 

da
ys
 

we
re

 
fi
xe
d 

to
 

co
ns
ta
nt
 

va
lu
es
, 

wh
il

st
 

th
e 

wi
nd

 
sp
ee
d 

va
ri

ed
 

fr
om
 

0.
0~

10
.0

 
ms
".
 

Th
e 

tw
o 

co
mp
on
en
ts
 

of
 
ra
di
at
io
n 

we
re
 

20
0;
 

th
e 

ou
td

oo
r 

te
mp
er
at
ur
e,
 

5°
C;
 

th
e 

re
la
ti
ve
 
hu
mi
li
ty
, 

80
%;

 
cl
ou
di
ne
ss
, 

1; 
an
d 

th
e 

wi
nd

 
di

re
ct

io
n,

 
so

ut
h.

 
Th

e 

wi
nd

 
sp
ee
d 

wa
s 

se
t 

to
 
0.

0,
 

fo
r 

th
e 

fi
rs
t 

10
 
da
ys
, 

th
en
 

0.
5 

ms
” 

fo
r 

ne
xt
 

te
n 

da
ys
, 

1.
0 

ms
” 

fo
r 

da
y 

21
 

to
 

30
, 

3.
0 

ms
”;
 

da
y 

31
-4

9,
 

5.
0 
ms

”;
 

da
y 

41
-5
0 

an
d 

10
.0
 
ms
";
 

da
y 

51
-6
0.
 

Th
e 

10
-d
ay
 

pe
ri
od
 
wo

ul
d 

al
lo

w 
th

e 
bu

il
di

ng
 

to
 

se
tt
le
 
th
er
ma
ll
y.
 

In
 

th
e 

fi
rs

t 
ru

n,
 

th
e 

in
fi
lt
ra
ti
on
 

wa
s 

fi
xe
d 

to
 

a 
ve
ry
 

sm
al
l 

va
lu
e 

to
 
av
oi
d 

its
 

ef
fe
ct
s,
 

so
 

th
at

 
al

l 
he
at
 

lo
ss

es
 

we
re
 

th
ro
ug
h 

th
e 

st
ru

ct
ur

e.
 

In
 

th
e 

se
co
nd
 

ru
n,
 

an
ot
he
r 

wi
nd

ow
 

wa
s 

ad
de
d 

on
to
 

th
e 

no
rt
h 

fa
ca

de
 

cr
ea

ti
ng

 
a 

co
mp
le
te
 

cr
os
s 

bu
il
di
ng
 

ai
rf
lo
w 

pa
th
 

al
on
g 

wi
th
 

th
e 

or
ig
in
al
 
wi
nd
ow
 

on
 

th
e 

so
ut
h 

fa
ca
de
. 

Th
is
 

si
mu

la
ti

on
 

te
st

ed
 

if 
th

e 
ai

r 
in
fi
lt
ra
ti
on
 
mo

de
le

d 
wa
s 

a 
de

pe
nd

en
t 

of
 

wi
nd

 
sp

ee
d.

 
th

e 
wi
nd
ow
 

wa
s 

tu
rn

ed
 

to
 
al
lo
w 

th
e 

ro
om

 

to
 
ha
ve
 

a 
sm
al
l 

pe
rc

en
ta

ge
 

of
 
op

en
in

g 
th

at
 
le

ad
ed

 
to

 
a 

0.
5 

A
C
H
 

at 
wi

nd
 

sp
ee
d 

of
 

3.
0 

ms
”,

 
an
d 

te
mp

er
at

ur
e 

di
ff
er
en
ce
 

of
 
5°
C 

be
tw

ee
n 

th
e 

am
bi
en
t 

an
d 

in
do
or
 

air
. 

Th
e 

Mo
de
l 

Bu
il
di
ng
 

Th
e 

mo
de
l 

in
te
nd
ed
 

to 
be

 

“r
ep
re
se
nt
at
iv
e”
 

as
 
we
ll
 

as
 

to
 
al
lo
w 

th
e 

ke
y 

pr
ob
le
m 

to
 

be
 

ad
dr
es
s 

— 
qu
an
ti
fy
in
g 

wi
nd

 
sh

el
te

ri
ng

 
be
ne
fi
ts
 

fo
r 

bu
il
di
ng
s 

wi
th
 

la
rg
e 

gl
az
ed
 

fa
ga
de
 

ar
ea
. 

Ba
se
d 

on
 

th
e 

cl
as
si
fi
ca
ti
on
 

of
 

th
e 

En
er
gy
 

Co
ns
um
pt
io
n 

Gu
id
e 

19
 

bu
il
di
ng
 

wa
s 

Jo
ur

na
l 

of
 C
ho
ng
qi
ng
 

Un
iv
er
si
ty
-E
ng
. 

Ed
. 

25
5 

[1
4]
, 

th
e 

bu
il

di
ng

 
wa
s 

cr
ea
te
d 

as
 

a 
tw
o-
st
or
y 

bu
il

di
ng

 

wi
th
 

ce
ll
ul
ar
 

of
fi

ce
s 

(F
ig
 
2&

 
3)

. 
Ea
ch
 

of
 
ce
ll
ul
ar
 

of
fi

ce
 

wa
s 

3 
m 

wi
de

 
an
d 

4.
5 

de
ep

. 
Th
e 

fl
oo

r 
he
ig
ht
 
wa
s 

3.
6 

m,
 

in
cl
ud
in
g 

a 
ce

il
in

g 
vo
id
 

of
 
0.

9m
 

hi
gh
. 

Al
l 

ot
he
r 

ro
om

s 

an
d 

sp
ac
es
, 

su
ch
 

as
 
en
tr
an
ce
 

lo
bb
y,
 

st
ai
rc
as
es
, 

to
il
et
s,
 

se
rv

ic
es

 
ro
om
s 

we
re
 

al
l 

lo
ca
te
d 

at 
th
e 

tw
o 

en
ds
 

of
 
th
e 

bu
il

di
ng

s.
 

Th
e 

U-
va

lu
e 

fo
r 

th
e 

ex
te

rn
al

 
wa
ll
s,
 

in
te
rn
al
 

wa
ll
s,
 
wi
nd
ow
s,
 

fl
oo

rs
 

an
d 

ro
of
 
wa
s 

se
t 

to
 
0.
41
8,
1.
03
, 

5.
88
2,
 

1.
00

2 
an
d 

0.
17
3 

W-
m~
-K
 

re
sp
ec
ti
ve
ly
. 

 
 

 
 
 
 
 
 
 
 

  

 
 

Fi
g.

 
2 

Th
e 

mo
de

l 
of
fi
ce
 
bu
il
di
ng
 
(g

la
zi

ng
 

ra
ti

o 
sm

al
l,

 
le
ft
 
an

d 

la
rg

e 
ri

gh
t)

. 

No
rt
h 

of
fi

ce
s 

Co
rr

id
or

 

 
 

 
 

 
 
 
 

Se
rv
ic
e 

we
st
 

ea
st
 

So
ut
h 

of
fi
ce
s 

Fi
g.

 
3 

Th
e 

zo
ne
s 

on
 
th

e 
gr

ou
nd

 
fl
oo
r 

In
 

th
e 

of
fi
ce
s,
 

th
e 

oc
cu

pa
nc

y 
pa
tt
er
n 

wa
s 

09
00

 
to

 

18
00
, 

M
o
n
d
a
y
 

to
 
Fr
id
ay
, 

wi
th
 
on
e 

ho
ur
 
pr
eh
ea
ti
ng
. 

Th
e 

he
at
in
g 

pe
ri
od
 

wa
s 

ac
co

un
te

d 
fr
om
 

Se
pt

em
be

r 
to

 

Ma
rc

h,
 
wh

en
 

al
l 
ro

om
s 

in
 
th

e 
of

fi
ce

 
we
re
 
ma

in
ta

in
ed

 
at
 

20
°C

 
th
ro
ug
ho
ut
 

th
e 

he
at
in
g 

se
as
on
 

du
ri
ng
 

th
e 

oc
cu

pi
ed

 
pe
ri
od
. 

Th
e 

ca
su

al
 

he
at
 

ga
in
s 

du
ri

ng
 

th
e 

da
yt

im
e 

we
re
 

du
e 

to
 
oc
cu
pa
nt
s,
 
eq

ui
pm

en
t 

an
d 

li
gh
ti
ng
, 

wh
ic

h 
we
re
 

se
t 

to
 

10
, 

15
, 

an
d 

1
5
W
-
m
”
 

re
sp

ec
ti

ve
ly

. 

Al
l 

ot
he
r 

sp
ac

es
 
we

re
 
ma
in
ta
in
ed
 

at 
12

°C
 

all
 

th
e 

ti
me
. 

Th
e 

on
ly
 

ca
su

al
 

ga
in
 

wa
s 

du
e 

to
 

th
e 

li
gh
ti
ng
, 
5
W
m
.
 

Ou
t 

of
 
th

e 
wo

rk
in

g 
ho
ur
s 

pl
us
 

on
e 

ho
ur
 
pr
eh
ea
ti
ng
 

th
e 

wh
ol

e 
wa

s 
un
he
at
ed
. 

Ea
ch

 
of

 
th

e 
wi

nd
ow

s 
wa
s 

ma
de

 
of
 
tw
o 

pa
rt
s;
 

a 
to

p 

on
e 

wi
th
 

a 
fi
xe
d 

gl
as
s 

pa
ne
l 

an
d 

a 
lo
w 

on
e 

wi
th
 

an
 

op
er
ab
le
 

pa
ne

l.
 

Th
e 

op
en
 

ar
ea
 

of
 
th
e 

w
i
n
d
o
w
 

fo
r 

th
e 

in
fi
lt
ra
ti
on
 

wa
s 

fi
xe
d 

to
 

0.
02
5 

(
w
i
n
d
o
w
 

ar
ea
 

1.
96
, 

2.
5%
),
 

so
 

th
at

 
th

e 
ro

om
 

ai
r 

ch
an

ge
 

ra
te
 

co
ul
d 

be
 

0.
5 

A
C
H
 

wh
en

 
th

e 
te

mp
er

at
ur

e 
di
ff
er
en
ce
 

be
tw

ee
n 

th
e 

in
do
or
 

an
d 

ou
td

oo
r 

wa
s 

15
°C

 
an
d 

th
e 

wi
nd

 
sp

ee
d 

wa
s 

3m
s-
1 

fr
om

 
th

e 
So
ut
h.
 

Th
e 

in
te
rn
al
 

do
or
s 

we
re

 
ma

de
 

wi
th
 

a 
0.

1%
 

op
en

 
ar

ea
, 

al
lo

wi
ng

 
ai
rf
lo
w 

to
 

tr
av

el
 

th
ro
ug
ho
ut
 

th
e 

bu
il
di
ng
. 

Al
l 

to
ge
th
er
 

fo
ur
 

ca
se
s 

we
re

 

S
e
r
v
i
c
e



i) 
Nn 

nN 

si
mu
la
te
d,
 

in
 
wh
ic
h 

th
e 

fi
xe
d 

wi
nd
ow
 

pa
ne
ls
 

in
cr
ea
se
d 

th
ei
r 

si
ze
s 

so
 

th
at
 

th
e 

gl
az
e 

ra
ti
o 

va
ri
ed
 
fr
om
 

14
, 

23
, 

31
 

to
 
41
%.
 

Al
l 

ot
he
r 

pa
ra
me
te
rs
 

we
re
 

ke
pt
 
sa
me
, 

th
er
ef
or
e 

th
e 

sh
el
te
ri
ng
 

ef
fe
ct
s 

du
e 

to 
va
ri
ou
s 

wi
nd
ow
 

ra
ti
o 

co
ul
d 

be
 
as
se
ss
ed
. 

Li
ke
 

th
e 

te
st
 

ca
se
, 

th
e 

in
fi
lt
ra
ti
on
 

ra
te
 

of
 

th
e 

mo
de
l 

bu
il
di
ng
 

wa
s 

se
t 

to
 

0.
5 

AC
H-
1,
 

by
 

tu
ni
ng
 

th
e 

op
en
in
g 

ar
ea
s 

of
 

all
 
ap
er
tu
re
s 

on
 

th
e 

ex
te
rn
al
 

wa
ll
s 

to
 
ac
hi
ev
e 

th
e 

gi
ve
n 

ra
te
 

at 
an
 
ex
te
rn
al
 
wi
nd
 

sp
ee
d 

of
 

3 
m
s
.
 

Th
e 

ai
r 

in
fi
lt
ra
ti
on
 

of
 
th
e 

bu
il
di
ng
 
wo
ul
d 

be
 
th
en
 
re
sp
on
si
ve
 

to 
ch
an
ge
s 

of
 
wi
nd
 

sp
ee
d 

in 
wi
nd
 

da
ta
 

in 
si
mu
la
ti
on
. 

Mo
re
 

de
ta
il
s 

re
ga
rd
in
g 

to 
th
is
 
TA
S 

mo
de
l 

ca
n 

be
 
fo
un
d 

in
 
re
fe
re
nc
e[
 

15
] 

3. 
Re
su
lt
s 

3.
1 

Th
e 

se
ns
it
iv
it
y 

te
st
 

As
 

ex
pe
ct
ed
, 

th
e 

av
er
ag
e 

te
mp
er
at
ur
e 

an
d 

th
e 

he
at
 

fl
ux
 

in
cr
ea
se
d 

on
 

th
e 

ex
te
rn
al
 

su
rf
ac
e 

of
 

th
e 

bu
il
di
ng
 

Fa
n 

WA
NG
, 

et 
al.

 
/ S
he
lt
er
in
g 

ef
fe
ct
 
of
 t

re
es
 
on
 
re
du
ci
ng
 
sp
ac
e 

he
at
in
g.
..
 

Vo
l.
 

2 
Sp
ec
ia
l 

va
ri
ed
 

wi
th
 

th
e 

wi
nd
 

sp
ee
d.
 

Th
e 

su
rf
ac
e 

te
mp
er
at
ur
es
 

at 
bo
th
 

su
rf
ac
es
 

lo
we
re
d 

by
 

th
e 

in
cr
ea
si
ng
 

wi
nd
. 

Th
e 

he
at
 

fl
ux
 

at 
th
e 

w
i
n
d
o
w
 

su
rf
ac
e 

ha
d 

a 
mo
re
 

ra
pi
d 

in
cr
ea
se
 
wh
en
 

th
e 

wi
nd
 
be
ca
me
 

st
ro
ng
er
. 

It 
wa
s 

6.
6 

W 
m-
2 

in
 

a 
ca
lm
 

co
nd
it
io
n 

at 
th
e 

wa
ll
, 

an
d 

in
cr
ea
se
 

ve
ry
 

sl
ow
ly
 

to
 

7.
4 

W
 

m-
2 

wh
en
 

wi
nd
 

bl
ew
 

at 
10
 
m 

s-
l,
 

a 
to
ta
l 

in
cr
ea
se
 

of
 
12
%.
 

Bu
t 

th
e 

sa
me
 

va
ri
ab
le
 

in
cr
ea
se
 

24
% 

fr
om
 

9.
1 

W 
m-
2 

at 
wi
nd
le
ss
 
m
o
m
e
n
t
 

to
 

11
.2
 
W 

m-
2 

in
 

th
e 

wi
nd
 

of
 

10
 

m 
s-
1.
 

(F
ig
 

4,
 

le
ft
).
 

Th
e 

he
at
 

lo
ss
es
 

fr
om
 

th
e 

su
rf
ac
e 

of
 

th
e 

w
i
n
d
o
w
 

in
cr
ea
se
d 

mo
re
 

qu
ic
kl
y 

th
an
 

th
at
 

on
 

th
e 

wa
ll
 

su
rf
ac
e.
 

Th
is
 

wa
s 

du
e 

to
 

th
e 

fa
ct
 

th
at
 

th
e 

th
er
ma
l 

wi
nd
ow
 

ha
d 

lo
we
r 

tr
an
sm
it
ta
nc
e 

an
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Su
rf
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e 

te
mp
er
at
ur
e 
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d 
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at
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es
 

vs
. 

th
e 

wi
nd
 

sp
ee
d 

(l
ef
t)

 
an
d 

su
rf
ac
e 

he
at
 
tr
an
sm
it
ta
nc
e 

(r
ig
ht
).
 

On
 

th
e 

wh
ol
e,
 

th
es
e 

se
ns
it
iv
e 

te
st
s 

co
nf
ir
me
d 

th
at
 

th
e 

mo
de
ll
in
g 

te
ch
ni
qu
es
 

de
ve
lo
pe
d 

he
re
 

we
re
 

ab
le
 

to
 

si
mu
la
te
 

th
e 

th
er
ma
l 

be
ha
ve
s 

of
 

th
e 

bu
il
di
ng
 

un
de
r 

va
ri
ou
s 

wi
nd
 

co
nd
it
io
ns
. 

Th
e 

in
fi
lt
ra
ti
on
 

an
d 

ex
te
rn
al
 

su
rf
ac
e 

co
nv
ec
ti
on
, 

de
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nd
en
t 

of
 

th
e 

wi
nd
 

sp
ee
d,
 
we
re
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on
ab
ly
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mu
la
te
d.
 

3.
2 

To
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l 

en
er
gy
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um
pt
io
n 

ov
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th
e 
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at
in
g 
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on
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mp
ar
ed
 

wi
th
 

th
e 

pr
ev
io
us
 
mo
de
ll
in
g 

st
ud
y 

wh
er
e 

th
e 

tr
ad
it
io
na
l 

of
fi
ce
 

bu
il
di
ng
 

co
ul
d 
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ve
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ou
t 

4.
5%
 

he
at
in
g 

en
er
gy
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e 

ne
w 
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fi
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il
di
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wi
th
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al
l 

w
i
n
d
o
w
 

ra
ti
o 

wo
ul
d 
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a 
hi
gh
er
 
en
er
gy
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vi
ng
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ab
ou
t 

5.
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ab
le
 

3)
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pe
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ed
, 

th
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ng
 

wi
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be
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ab
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wh
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0.
86
 

to
 

1.
22
 
k
W
-
h
-
m
?
 
wh
en
 

th
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ra
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ge
 

ra
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bo
th
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e 
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d 

th
e 
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ur
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th
e 
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d 

th
e 

in
do
or
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r,
 

th
e 
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a 
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wi
nd
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0.
5 
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ge
 

ra
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wi
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th
e 
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d,



    

Vo
l.

 
2 

Sp
ec
ia
l 

Jo
ur

na
l 

of
 
Ch
on
gq
in
g 

Un
iv
er
si
tv
-E
ng
. 

Ed
. 

to 
Nn 

~— 

 
 

wh
ic
h 

ag
re

es
 

we
ll
 

wi
th

 
th

e 
th

eo
ry

 
ex
pr
es
se
d 

in 

eq
ua
ti
on
 

1, 
2 

an
d 

3. 

A 
cl
os
e 

lo
ok

 
at 

th
e 

br
ea

kd
ow

n 
he
at
 

lo
ss
es
 
pr
ov
id
es
 

a 

be
tt
er
 

pi
ct
ur
e 

ho
w 

th
e 

sa
vi
ng
s 

we
re

 
ac
hi
ev
ed
. 

Th
e 

co
nt
ri
bu
ti
on
 

wa
s 

ma
de
 

al
mo

st
 

eq
ua
ll
y 

by
 

th
e 

cu
t 

on
 

in
fi

lt
ra

ti
on

 
an
d 

re
du
ct
io
n 

on
 

th
e 

he
at
 

lo
ss

es
 

on
 

th
e 

wi
nd

ow
s 

(T
ab
le
 

4)
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It 
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sh
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s 

th
at

 
th

e 
he
at
 

lo
ss
es
 

th
ro
ug
h 

th
e 

wa
ll

s 
we
re
 

at 
th

e 
sa
me
 

le
ve

l 
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th
os

e 
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in
fi
lt
ra
ti
on
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Bu
t 

th
e 

lo
ss

es
 

th
ro
ug
h 

th
e 

wi
nd

ow
s 
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mu
ch

 
hi
gh
er
. 
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r 

a 
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il
di

ng
 

wi
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la
rg
er
 
wi
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ow
s,
 

th
e 

re
du
ct
io
n 

on
 
wi

nd
ow

 
he
at
 

lo
ss

es
 

wa
s 

th
er
ef
or
e 

mu
ch

 

mo
re

 
si
gn
if
ic
an
t.
 
Wh
en
 

th
e 

gl
az

ed
 

ar
ea
 
be
ca
me
 
44

% 
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th
e 

to
ta
l 

fa
ca

de
, 

th
e 

sa
vi
ng
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e 

to
 

th
e 

w
i
n
d
o
w
 

co
nt
ri
bu
ti
on
 
wa
s 
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ic
e 
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th

at
 

of
 
in

fi
lt

ra
ti
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Th
e 

in
fi
lt
ra
ti
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he
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de
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ea
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d 
wh
en
 

th
e 

wi
nd

ow
 

ar
ea
 
in
cr
ea
se
d,
 
al
th
ou
gh
 

th
e 

ai
r 

ch
an
ge
 

ra
te
s 

in 

th
e 

bu
il
di
ng
 

re
ma
in
ed
 

th
e 

sa
me

 
(t
he
 

se
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nd
 

an
d 

fi
ft
h 

co
lu

mn
s 

in
 
Ta

bl
e 

4)
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Th
is
 

is 
du
e 

to
 

th
e 

fa
ct

 
th
at
 

th
e 

in
do
or
 

ai
r 

ha
d 

a 
lo
we
r 

te
mp
er
at
ur
e 

du
e 

to
 
mo
re
 

he
at
 

lo
ss
es
 
th
ro
ug
h 

la
rg

er
 
wi

nd
ow

s.
,H

en
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fo
r 

th
e 

sa
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ai
r 

ch
an
ge
, 
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rg
er
 

te
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er
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e 

di
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er
en
ce
 

in
/o
ut
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re
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lt
ed

 
hi

gh
er

 
he
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lo
ss

es
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is 
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e 
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e 
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e 

th
er
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f 
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in 
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e 

wi
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4.
 
C
o
n
c
l
u
s
i
o
n
s
 

Al
th

ou
gh

 
th

is
 
mo
de
ll
in
g 

st
ud
y 

wa
s 

ca
rr

ie
d 

ou
t 

un
de
r 

ma
ny
 
as
su
mp
ti
on
s,
 
wh
ic
h 

si
mp

li
fi

ed
 

th
e 

co
mp
le
x 

is
su
e 

of
 
bu

il
di

ng
 

he
at
 

lo
ss
es
 

in
 
ch

an
gi

ng
 

wi
nd
, 

th
e 

ex
er
ci
se
 

ha
s 

re
ve
al
ed
 
ma
ny
 

ne
w 

fi
nd
in
gs
 

as
 

we
ll
 

as
 
co
nf
ir
me
d 

so
me
 

es
ta
bl
is
he
d 

kn
ow
le
dg
e.
 

Fi
rs

tl
y 

th
e 

me
th
od
 

of
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de
ll
in
g 

wi
nd
 

sh
el

te
r 

ef
fe
ct
 

on
 
th
er
ma
l 

pe
rf
or
ma
nc
e 

of
 
bu
il
di
ng
 
wo
rk
s 

re
as
on
ab
le
 

we
ll
 

if 
th

e 
co
nv
ec
ti
on
 

is 

de
pe
nd
en
t 

of
 

th
e 

wi
nd
 

sp
ee
d 

of
 

a 
we
at
he
r 

st
at

io
n.

 
Fo
r 

mo
re
 

re
al

is
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mo
de
ll
in
g 

th
e 
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on
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ip

 
be
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n 

th
e 

co
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ec
ti
on
 

co
ef

fi
ci

en
t 

an
d 

th
e 

ai
rf
lo
w 
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d 

ne
ed
s 

to
 

be
 
lo
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ll

y 
de
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ne
d.
 
Se
co
nd
ly
 

th
e 

la
rg
e 

th
e 

gl
az
ed
 
fa
ca
de
 

ar
ea
 

is 
th

e 
mo
re
 

si
gn
if
ic
an
t 

th
e 

sh
el
te
r 

ef
fe
ct
 

is.
 

Co
mp

ar
ed

 
wi
th
 

th
e 

of
fi
ce
 

bu
il
di
ng
s 

co
nv
er
te
d 

fr
om

 

tr
ad
it
io
na
l 

ol
d 

ho
us
es
 
wh
ic
h 

ha
s 
a t

ot
al
 

sa
vi
ng
 

of
 
4.
5%
, 

a 
mo
de
rn
 

of
fi
ce
 
bu

il
di

ng
 

wi
th
 

la
rg
e 

gl
az
ed
 

fa
ca
de
 

an
d 

lo
we
r 

ce
il

in
g 

he
ig
ht
 

wi
ll

 
li
ke
ly
 

to
 

sa
ve
 

up
 

to
 

5.
5%
. 

Th
ir
dl
y 

th
e 

sa
vi
ng
 

wi
ll
 

be
 
mo
re
 

re
ma
rk
ab
le
 

wh
en
 

th
e 

sa
vi
ng
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