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Abstract

The construction of tall buildings is no longer confined to their origins in North America.

This phenomenon has been migrating eastward via the Middle-East to East Asia. China

alone proposes to build 50,000 new high-rise buildings by 2025. This proliferation has

been compressed over a short timeline, so much so that the expertise to design, build and
construct such architectural wonders does not as yet reside locally. Furthermore the design
and manufacture of major building components has tended to reside in the USA and Europe.
This paper examines the impact of building massing, the window to wall ratio (WWR), and two
essential components of high-rise design - building envelope performance and the energy
performance of the HVAC system, determining respective energy use intensities (EUIs) and
exploring the suitability of such systems in their climatic context.

Keywords: Climate,Window-To Wall Ratio, Ventilated Curtain Wall, Energy Use Intensity
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Introduction/Project Statement

This paper seeks to address the issues
surrounding the design of commercial
buildings and their interaction with building
systems in high-rise design around the globe.
The proliferation of high-rise buildings in
China and Southeast Asia in recent years
means that the generic export of western
curtain walling systems and HVAC system
and equipment technologies need to be
adapted or reconfigured in order to become
appropriate for the geographical shift in high-
rise design.

The process of designing any building

project is nothing more than making choices
between variables. When designing with
reducing energy consumption as a priority
an integrated and iterative design process
aims to enable these choices to be judged
based on measureable variables or a scientific
method, however, caution should be taken
to limit against using such a method in a
purely reductionist context, rather it should
be used in addition to the architects intuitive
design sensibility and the engineers empirical
knowledge.

In order to assess the suitability of such
systems one has to understand the various
climate variations that exist worldwide from
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Table 1. Geographic Climate Parameters for the relevant climate parameters for each of these representative geographies.
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the tropics to arid and semi arid as well as more moderate climatic
regions. In addition, it is important to understand the availability and
advantages of the multitude of exterior wall systems that can be
utilized and the various shading systems that may or may not be viable
in a high-rise context. Furthermore, the paper seeks to address how the
climate and choice of exterior envelope system might interact with the
building HVAC system to optimize building efficiency and reduce the
reliance on national energy grids. The paper will seek to address both
the broad variables outlined above using a standardized base building
model to understand how it should be adapted across the globe in
cities that experience different climatic conditions.

Geographic Climatic Profiles

Climates vary a great deal arrange the globe, from the equatorial
tropics to the desolate polar regions. Itis a virtual certainty that human
migration from rural to urban areas for the foreseeable future, and in
varying geographies and climates around the world. For this study,

the authors have selected an appropriately diverse international
representation of cities to evaluate the impact of climate, cladding and
conditioning systems to determine if any particular correlations exist.
These cities are also representative of the ASHRAE International Climate
Zones:

» 1A (very hot and humid) - Mumbai
» 1B (very hotand dry) — Riyadh

« 2A (hot and humid) - Taipei

o 2B (hot and dry) — Cairo

» 3A (warm and humid) - Shanghai
» 3B (warm and dry) — Mexico City
» 4A (mixed and humid) - Beijing
4B (mixed and dry) - Madrid

» 5A (cool and humid) - Chicago
5B (cool and dry) — Denver

* 6 (cold) - Moscow

o 7 (very cold) — Quebec
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Energy Modeling Methodology

A building energy simulation software program is a great tool to
understand how a building is expected to perform, prior to occupying
or building it. This energy model is generally used to inform the
design at all stages through specific comparative analysis. To develop
an energy model, the user creates a graphic representation of the
building using floor plans, floor heights, and window configurations.
Specifics of the central plant, air-handling units, and building envelope
are included along with the operating parameters such as lighting
power density, occupancy, building schedules, and airflow rates. The
simulation uses 30-year typical hourly weather data to accurately
estimate the energy consumption of the building for each hour of
the year. For the purposes of this investigation, all energy modeling
utilizes DOE 2.2, an industry standard simulation tool. DOE 2.2 allows
for comprehensive and integrated studies of complex strategies and a
clear understanding how each building component is performing.

To more fully understand the energy use of various glazing options

in multiple climate zones, the investigation focuses on three primary
efforts: (1) Window-to-Wall Ratio (WWR) Adjustment, (2) Massing
Alternatives, and (3) Glazing/HVAC Alternatives. The process begins
with an ASHRAE Standard 90.1 - 2007 minimally compliant building.
The building has a 40% WWR and the glazing performance criteria
match the Standard 90.1-2007 prescriptive compliance thresholds.
Knowing the current trend for tall buildings with increased
transparency and improved daylighting, the WWR Adjustment
increases the glazing percentage to 65%. For each climate zone,

the Solar Heat Gain Coefficient (SHGC) and Center of Glass (CoG)
U-Values were adjusted so the building loads were identical to the 409%
WWR minimally compliant model. Essentially, the WWR Adjustment
improved the performance of the glass, often significantly, to eliminate
the penalty of the increased glazing area.

Based on the WWR Adjustment outcome, the investigation then
evaluated 3 distinct massing alternatives: square footprint, rectangular
footprint with the long axis in the east-west orientation, and
rectangular footprint with long axis in the north-south orientation (see
Figure 1). This evaluation was performed using the improved, WWR
Adjustment glazing performance and 65% WWR. The intention is to
show how glazing orientation has a distinct impact on performance.

The investigation continues by addressing glazing performance,
alternatives included: (4) double-paned insulated glazing units (IGU),
(1) triple-paned IGU, (1) horizontal shading element, and (1) ventilated
curtain wall (see Figure 2). These alternatives were each applied to the
rectangular footprint with east-west orientation (maximizing south

and north exposure). The alternatives have a broad range of both

solar and conductance performance characteristics. By identifying the
performance of all glass types for each climate zone, the benefit and/or
the detriment is quantified.

Finally, the investigation addresses the potentially different
comparative performance of the glazing selections given three
alternative HVAC systems: 1) a baseline of conventional overhead
variable air volume (VAV) with reheat system, 2) a VAV with reheat
under floor air distribution (UFAD) system, and 3) ventilated chilled
beams (CB).

This comparison is not intended to address all the permutations of
UFAD and chilled beam as they compare to a base HVAC system, rather
it is to determine if there are specific trends in the energy performance
of three alternative HVAC systems for varying envelope configurations.
Figure 3 graphically depicts the numerous combinations of massing,
climate zone, envelope cladding alternatives, and system alternatives

Figure 1. Massing Alternatives
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Figure 2. Envelope Cladding Alternatives
Ho. BEREAEF &M

that comprise the variables in the analysis. Out of the 750 possible
combinations, this study evaluates 336 combinations.

Baseline Energy Modeling Assumptions

The baseline building configuration for this performance modeling
study is generally assumed to be 185,800 gsm 2 million gsf, 80-storey
tall office tower with 2,325 gsm (25,000 gsf) per floor, with an assumed
underground parking structure of 113,800 gsm (1.2M gsf). Occupant
densities, internal lighting loads, internal miscellaneous plug loads,
zoning of daylight penetration, and operational schedules are
consistent with general typical operations for office buildings, and are
generally consistent with the parameters defined by ASHRAE Standard
90.1-2007, Energy Standards for Buildings Except Low-Rise Residential
Building. Exterior lighting and vertical transportation loads are not
included in the models for this study (see Table 2).

The baseline building envelope configuration assumes a 65% window-
to-wall ratio (WWR), which varies somewhat from an ASHRAE 90.1
prescriptively compliant building (40% WWR) but is more consistent
with the international style of architecture that expresses a more
“transparent” aesthetic. The relative thermal performance data for

roofs and walls are also modeled in accordance with ASHRAE 90.1
prescriptive thermal requirements, and several alternative glazing
systems and their associated solar and thermal performance form a
specific focus of this study (see Table 3).

The baseline building HVAC systems configuration is consistent with
an ASHRAE Standard 90.1 compliant HVAC system for a building of
this size and occupancy type — namely VAV with reheat for comfort
conditioning, climate-responsive air-side economizers for free cooling
when appropriate, and a central heating and cooling plant consisting
of boilers, chillers, cooling towers and associated pumps (see Tables 4
and 5).

Alternative Envelope Configurations

The energy modeling takes account of several variables as it relates

to building envelope, including building floor-plan, orientation and
the specifications of external envelope insulated glazed unit (IGU)
accounting for light transmittance, shading co-efficient (SC) and the
amount of solar heat gain (SHGC) that passes through the external wall
assembly.

The energy modeling included a square floor plan 48.2 x 48.2m
(2,325m?) and a rectilinear plan 30.5 x 76.25m of equal floor area. The
rectilinear plan (with an aspect ratio of 2.5:1) was modeled in both
an N-S and an E-W orientation to understand the effects of potential

Figure 3. Climates, Claddings, Conditioning Systems Analysis Methodology
E3. Afk, SamE

Table 2. General Building Model Input Parameters for general baseline modeling param-
eters for the building and the internal loadings
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Table 3. Alternative Building Envelope Model Input Parameters

3. TREABEFEHEILBANSHK

energy savings simply by understanding the implications of building
orientation.

The study examined seven external envelope configurations using a
proprietary argon filled 25mm insulated (double) glazed units (IGU)
using a relatively clear glass to other assemblies each with varying
low-E coatings accounting for varying degrees of visible transmittance,
reflectance, shading and solar heat gain through the glazed units.

One of the options modeled had a ceramic frit applied to the IGU to
understand the implications of additional solar control to the envelope
with regard to energy performance. In addition, the sixth option
introduced an external horizontal louver (600mm wide) mounted
2,200mm above finished floor level, acting as both external shading
device and as a light shelf to maximize daylight into the floor plate. The
final external envelope variant introduced a “ventilated cavity”to the
external wall. This the form of an additional hinged single glazed clear
glass panel attached to the mullions of the IGU on the inside face of
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Table 4. Alternative HVAC Systems Model Input Parameters
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Table 5. Central Heating and Cooling Plant Model Input Parameters
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the building envelope to create a 200mm ventilated cavity between
this additional layer and the standard IGU. This option included a fully
mechanized operable perforated blind tracking the sun to minimize
solar gain and provide some level of glare control for building
occupants. Each of the seven envelope configurations were modeled
with each of the three HVAC systems in each climatic zone (see Table
3).

It should be noted that all the options were modeled as standalone
buildings as it was not practical to assume what urban context might
exist and therefore any subsequent reliance on adjoining buildings
and the shading that they may have afforded was not taken into
consideration.

Alternative HVAC Systems Modeled

Three alternative HVAC comfort cooling systems have been evaluated
for each of the respective geographies/climate zones to maintain
occupant thermal comfort and appropriate indoor air quality to the
occupied office areas. General descriptions of these systems are as
follows (see Table 4):

Variable Air Volume (VAV) with Reheat: This system assumes
conventional overhead VAV air distribution with hydronic reheat coils in
the VAV boxes using floor-by-floor air handling units providing cooled
and heated supply air to maintain space temperature set points. The
reheat coils offset the envelope heat losses. The air handling systems
incorporate climate-responsive air-side economizers.

Under Floor Air Distribution (UFAD) with perimeter hydronic
heating: This system assumes under floor air distribution using a raised
floor supply air plenum and floor diffusers, and a ceiling level return

air path, also using floor-by-floor air handling units providing cooled
and heated supply air to maintain space temperature set points. The
perimeter hydronic heating system offsets the envelope heat losses.
The air handling systems incorporate climate-responsive air-side
economizers.

Ventilated Chilled Beams with perimeter hydronic heating: This
system assumes ventilated chilled beams located at ceiling level of the
occupied areas provide local cooling to maintain space temperature
set points. Floor by floor air handling units provide tempered supply
air to the chilled beams for ventilation as well as required to achieve
the appropriate induction effect common to these system types. The
perimeter hydronic heating system offsets the envelope heat losses.
The air handling systems incorporates a fixed level of ventilation, so
this system incorporates a water-side economizer as part of the central
chilled water plant to account for free cooling opportunities.

Results

The results of this study are presented graphically in charts and tables
that follow. Generally, the results presented for each climate and each
HVAC system type have been sorted accordingly in the following
charts to reflect specific trending studies:

Building Massing Study: The annual source energy intensity of
alternative architectural massing, assuming a consistent baseline VAV
with reheat HVAC system. This evaluation presents the modeled results
for each climate zone/geography in each of the three alternative
massing configurations — square, rectangular with an east-west
orientation (long sides facing north and south, short sides facing east
and west), and rectangular with a north-south primary orientation
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(long sides facing east and west, short sides facing north and south).
As one might deduce intuitively, for each climate zone/geography the
energy performance is consistent with the north-south orientation
(long elevations facing east and west) being worst and the east-west
orientation (long elevations facing north and south) being the best,
with the square orientation being somewhere between the others (See
Figures 4, 10 A, 108, 11).

Alternative HVAC System Study on the East-West Massing with
Adjusted Baseline Envelope Performance: The annual source
energy intensity of alternative HVAC system configurations. This
evaluation presents the modeled results for the three alternative HVAC
systems — VAV with reheat, UFAD, and chilled beams in each climate
zone/geography for the baseline building envelope performance (65%
WWR, and climatically-dependent U-factor, and SHGC - see Table 3)
for the east-west architectural massing. The trend indicates that VAV is
generally highest in energy consumption, followed by chilled beams,
with UFAD as typically being the lowest in energy consumption,

with the largest magnitude of UFAD savings in the colder climates.
The results indicate a few deviations from this trend, with the chilled
beam system consuming the least energy in the Mumbai and Riyadh
climates (where little to no heating is required, but the higher enthalpy
climate requires the higher supply air temperature of the UFAD system
to sub-cool and reheat for humidity control), and the chilled beam
system consuming the most energy in the Quebec climate (where
heating is very significantly dominant) (See Figures 5, 10A, 10B, 11).

Alternative HVAC System Study on East-West Massing with the
Ventilated Curtain Wall Performance: The annual source energy
intensity of alternative HVAC system configurations. This evaluation
presents the modeled results for the three alternative HVAC systems
- VAV with reheat, UFAD, and chilled beams in each climate zone/
geography for the ventilated curtain wall envelope performance
(see IGU 7 in Table 3) for the east-west architectural massing. Similar
to the trend with the adjusted baseline envelope performance, the
trend indicates that VAV is generally highest in energy consumption,
followed by chilled beams, with UFAD as typically being the lowest
in energy consumption. Also similarly, the results indicate a few
deviations from this trend, with the chilled beam system consuming
the least energy in the Mumbai and Riyadh climates (where little to no
heating is required). The ventilated curtain wall appears to have the
most significant energy reduction impact in generally mild climates,
and appears to have limited energy savings potential in the warm
climates (See Figures 6, 10 A, 108, 11).

Alternative Envelope Performance Study on East-West Massing
with Variable Air Volume with Reheat HVAC System: The annual
source energy intensity assuming a consistent baseline VAV with reheat
HVAC system for alternative envelope performances. This evaluation
presents the modeled results for the VAV with reheat HVAC system for
each of the six alternative insulated glazing unit (IGU) performances
(see IGU 1-6 in Table 3) for the east-west architectural massing. Note
that IGU-6 glazing performance is identical to the adjusted glazing
baseline (climatically dependent), but assumes a two-foot overhang is
incorporated. The results indicate that glazing performance sensitivity
is more significant in warmer climates than it is in moderate or colder
climates, with an opportunity for energy reduction more than double
in warm climates than cold climates by selecting higher performing
glazing (especially lower SHGC). The only glazing type of this series
that offers savings over the baseline in the warmer climates is IGU 4,
which is an ultra low SHGC glazing using tint, low-E coating and frit.
Lastly, IGU-5, the triple pane configuration with a much lower U-factor
than the double-pane IGUs, generally performs worse than the other

Figure 4. Annual Source Energy Intensity ~ Figure 5. Annual Source Energy Intensity
for Alternative Architectural Massing with  for Alternative HVAC Systems on Baseline
Baseline VAV Reheat HVAC System (Source: E-W Architectural Massing (Source: Syska
Syska Hennessy Group) Hennessy Group)
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Figure 6. Annual Source Energy Intensity for ~ Figure 7. Annual Source Energy Intensity
Ventilated Curtainwall with Alternative HVAC  for Alternative Envelope Performance
Systems on Baseline E-W Architectural Massing Configurations with VAV HVAC System
(Source: Syska Hennessy Group) on Baseline E-W Architectural Massing
6. VA R B M FE G &M BTN (Source: Syska Hennessy Group)

TEZHRGHAENTR (HE: SyskaHen-E7. #HEENEEAZTHRKGNETH

HERKERKENFERAENTR
(44 B Syska Hennessy Group)

nessy Group)

glazing alternatives, except in the cold and very cold climates of
Moscow and Quebec (See Figures 7, 10 A, 10B, 11).

Alternative Envelope Performance Study on East-West Massing
with Under Floor Air Distribution HVAC System: The annual source
energy intensity assuming a consistent UFAD HVAC system. This
evaluation presents the modeled results for the UFAD VAV with reheat
HVAC system for each of the six alternative insulated glazing unit (IGU)
performances (see IGU 1-6 in Table 3) for the east-west architectural
massing. The results for this portion of the study are similar to those
described above for the conventional VAV with reheat HVAC system,
except that the respective Energy Use Intensities (EUI) for the UFAD
system are generally lower than for the VAV with reheat system (See
Figures 8, 10 A, 10B, 11).

Alternative Envelope Performance Study on East-West Massing
with Chilled Beam HVAC System: The annual source energy intensity
assuming a consistent Chilled Beam (CB) HVAC system. This evaluation
presents the modeled results for the CB HVAC system for each of the
six alternative insulated glazing unit (IGU) performances (see IGU

1-6 in Table 3) for the east-west architectural massing. The results for
this portion of the study are similar to those described above for the
conventional VAV with reheat HVAC system, except that the respective
Energy Use Intensities (EUI) for the CB system are generally lower than
for the VAV with reheat system (See Figures 9, 10 A, 108, 11).

Conclusions

« Itis difficult to draw any hard and fast conclusions from this
initial broad study attempting to evaluate any trends that might
specifically tie HVAC system selection to alternative building
envelope configurations. However, a few general consistencies,
some intuitive and some not, that can be drawn from the
results of this study are: In hot climates, the required SHGC for
the adjusted baseline is significantly low, 0.17 (0.20 SC). With

Figure 8. Annual Source Energy Intensity
for Alternative Envelope Performance
Configurations with UFAD HVAC System
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(Source: Syska Hennessy Group) Massing (Source: Syska Hennessy Group)
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Figure 10a.Annual Source Energy Intensity Results(kWh/SQW*YR)-Alternative Envelop Performance Configurations and HVAC Systems Types. (Source: Syska Hennessy Group)
FH10a. FEHEABELER (B kWh/SQW*YR)—— TR EF EMFTE = E A% (B E: Syska Hennessy Group)

Figure 10b. Annual Source Energy Intensity Results(KBTU/SF*YR)-Alternative Envelop Performance Configurations and HVAC Systems Types. (Source: Syska Hennessy Group)
E10b. 4FF AR E 45 R (4. KBTU/SF*YR) —— T B MBI M R E =@ A4 (4 A: SyskaHennessy Group)

Figure 11. Percentage of Annual Energy Savings on the Adjusted Baseline - Alternative Envelope Performance Configurations and HVAC System Types. (Source: Syska Hennessy
Group)
Ell. HELXENFERET AT oN— TREGIEFERMARZTERLSE (H 8. Syska Hennessy Group)
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industry leading glazing coatings, this equates to a 29% VLT
(35% using a frit). To improve upon this baseline performance
using glass technology alone, an envelope would need to
utilize heavily tinted, fritted glass and accept a VLT (visible light
transmittance) below 20%.

Ventilated cavity walls generally perform the best from an
energy perspective given their improved U-factor, SHGC and
opportunity for incorporating active external shading systems
to minimize direct solar gain from entering the occupied space.

Triple glazing performs well in both hot and cold climates due
to improved U-factor, but its improvement over baseline IGU
performance is much more significant in cold climates such
as Moscow than hot climates such as Riyadh. SHGC is more
important in hot climates, and U-factor is more important in
cold climates, although the U-factor still can have positive
impact in hot climates as well.

» The use of external shading consistently improves the envelope
energy performance in general, but in the context of tall
building may not be practical to incorporate. It is worth noting
here that an internal blind is not a solar shading device, but
rather a glare control device — once the solar load is in the
occupied space it is a load that needs to be overcome by the
comfort cooling system.

» UFAD generally performs the best amongst the three-systems
modeled, especially in mild and cooler climates with reasonable
wet bulb temperatures, where air-side free cooling can be
utilized for significantly more hours during the year.

« In the context of this study, the combination of ventilated cavity
wall envelope with an under floor air distribution HVAC system
consistently performed the best.

« The specific conditions of the climate and its daily and annual
diurnal variability are important factors in the selection of the
most appropriate and energy efficient HVAC systems in a tall
building - likely more important than the building envelope
configuration.

More precise and specific analyses for individual building proposals
should always be undertaken to determine the appropriate
complement of envelope to HVAC system appropriate for the needs of
the building. There is no “one size fits all”. Furthermore, the authors are
mindful that the successful design of a building relies on the design
and ingenuity of the architects and engineers; therefore, any metrics
applied should be used as an aide rather than a determinant.
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