
AIVC 12,430 

PERGAMON Building and Environment 35 (2000) 19-26 

www.elsevier.com/locate/buildenv 

Energy analysis of commercial buildings in subtropical climates 
Joseph C. Lam* 

Building £11erg_r Rcsearclr Gro11p, Departmelll of Building and Construction, City U11il'ersity of Hong Kong, Tat Chee A l'<'mte, Ku1rloo11, Hong Kong 

Received 8 October 1997; received in revised form 20 October 1998; accepted 24 November 1998 

Abstract 

The overall thermal transfer value ( OTTV) concept has been extended to correlate the OTTV of building envelope designs 

with other key building design parameters through DOE-2 computer simulations. A survey of 146 commercial buildings 
completed between 1975 and 1995 provides the information on the prevailing architectural designs and construction practices in 
Hong Kong. This information forms a basis for the development of a generic office building used in the computer analysis. Four 
major design aspects have been considered, namely the building envelope, indoor design conditions, internal loads and heating, 

ventilation and air-conditioning (HY AC). Implications for energy efficiency in the commercial sector energy use are 
discussed. � 1999 Elsevier Science Ltd. All rights reserved. 

1. Introduction 

THERE have been growing concerns about energy 

consumption and its implications for the environment. 

With high economic growth, Hong Kong has seen a 

dramatic increase in energy consumption in recent 

years, particularly electricity use in commercial and 

residential buildings [ l]. Fig. 1 shows the electricity 

consumption in the residential and commercial sectors 

during the 26-year period from 1971 to 1996. It can be 

seen that housing stocks consumed 1059 and 8109 

GWh in 1971 and 1996, respectively. This represents 

an average annual growth rate of 8.5% during the 26-

year period. In the commercial sector, electricity use 

rose from 1780 GWh in 1971 to 17,907 GWh in 1996, 

an increase of 906%. This corresponds to an average 

rate of increase of 9.7% per year. In 1996, electricity 

use in commercial buildings accounted for just over 

half of the total electricity consumption and rep

resented about one-third of the total primary energy 

requirement in Hong Kong. 

Most electricity is used for lighting and air-con-
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ditioning in subtropical Hong Kong, where the sum
mer is long, hot and humid. Cooling season runs from 
late March to early November for commercial build
ings. Recent surveys indicate that air-conditioning 

accounts for 50-60% of the total electricity use [1]. In 

response to the growing concerns about energy con

sumption and its implications for the environment, the 

Government decided to introduce legislative control of 

the building envelope designs through the overall ther
mal transfer value (O T TV) method. After consultation 

with the building professions, an O T TV limit of 35 W/ 
m2 was set for all commercial buildings (i.e. offices, 

offices/shopping complexes and hotels) in 1995 [3]. 

Since then, there have been growing interests among 

researchers and building designers in building envelope 

designs in terms of the O T TV, its interactions with 

other major design considerations and their impli

cations for energy efficiency. Computer building simu

lation techniques have been used in the present study 

to investigate the interrelationship between the O T TV 
and other key design parameters and their impacts on 

electricity use in commercial buildings. This paper out

lines the O T TV concept, describes the energy analysis, 

presents the findings and discusses the implications for 

energy efficiency strategy in designing commercial 
building. 

0360-1323/00/$ - sec front matter ([_1 1999 Elsevier Science Ltd. All rights reserved. 
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Fig. I. Electricity consumption in the residential and commercial sectors from 1971 to 1996. 

2. OTTV concept 

The overall thermal transfer value (OTTV ) concept 
was introduced in the ASHRAE Standard 90A- 1980 
by the American Society of Heating, Refrigerating and 
Air-Conditioning Engineers [4]. The OTTV is basically 
a measure of heat transfer from outside to the indoor 
environment through the external envelope of a build
ing. Three components of heat gain are considered
conduction through the opaque surface, conduction 
through the glass and solar radiation through the 
glass. It is an index of the overall thermal performance 
of a building envelope : smaller the 0 TTV, less the 
energy use for cooling. The usual practice is to have 
two separate OTTVs-one for the external walls 
(including windows) and the other for the roof (includ
ing skylights, if any). 

2.1. OTTV equ ation for the w alls 

As walls at different orientations receive different 
amounts of solar radiation, the general procedure is to 
calculate first the OTTVs of individual walls with the 
same orientation and construction, then the OTTV of 
the whole exterior wall is given by the weighted aver
age of these values. Thus: 

OTTV; = (Qw + Qg + Q,)/ Ai, 

(Aw· Uw · TDeq) + (Ar· Ur· D T) + (Af · SC · SF) 

Ai 

( 1) 

where OTTV; is overall thermal transfer value of walls 

with same orientation and construction (W/m2), Qw is 
heat conduction through opaque walls (W), Qg is heat 
conduction through glass windows (W), Qs is solar 
radiation through glass windows (W), Aw is area of 
opaque wall (m2), Uw is U-value of opaque wall (W/ 
m2), TDcq i equivalent temperature difference (K), Ar 
is area of feneslrati n (m2), Ur is U-value of fenestra
tion (W/m2K), D T  is temperature difference between 
exterior and interior design conditions (K), SC is shad
ing coefficient of fenestration, SF is solar factor for 
that orientation (W /m2), Ai is gross area of the walls 
(m2)=Aw+ A r, and, 

OTTV 
_ r.(OTTVi · A;) 

wall - A , 
lw 

(2) 

where OTTVwall is OTTV of the whole exterior wall 
(W /m2) and Atw is r.(Ai) =total gross exterior wall area 
(m2). 

Alternatively, Eq. (1) can be expressed in terms of 
the window-to-wall ratio, WWR. Thus: 

OTTV; = (1 - WWR). TDeq. Uw + WWR. D T  

· Ur + WW R · SC· SF, (3) 

where WWR = the ratio of window area to gross wall 
area= Ar/ Ai· 

2.2. OTTV equ ation for the roof 

The approach and equations for calculating the roof 
OTTV are similar to those for the walls. Calculation 
for the roof is often much simpler because a roof 
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usually does not contain large amount of glazing 
(except skylights over an atrium). Heat gain through 
the roof is generally small compared with the external 
walls for two reasons. Firstly, most commercial build
ings in Hong Kong are high-rise (20 storeys or more), 

roof area is, therefore, small compared with the exter
nal wall area. Secondly, most of the roofs have 40-
50 mm thermal insulation (with a U-value less than 
0.64 W/m2 K) with no skylight. Hence, there is no 
solar heat gain and the heat conduction through the 
roof is insignificant. Therefore, only the wall OTTV 
has been analysed. 

2.3. OTTV and cooling load 

The space cooling load is the rate at which heat has 
to be removed from th.! space to maintain a constant 
indoor air temperature. The sum of all the instan
taneous heat gain into the space at any given time is 
not necessarily equal to the cooling load for that space 
at that time. The effect of radiant heat into a space is 
not immediate. Firstly, it has to be absorbed by the 
surfaces enclosing the space (walls, floor and ceiling) 
and by objects within the space (furniture, fittings, 
people, etc.). Some of the heat absorbed will later be 
transferred to the indoor air by convection when these 
surfaces and objects are warmer than the room air. 
The main difference between instantaneous heat gain 
and space cooling load is the thermal storage effect of 
these surfaces and objects, and to some extent the ther
mal mass of the building envelope. For commercial 
buildings with central air-conditioning plants and fixed 
operating hours, the original OTTV concept can be 
extended to deal with the cooling loads due to heat 
gains through the building envelopes. Turiel et al. [5] 
and Chou and Lee [6] have correlated the OTTVs with 
cooling loads using computer simulation techniques 
for a generic office building. A similar approach is 
adopted for the present study. 

3. Generic office building 

A survey of existing commercial buildings built 
between 1975 and 1995 was conducted to establish a 
database of the prevailing architectural designs and 
construction practices in Hong Kong. The main source 
of information is the Monthly Digest published by the 
Buildings Department [7]. The Digest contains lists of 
buildings in chronological order of building construc
tion in Hong Kong, address, number of storeys, build
ing cost, usable floor area and gross floor area. There 
were well over a thousand buildings certified for occu
pation during the 21-year period from 1975 to 1995. 
In order to restrict the number of buildings to be ana
lysed, only statistics from the month of January and 

June in each year were selected. This provides a ran
dom sample over time and the survey represents a 
snapshot of the changing face of buildings in Hong 
Kong. There was no building completed in some 
months in certain years, and January and June were 
chosen because there were always buildings completed 
in either one or both. A total of 146 buildings with a 
total gross floor area of 1.3 million m2 were selected 
for the study. Information on the types of building 
envelope designs and building services installations 
were obtained mainly through on-site visual inspection. 
literature search of the local and international pro
fessional journals and interviews with architects and 
engineers involved in some of the building projects [8]. 

Most of the buildings are 20- to 40-storey high-rise 
development with either square or rectangular con
figurations. The prevailing building envelope designs 
are reinforced concrete with tile cladding and curtain 
walling. Windows are single glazing with either tinted 
or reflective glass. In subtropical Hong Kong, double 
glazing is seldom used except for acoustic reasons. All 
buildings have centralised air-conditioning systems. 
Based on the information gathered, a 40-storey generic 
office building was modelled for the computer simu

lation in this study. The building is 35 x 35 m with a 
14 x 14 m non-air-conditioned central core; floor-to
floor height is 3.4 m with curtain walling design, which 
is currently the preferred choice among architects and 
clients in most recent commercial development. U
values for windows and spandrels are 5.6 and 2.5 W / 
m2 K, respectively; WWR is 0.44 with single reflective 
glass which has a shading coefficient of 0.4. The 
OTTV of this envelope design was determined using 
Eq. (3). The weather parameters such as TDeq were 
obtained from [3]. The OTTV of this generic office 
building is 35 W/m2, just meeting the new legislative 
control of building envelope designs for commercial 
buildings [3]. Electric lighting is recessed fluorescent 
with a lighting load of 20 W/m2. Office equipment 
load is 15 W/m2 and the occupancy density is 4 m2/ 
person. Air-conditioning is a variable-air-volume 
(VA V) system, which is the prevailing air-conditioning 
design, especially in large scale commercial building 
projects. The cooling set point is 25SC. Chillers are 
packaged air-cooled hermetic reciprocating type with 
an average coefficient of performance (COP) of 3. The 
values chosen for these design parameters are based on 
the averages found in the building survey. 

4. Computer simulations 

The DOE-2.1 E computer program [9] was used to 
conduct hour-by-hour calculations of the cooling loads 
and energy performance for the generic office building. 
Weather data were based on the 8760 records of 
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Fig. 2. Breakdown of building envelope cooling load for generic 
office building. 

measured hourly weather data for 1989, the test refer
ence year for Hong Kong [10]. Fig. 2 shows the break
down of the computed building envelope cooling load. 
It can be seen that solar heat through the fenestration 
is the most significant component, accounting for 
about half of the building envelope cooling load. As 
expected in high-rise development, conduction heat 
gain through the roof is insignificant, representing only 
0.6%. To get some idea about the energy performance, 
computed electricity consumption by various major 
items were analysed, and a breakdown of the electri
city use is shown in Fig. 3. Chillers consume about 
40% of the total annual electricity expenditure, indi
cating the overwhelming importance of air-condition
ing in the subtropics. Together with the HVAC 
auxiliary (i.e. fans and pumps), air-conditioning 
accounts for nearly 60% of the total annual electricity 
use. Since the local winters are short and mild, energy 
demand for space heating is not significant. 

From the DOE simulations, it has been observed 
that the building envelope only accounts for about 
30% of the total building cooling load. Internal load 
(i.e. artificial lighting, office equipment and occupancy) 
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Fig. 3. Breakdown of annual electricity consumption for generic 
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Fig. 4. Annual electricity consumption for different OTTVs and cool

ing set points. 

and fresh air load (i.e. ventilation) account for the 
remaining 70%. Thus, the energy use due to building 
envelope heat gain only accounts for about 20% of the 
total building energy consumption. The percentage 
would be lower for commercial buildings with shop
ping complexes where the lighting and occupancy 
loads are much higher than offices. This suggests that 
there are some other design parameters which may be 
more energy-sensitive than the building envelope. 
Broadly speaking, there are four major design aspects 
to consider, namely the building envelope, indoor de
sign conditions, internal loads and HY AC. 

4.1. Indoor design conditions 

Previous work on thermal comfort survey and 
analysis (11] has indicated that many commercial pre
mises tend to be over-cooled by 2-4°C from the usual 
indoor design temperature of 25.5°C recommended by 
a Government consultancy study [12]. To assess the 
correlation between different OTTVs and the indoor 
design temperatures and their energy implications, 
DOE simulations were carried out based on the gen
eric office building described earlier. Seven building 
envelope designs with OTTVs ranging from 15 to 45 
W/m2 (in an interval of 5 W/m2) were considered. 
These values correspond to the OTTV range found in 
the survey of existing commercial buildings. Eq. (3) in
dicates that the key design variables for the OTTV are 
the WWR, shading coefficient and U-values for the 
opaque walls and windows. Among them, WW R and 
shading coefficient are the more dominant design vari
ables as solar radiation accounts for most of the build
ing envelope heat gain (see Fig. 2). These two 
variables were varied to achieve the seven OTTVs. The 
cooling set point was also varied, from 20 to 28°C in 
an interval of 2°C. Therefore, there are altogether 35 

simulation runs. 
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lighting loads. 

Fig. 4 shows the computed annual electricity con
sumption. It can be seen that energy use increases with 
the O T TV for all the six different cooling set points. 
The energy use, however, does not increase a great 
deal over the entire O T TV range. The average sensi
tivity coefficient (i.e. the ratio of the percentage change 
in electricity use to the percentage change in O T TV) is 
only 0.03, which is very much smaller than the average 
sensitivity coefficient of 0.6 for the cooling set point. 
The energy use tends to decrease more rapidly with 
the increase in cooling set point. This indicates that 
indoor design temperature has a far greater influence 
on energy efficiency in commercial buildings than the 
variations in the building envelope designs. This also 
suggests that a simple effective no-cost energy-efficient 
measure to lower the electricity use in existing com
mercial buildings would be to raise the internal tem
perature to the 25.5°C recommended for commercial 
premises in Hong Kong. 

4.2. Internal loads 

Office equipment and occupancy are usually beyond 
the control of the architects and engineers. This study, 
therefore, only considers the electric lighting load, 
which was varied from 10 to 30 W/m2 in an interval of 

5 W/m2. Fig. 5 shows the computed annual electricity 
use for the different O T TVs and lighting loads. Again, 
there are only moderate increases in the energy use 
over the whole O T TV range. The sensitivity coefficient 
for the lighting load is 0.27, much higher than the 0.03 
for the O T TV. Most of the buildings in the survey 
have lighting loads between 20 and 30 W/m2. With the 
advance in lighting technology, in terms of lighting 
products and design techniques, energy-efficient loads 
of 2.5 W/m2 for every 100 lux can now be achieved 
[13]. This corresponds to a lighting load of 12.5 W/m2 

for the usual 500 lux internal illuminance for offices. 
Many case-study designs have demonstrated the great 
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energy-saving potential of better and more energy-effi
cient lighting designs, and this should be a key design 
aspect to address in energy efficiency programmes for 
commercial buildings. 

4.3. Heating, ventilation and air-conditioning ( HV AC) 

It has been observed in Fig. 3 that chillers account 
for most of the electricity use in the air-conditioning 
system. Energy performance of chillers is largely gov
erned by the coefficient of performance (COP). 
Computer simulations based on six different COP were 
carried out for the whole O T TV range, and the com
puted results are shown in Fig. 6. The annual electri
city consumption drops more rapidly during the initial 
increase in COP from 2.5. The average sensitivity coef
ficient is 0.22. It appears that improving the energy 
efticiency of chillers could result in significant energy 
savings in the commercial sector-the higher the COP, 
the better the energy efficiency. Most of the chillers in 
local commercial buildings are air-cooled with a COP 
of around 3. Although water-cooled chillers tend to 
have higher COP (usually around 5), very few com
mercial developments install this type of refrigeration 
plant, except buildings near the harbour where sea
water cooling is used for the heat rejection process in 
the air-conditioning system. This phenomenon is 
mainly due to the local regulation restricting the use of 
fresh-water cooling for air-conditioning in the commer
cial sector. This restriction was mainly due to the 
severe water shortage during the 1960 s and 1970 s. 

The water supply situation has improved in recent 
years, and there have been debates among various 
building professions and Government departments 
about the possibility of lifting the fresh-water cooling 
restriction. It is envisaged that a study on the techni
cal, financial and environmental aspects of fresh-water 
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cooling for air-conditioning in the commercial sector 
would be commissioned in the near future. 

4.4. Ch ar a ct eristi c l ength 

Critics of the legislative control of building envelope 
designs via the OTTV method have argued that the 
OTTV is prescriptive and inflexible. It makes no allow
ance for different building forms, geometry and typical 
floor sizes. Many prescriptive building energy regu
lations tend to consider the building size and shape 
through the correlation of the building envelope mean 
heat transfer coefficient and the building characteristic 
length (i.e. the ratio of the building volume to the area 
of the building envelope (14). Over 80% of the build
ings in the survey have a characteristic length between 
2.5 and 12.5 m. Assuming a square floor plan and a 
floor-to-floor height of 3.4 m, these characteristic 
lengths correspond to 10 x 10 m and 50 x 50 m. 
Based on the generic office building, computer simu
lations were carried out with floor plans ranging from 
10 x 10 m to 50 x 50 m, in an interval of 10 m. The 
computed electricity consumption was analysed. In 
order to reveal the energy performance on a per unit 
floor area basis, the computed annual electricity use 
was expressed in terms of the normalised performance 
indicator (NP!). Fig. 7 shows the NP! for the different 
OTTVs and characteristic lengths. It can be seen that 
the N Pl falls almost exponentially with the increase in 
characteristic length. It is interesting to note that there 
is a sharp drop in the NP! between the characteristic 
lengths of 10 and 12.5 m. This has significant impli
cations for the future building code, which would 
probably be performance-based using energy targets 
similar to the NP I. Fig. 7 shows that a building with a 
characteristic length of 7.5 m would need an OTTV of 
15 W/m2 for its building envelope design in order to 
have the same NP! as another building which has a 
characteristic length of 10 m and an OTTV of 30 W/ 
m2• This raises the issue of the need for different 

OTTV limits and energy performance targets for build
ings with different building shapes and sizes. More 

work is required in the study of building morphology 
and the scale of commercial development. 

5. Discussion and conclusions 

Buildings, energy and the environment are some of 
the key issues that the building professions have to 
address in the planning, design and construction pro
cess. Energy use, especially electricity consumption in 
commercial buildings, has increased a great deal over 
the past two decades in Hong Kong. Energy use due 
to heat gains through the building envelopes accounts 
for less than one-fifth of the total energy use in typical 
air-conditioned commercial buildings. Energy savings 
resulting from legislative control of the building envel
ope designs through the 0 TTV method may not be 
significant, particularly during the initial years (the 
legislation only applies to new buildings). However, as 
an initial step to create a more energy-conscious en
vironment among the building professions, this admit
tedly rather prescriptive energy standard should be 
supported. More attention must now be focused on 
other issues such as the air-conditioning and lighting 
designs and the subsequent operation of the buildings 
and building services equipment. 

Lighting is a key design area to be addressed by the 
building professions. This study has shown that the 
lighting load has a much higher sensitivity coefficient 
than the building envelope, indicating greater influ
ences on the electricity use in commercial buildings in 
subtropical climates. Most office buildings have light
ing installations with lighting loads of 20 W /m2. It is 
believed that lighting load of 10-12.5 W/m2 are realis
tic design figures which will provide an indoor illumi
nance of 400-500 lux for office buildings. Through 
computer energy simulations, it has been estimated 
that lowering the lighting load from the current 20-
12.5 W/m2 for an office with an indoor illuminance of 
500 lux, the total building electricity consumption 
could be reduced by about 15%. 

Another aspect of lighting design to be addressed is 
the use of natural daylight. None of the 146 buildings 

surveyed has incorporated any energy-saving daylight
ing scheme. In cooling-dominated commercial build
ings in the subtropics, daylighting can result in 
significant energy savings. Firstly, natural daylight can 
reduce the use of electricity for artificial lighting. 
Secondly, daylight has a higher luminous efficacy than 
most electric lighting systems, thus generating less heat 
per lighting level provided. The average luminous effi
cacy for daylight in Hong Kong is 110 lumen/W (15], 
whereas the average installed lighting efficacy found in 
local commercial buildings is about 60 lumen/W. 
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The computed energy perfonnance of the generic 
office building based on different cooling set points has 
revealed that there could be a 3% reduction in total 
building electricity use for every°C rise in the indoor 

design temperature. As many commercial premises are 
over-cooled by 2--4'C. a imple no-cost energy-efficient 
measure woµld be to rai.c the internal air temperarnre 
to the recommended 25.s<c. Howe,·cr. it is en,·isaged 
that there could be strong resistance to such a 

measure. The local community is used to the over
cooling condition, to such an extent that. more often 
than n t. office workers tend ro wear a jacket or cardi
gan to keep warm. Educat ion and publicity campaign 
are. therefore, an integral part of any energy efficiency 
programme targeted at the commercial sector. 1t takes 
time to correct people's perception of che appropriate 
indoor built environment and to change their user 
behaviour. Air-conditioning is the single largest electri

city end-u er in commercia l building . For the generic 
office building, it accounts for about 60% of the total 
building energy consumption. Within the air-condition
ing. system. c.hillers consume mo t of the electricity for 
sp:ice cool ine. Means to improve the energy efficiency 
of the chiller plant in term of the design. sdection 
and subsequent operation. should be carefully con
sidered. It has been found that an improvement of the 
chiller COP from 3 to 5 can reduce the totul building 
electricity use by 16% for the generic office building . 

The use of simple methods like the OTTV limit to 
prescribe and evaluate the energy performance of com

mercial building en\'elope designs has its ad \'antages 
and disadvantages. When the building energy perform
ance is correlated with different OTTVs and character
istic lengths, it has been founded that, for the same 
OTTV, buildings with smaller floor plans and hence 
smaller characteristic lengths tend to have a much 
higher normalised pe rformance indicator. AP! (i.e. 
annual energy use per unit floor area). This indicates 
that future work on the development of a more com
prehensive performance-based energy code should con

sider the need for different energy targets or NP!s for 
buildings with different building forms and sizes. The 
simulated energy consumption data have been pre
sented in terms of simple correlation between different 
major design variables. These charts and figures show 
the general overall trends of how changes in certain 
k.::y design parameters can aff1::ct the energy use in 
commercial bui ldings. and. therefore. could be con
. idered as simple design guide · . However, given the 
t1dn1nce in computer technolog: and the wide-spre·1d 
u e of computer simuhtion techniques. one could 
argue that there is no need for the e simple design 
guides. We believe that both the simpk design tools 
and the detailed computer simulation ti::chniques 
would be complementar to one another. Simple 
approaches involving charts. nomognms and tables 

are useful to designers, particularly during the initial 
design stage when different building schemes and con
cepts are being considered. These pro\'ide the designers 
some quick basic in.ights into the int<."frelationship 
between variou key design parameter . and how their 
intcr-dependenc can affect the energ_ performance of 
the buildi ng being developed . Detailed computer simu
lation techniques can then be u ·ed at a later stage to 
de,·elop further the initial conceptual scheme and to 
assess the detailed energy performance of the sub
seq uent design. 

One of the limitations of the pre ent study is the use 
of the generic office building. Although this is based 
on the surH� of existing commercial buildings and 
contains many design feature commonly found in 
those commercial building-. it only considers one 
build ing form (i.e. square ) and one pa rticular air-con
ditioning system (i.e. centrali:ed VA V system). 
Howe\·er. this study i not meant to pro\'ide a compre
hensi\"e nnalysis of the energy perfornnnce of commer
cial buildings through an cxhau · Li \'e Ii. t of comput..:r 
simulation runs covering all po· ible pa rametric con
siderations. hnead, it p e·cnt · a general O\"erilll vi�\\' 
of a few key issues affe ting the building energy com
puter simulation of commercial buildings. and the im
plications for future research and development work 
on energy efficiency in buildings, including the devel

opment of a performance-based building energy code. 
Although the work presented is only based on the 
Hong Kong environment. it is believed that the meth
odology and design considerations are relevant to 
other cooling-dominated commercial buildings in sub
tropical climates. \ ith the rapid commercial building 
de,·elopment programmes being pur ued in the neigh

bouring cite· in southern China. this may ha,·e signifi· 

cant energy and environmental implications. It is 
hoped that this )!·�per will be of interest to building 
dcsi2ners and re /•earche rs concerned about buildings. 
ener

-
gy and envirc'·nmenul issu6 in this region. 
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