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Abstract

Introduction

Development and expansion of high-rise
buildings in Iran and the high energy consump-
tion thereof have made adoption of energy
consumption reduction strategies a necessity.
Building shell and its various parts are the most
effective elements in terms of energy consump-
tion. Paying due attention to this fact, the authors
of the present article investigate the relation be-
tween the window to wall ratio (W.W.R) and en-
ergy consumption in high-rise office buildings
subjected to climatic conditions in Tehran. The
eQUEST software was used to simulate the an-
nual energy consumption of the considered base-
case model. In this process, a 100% W.W.R was
initially selected for the base-case model. Then,
the research tests were conducted at W.W.R of
80%, 60%, 40%, and 20% both generally and in-
dividually (side-to-side test). The results showed
that the window to wall ratio and annual energy
consumption were directly related, i.e., a 20% re-
duction in the W.W.R could decrease the annual
energy consumption in the research base-case
model by 17%. Furthermore, the results indicat-
ed that the W.W.R affected the energy consump-
tion differently at different sides of the base-case
model and that in this respect, the building sides
could be prioritized in the following order: south,
east, west, and north.

Keywords: High-rise building, Energy con-
sumption, Building energy simulation, Window to
wall ratio

High-rise buildings have, since the formation of
human civilization, held a particular fascination for
man. In the 20" century in particular, the following
problems established the construction of high-rise
buildings as a basic necessity in large cities the world
over: population growth, the need for greater urban
settlement as well as making more efficient use of
the land in densely populated city centers, the ne-
cessity for reconstruction and renovation of urban
areas, people’s request for working and residing in
cities, the necessity for reducing the costs associ-
ated with horizontal development of urban areas,
and, last but not least, huge technological advances.
However, development and spread of modern high-
rise buildings throughout the past century have also
been associated with multifarious problems includ-
ing lack of attention to harmony between high-rise
buildings and nature, serious environmental con-
tamination, and excessive consumption of natural
energy resources. In his research entitled “Design-
ing Ecological Skyscrapers”, Kean Yeang enumer-
ates the following factors as causes of these negative
aspects:

» Excessive energy and nonrenewable resources
consumption during construction, utilization, and
even demolition of tall buildings

* Deployment of more materials in structural
systems for increasing resistance against lateral forc-
es (bending, wind, etc.)

* More energy consumption for transporting
people as well as pumping materials against gravity
to the upper floors ) Yeang, 2007, 411)
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Since high-rise buildings, due to the various re-
quirements of human societies, are here to stay and their
number is growing by the day; it is absolutely necessary
to adopt appropriate strategies and models in an effort
to reduce their hazardous environmental impacts to a
minimum. As a considerable proportion of world energy
consumption is allocated to the construction industry,
and as fossil fuel resources are on the decline, it is essen-
tial for those active in the field of architecture to pay due
attention to energy-efficiency as well as economizing
aspects in the construction of high-rise buildings.

In Iran, this problem has come to the fore since
the energy subsidies were removed and energy carrier
prices followed the free market rates. The construction
codes and regulations in Iran are basically in the form
of general criteria on building location and features of
urban landscape and are not inclusive of high-rise build-
ings or energy considerations. As such, these regulations
do not recognize the energy consumption reducing/
saving aspects of architecture. In particular, the energy
consumption reduction strategies presented mostly in
the construction phase are not architectural in nature
and are merely amendments required for completion of
construction phase. These elements can bring about the
required effects only if the buildings are built in accor-
dance with climatic models and rules, and this is what is
currently lacking in the architectural filed in Iran.

The purpose of this study is to present models for
designing high-rise office buildings in Tehran accord-
ing to the City’s climatic zone, as well as specific strat-
egies for designing openings in geometrical high-rise
buildings in an effort to reduce energy consumption.

Background

The previous research conducted on the enve-
lope of buildings as well as on energy consumption
in high-rise buildings, has mostly been specialized
without paying due attention to the general aspects
of the same. A quick look at the research in this field
reveals that in most cases, only one or two features
of a high-rise building envelope and their energy
consumption effects are studied. For example, Bojic
considers the effect on cooling loads in Hong Kong
high-rise buildings of thermal insulation location as
a building envelope component (Bojic, 2002, 347-
355). In another study in 2002, the same author in-
vestigated the thermal function of windows in Hong
Kong high-rise buildings (Bojic ef al., 2002, 71-82).

In their more detailed work, some researchers stud-
ied certain prevailing conditions in high-rise buildings
and their envelopes, comparing the energy consump-
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tion in such buildings with the requirements of the ex-
isting standards and, at the same time, investigating the
role of the envelope in energy consumption and making
general suggestions in different cases. In their analysis
titled “Energy Performance of Building Shells in vari-
ous Chinese Climates”, Yang et al (2008) first selected
examples of high-rise buildings from various climates in
China, and then compared the energy consumption of
these buildings with those specified in Chinese as well
as ASHRAE standards. They further described the
role of the buildings envelope in reducing energy con-
sumption in an effort to bring closer the buildings en-
ergy consumptions to the levels specified in the existing
standards (Yang ef al., 2008, 800-817) while presenting
general strategies in this regard. Other researchers tried
to take a closer look at the envelope in high-rise build-
ings and its effect on energy consumption. Examples in
this regard are Cheung et al. (2005, 37-48), Eskin et al.
(2008, 763-773), and Yu et al. (2008, 1536-1546) which
are considered in more detail in the following.

The common feature in these studies is their limita-
tion in various fields, which renders them less reliable
to a certain degree. The greater part of the research on
envelope energy consumption effects of high-rise build-
ings regards hot and humid climatic conditions, par-
ticularly in Hong Kong. Examples include Lam (1993,
157-162), Higgs (1994, 91-95), and Leung et al. (2005,
147-156). Another feature of such research is that it is
generally centered on high-rise residential buildings as
the dominant application of this construction species.
In his research in 2001, Bojic investigates the role of the
envelope and location of thermal insulation on cooling
loads in high-rise buildings under Hong Kong climatic
conditions (Bojic et al., 2001, 569-581). Yu et al. (2008,
1536-1548) studied the design of residential buildings
envelope in China. Cheung (2005) also examined the
energy work shell design for high-rise residential com-
plexes in Hong Kong (Cheung et al., 2005, 76-84).

As was mentioned before, the above research as a
whole, basically considers specific rather than general
aspects of energy consumption in high-rise buildings.
This is in contrast with the purpose of the present study,
namely, energy consumption relation to the W.W.R in
high-rise office buildings. Another example of the previ-
ously conducted research is Bojic (2002) where cooling
loads are considered as the sole effective element on en-
ergy consumption. Moreover, Eskin and Yu (2008) con-
sidered cooling and thermal loads, as well as their sum as
the total energy consumption, in identifying the relation
between the envelope elements and energy consump-
tion (Eskin et al., 2008, 763-773; Yu et al., 2008, 1536~
1546). Cheung also bases his energy consumption study
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on cooling loads. Another important aspect of the pres-
ent research that is not considered in previous research
is prioritizing the W.W.R based on envelope orientation
as well as the effect of the same on energy consumption.

Materials and methods

By taking into consideration the proposed road
map, the authors take different steps to obtain the de-
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sired results, following a certain strategy in each step.
This is a quantitative research aimed at finding a relation
between energy consumption and the WW.R in high-
rise office buildings. The descriptive and correlation
approach was used in this study. In the literature review
step, the authors use interpretive-historical strategies;
in the variable test and logical deduction step, they use
simulation; and finally, in the variable test analysis/con-
clusion step, they turn to descriptive statistics.

Literature Review

Figure 1: Proposed Research Procedure

Energy Consumption in High-Rise Buildings

Economic progress, population growth, global-
ization, and promotion of living standards in devel-
oped countries have all lead to greater utilization of
energy resources. According to the International En-
ergy Agency statistics, world energy consumption has
increased by 50% in the past two decades and by ap-
proximately 70% since the 1970’s. At the present rate,
it is estimated that by 2020, the energy consumption in
the developing countries, e.g., in the Middle East, will
increase by 32% (Perez-Lombard ef al., 2008, 394).

Energy is consumed in various ways. The most im-
portant consumers of energy are the industries includ-
ing transportation and construction industries. Statis-
tics prove that a great share of the whole energy in the
world is allocated to the construction industry: about
42% as compared with the 30 and 28% spent in the
industrial and the transportation sectors respectively
(Perez-Lombard et al., 2008, 396). Building occupan-
cy plays an important role in its energy consumption.
For example, office occupancy consumes 20% of the
total energy consumption of buildings. From a differ-
ent point of view, energy consumption in the construc-
tion industry is a function of building occupancy.

In spite of the extensive research conducted on
high-rise buildings various aspects including perfor-
mance, architectural style, structural strategies, etc.,
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few studies have investigated energy consumption in
such buildings. Effective factors on energy consumption
such as form, shape, natural light utilization, ventila-
tion strategies, etc, have not so far been broadly stud-
ied. Among such studies, Oldfield e al. (2009, 591-613)
followed a more targeted and comprehensive research.
They divided high-rise buildings in terms of their energy
consumption features and applications into five periods:

* First Period: From 1885 when the first high-
rise buildings were constructed in 1916, during
which dense constructional forms with minimum
envelopes were designed for comfort in winter as
well as natural light utilization.

+ Second Period: From 1916 (legislation of New
York Construction Code) to 1915 (development of
glass facades). During this period, due to technological
advances in installations and artificial light generation,
as well as the development of pyramid shaped build-
ings, thermal energy consumption and, as a result, the
total energy consumption in buildings increased.

* Third Period: From 1915 to the beginning of
the Energy Crisis Era in 1973 when square block
high-rise buildings with vast work spaces at various
floors were developed. In these buildings, thermal
energy absorption and dissipation through the outer
building shells lead to increased overall energy con-
sumption in the building.
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* Fourth Period: From 1973 till now during which
the energy crisis affected the deployment of vast glass
facades in buildings, and new codes were introduced in
the developed world for saving energy, including recom-
mendations for using double-glass windows in building
facades. Also, standards were compiled for office build-
ings which restricted utilization of artificial light.

* Fifth Period: From the introduction of environ-
mental and sustainability perspectives in 1997 to the
present, during which a new approach was adopted
in the design of high-rise buildings. A great number of
tall buildings were built aimed at reducing energy con-
sumption through utilization of static solutions.

Energy Consumption Simulation in Buildings
and Application Software

Among the tools available to architects, design-
ers, and engineers in the study of energy-related
behaviors, energy simulation software are the most
efficient. Through creating a virtual building envi-
ronment, these software packages provide for the
expert the opportunity to predict the actual perfor-
mance of the building as well as optimize and im-
prove its design and make use of new energy-effi-
cient technologies for it (Henseen, 2002, 1-14).

Like other technologies, simulation technology
has also seen new advances, in both quality/capabili-
ties and quantity/number of simulation software.
There are more than 330 thousand simulation pack-
ages for energy consumption with extensive applica-
tions in various energy-efficiency measurement fields,
renewable energy simulations, and sustainably ef-
ficient solutions. A brief summary of the capabilities
of the introduced software is provided at the follow-
ing website address: www.energytoolsdirectory.gov. In
terms of suitability for architectural requirements, the
best energy simulation packages are as follows (Ghiai
etal., 2013): Ecotect, ESP-r, TRNSYS, and eQUEST.

For selecting the most suitable packages for ar-
chitectural simulations more exactly and reliably,
we must compare their practical and theoretical
features of the software. Thus, the final solution
would offer itself in the form the interface of these
features. Considering certain disadvantages asso-
ciated with TRNSYS, namely, incomplete docu-
mentation, FORTRAN compiler requirement, and
use of non-SI units, we ultimately end up with two
choices: Ecotect and eQUEST. In the present re-
search, the eQUEST was used for simulation pur-
poses. The DOE-2.2 computational engine used in
this software has been reliably used for more than
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two decades throughout the world. The eQUEST
software is the result of putting together user graph-
ics layer and design guiding tools (enhanced DOE-2
+ Wizards + Graphics) which help the user through
the step-by-step building design process. The soft-
ware provides two different guiding processes for us-
ers. These user guides provide the user with various
design options so that she can complete her step-
by-step design. The software is designed in such
a way that the user is prompted to provide the re-
quired information for the DOE-2 computational
engine (Elahibakhsh and Shahmohammadi, 2007).
The other capabilities of this software include struc-
tural design, equipment and mechanical installation
design, building size and function (occupancy),
floor layers arrangement, construction materials,
and surface/space as well as lighting system utiliza-
tion. Among the important features of the software
are the multiple alternative simulation cases which
enable the user to make comparisons regarding
monthly and annual energy consumption of differ-
ent buildings. This feature is utilized in the present
study. To enable this capability, the software uses two
methods (Hirsch and Associates, 2009):

1) Energy Efficiency Measures (EEM) which is
used for simpler models restricted to specific changes.

2) Parametric Run which provides more change
options in terms of both complexity and number.

Base-case model Introduction

To study and test the research variables, we must
first introduce a model or sample as the main re-
search basis so that the behavior/effects of the re-
search variables can be compared with it (Ghiai,
2011). As the present research is about optimum
features of high-rise office buildings envelope, the
research base-case model also had to be a high-rise
office building the physical properties of which were
fully specified. For simplicity, these specifications
are divided into two groups: “architectural-struc-
tural” specifications and “building services” (me-
chanical installations) specifications. Due to the
architectural approach adopted in the present study,
the former specifications are considered to be more
important.

As the first step in determining the architectur-
al-structural specifications for the base-case model,
it is necessary to present the relevant information for
the building skeleton, core type, number of storey,
floor area, storey height, the elements, etc. This in-
formation is presented in Table 1.
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Table 1. Base-case model specifications

Natural science section

Planl Geometry: Rectangle

Plan Proportions: 1: 1/35

Plan Dimensions: 35m x 26m

Plan Spatial Arrangement: Open Space
Storeys: 15 storeys + 3 storeys underground

Storey height: 4m (floor to floor) (floor height up to the false ceiling = 3m; False ceiling height = 60 cm)
Storey Area: 745m? (net) (82% of total storey area); Core and Service Areas for each Storey: 165m?2
Direction of Rotation: 30 degrees south east (in Tabriz) and 15 degrees south east in Yazd

Building Skeleton Type: Concrete Skeleton and Central Core (total area: 165 m2 equal to 18% of

storey area)

Exterior wall Structure: Cement Plaster (2.5 cm), Concrete Wall (15 cm), Finished Plaster Cover as

well as Paint (2.5 cm)

Roof Structure: Mosaic Flooring (2.5 cm), Sand-Cement Mortar (2.5 cm), Roofing, light-Weight

Concrete (5 cm), Structural Floor (25 cm)

Storey Floor Structure: Stone Flooring (2.5 cm), Sand-Cement Mortar (2.5 cm), light-Weight Con-

crete (5 cm), Structural Floor (25 cm)

Underground (Basement) Wall Structure: Concrete Wall (30 cm), Roofing
Outer Wall Paint: Medium (Absorption Coefficient = 0.6)
Opening Type and Material: 6 mm Double Glass (Double Clr/Tint) with the following Specifica-

tions: U: 0.54, SHGC: 0.7, VT: 0.79

SUOIed103dg [eIoUAD)

SONSLIONORIRYY) [RINIONIIS-[RINIOIYOTY

suonedIoads ayIAAN /STUSWIA[H

The tools and mechanical installation (build-
ing services) features used in the base test model
are selected based on proper assumptions made in
the simulation tool (i.e., eQUEST software) for
high-rise office buildings. Upon the introduction
of the base-case model characteristics, it is nec-
essary to introduce certain test conditions in the
form of adjustment and control variables so that
variable tests can be properly conducted. For ex-
ample, climatic conditions, the number of hours
and days the building is used, the degree of building
occupancy by users, the tools used by users, etc.
are among the factors and conditions the consider-
ation of which would increase the reliability of the
obtained results.

Research Variables

The variable used in this research as an ele-
ment of high-rise office building envelope (base-
case model) is the W.W.R. In the present study, the
W.W.R is defined as the ratio of transparent (win-
dow) area to the opaque (envelope) area, where
the opaque area is calculated as the product of the
wythe length and the useful story height (from the
floor elevation to the false ceiling elevation). In the
W.W.R variable test, the purpose is to study the be-
haviors as well as the effect of the W.W.R on the
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total are duly analyzed. Energy consumption in the
sample building introduced in the research where
the W.W.R is assumed to be 100%. This means that
at each outer building wythe front, the length of the
transparent (window) is equal to the wythe length
and the height of this area is equal to 3 meters.

The W.W.R variable test for determining its
effect on total energy consumption is conducted
in two main parts. In the first part, namely, the
general part, the W.W.R of the base-case model
is changed on all the wythes (northern, southern,
eastern, and western sides) from 100% to 20%,
40%, 60%, and 80% respectively (Figs. 2, 3, 4 and
5). In the second part, the W.W.R variations are
separately tested on each side. In other words, at
each stage of the test, the W.W.R changes only for
one side, and on all the other sides, the W.W.R
retains its previous value of 100%. Ultimately,
the results obtained from this test for Tehran Me-
tropolis climatic conditions are expressed. The
remarkable point in the W.W.R test is that, due to
the limitations imposed by the software, and for
simpler calculations, the opening (window) shape
was considered as a strip. Moreover, to consider
the occupancy of the building architecturally, the
distance of the opening from the floor and the
ceiling was reduced by an equal amount.
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Figure 2: W.W.R=20%
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Figure 4: W.W.R= 60%
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Diagram 2: Variations of electricity, gas,
and total energy consumption with W.W.R

The above diagrams indicate the results ob-
tained from the W.W.R variable test for Tehran
climatic conditions in the general case. The re-
sults of the same test were also obtained in the
special case, i.e., for different sides of the building
separately. Upon completion of research variable
test results, it is necessary to analyze these results
so that general conclusions can be derived from
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Figure 5: W.W.R= 80%
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Diagram 3: Variations of heating energy, cooling
energy, and thermal energy with W.W.R

them. In this section, the results obtained from
the W.W.R test conducted separately under Teh-
ran climatic conditions.

The total energy consumption in the building
was chosen as the criterion for investigation and
classification of test results. However, studying the
thermal behavior of the building can also greatly
help in the correct classification of these results.
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Diagram 4: Variations of electricity, gas, and total
energy consumption with W.W.R on the northern
orientation

Diagram 5: Variations of electricity, gas, and total
energy consumption with W.W.R on the southern
orientation
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Diagram 6: Variations of electricity, gas, and total
energy consumption with W.W.R on the eastern
orientation

Results and Discussion

In the first part of the W.W.R test where this
ratio varies equally in all directions, the results
show that the total energy consumption in Tehran
decreases as the W.W.R is reduced (Dia. 8). This
reducing trend results in an overall 17% reduction
in Tehran total energy consumption. The W.W.R
has a similar effect on the base-case model thermal

Diagram 7: Variations of power, gas, and total
energy consumption with W.W.R on the western
orientation

performance, i.e., a decrease in this ratio leads to
a decrease in thermal energy consumption (Dia.
11). Considering that the correlation coefficient
(R2) between the W.W.R and energy consumption
is very close to 1, these two factors are directly cor-
related at a high level (Dia. 9). Moreover, the re-
sults from the above diagram indicate that the most
reductions under Tehran climatic conditions occur
at W.W.R between 20% and 40%.
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Diagram 8: Total energy consumption in Tehran
in terms of various W.W.R

Study of thermal loads also points to a direct
relation between them and the W.W.R variation.
W.W.R variation in Tehran can reduce total ther-
mal loads by 32%. The interesting point is that
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Diagram 9: Correlation between W.W.R and total
energy consumption in Tehran

the cooling behavior is different from the heating
behavior as the W.W.R changes, i.e., reducing the
W.W.R leads to an increase in the heating loads
(Dia. 11).
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Diagram 10: Total thermal energy consumption
variations with W.W.R in Tehran

In the next step of the test, again the effect of the
side-to-side (direction-to-direction) W.W.R on total
energy consumption reduction can be observed. How-
ever, the crucial point here is whether this effect is uni-
form for different directions in the City of Tehran. The
answer to this question can be found by analyzing the
results obtained from the side-to-side W.W.R test.

At the northern orientaion of the envelope in
Tehran buildings, reducing the W.W.R to 40% causes
a reduction in total energy consumption, and this
declining trend continues until an W.W.R of 20%,
albeit with a reduced slope. These W.W.R variations
in the northern front reduce total consumption by
2% at the most. In other words, up to an W.W.R of
40%, the effect on energy consumption is tangible
and after that, it becomes intangible.

On the southern front, total energy consumption
evidently reduces with the reduction of the W.W.R,
and the slope of the curve remains constant. As com-
pared with the northern front, this reduction is con-
siderably greater, so that at a W.W.R of 20%, the total
energy consumption decreases 7% as compared with
the base-case model. Moreover, the most reduction
in energy consumption occurs at a southern front
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Diagram 12: Total energy consumption variation
with W.W.R at different directions in Tehran
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Diagram 11: Cooling and heating energy varia-
tions with W.W.R in Tehran

W.W.R of between 40% and 20%. At the eastern and
western fronts, the reduction of W.W.R also leads to
energy consumption reduction and the minimum
consumption occurs at an W.W.R of 20%. W.W.R
variations at the eastern and western fronts cause en-
ergy reductions of 5% and 4% respectively. Examina-
tion of side-to-side W.W.R variations reveals that the
W.W.R has varying effects on energy consumption at
different fronts, and that this effect is less tangible at
smaller W.W.Rs. Under Tehran climatic conditions,
the W.W.R corresponding to the north, south, east,
and west reduce energy consumption by 2%, 7%,
5%, and 4% respectively. By comparing the obtained
results, one can deduct that the effect of W.W.R on
the south is very pronounced, followed by that on the
east, west, and north (Dia. 12).

Examination of the side-to-side W.W.R varia-
tions obtained for the base-case model in Tehran
shows that thermal energy consumption is reduced
with the reduction of the W.W.R. The results point
to varying effects on energy consumption at various
fronts. On the east and the west, the most reduc-
tion in energy consumption occurs, followed by the
southern and the northern fronts (Dia. 13).
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Diagram 13: Total thermal energy variation with
W.W.R at different directions in Tehran
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Conclusions

The obtained results and their analysis con-
firm the fact that the test variable, i.e., W.W.R, has
a significant effect on total energy consumption
as well as on thermal energy in high-rise office
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buildings under climatic conditions in the City of
Tehran. As can be seen in the following table, re-
ducing W.W.R also reduces energy consumption
in the building. This reduction in consumption is
also reflected in the total energy consumption and
in the thermal energy.

Table 2. W.W.R effect on total energy consumption and thermal energy

Item Window to Wall Ratio Thermal Energy Variation Total Energy Consumption Variation
1 W.W.R 80% 4% 9%
2 W.W.R 60% 9% 17%
3 W.W.R 40% 14% 25%
4 W.W.R 20% 17% 32%

The side-to-side examination of the test vari-
ables reveals the shell element priorities regarding
their effect on total energy consumption. As can be
seen in the following diagrams, these priorities are
different for different directions (north, south, east,
and west).

Considering the above points and the obtained
variable test results, we can recommend the follow-
ing design guidelines with regard to the W.W.R:

* The building W.W.R and total energy con-
sumption are directly related, i.e., reducing the
W.W.R leads to a reduction in total energy con-
sumption. In both the studied cities, this is a direct
relation with a high correlation coefficient (R>=1).
Also, reducing the W.W.R leads to a reduction in
cooling consumption and an increase in heating
consumption.

» The effects of the W.W.R on consumption is
more tangible at lower values of this ratio, i.e., with-
in the 20 to 40 percent range.

* In the case of uniform W.W.R variation in all
directions, a 17% reduction is obtained for Tehran,
indicating the significant role this ratio plays in the
total energy consumption of the building.

+ Side-to-side W.W.R test at various build-
ing fronts points out the fact that this ratio affects
differently the energy consumption in different di-
rections. In this regard, the following directions
produce respectively the most reduction in energy
consumption: south, east, west, and north.

» Comparison of the results obtained from dia-
grams and findings show that the appropriate W.W.R
for the northern and southern fronts would be ap-
proximately 40%, and for the eastern and western
sides between 20% and 40% (towards 30%).

Openly accessible at http://www.european-science.com
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