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a b s t r a c t

The building construction industry consumes a large amount of resources and energy and, owing to
current global population growth trends, this situation is projected to deteriorate in the near future.
Buildings consume approximately 40 percent of total global energy: during the construction phase in
the form of embodied energy and during the operation phase as operating energy. Embodied energy is
expended in the processes of building material production (mining and manufacture), on-site delivery,
construction and assembly on-site, renovation and final demolition. Recent studies have considered the
ata quality
ife cycle analysis
nergy consumption
onstruction industry

significance of embodied energy inherent in building materials, with a specific focus on this fraction of
sequestered energy. Current interpretations of embodied energy are quite unclear and vary greatly, and
embodied energy databases suffer from problems of variation and incomparability. Furthermore, there is
no reliable template, standard or protocol regarding embodied energy computations that could address
these problems in embodied energy inventories. This paper focuses on the analysis of existing literature
in order to identify differing parameters so that development of a consistent and comparable database

can be facilitated.

. Introduction

The construction industry, along with its support industries, is
ne of the largest exploiters of natural resources, both renewable
nd non-renewable, that is adversely altering the environment of
he earth [1–6]. It depletes two-fifths of global raw stone, gravel,
nd sand and one-fourth of virgin wood, and consumes 40 per-
ent of total energy and 16 percent of water annually [3,7–10].
ig. 1 shows the percentage share of building’s energy consump-
ion over the span of eight years and its anticipated growth trends
y the end of 2030. The anticipated growth in global population
rom 6.5 billion in 2005 to approximately 9.0 billion in 2035 [11]
ndicates the grave situation of material and energy consumption
s a result of the anticipated increase in construction activities.
he construction sector, in particular, is one of the largest con-
umers of commercial energy in the form of electricity or heat

y directly burning fossil fuels [1]. Urge-Vorsatz and Novikova
8] assert that, during 2004, buildings alone depleted nearly 37
ercent of the world’s energy and this figure is anticipated to
each 42 percent by 2030. Construction activities not only con-
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sume energy, but also cause environmental pollution and emission
of greenhouse gases, which lead to climate change. Therefore,
it is urgent to review, as well as modify, current construction
practices such as design and engineering methods, construction
techniques and manufacturing technology to tame energy con-
sumption.

The total life cycle energy of a building includes both embodied
energy and operating energy [7,12]:

(1) Embodied energy (EE): sequestered in building materials dur-
ing all processes of production, on-site construction, and final
demolition and disposal; and

(2) Operating energy (OE): expended in maintaining the inside
environment through processes such as heating and cooling,
lighting and operating appliances.

Until recently, only operating energy was considered, owing to
its larger share in the total life cycle energy. However, due to the
advent of energy efficient equipment and appliances, along with
more advanced and effective insulation materials, the potential for
curbing operating energy has increased and as a result, the cur-

rent emphasis has shifted to include embodied energy in building
materials [7,12–16]. Ding [7] suggests that the production of build-
ing components off-site accounts for 75 percent of the total energy
embedded in buildings [1] and this share of energy is gradually
increasing as a result of the increased use of high energy inten-
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ig. 1. US energy consumption in building sector as percent of total (derived from
S Dept. of Energy data).

ive materials [9,13]. Thus, there is a genuine demand to calibrate
he performance of buildings in terms of both embodied and oper-
ting energy in order to reduce energy consumption [9,17]. At
macro-level, proper accountability of embodied and operating

nergies will contribute to data and information needed to create
n energy economy that accounts for indirect and direct contribu-
ions.

Langston and Langston [9] suggest that, while measuring oper-
ting energy is easy and less complicated, determining embodied
nergy is more complex and time consuming. Furthermore, there
s currently no generally accepted method available to compute
mbodied energy accurately and consistently [12,18] and as a
esult, wide variations in measurement figures are inevitable,
wing to various factors [7,9,12,18,19].

. Embodied energy analysis—current state of research

.1. Interpretation of embodied energy

Buildings are constructed with a variety of building materi-
ls and each material consumes energy throughout its stages of
anufacture, use and deconstruction. These stages consist of raw
aterial extraction, transport, manufacture, assembly, installation

s well as its disassembly, deconstruction and decomposition. The
nergy consumed in production (in conversion and flow as pro-
osed by Koskela [20]) is called the “embodied energy” of the
aterial and is the concern of energy consumption and carbon

missions. Gonzalez and Navarro [21] assert that building materi-
ls possessing high-embodied energy could possibly result in more
arbon dioxide emissions than would materials with low embodied
nergy.

According to Miller [18], the term “embodied energy” is sub-
ect to various interpretations rendered by different authors and its
ublished measurements are found to be quite unclear. Crowther
12] defines embedded energy as “the total energy required in
he creation of a building, including the direct energy used in the
onstruction and assembly process, and the indirect energy, that
s required to manufacture the materials and components of the
uildings.” Treloar et al. [22] state, “Embodied energy (EE) is the
nergy required to provide a product (both directly and indirectly)
hrough all processes upstream (i.e. traceable backwards from the
nished product to consideration of raw materials).” Another char-
cterization given by Bousted and Hancock (as cited by Langston
nd Langston [9]) is, “Embodied energy is defined as the energy

emanded by the construction plus all the necessary upstream
rocesses for materials such as mining, refining, manufacturing,
ransportation, erection and the like. . .” Likewise, a more compre-
ensive definition, provided by Baird, 1994; Edwards and Stewart,
994; Howard and Roberts, 1995; Lawson [56]; Cole and Kernan,
ings 42 (2010) 1238–1247 1239

1996 (as cited in Ding [7]), explains that “embodied energy com-
prises the energy consumed during the extraction and processing of
raw materials, transportation of the original raw materials, manu-
facturing of building materials and components and energy use for
various processes during the construction and demolition of the
building.”

These definitions represent differences of opinion about the sys-
tem boundaries to be included in embodied energy analyses.

2.2. Embodied energy modeling

Overall, buildings use the following types of energy consump-
tion (see Fig. 2), from raw material extraction to deconstruction and
disposal [7,23,24].

2.2.1. Direct energy [7,23,24]
Direct energy is consumed in various on-site and off-site

operations like construction, prefabrication, transportation and
administration.

Construction and assembly on-site: Energy inputs during the assem-
bly of building materials and components on-site;
Prefabrication off-site: Building components that are prefabricated
off-site that consume energy in the process; and
Transportation: Transportation involved in construction and
assembly on-site and prefabrication off-site.

2.2.2. Indirect energy [7,23,24]
Indirect energy is mostly used during the manufacturing of

building materials, in the main process, upstream processes and
downstream processes and during renovation, refurbishment, and
demolition.

Initial embodied energy: Energy used during production of mate-
rials and components of a building, including raw material
procurement, building material manufacturing and final product
delivery to construction-site;
Recurrent embodied energy: Energy used in various processes for
maintenance and refurbishment of buildings (building materials
and building components) during their useful life;
Demolition energy: Energy necessary for deconstruction of building
and disposing of building materials; and
Operating energy: Energy required in the building for operating
various electrical and mechanical services.

2.3. Significance of embodied energy

As mentioned earlier, until recently, major endeavors for energy
conservation assumed the operating energy of a building to be
much higher than the embodied energy of a building. However,
current research has disproven this assumption and found that
embodied energy accounts for a significant proportion of total
life cycle energy [12,25,26]. Embodied energy is expended once
in the initial construction stage of a building, while operational
energy accrues over the effective life of the building. Opera-
tional energy conservation could be accomplished more optimally
with energy efficient appliances and advanced insulating mate-
rials, which are available more readily [7,13,16]. Fig. 3 indicates
the growing number of Energy Star labeled home appliances
in the United States over a ten-year span, which is one fac-
tor that could reduce operational energy in buildings over time

[27].

Embodied energy can only be reduced by preferring low
energy intensive materials. Commonwealth Scientific and Indus-
trial Research Organization (CSIRO) research has demonstrated that
the embodied energy contents of an average household in Australia
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Fig. 2. Embodi

re nearly equivalent to fifteen years of operational energy [28].
rawford and Treloar [25] suggest that, in Australia, the embodied
nergy contained in a building is 20–50 times the annual opera-
ional energy needed for the building.

A modest knowledge and awareness of the embodied energy
ontents of building materials could encourage the use of not
nly production and development of low embodied energy mate-
ials, but also their preference among construction design and

ndustry to curb energy use and carbon dioxide discharge [7]. The
uilding material (production) industry is responsible for 20 per-
ent of the world’s fuel consumption, therefore, embodied energy
esults are critical for national and global strategic plans for energy
29].

Fig. 3. Indication of growing number of Energy Star rated home appliances in
rgy modeling.

3. Embodied energy analysis—problem of variation and
inconsistency

3.1. Current research efforts

3.1.1. Framework of measurement
Treloar [23] performed a thorough study to create a com-

prehensive framework for embodied energy analysis that avoids

the earlier incompleteness of process analysis and unreliability of
input/output-based analysis. Furthermore, he asserted that process
and input/output-based hybrid analysis have few unwanted indi-
rect effects that influence the reliability of measurements. Treloar
[23] concludes that a new method of analysis is needed in order to

the United States (derived from US Dept. of Energy Data Book, 2008).
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The research method adopted for this study includes a litera-
ture review and derives its conclusions from referring to various
peer reviewed and published bibliographic sources. This research
M.K. Dixit et al. / Energy and

ddress this problem. He presented an improved comprehensive
ramework of analysis as a research thesis for his doctoral pro-
ram, which he claims can be used to measure embodied energy of
uilding materials, as well as building components, accurately and
ompletely.

.1.2. Embodied energy inventory
Current embodied energy inventories use currently available

ethods of embodied energy measurements and reliable or unreli-
ble data, to calibrate energy consumed during the manufacture of
building material or a component. The methods of measurement
ave pros and cons that are discussed later in this paper. Ham-
ond and Jones [30] of the Department of Mechanical Engineering,
niversity of Bath, United Kingdom, are performing analysis of
uilding materials to establish an inventory of carbon and energy
or a carbon vision buildings program. They have established the

ost recent list of not only energy intensities of a variety of build-
ng materials, but also respective carbon implications associated

ith their production process. They have adopted a “cradle to gate”
pproach, which considers all energy consumption from upstream
tages such as raw material extraction to the final stage as a fin-
shed product. Some calculations of embedded energy have taken
nto account the energy consumed during delivery of these prod-
cts to construction-sites with a much wider system boundary;
owever, these are few in number. Alcorn and Baird [31] of the
enter for Building Performance and Research at Victoria Uni-
ersity of Wellington, New Zealand has evolved a coefficient of
arbon emission and a database of embodied energy of build-
ng materials, which are used in New Zealand. He considered

process-based hybrid analysis method for the computation to
void incompleteness and unreliability. Buchanan and Honey [32]
efer to energy coefficient data in a report prepared by Baird and
han (1983), in order to provide a comprehensive list of energy
nd carbon dioxide emission data to show implications of con-
truction activities. Adalberth [33,34], Pullen [35], Crawford and
reloar [36] and Lenzen et al. [37] made noteworthy endeavors to
scertain the amount of sequestered energy in selected building
aterials.

.2. Variation and inconsistency in embodied energy
easurement results

Buchanan and Honey [32]; Crowther [12]; Crawford and Treloar
25]; Ding [7]; Horvath [3]; Crawford and Treloar [36]; Nassen et
l. [16]; and Langston and Langston [9] suggest that the embodied
nergy results from research studies show significant variation in
mbodied energy figures, which are derived by information from
isparate sources and different countries. Table 1 indicates varia-
ion in various embodied energy figures of a typical residential unit
nd a commercial building derived by different research studies
source Ding [7]). Figs. 4 and 5 represent these variations graph-
cally through a radar diagram and point out that residential and
ommercial units differ in terms of embodied energy. The mean
f residential units’ embodied energy is 5.506 GJ/m2 and standard
eviation is found to be 1.56 GJ/m2, while commercial buildings’
mbodied energy figures demonstrate a mean of 9.19 GJ/m2 and
standard deviation of 5.4 GJ/m2. This indicates that commer-

ial buildings show greater variability than do residential units in
mbodied energy terms. The literature suggests that determina-
ion of embodied energy is difficult and no standard methodology
s available to estimate the energy level of building materials [12].

t is relatively easy to configure operating energy of buildings, how-
ver, embodied energy determination is more time consuming and
omplex [9].

Amidst several efforts to calculate embodied energy, some note-
orthy attempts have been made to figure out possible errors
Fig. 4. Differing embodied energy values in residential buildings.

and difficulties associated with these measurements. Pears, 1996
(as cited by Ding [7]) asserts that different information sources
and inclusion of primary and secondary energy figures could
bring 30–40 percent variation in measurement figures. Lenzen [19]
warns of a possible truncation error in conventional process anal-
ysis, which could lead to a limit of 50 percent depending upon the
product and its process under consideration. The incompleteness
in such methods of embodied energy analysis could be as large as
20 percent (Treloar, 1997, as cited by Langston and Langston [9]). In
addition to these concerns, Pullen [38] observes that process anal-
ysis does not include upstream processes (raw materials extraction
and transportation) and some downstream processes (transporting
finished products to construction-sites) and, thus, its results are not
consistent.

4. Research method
Fig. 5. Differing embodied energy values in commercial buildings.
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Table 1
Embodied energy figures, showing variability, derived by various authors (Source: Ding [7]).

Embodied energy (GJ/m2) Building type Source

3.6 Residential Hill (1978) (cited by Pullen [38])
3.9 Residential Edwards et al. (1994)
4.3–5.3 Residential D’ Cruz et al. (1990) (cited by Pullen [38])
4.9 Residential Pullen (1995)
5.0 Residential Lawson (1992) (cited by Pullen [38])
5.9 Residential Pullen [38]
6.6 Residential Ballantyne et al. (2000) (cited by Pullen [38])
6.8 Residential Treloar [24]
8.76 Residential Treloar (1996b)
3.4–6.5 Commercial Honey and Buchanan (1992) (cited by Pullen, 2000c)
4.3–5.1 Commercial Cole and Kernan (1996)
5.5 Commercial Oppenheim and Treloar (1995)
8.0–12.0 Commercial Oka et al. (1993) (cited by Pullen, 2000c)

m
i
D
a
a
c
a
f
r
b

t
i
i

8.2 Commercial
10.5 Commercial
18.6 Commercial
19.0 Commercial

ethod is called Literature Based Discovery (LBD), widely used
n the realm of biomedical science, which was proposed by Dr.
on R. Swanson from the University of Chicago. In 1986, Swanson
dopted the LBD research method in biomedical science studies,
nd was successful in creating new knowledge [39]. The con-
ept of LBD demonstrates great potential that has been widely
cknowledged by research communities [39–44]. Kenneth A. Cory
rom Wayne State University, Detroit, has demonstrated that this
esearch method of creating new knowledge is valid outside of the

iomedical science field [39,41].

The data interpretation is performed using the concept of
riangulation that involves cross-referencing various sources of
nformation about the same phenomenon. This paper applies a sim-
lar approach by referring to various literature sources in order

Fig. 6. System boundaries in the lif
Tucker and Treloar (1994) (cited by Pullen, 2000c)
Yohanis and Norton (2002)
Stein et al. (1976) (cited by Pullen, 2000c)
Tucker et al. (1993) (cited by Treloar, 1996b)

to identify parameters that are causing variations in the embod-
ied energy database. After the parameters and their respective
sources are identified, the information is arranged in the form of a
matrix.

5. Findings: factors responsible for variation and
inconsistency
The literature search revealed 10 parameters that influence the
quality of embodied energy results. Table 2 presents a matrix that
shows these parameters along with the research studies supporting
them. These parameters are described in detail in the following
paragraphs.

e cycle of a building material.
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5.1. System boundaries

In past embodied energy analyses, whenever it became diffi-
cult to acquire the necessary reliable and consistent information,
a boundary was drawn and further analysis in upstream was
truncated [25]. These boundaries could range from raw material
extraction in distant upstream to demolition and ultimate dis-
posal furthest downstream (Fig. 6). Authors adopted various system
boundaries and, as a result, measurement figures varied and could
not be compared [3,7,18,19].

Exclusion of certain energy inputs in building components, such
as furniture and fittings, and in processes, such as on-site construc-
tion and demolition, can cause large variations in embodied energy
results [7]. Boundary definition is one of the most critical issues
that cause the exclusion of upstream processes that could make a
considerable difference in embodied energy calculations [3]. Miller
[18] asserts that published embodied energy results differ signifi-
cantly; furthermore, there is no explanation about what is included
or excluded in the calculation.

Lenzen [19] points out a possible truncation error that is caused
by truncating system boundaries in upstream processes of a prod-
uct’s life cycle. Such differing assumptions about boundaries result
in differing quality of data, thus making the data incomparable. Suh
et al. [45] state that subjective selection of system boundaries could
render end results invalid and with such selection of boundaries,
comparative evaluation of two products cannot be guaranteed [46].
Peereboom et al. [47] not only propose a method to select the
system boundaries, but also to analyze the influence of such dif-
fering parameters, which is found to be 10–100 percent. Raynolds
et al. [48] note the need for a consistent system boundary selection
method so that comparative assessment would be possible.

5.2. Methods of embodied energy analysis

Among the major processes of embodied energy analysis are
process analysis, statistical analysis, input/output analysis and
hybrid analysis [7,19,23–25,38]. Results of disparate embodied
energy and life cycle analysis methods differ widely, due to
respective inherent limitations and, thus, cannot be juxtaposed
[3,16–18,36,38]. The following information elaborates on the
advantages, limitations and error levels of the three most widely
used methods of embodied energy analysis.

5.2.1. Process-based analysis
Process-based analysis is one of the most widely used methods

of embodied energy (EE) analysis, as it delivers more accurate [7]
and reliable results [25,31,38]. The process commences with the
building material as a final product and works backward in the
upstream of main process, taking into account all possible direct
energy inputs or sequestered energy of each contributing material
[24,31].

However, process analysis is ascertained to be impracticable
and incomplete because of the exclusion of many upstream pro-
cesses, as a result of truncation of system boundaries. This occurs
because of the enormous efforts required to identify and quantify
each small energy and product input of the complex upstream pro-
cess [7,22,31,36]. The magnitude of system incompleteness and
error in process analysis is estimated to be as high as 50 percent
and 10 percent respectively, and even inventories based on detailed

and extensive process analysis fail to attain significant complete-
ness [22,36]. Pullen [38] states that process analysis fails to capture
not only some of the downstream processes, but also the capital
energy inputs of plants and equipment required in the course of
building material production.
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.2.2. Input/output-based analysis
An input/output-based analysis could account for most direct

nd indirect energy inputs in the process of production of build-
ng materials and thus is considered relatively complete [23]. This
rocess makes use of economic data of money flow among var-

ous sectors of industry in the form of input/output tables made
vailable by the national government, thereby transcribing eco-
omic flows into energy flows by applying average energy tariffs
7,23–25,31,38]. Thus, in an input/output analysis, the EE is calcu-
ated by multiplying the cost of the product by the energy intensity
f that product expressed in MJ or GJ/$1000 and dividing it by $1000
36].

This method is assumed to be comprehensive and complete as
t embraces nearly the entire system boundary. However, it also
uffers from inherent problems such as assumption of homogene-
ty and proportionality, errors and uncertainty of economic data
or example energy tariff and product cost, and aggregation and
rouping of sectors. These problems make its results erroneous and
nreliable [23–25,38], and error in the measurement figures can
ange up to 50 percent [17].

.2.3. Hybrid analysis
A hybrid analysis is devised by unifying the benefits of the two

ethods, to eliminate fundamental errors and limitations of both
rocess and input–output-based analyses. However, these meth-
ds need to be compared and validated [25]. The hybrid method
tarts with process analysis of readily available energy input data
f the final production stage and likely, one stage more in the
pstream and then substitutes it with the input/output method
hen it is difficult to achieve reliable and consistent information

egarding complex upstream processes [19,31]. Treloar [24] cate-
orizes this method into two types:

Process-based hybrid analysis (see Fig. 7): This method assimi-
lates input/output-based analysis to complex parts of upstream
processes of material production and thus obviates the incom-
pleteness inherent in process analysis. However, complex
materials, which involve more than one material, could pose
problems for this method. Furthermore, overestimated prices of
products could also distort the results [24].
Input/output-based hybrid analysis (see Fig. 8): This method incor-
porates identification and extraction of direct energy paths from
input/output-based analysis in order to integrate the reliable and
accurate process based data to avoid indirect effects [24].

According to Treloar (as cited by Langston and Langston [9]), the
ncompleteness or error in typical embodied energy calculation and
nalysis is approximately 20 percent and thus no method is avail-
ble that is fully efficient, however, input–output-based hybrid
nalysis is considered complete and nearly perfect in the life cycle
nalysis of buildings [9,25,31].

.3. Geographic location of study area

Countries in the studies differ from one another in not only
eographic and climatic characteristics, but also in raw material
uality, production processes, economic data, processes of deliv-
red energy generation, transport distances, energy use (fuel) in
ransport, and labor. This eventually affects the end results of
nergy use analysis, which vary radically [7,13,19,32,49,50,56]. Pro-
esses of industrial and economic sectors differ greatly and thus

nfluence the calculated embodied energy values [32]. Different
ocations of data could affect the embodied energy results because
f variations in production processes and energy tariffs [38]. Coun-
ries could differ in fuel supply structure and thus studies in those
ocations could produce different energy values [57]. Sartori and
ings 42 (2010) 1238–1247

Hestnes [13] assert that because of varying climate, types of build-
ing, types of construction, and assumptions about indoor climate,
various geographic locations eventually cause incomparability and
inconsistency in energy results. Representativeness of geographic
location is a pivotal element that should be considered while com-
puting embodied energy values [2,10]. Differing energy tariffs paid
by different material manufacturers at various locations could lead
to a possible error of 2.6 percent in embodied energy results if they
are derived using the input/output method [50]. Countries have dif-
fering material prices that could result in an error of 2 percent in
embodied energy results [50].

5.4. Primary and delivered energy

Fay and Treloar [23] and Fay et al. [58] define primary energy
as “the energy required from nature (for example, coal) embodied
in the energy consumed by the purchaser (for example, electric-
ity)” and delivered energy as “the energy used by the consumer.”
If information is based upon primary energy consumed, the mea-
surements are relatively consistent, but if delivered energy is also
taken into consideration, the results could prove to be misleading
and ambiguous [13,23]. Furthermore, both operating and embodied
energies must be measured in their primary energy consumption
terms in order to attain consistency and to acquire the most appro-
priate environmental implications in terms of CO2 emissions [23].
Inclusion of delivered energy in embodied energy calculations cre-
ates complications while comparing energy values [35]. A better
comparability in the energy database could be achieved if pri-
mary energy is used in the calculations [17]. Pears [49] asserts that
if primary energy is considered instead of delivered energy, the
embodied energy results could be 30–40 percent higher in building
materials. Table 3 (source: Sartori and Hestnes [13]) shows research
studies that have subjectively selected the type of energy to be
included in their study.

5.5. Age of data sources

Age of data source has a significant impact on the comparability
of the energy database, as old data are derived from an obso-
lete technology of manufacturing that is not as energy efficient
as the new technology and thus, they differ in their values. Con-
sideration of old transportation energy data could affect energy
values, as new vehicles possess greater fuel efficiency and a differ-
ent fuel structure. Any study based on such conflicting data sources
could be misleading and uncertain [47,51]. Building material per-
formance and material production efficiency will be enhanced over
time and could be responsible for variations in measurement fig-
ures [25,32,38]. Hammond and Jones [55] considered modern data
sources in establishing the inventory of carbon and energy, as they
are more relevant, certain and possess temporal representative-
ness.

5.6. Source of data

Researchers adopt different approaches to data acquisition.
Some derive their own embodied energy coefficient and oth-
ers refer to an embodied energy database prepared by other
researchers. This subjective choice influences the final results
significantly [7,46]. Economic information sources like national
input/output tables, energy tariffs and product cost, usually diverge
and affect the analysis if based on the input/output method. Most

published figures of embodied energy in building materials are
derived using a single source of information that questions the
accuracy and reliability of the data source [49]. Peereboom et al.
[47] suggest that people practicing life cycle analysis (LCA) rely on
various sources of information and do not have access to primary
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Fig. 7. Process-based hybrid analysis.
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ata resulting in uncertainty and variability in LCA results. Data
ource is an important parameter and its reliability, uncertainty and
ransparency must be considered while performing LCA [26,51].

.7. Completeness of data

Menzies et al. [54] and Peereboom et al. [47] argue that
esearchers often do not have access to primary data sources and
hey rely on incomplete secondary data sources. Moreover, these
eferenced data sources are incomplete due to either an improper
ethod of calculation or to the subjective selection of system

oundaries. Menzies et al. [54] suggest that accessibility of data,
ethodology adopted, and selection of system boundaries govern

he completeness of data that eventually affects the reliability of
nd results. According to Alcorn and Wood [51], completeness of
ata is a vital quality that should be considered while choosing one
aterial dataset over another.
.8. Technology of manufacturing processes

Manufacturing building materials using different technologies
n the same time and at the same geographic location could reflect

able 3
tudies showing subjective selection of type of energy (Source: Sartori and Hestnes [13]).

Energy considerations in various embodied energy studies

Source Operating energy Embodied

Adalberth et al. (2001) End-use I, T+f
Adalberth (1997) End-use I, T+f
Adalberth (1999) End-use I, T+f
Cole and Kernan (1996) ? Primary I, T
Fay et al. [58] Primary I, T
Feist (1996) Primary I, T
Hallquist (1978) ? End-use I
Hannon et al. [15] ? End-use I
Mithraratne et al. (2004) Primary I, T
Scheuer et al. (2003) Primary I, T+f
Suzuki and Oka (1998) ? Primary I, T
Thormark (2002) Primary T+f
Treloar et al. (2000) Primary I, T
Winther and Hestnes (1999) End-use T+f
Winther (1998) End-use I, T+f
Zimmermann et al. (2005) Primary T

, initial; T, total; +f, feed stock energy included; ?, indicates no clear specification.
ed hybrid analysis.

dissimilar energy consumption. Use of differing production tech-
nology and type of energy used in the process could bring large
differences to embodied energy figures [49]. Huijbregts et al. [59]
point out the necessary technological correlation between the
study and the data source, which is significant in LCA. ISO 14040
[53] states the need for technological representativeness of data
while performing LCA of products. Technological representative-
ness is an important quality of data that should be taken into
account in order to eliminate the inconsistency and variability of
results [2,10,19,47,54].

5.9. Feedstock energy consideration

Feedstock energy is the energy used as an ingredient in the pro-
duction process of a material. Petrochemicals like oil and gas are
used as material input in the manufacturing process of products
such as plastics and rubber. Feedstock energy is considered in the

calculation of the total embodied energy of a material, if such valu-
able energy resources are used in manufacturing the materials [55].
Exclusion or inclusion of feedstock energy in embodied energy cal-
culation or LCA could result in varying energy figures, and such
figures are not comparable [38].

energy Recycling Other energy LCA
√ √ √

√
√ √

√

√
√

√ √
√

√

√
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.10. Temporal representativeness

Temporal correlation is a vital data quality indicator in embod-
ed energy analysis and LCA [46,47,51,60]. Some energy studies are
ased on recently developed technologies, while some studies con-
ider a mix of new and old technologies [61]. The end results of such
tudies differ and are not consistent.

Ding [7] states, by citing Kohler (1991), that a measurement fig-
re is a function of what is included or excluded, thus it is difficult
o reach a universally applicable database of measured values. Ding
7] observes that such deviations could be misleading and could
istort the results of embodied energy analysis. Thus, it is very

mportant to establish a set of guidelines or frameworks in order
o monitor the measurement process. Furthermore, there is a need
o accumulate all available data, then analyze and screen it against
template of criteria in order to establish a universally applicable

nd comparable database.

. Summary

Building materials have the promising potential of significantly
educing energy use in the construction industry as EE is gain-
ng importance among researchers, professionals, builders and

aterial manufacturers. Current research efforts in the form of
mbodied energy inventories and methodologies suffer from inac-
uracy and unreliability of energy data and thus are incomplete
nd inaccurate. This problem is due to parameters that vary and is
elated to various stages of embodied energy analysis. There is a
tated and identified need to address the problem of variation and
nconsistency by identifying and eliminating impacts of differing
mbodied energy parameters.

This paper identifies and presents a set of parameters that differ
nd which cause variation and inconsistency in embodied energy
gures. This paper discusses the existing state of unclear inter-
retation about embodied energy and provides an idea about the

nherent variation. The literature indicates that the geographic
ocation is stated by most of the studies while feedstock energy con-
ideration is the one least stated. These parameters, if addressed,
ould result in a consistent, translatable and comparable database
f embodied energy of building materials.

This paper points out the need to evolve a standardized
pproach to data collection (embodied energy) that includes
ecessary guidelines and requirements to address difference of
arameters, which could be followed by research and practice
orldwide. Once the industry has a standard template for collect-

ng and analyzing information, an energy economy that accounts
or most of the energy embodied in a building will be useful
o compare products and buildings regarding effective use of
nergy.
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