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Abstract

This paper examines the significance of embodied energy and carbon in tall buildings. It
presents the life-cycle carbon analysis (including both operational and embodied emissions) of
a 40 storey building in London, UK. The results demonstrate that embodied emissions account
for a third of the building’s total carbon footprint, with the structure, building services and
finishes being the main contributors. It suggests that due to increasing energy efficiency and
stricter building regulations the role of embodied carbon is likely to become more significant
in the coming years. It also shows how embodied carbon is a vital consideration in meeting the
short-term carbon reduction targets set by many countries and recommended by many bodies
worldwide. It concludes by presenting a number of strategies for reducing embodied carbon in
tall buildings, under the key headings of reduce, recycle and retrofit.

Keywords: Tall Buildings, Embodied Carbon, Life Cycle Analysis, Sustainability, Materials
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Introduction

Itis well known that the built environment is
a key contributor to global greenhouse gas
emissions with buildings accountable for 30
—40% of all primary energy used worldwide
(UNEP, 2007) and carbon dioxide emissions
from buildings increasing at an annual rate of
two percent between 1971 and 2004 (Levine
et al, 2007). In light of this, attention has
turned towards the environmental impact

of tall buildings, which are still seen by many
as inherently unsustainable (Roaf, Crichton &
Nicol, 2005) and frenzied research has — and
continues to be — undertaken in order to
reduce their impact on the environment.

Much of this research undertaken to date
has focused on reducing the environmental
impacts associated with the operation of

tall buildings - that is reducing the energy
required for (and emissions released from)
activities such as space conditioning, lighting,
equipment operation, water supply and
water heating that occur on a day-to-day
basis. Whilst these advancements are vital for
creating more sustainable high-rise, they are
in themselves not enough. Like all buildings,
tall buildings utilize energy and generate
emissions not only during their operations,
but across their entire life cycle, from the
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Figure 1. Building life-cycle environmental impacts. (Source: Philip Oldfield )
F1. # kG BRI RH .  (RIE: Philip Oldfield)

extraction of the raw materials needed for construction, to the disposal
and recycling of materials after demolition. This complete boundary,
encompassing all the activities related to a building’s creation, use and
removal is known as cradle-to-grave (see Figure 1).

As outlined in Figure 1, the embodied energy / carbon of a building
comprises the energy / carbon required to extract, transport and refine
the raw materials (e.g. mining iron ore), manufacture the building
components (e.g. creating steel beams) and construct, renovate and
maintain the building' (Fay et al,, 2000). The total embodied energy of
a building can be considered the sum of its initial embodied energy
and its recurring embodied energy. The former is the energy required
in initially creating the building, whilst the latter is the energy required
in maintaining, repairing and refurbishing the building over its effective
life (Chen et al, 2001).

Most current sustainability thinking is informed by the fact that roughly
20% of a building’s total environmental impacts are embodied in the
materials with the remaining 80% due to operations (Kestner, 2009),
although recent research suggests this is becoming closer to 40%
embodied and 60% operational for an average building (Sturgis &
Roberts, 2010). However, there is still debate regarding the relative
importance of embodied energy in the built environment, with

figures for embodied energy in office buildings found to range from
equivalent to 3.1 years (Scheuer et al,, 2003) to 40 years (Treloar et al,,
2001) of operating energy.

Tall Buildings and Embodied Energy

One of the many criticisms leveled at tall buildings is the high
quantities of structure and materials required to support, clad and
service them, coupled with energy intensive construction at height. A
well known study by Treloar et al. (2001) examining initial embodied
energy in five office buildings in Melbourne, Australia - 3,7, 15, 42
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"It is worth noting that some definitions of embodied energy include the energy associated with the building’s demolition and disposal. However, within the scope of this paper,
demolition and disposal energy is categorized separately. This approach is consistent with the majority of published embodied energy studies and definitions.
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Figure 2. Embodied energy of five buildings in Melbourne, Australia. (Source: Philip
Oldfield, data from Treloar et al., 2001)
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and 52 stories in height — shows the two high-rise buildings have
approximately 60% more embodied energy per unit gross floor

area than the two low-rise buildings (see Figure 2). This has led
Treloar (and many others in the architectural community) to suggest
alternatives to tall buildings should be sought where possible (Treloar
et al, 2001). However, the author disputes this point of view, and
suggests that it presents a simplistic and at times inaccurate portrayal
of the issues surrounding embodied energy and tall buildings. For
example, changes to the functional unit?> used to compare the
embodied energy of high-rise and low-rise buildings can significantly
influence the results. A study by Norman et al. (2006) compares the
embodied energy of detached suburban dwellings with that of 15
storey condominiums in Toronto, Canada. The findings, presented in
Figure 3, show that when compared per unit floor area, the high-rise
condominiums do indeed have greater embodied energy, but when
compared per person the condominiums have 33% less embodied
energy than the low-rise dwellings. This fact is due to high-rise
apartments accommodating more residents per unit floor area than
detached, low-rise dwellings.

However, the issue of embodied energy and high-rise is not simply a
case of being better or worse than low-rise construction, and there are
a variety of advantages and disadvantages to building tall in terms of
embodied energy. These are outlined in Table 1 below.

Case Study: 30 St. Mary Axe, London

To further examine the importance of embodied energy / carbon in tall
buildings, a life cycle carbon analysis of the 180 meter-tall 30 St Mary
Axe building in London (often referred to as the Swiss Re Building, or
the "Gherkin”— see Figure 4) is presented.

Methodology

The scope of this analysis is cradle-to-end of life, encompassing all CO,
emissions until the end of the building's effective life, but excluding
demolition / disposal of materials. The analysis boundary includes

Figure 3. Embodied energy comparison of detached suburban dwellings and 15-storey
condominiums, in Toronto, Canada. (Source: Philip Oldfield, data from Normal et al.,

2006)
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Tall Buildings and Embodied Energy / Carbon:
Advantages

HERATRS R/ B3R R

Tall Buildings and Embodied Energy / Carbon:
Disadvantages

WERA M RAE / B 5%

Residential high-rise typically accommodates
more occupants per unit area than single-
detached housing, which can result in reduced
embodied energy per resident
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Increased height means increased structural
material requirements to provide resistance to
wind and lateral loads
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Increased density of cities can reduce
infrastructure requirements, thus saving
materials for road construction, water and
waste supplies, etc.
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Construction at height requires lifting materials
often hundreds of metres into the sky (energy
requirements for craning, pumping concrete,
etc)
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Repetition of floor plates, facade and other
elements allows for prefabrication, re-use of
formwork, etc.
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Tall building construction often requires
specialist materials / components which may
not be available locally
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Tall buildings are generally refurbished or
renovated rather than demolished and replaced
with entirely new constructions

MERABYRAFRES, WARERE
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Reduced net-to-gross efficiencies as compared
to low-rise (e.g. more materials needed for less
usable space)
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Due to greater wind speeds at height, natural
ventilation strategies often require additional
materials such as double-skin facades
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Limited opportunities for timber frame
construction which has reduced embodied
energy as compared to steel or concrete
systems - see Cole & Kernan (1996)
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Table 1. Environmental advantages and disadvantages of tall buildings from an embod-
ied energy / carbon standpoint. (Source: Philip Oldfield)
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2The purpose of a‘functional unit’ within a life cycle or embodied energy / carbon analysis is to present a reference to which the inputs and outputs can be related (ISO, 1997). This
allows for two, or more, completely different products, services or buildings, to be compared on equal footing.
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Figure 4. St Mary Axe, London. (Source: Philip Oldfield)
E4. ZEWH05 A%, £H  GRIE: Philip 0ldfield)

all major architectural elements, but excludes fit-out, furniture and
the embodied carbon of local infrastructure and landscaping. The
analysis is taken over a 50-year period from 2004, when the tower was
completed, to 2054.

When comparing operational and embodied carbon most studies use
what is defined as a ‘static model’for determining life-cycle operational
emissions. That is, the studies assume that operating emissions will be
the same for each year into the future (Jones, 2011). However, this is
simply not the case as the carbon intensity of electricity is changing,
and more often than not decreasing, as countries embrace ‘greener’
power generation strategies on a national scale. For example, The UK,
like many countries, is undertaking a significant decarbonization of

its electricity network in order to meet the ambitious greenhouse gas
reduction targets set by the government. The UK Climate Change Act
sets a target of an 80% reduction in national greenhouse gas emissions
by 2050, and a 26% reduction by 2020 against a 1990 baseline (UK
Parliament, 2008) with similar targets existing in many countries
around the world.

To meet these targets, there will need to be a shift in electricity
generation from fossil fuels to nuclear, renewable technologies and
carbon capture systems. The result is the carbon intensity of electricity
in the UK is estimated to reduce significantly in the coming decades.
For example, in the year 2004 (when 30 St Mary Axe opened) the
carbon intensity of UK electricity was 0.539kgCO,/kWh (Committee
on Climate Change, 2010a). By 2050, this will have decreased to an
estimated 0.038kgCO_/kWh (Committee on Climate Change, 2010b), a
14-fold reduction. This is illustrated in more detail in Figure 5.

The life cycle analysis presented here then, acknowledges this

changing carbon intensity of electricity supply, and factors it into
the calculations. The methodology for determining the operating
emissions over the 50 year life-cycle first takes the annual energy

Figure 5. CO2 intensity of UK electricity, 2004 — 2054. (Source: Philip Oldfield, data from
Committee on Climate Change, 2010a & 2010b. Figures for 2051 - 2054 assumed to be
the same as 2050).
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Figure 6. Comparison between 30 St Mary Axe initial embodied carbon and operational
carbon for the year 2004. (Source: Philip Oldfield)
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requirements of the building from CIBSE benchmark data. These are
listed as 95kWh/m?GFA electrical energy requirements and 120kWh/
m’GFA gas requirements for an air-conditioned office building (Field,
2008). The carbon intensity of gas will stay the same throughout the
building’s life at 0.19kgCO /kWh, while the carbon intensity of the
electrical energy component will vary as outlined previously.

The methodology for determining the building's embodied carbon
consists of firstly calculating building material quantities from
published sources and from estimations by the author from drawings.
Wastage of materials through manufacturing and construction are
also factored in. Material quantities are then multiplied by embodied
carbon data for the UK context taken from the Inventory of Carbon
and Energy (Hammond & Jones, 2008a) to give the embodied

carbon within a cradle-to-gate framework (e.g. all CO, emissions

up until the materials reach the factory gate). The emissions from

the transportation of materials are determined by firstly locating

the factories where components were assembled from published
data, calculating the distance to the site, and then determining the
emissions using the carbon intensity of freight transportation taken
from DEFRA, 2008. The carbon impact of construction is assumed

as 7.5% of cradle-to-site embodied emissions based on research by
Scheuer et al,, 2003. The recurring embodied carbon - the emissions
caused by repair, maintenance and refurbishment over the building’s
lifetime — are taken from a similar study on an office building by Davis
Langdon (2009). An overview of this methodology, along with a full list
of building characteristics, assumptions and data sources is outlined in
Table 2.

Results

The results of the life cycle carbon analysis of 30 St Mary Axe are shown
in Figures 6 — 8. The initial embodied carbon is 61,548 tons of CO,, or
955kgCOZ/szFA as shown in Figure 6. As expected this is higher than
values in low-rise buildings. For example, Hammond & Jones 2008b
found the embodied carbon of low-rise residential dwellings in the UK
to be 4O3kgCOZ/mZGFA on average (58% lower than this study), while
Davis Langdon found the initial embodied carbon of an eight story
office building in the UK to be 764kgCO,/m’GFA (20% lower than this
study). Also corresponding with previous research, it is the structural
elements (structural frame, substructure and upper floors) which make
the largest contribution to 30 St Mary Axe's embodied emissions being

Figure 7. 30 St Mary Axe total embodied carbon by building element, including recur-
ring embodied carbon over a 50 year life cycle. (Source: Philip Oldfield)
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Figure 8. 30 St Mary Axe total life-cycle carbon emissions over a 50 years (Source: Philip
Oldfield)
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30 St Mary Axe Characteristics Sources
2 HWH 05 AR g3
Gross Floor Area 64,469m? Powell, 2006
EEE—@E# l:h¥ W AEZANE S
ER, RENESEREANRE ©RE
Facade 24,000m? Double-skin glazed curtain walling Powell, 2006
IR B A (R T X AR AR TR, > RE
ATt sl s T 24000m RERFHH

Operational Carbon Emissions

ERWNAR, BT ER—RAARMAEN
LFH PN EANERAA.

95kWh/m>GFA electrical energy requirements
and 120kWh/m’GFA gas requirements

BT REFTIA (RBATH) WaEE
K 20T REFFHX (RBAEH) W
ABATR

Taken from the benchmark data presented in Field, 2008. The carbon intensity of gas is 0.19kgCO2/kWh
(Field, 2008), whilst the changing carbon intensity of electricity is outlined in Figure 4

20084 Fiel dFF A ME R RANBRBKEN: SANRBER 19T R _RABETRH
(Field, 2008) , T/ B8k & % f 7 B 00 oK BT ARSS .

Building Material Quantities Various Weight of building structural steel and foundations from Powell, 2006. Steel decking data taken from
= s - Richard Lees Steel Decking, 2009. Weight of facade materials courtesy of an estimate from Viracon
gﬁ%%%%%gg?‘ﬁﬁ’ WARBHE &% /Harmon Inc. Figures for internal walls, partitions, stairs, finishes and building services taken from a
study in Davis Langdon, 2009. In some instances material quantities are estimated by the author from
drawings
B HPowell, 20065F 5, iﬁ%’ﬁﬂ?ﬂzﬁﬂkﬁﬁﬁi B ERichard, 20094# B 434, WKAK
EHERF. B EVn‘acon / Harmon/) &, Xﬂ'*ﬁﬁﬁﬁiﬁ?ﬁﬁﬁzﬁ Davis Langdon7£20094F &y #F
5. NI, AN, R, WEREARANKE, EEKHLT, LETAERASAK
HEENTHRGKE.
Material Wastage Factors Various Chen et al., 2001
E-2S
Embodied carbon Of Materials (Cradle-To-Gate) | Various Hammond & Jones, 2008a
&%
Recurring Embodied Carbon Of Materials Various Annualised figures for recurring embodied carbon taken from a study in Davis Langdon, 2009
E-2 3 H HDavis Langdon 20094 #3158, MR ABIH A FEIIE.

Material Locations Structural Steel - The Hague / Brussels; Facade
- Aesch, Switzerland; Concrete - assumed as

50km

SMRA - BT /R TEEE -
Aesch, #+; B¥EL - KAGONEEH .

Locations as per the completed building, taken from Powell, 2006

B HPowell, 20065#1%, frFHNMEREA.

Emissions from Freight Transportation 0.132KgCO2/tkm

DEFRA, 2008

Assumed as 7.5% of cradle-to-site embodied
emissions

gﬁﬁﬁb}k#ﬁif‘?ﬂ%%ﬁﬁlﬁé#ﬁiﬁﬁ

Construction Emissions

Estimates in the literature suggest energy from construction is between 1.2 - 10% of the embodied
energy of materials (Scheuer et al., 2003). A figure of 7.5% was chosen to acknowledge the generally
large energies needed for construction at height.

WFERE, BITEENEREEARKERENL z%ilJlelﬂ (Scheuer % A.,
7 SWURH AR — BN T SRR E A BENKE

2003). T

Table 2. Environmental advantages and disadvantages of tall buildings from an embodied energy / carbon standpoint. (Source: Philip Oldfield)
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responsible for 56% of the initial embodied carbon.

The recurring embodied carbon is shown in Figure 7. The building has

a recurring embodied carbon of 13,168 tonnes of CO,, or 204kgCO./
m’GFA, with recurring emissions contnbutmg 7.6% of total embodied

carbon. It can also be seen that whilst the structural elements are the

greatest contributor to initial embodied carbon, building services

and finishes also have a significant environmental impact due to their

regular refurbishment and maintenance.

The total life-cycle carbon emissions of the building over a 50 year

life span stands at 224,596 tons of CO,, or approx 3.5 tons of CO, per
meter gross floor area (see Figure 8). The total embodied carbon of the
building stands at 74,716 tons of CO,, or 1,1 59kgCOz/szFA, which
equates to 33% of the total life-cycle carbon emissions. This value is
higher than older studies, such as those by Suzuki and Oka (1998), who
suggest embodied carbon in multi-story buildings in Japan contributes
on average 22% of total life-cycle emissions, but lower than recent
suggestions by Sturgis & Roberts (2010), who note that embodied
carbon can contribute up to 45% of total life-cycle emissions in
modern office buildings.

The Growing Importance of Embodied Carbon

Whilst the study above suggests that reducing tall building operational
emissions has the best potential for improving their environmental
performance, it is clear embodied emissions are not insignificant and

(3kJ8: Philip Oldfield)
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Figure 9. 30 St Mary Axe initial embodied carbon and operating carbon emissions 2004
- 2020. (Source: Philip Oldfield)

9. Z W EHT305 A 20044 F20204F MAT IR A HH R EEREFH
HHAHE. (RIE: Philip Oldfield)

strategies to reduce embodied carbon - particularly to the structural
elements, services and finishes — will have a positive impact on tall
building sustainability. In addition, the author suggests that embodied
emissions will actually play a more significant role in the future for the
following reasons;

Short Term Carbon Reduction Targets

Over the next decade, it is clear that vast anthropogenic green house
gas emission reductions will have to occur globally in order to reduce
the impacts of climate change. The Intergovernmental Panel on
Climate Change (IPCQC), for example, states that for low and medium
CO, concentration stabilization levels, developed countries as a group
would need to reduce their emissions by 2020 on the order of 10% to
40% below 1990 levels (Levine et al.,, 2007). Any reduction to a recently
completed tall building’s embodied carbon would be made in this
short-term future, long before the building is even occupied, whilst
operational savings may take many years to accumulate. Looking at
the 30 St Mary Axe study in Figure 9, by 2020 46% of the total carbon
emissions of the building will be due to its initial embodied carbon. For
a tall building completed today, this figure would be much higher.

Increasing Energy Efficiency

The life-cycle carbon analysis of 30 St Mary Axe presented here
assumes operational emissions typical of a recently completed office
building. However, due to increased environmental awareness, stricter
building regulations and technological advances operational emissions
are likely to reduce significantly in the coming years. In tall buildings
we are already seeing completed and under construction towers that
claim to have large reductions in operating energy requirements as
compared to the norm. For example, the Bank of America Tower, New
York will use 50% less energy than the norm (Fox, 2008) and the Pearl
River Tower, Guangzhou 58% less than the norm (Frachette & Gilchrist,
2008). It is clear that such examples will become more typical in the
future, and as they do, embodied emissions will play a much greater
role in the tall building life-cycle environmental impacts.

Strategies for Reducing Embodied Carbon in High-Rise

As a conclusion to this work, the author outlines below a number of
strategies to reduce embodied energy / carbon in high-rise under the
headings of reduce, recycle and retrofit.
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Reduce

[t is obvious that reducing the quantities of materials used in

tall buildings will have a beneficial impact on their embodied
carbon, especially in terms of structural materials, services and
finishes. Strategies such as structural optimization and structural

fire engineering are routinely undertaken on high-rise designs to
achieve just that, reducing embodied carbon but also decreasing
cost. Pursuing passive design strategies in high-rise can also reduce
embodied carbon. The Deutsche Post Tower in Bonn, for example,
utilizes a double-skin facade with internal atria which allows for the
building to be naturally ventilated without a central mechanical
system. Whilst there is quite clearly an embodied carbon and
economic cost for creating an additional layer of skin over 7,000m?
of building facade, there are also environmental and economic
advantages. These include the elimination of all vertical air distribution
shafts and the removal of an entire mechanical floor saving materials
required for technical building equipment, and 1,000m? of rentable
floor space (Jahn et al,, 2004).

Recycle

A further strategy to reduce embodied carbon in tall buildings is to
use recycled materials in place of virgin / non-recycled materials. In
particular, recycled metals (steel, aluminum, copper, etc) and cement
replacements in concrete such as fly ash or blast furnace slag, can have
a significantly reduced embodied carbon as compared to their virgin /
non-recycled content equivalents.

Retrofit

The upgrading and retrofitting of existing structures can also be

used to reduce embodied carbon requirements over a tall building’s
lifetime. Whilst many construction elements such as facade, services,
finishes, etc, need regular replacement, a tall building’s structure may
last for hundreds of years, allowing for a building to be upgraded or
improved, without the need for total demolition and replacement at a
greater environmental cost. Many high profile tall buildings including
Taipei 101, Taipei, the Empire State Building, New York and Willis Tower,
Chicago are following such a route, improving their environmental
performance without demolishing the entire building and starting
again.

While this is a strategy used across all typologies, tall buildings do

have an inherent advantage in this case. Whereas low-rise buildings
are regularly pulled down and replaced, tall buildings are very

rarely demolished due to their iconic stature in cities and the high
investment that goes into every project — both financially and
professionally. As shown in Table 3, very few tall buildings have actually
ever been demolished. In fact, there have been 727 tall buildings of
200m or greater in height and 2,573 of 150m or greater in height
constructed globally as of September, 2011. Of these only one building
200m or taller has been demolished?, and only five 150m or taller
demolished. So, while the construction of a tall building may be a
significant carbon investment, their long life-cycles are beneficial in
terms of embodied energy / carbon.

3 Calculations by author, with initial data taken from CTBUH, 2011.
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Rank | Name City Completed | Demolished | Height (m)

P | AFK i TR A FREf ®WE (k)

1 Torre de la Escollera Cartagena unknown 2007 206
BrARAR FRBH *&

2 Singer Building New York City | 1908 1968 187
R AR piEy)

3 Morrison Hotel Chicago 1925 1965 160
EERAERE ks

4 Deutsche Bank New York 1974 ongoing 158
BRIRT A EA#FT

5 One Meridian Plaza Philadelphia 1972 1999 150
FrES 5 £

6 City Investing Building | New York 1908 1968 148
AEE AR AR

7 The Ritz-Carlton Hong Kong 1993 2009 142
WEFAWE B 3]

8 Hennessy Centre Hong Kong 1983 2008 140
E A 3]

9 Ardmore Park Old Singapore 1978 unknown 137
Block 1 Fn S
BREEE 1

10 Ardmore Park Old Singapore 1978 unknown 137
Block 2 F S
BAEIEE 2

Table 3. World’s ten tallest buildings ever demolished, as of September 2011. Note: the
list does not include World Trade Centers 1, 2 & 7 as these were destroyed, rather than
demolished. (Source: Philip Oldfield, data from CTBUH 2011)
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