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pollution that anyhow is at acceptable levels. The aesthetic values of the lake indicated accepiabie
levels and a place suitable for recreational activities. The use of the corresponding PSIR indicatorg
is indicative and proved useful for the data considered. These indicators are also a tool, whicli wag
used for reference in terms of comparison with previous researchers about the nature and bchaz'mu;
of the river at the monitoring points. The information obtained from this research program cop.
stitutes the first document describing the state of the Polyfyto Lake over a period of twelve monthg
at three monitoring stations in Kozani West Macedonia Greece. In the future it will enable correct
decisions to be made about the activities of the many communities living in areas, which influence
the Aliakmon River.
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Absiract

Fneineering building design focuses on optimising operational energy use and ignores the energy
required to procure and construct a building. This energy, termed ‘embodied energy’, can be very
significant when compared to operational energy. Therefore, it is important to minimise the
embodied in buildings; this must be done at the design stage. This paper presents a comparative
embodied energy analysis of two structural design solutions for a modern office building: one in
concrete and one in steel. Process analysis is used to determine production, transport and
construction energy requirements for all system components. Results indicate that the steel solution
has more than two and a half times as much embodied energy as the concrete solution.

Kevwords: embodied energy; structural steel and concrete-framed buildings; Ireland.

1. INTRODUCTION

Embodied energy is the total energy consumed by all the processes associated with the production
of # product. For a building material, embodied energy represents the energy used in the extraction
of materials, their processing, manufacture, and transportation. It also includes further upstream
energy inputs such as energy associated with capital equipment and services.

Many researchers have worked on embodied energy and life cycle assessment methodologies to
assess the embodied energies of materials and products [1, 2, and 3]. However, this study focuses
on analysing the comparative embodied energies of two equivalent structural solutions for a modern
commercial building: one in concrete and one in steel.

When choosing a structural system for a building, many factors must be considered. For example:
procurement periods, local construction cxpertise, appearance and aesthetics, operational energy
efficiency and, most importantly, cost. Whereas considerable design effort is expended in
minimising operational energy use in Ireland, no consideration is given to minimising the embodied
energy in a building; this situation is likely to pertain internationally. However it has been
calculated that the total embodied energy of a building could be as high as 67% of the operational
energy use of a building over a 25 year period [4]. The embodied energy of buildings is currently a
particularly important issue in Ireland, where the construction sector accounted for 19.6% of Gross
Domestic Preduct (GDP) in 2005 [5]. This is high by international standards.

Structural steel- and concrete-framed buildings are two of the most widely used options for Irish
commercial buildings. Because the steel and cement industries are also two of the most energy
intensive manufacturing industries in the world [6], the embodied energy of these structural options
should therefore be of particular interest to designers due to their impact on the global environment.
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The foregoing illustrates the importance of embodied energy in the Irish building sector ang the
relatively high embodied energy associated with these materials. Therefore the aim of this paper ig
to undertake a comparative analysis of steel and concrete structural solutions for a generc
commercial building in Ireland and to calculate the respective embodied energies for both.

2. STRUCTURAL OPTIONS

The generic open plan commercial building adopted in the embodied energy analysis is a 48m long
and 13.5m wide rectangular four storey building {7]. The total floor area of the building is 2592y,
This building design was chosen for the study because it represents a commonly used commereia]
building. Two structural solutions are considered due to their prevalence in the Irish construction
sector. These are: composite steel and composite slab; and reinforced concrete flat slab. These are
referred to henceforth as the ‘stecl option’ and the ‘concrete option” respectively.

The steel option comprises a steel frame with profiled metal deck onto which a reinforced concrete
slab is poured. The slabs are 130mm deep and are supported by a 60mm trapezoidal shiped
decking. A mesh is used to reinforce the concrete slabs. The thickness of steel decking used is
0.9mm (See Figure 1 below).

The concrete option involves a steel-reinforced, cast in siru concrete structure. The percentage
reinforcement is 1% of the cross-section of the slab with a slab depth of 300mm. (See Figure 2 below),
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Figure 1. Composite beams and composite slab;
‘steel option” (Adopted from: SCI, 2004).

Figure 2. Reinforced concrete flat slab;
“concrete option” (Adopted from: SCI, 2004).

3. EMBODIED ENERGY ANALYSIS MODEL

The embodied energies for the steel and concrete options considered in this study are based on the
energy used in material production, transportation and in their eventual construction on site.
Embodied Energy, E. = E, + E + E,

348
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E, = Energy due to production of the material
E. = Energy due to transportation
E. = Energy due to construction

3.1 Steel Production Energy

The main processes in primary steel-making are: mining of raw materials, carbonisation of blended
coal to produce coke, extraction of iron from iron ore in a reduction process, processing of molten
jron to produce steel, casting, rolling and shaping. The reduction of iron ore is the most energy
intensive stage of the steel-making process. However, not all steel has the same embodied energy.
The energy intensity of steel production in some developing countries such as China is higher than
in many industrialised nations such as the United States and Japan [6]. Variation in energy intensity
values by country is due to technology used [6] and indigenous resource endowment and energy
prices [8].

Since the closure of Irish ISPAT, formally Irish Steel in 2001, there is no production of steel in
Ireland, and therefore all steel used is imported from steel producing countries. It is therefore more
relevant to use energy intensity data from these countries. In this study it is assumed that the energy
used for fabrication of steel in Ireland is negligible when compared to the total embodied energy
due to production. For example, the energy used in cutting and welding in the fabrication shop is
ignored. Embodied energy associated with timber shuttering is also ignored since this is
insignificant compared to the total embedied energy of the reinforced concrete itself.

Assuming a waste factor of 5% for steel during production of structural fixtures [9], the embodied
energy due to production of steel is given as;

E; :I.OSQA;kiei (1)

(= total quantity of concrete/steel used [kg]

A= Total floor area of the building [m?]

ki = ratio of steel imported from country/region i, to the total steel imported to Ireland
;= energy intensity of steel production in country i [MJ/kg]

n=total number of countries exporting steel to Ireland

3.2 Concrete Production Energy:

Cement, sand, aggregate and water are the main materials used in the manufacture of concrete.
Because of the wide variety of cement, aggregate and sand types there are significant variations in
the embodied energy of concrete. The cement type considered in this study is Ordinary Portland
Cement (OPC) because it has about 80% usage in the construction industry in Ireland although
Green cement; a more environmentally friendly cement is not widely used. Assuming a waste factor
of 2.5% for concrete [9], the energy embodied in concrete production is given by;

E, (concrete) =1.025eQA (2)

e= the energy intensity of concrete production in Ireland [MI/kg]
3.2 Energy used in transport
The embodied energy due to road transportation of concrete in Ireland is given by;

E, (concrete)=d,r (3)

The energy embodied due to the transportation of steel is given by;
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E, (steel) = 1.05QAY kD, +d,r
i=1
di= average distance from concrete plant to building site [km]
dx= average distance from port in Dublin to the building site [km]
1 = the energy intensity of road truck transport in Treland [MJ/km]
D;= Average nau_ticai distance from country i to the port in Dublin, Ireland [km)]
ti= Energy intensity of the mode of transportation from country i to Ireland. [Ml/kg km]

4. EMBODIED ENERGY CALCULATIONS AND RESULTS

f;hl Eml_)odied Energy due to production, E,
e &_\;fse;ghle_d energy intensities o_f the various regions exporting steel to the European Union-15
region of which Ireland is a member is used in the calculations in order to give a true
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columns and load bearing structures, Because of the simil
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industry in the UK and Ireland, an embodied energy va Y € production and construction

lge o_f l.'l{) MJ/kg was chosen; this is
wing in Figure 1, the amount of concrete

and steel used was calculated to be 26 2 i i
el ¢ 260.8 and 43.7 [kg/m’], Applying Equations 1 and 2, E, is

f[{' h] 2 Cafcu!ario.n of embodied energy due to production, E,: Concrete Option
! :e tzotal quantity of conerete and steel calculated from Figure 2 was found to be 2482 and 8.2
gm" respectively based on a concrete density of 2,400kg/m’, steel density of 7 SSOllcgt’m3 aﬁd

reinforcement equivalent to 1% of the cross-secti i
s Sl ey 1 B o ss-sectional area of slabs, Applying Equations | and 2,E,

EZtCa]culation of embodied energy due to transportation, E,
,‘Saa:lSESEddfo}ll sea transporta_tlon was sourced from the Building Research Establishment-UK since it
ssumed that the energy intensity of sea transport is similar in both the United Kingdom and in

Environmental impact assessment and risk analysis

Ireland. The energy consumption of sea transport is taken to be 0.0038 kg diesel/tonne-km [14]
which is equivalent to 170J/kg-km, based on a diesel calorific value of 38MJ/litre and a density of
550kg/m’. The nautical distances used are those from the largest producing steel exporters in the
region to Dublin Port. A weighted average nautical distance of 1457.4 km is obtained.

A typical truck used for material delivery in Ireland is the Mercedes Axor, which has an average
iuel consumption of 8.30 miles per gallon [15]. The average energy intensity of road transport is
therefore taken to be 12.93MJ/km based on a on a diesel calorific value of 38MUI/litre. An average
distance of 6.4km is assumed for the road transport of steel to and from Dublin Port to the site in

Dublin City.

4.2.1 Caleulation of embodied energy due to transport, E,: Steel Option
Applying Equation 4, the energy due to transport of steel by sea and road is 29.5GJ. Assuming an
average distance of 4km for road transport of concrete to and from the plant in Dublin, the road
energy intensity is calculated to be equal to 51.7 MJ. The total embodied energy due to transport of

steel is 29.6 GJ for the steel option.

4.2.2 Calculation of embodied energy due to transportation, E,: Concrete Option
Similarly, applying Equation 4, the energy due to transport of steel by sea and road is 5.6 GJ. With
a road intensity of 51.7MJ, the total embodied energy due to transport for the concrete option is

5.7Gl.

4.3 Calculation of embodied energy due to construction, E,

Statistical data on construction from the Department of Trade and Industry, UK is combined with
Irish energy production and carbon intensity data obtained from Sustainable Energy Ireland to
calculate the embodied energy due to construction. Energy use in construction process is sourced
from the UK because of the similarity in the construction industry in the two countries and the lack
of equivalent Irish data. Estimated cost of the structural solutions is incorporated in the calculations.
Using an Irish carbon intensity of 0.774kg CO,/kWh [16]; construction process energy intensity of
209kg CO-/€100K of project value [17] and cost of €99.4/ m” and €118/ m’ for the steel and
concrete options respectively [7], the embodied energies due to construction for the steel and
concrete options are calculated to be equal to 2.5GJ and 3GJ respectively.

4.4 Results
Production, transportation, construction and total embodied energies for both the steel and concrete

options are shown in Figure 3.
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5. DISCUSSIONS AND CONCLUSIONS

From Figure 3 it can be seen that the embodied encrgy of the steel option is over two and a half
times greater than that of the concrete option. It can also be seen that production accounts for almost
all (approximately 99%) of the embodied energies for both structural solutions. The energy used to
transport the steel option is 80% greater than that of the concrete option. This due to the fact that
steel is transported from steel producing countries all over the world whereas concrete is produced
locally. The steel option was found to have 1,863GJ more embodied energy than to the concrete
option. This is equivalent to approximately 325 tonnes of CO,. Assuming an EU Emission Trading
Scheme (ETS) price of carbon to be €5-10 per ton of CO, [18], the additional national cost of
carbon for the building is estimated at €1,625-3,250. it i
million square metres of non-residential buildings were constructed in Ireland in 2006/7, significant
CO; emissions savings could be realised by switching from steel to concrete. For example,
assuming all such buildings were structurally similar and constructed from steel, a switch to a
concrete design would reduce annual CO; emissions by approximately 750,000 tonnes (Ireland is
currently 7,000,000 tonnes over its agreed Kyoto target),
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