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Abstract: Life-cycle assessment~LCA! is a technique that is used worldwide by clients and their design team to assess the im
their projects on the environment. The main advantage of LCA is in supporting decision making with quantitative data. LCA in
can be either fully developed or streamlined. Fully developed LCAs are time-consuming and costly to prepare. Streamlined LC
used as an effective decision-making tool when considering environmental performance during the design process, but wit
inventory completeness. Acknowledging the advantages and disadvantages of both types of LCA, this paper proposes a h
method that uses input-output data to fill in those gaps routinely left in conventional LCA inventories. The developed hybrid LCA
is demonstrated using a life-cycle energy study of eight different road designs, including vehicle manufacture, maintenance, re
and operation. It was found that the road construction process was initially the most important, but in the long run the manufa
and maintenance of vehicles using the road~which are an inevitable consequence of road construction! became paramount.
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Introduction

Life-cycle assessment~LCA! is a technique that can be used
evaluate environmental impacts during the construction pro
ment process. Accordingly, Ha¨kkinen ~1994! states that the ma
advantage of LCA is in supporting decision making with qua
tative data. Fully developed LCAs are time-consuming and c
to prepare, limiting their viability during the construction procu
ment process. Streamlined LCAs require the collection of
case specific data and the use of more general data for com
used products, requiring less time overall, and thus being
conducive to use during the construction procurement pro
Previous streamlined LCA methods, however, have resulte
increased incompleteness, due to the narrowing in the sco
data collection~Treloar et al. 2000!. Thus, the aim of this paper
to develop a hybrid LCA method using input-output analysis s
to provide a systemically complete framework for LCAs of r
construction projects.

Construction Projects and Environment

Construction projects have a significant impact on the env
ment. Consideration of the extent to which construction imp
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the environment is becoming a topical issue as natural reso
are being depleted, fossil fuels are emitting damaging pollut
and rainforests are being destroyed~Finch 1992; Zhang et a
2000!. The initial impact of a facility on the environment resu
from the energy and products consumed in its construction
thereafter the facility continues to affect the environment thro
out its operation, maintenance, refurbishment, and, finally, d
lition. The use of energy for producing construction materials
it directly or indirectly, contributes to air pollution and is a ma
factor in the overall environmental impacts of construc
projects~Suzuki and Oka 1998!. In Australia, for example, th
construction sector—including construction of buildings and
engineering projects—accounts for 10–20% of the nation’s
mary energy-usage and energy-related greenhouse gas em
~Ballinger et al. 1995; Treloar 1996!.

Numerous techniques for assessing environmental impac
available—all of which have their advantages and disadvan
~Cole 1998!. There are, however, several limitations with exis
techniques, as they have a general objective of encour
greater environmental responsibility within the construction
dustry, but not toward sustainability as a whole. For exam
pollution associated with fossil fuels consumed in the manu
ture of construction products is very rarely considered com
hensively, if at all, during the construction procurement pro
~Treloar et al. 2000!. In other words, the impacts that the produ
used in construction have on the environment are not taken
account when considering the procurement of projects.

Life-Cycle Assessment

LCAs are considered to be the only legitimate basis on whic
compare alternative materials, components, and services~Häkki-
nen 1994!. LCAs are used to assess the environmental imp
attributable to processes and incorporate those effects asso
with processes upstream in the supply chain. In the case
construction project, for example, LCA could be used to con
the pollution associated with the fossil fuels consumed in
manufacture of construction materials. Conventional LCA m

ods are too cumbersome for considering the environmental im-
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pact of design decisions. Therefore, a streamlined approa
required. Treloar et al.~2000! suggest the use of a hybrid LC
method that effectively streamlines the process using input-o
data.

Hybrid Life-Cycle Assessment

The problem of missing or costly data for LCAs of construc
projects can be at least partially overcome by using a hy
method based on national input-output tables~Treloar et al
2000!. In the case of Australia, for example, this information
be obtained from the Australian Bureau of Statistics~ABS!
~1996a!. However, input-output data alone are not appropriat
LCAs, due to inherent errors in their black-box approach to
riving upstream requirements. Input-output LCA methods ma
suitable for analysis of the national production of basic mate
where case-specific data may be unavailable for upstream co
nies due to industrial confidentiality. This is unlikely to be
evant for the whole upstream supply chain of a construc
project.

Hybrid LCA involves the integration of more reliable LC
data into the comprehensive input-output model. Environm
loading data for specific processes can be associated with
important node in the upstream supply chain, as derived from
input-output data~Treloar 1997!. Unimportant nodes in the u
stream supply chain can then be left in the model using the i
output data, and case-specific data can be inserted for the
important nodes~Treloar et al. 2000!.

A hybrid LCA method comprises the following steps.
1. Derive an input-output LCA model~perhaps using only em

bodied energy data!.
2. Extract the most important pathways for the sector u

consideration.
3. Derive case-specific LCA data for the facility and its co

ponents.
4. Substitute the case-specific LCA data into the input-ou

model.
Step 1 and Step 3 are described fully in other places~Treloar

et al. 2000, 2001!. For Step 2, the most important ‘‘pathway
from the inverse input-output model can be extracted usin
algorithm ~Treloar et al. 2001!. The collection of data in Step

Table 1. Road Designs Selected for Analysis~Data per Meter Leng

Road type Abbreviation Bas

Continuously
reinforced concrete

CRC 1.33 m3 of 32 MP
with steel reinf

at 133 kg/m3 c
Plain concrete PC 2.42 m3 of 32 MP
Full-depth asphalt FDA 3.0 m3 of asphal
Composite, asphalt
and concrete

Comp 2.22 m3 of aspha

Deep strength asphalt DSA 2.22 m3 of aspha
Granular G Compacted g

Deep-strength asphalt
on bounded subbase

DSAB 1.67 m3 of aspha

Asphaltic concrete
on bounded subbase

ACB 0.55 m3 of aspha

Note: For Road Types FDA, DSAB, and ACB, the subbase of stab
energy is attributed to compacted graded earth, other than the amou

Source5Porter and Tinni~1993!.
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can be prioritized based on the ranked list of important path
derived in Step 2. In Step 4, input-output data for the unimpo
pathways are retained in the model by subtracting the initial
ues of the modified pathways from the total. Thus, the frame
of the hybrid LCA method is as comprehensive as the in
output model.

The integration of conventional LCA data into an input-ou
LCA model improves the reliability of the modified compone
of the input-output LCA model. Only a fraction more of tim
needs to be spent for an input-output LCA model than for a
ventional LCA. Furthermore, the conventional LCA efforts
more strategically targeted to processes deemed important
initial input-output model.

Hybrid Life-Cycle Assessment for Roads

The key feature of the hybrid LCA method described earlier is
use of input-output data to fill in those gaps normally lef
conventional LCAs. A financial system boundary is used to se
scope of the LCA within the comprehensive input-output fra
work.

The environmental impacts of roads relate initially to t
construction, and thereafter to their maintenance and use.
construction comprises 9.7% of Australian construction act
annually by cost~ABS 1996b!. Since the use of roads involv
vehicles, the life-cycle energy associated with vehicles sh
also be considered as part of the road system. This is analog
considering the life-cycle energy of equipment used in a buil
as part of the life-cycle energy attributable to the building
Australia, road use dominates the transport industry, comp
90% of passenger kilometers and one-third of freight ton kilo
ters~Parikh et al. 1995!. The full life-cycle energy implications o
the manufacture, maintenance, and use of vehicles, in the c
of a road, have not been articulated.

Road Designs Selected for Analysis

In addition to vehicle life-cycle energy, the life-cycle energy
plications of different road designs were analyzed. The eight
designs selected for analysis were previously analyzed in ter
life-cycle cost by Porter and Tinni~1993!. All cases had the fo
lowing attributes:

Road!

Subbase Miscellaneo

crete;
ent,
te

1.39 m3 of 5 MPa concrete Shoulders: 0.763

of 32 MPa concret

crete 1.39 m3 of 5 MPa concrete
crete 1.70 m3 of 5 MPa concrete

ncrete 1.41 m3 of 5 MPa concrete

ncrete Compacted graded earth
earth Compacted graded earth Sealed su

0.50 m3 asphalt
ncrete 2.28 m3 of 5 MPa concrete

ncrete 3.28 m3 of 5 MPa concrete

earth is assumed to be modeled adequately by 5 MPa concrete. N
irect energy implied in the input-output model for the road construccess
th of

e

a con
orcem
oncre
a con

tic con
ltic co

ltic co
raded

ltic co

ltic co
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• Rural location,
• 5 km stretch,
• Maintenance requirements at 4% per annum, and
• 10,000 vehicles per day, comprising 90% cars and 10% tr

The specific attributes of each road type are describe
Table 1.

Life-Cycle Energy Model

The life-cycle energy attributable to roads—including the sha
the vehicles using the road—is depicted in Fig. 1, and comp
• Road construction, use~i.e., vehicles!, maintenance, and r

placement and
• Vehicle manufacture, use, maintenance, and replacemen

The life-cycle energy model is conceptualized in primary
ergy terms. The model relates directly to fossil-fuel-related e
ronmental loadings because energy use in Australia comp
mostly fossil fuels. Electricity consumption, for example,
weighted to reflect the coal and other primary fuels used fo
generation.

Fig. 1. Life-cycle energy m

Fig. 2. Classification model for
JOURNAL OF CONSTRUCTION ENGINEER
The financial system boundary is greater than the tradit
International Federation of Institutes for Advanced Study~IFIAS!
levels of analysis~Fig. 2!. Transactions rather than categorie
inputs represent levels in the upstream tree. Thus, any activit
occur at any level, depending on the characteristics of the
stream supply chain for the process under consideration.

Derivation of Life-Cycle Assessment Data

The initial embodied energy of the first road design case
determined using embodied energy rates for basic material
Australian economic sectors derived using an input-output m
for 1992–1993~Treloar 1998!. The embodied energy rates u
for basic materials are given in Table 2. Industry data for en
usage were substituted into this input-output model using th
brid analysis method described previously, as described in Tr
~1998!.

Nonmaterial inputs~such as financial services! and ancillary
activities~such as administration! are included through the use
a financial system boundary~Treloar et al. 2000!. The cost o

for a road, including vehicles

died-energy analysis~IFIAS 1974!
odel
embo
ING AND MANAGEMENT © ASCE / JANUARY/FEBRUARY 2004 / 45
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these items was used as a mechanism to attribute embodi
ergy, facilitated by the initial derivation of energy intensit
using the input-output model in units of energy per dollar of
put. Embodied energy rates for Australian sectors as used f
analysis of products other than those listed in Table 2 are giv
subsequent tables, along with the assumed costs for these

The assumed vehicle energy efficiencies were derived b
on the assumption that cars average 10 km/L~an estimate! and
trucks average 3.63 km/L@equivalent to 10.49 miles per gall
~mpg!, quoted as a U.K. average for trucks by Boustead and
cock ~1979!#. Fuel heat of combustion was assumed to be 0
GJ/L ~Boustead and Hancock 1979! and a primary energy fact
of 1.4 was assumed for all liquid fuels, as it takes 1.4 GJ o
and other primary fuels to make 1 GJ of petrol~Treloar 1997!. It
was assumed that future increases in vehicle efficiency wi
exactly offset by increases in road use.

Associated with vehicle operational energy is the share o
energy embodied in the initial manufacture and ongoing ma
nance of these vehicles. The embodied energy of the initial m
facture was modeled using the assumed average price of t
vehicles. Maintenance refers to the consumption of goods
services during the vehicle’s life. The annual interest paym
was assumed only for the first 4 years of the car’s life. Th
because some vehicles are not financed, so this is expec
even out over the vehicle life cycle. The interest payment is

Table 2. Embodied Energy Rates for Building Materials

Material Unit Embodied energy rate~GJ/unit!

32 MPa concrete m3 5.85
5 MPa concrete m3 2.03
Steel reinforcement t 68.6
Asphalt m3 10.8

Note: Source5Treloar ~1998!.

Table 3. Input-Output-Based Hybrid Analysis of Continuously R

Calculation step~description!
Calculation

Input-output analysis
Initial pure input-output embodied energy of road
construction

602 dolla
5

Calculate energy embodied in inputs of concrete,
steel, and cement to road construction in
input-output model.

0.488a10.19
steel,’’ an

Subtract energy embodied in inputs of concrete,
steel, and cement from input-output model for road
construction.

Process analysis
Case specific—32 MPa concrete (1.3
Case specific—steel reinforcement

Case specific—5 MPa concrete

Case specific—miscellaneous

Subtotal—case-specific quantities

Hybrid analysis
Add case specific values to modified pure
input-output total for road construction.
Multiply meter rate by length of road.

Note: Values may not sum due to rounding. Units are GJ/m of road
aDerived using the primary energy input-output model for Australia
b
Porter and Tinni~1993!.
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sumed to represent the ‘‘purchase’’ from the banking sector.
technique does not work for savings, because interest ac
would erroneously indicate net energy production. Similar
sumptions are applied for trucks, based pro rata on the ass
vehicle prices.

Road maintenance was simulated using a 4% step. Data
for a more comprehensive model for road maintenance, com
ing estimates of materials used in maintenance activities~Porter
and Tinni 1993!. Such sophistication could be included in fut
research, but is not expected to significantly affect the resul

Results and Discussion

Table 3 identifies the calculations for the initial embodied en
of the 5 km stretch of road, for the continuously reinforced c
crete~CRC! road type. Since the input-output analysis data w
used as ‘‘background’’ in the hybrid analysis, this metho
termed an ‘‘input-output-based hybrid analysis.’’ First, a p
input-output result was obtained. Then the process analysi
ures were derived for basic materials. Finally, these were
grated with the input-output results by subtracting the com
nents of the input-output model that case-specific data
derived for~summing to 3.02 GJ/m!. Components that were d
termined to not be relevant to road construction were also
tracted from the input-output model~e.g., glass is used in signi
cant quantities in commercial building construction, but no
road construction!. Initially, important pathways identified in th
input-output model were not used to prioritize data collec
because the initial values were so much lower than the
specific values. This part of the method could be used to stim
further research into the reliability of this study.

The initial embodied energy of the CRC road type was fo
to be 27.2 GJ/m per length of road, or 136,000 GJ for the 5
length. Assuming 4% per annum for road maintenance, the

ced Concrete Road Type

alian sector for energy intensity,
J/dollars 100! Cumulative result~GJ/m of road!

30.618 GJ/dollars 100a/100
er construction’’)5

3.7

013a5~‘‘concrete slurry,’’ ‘‘basic
ent and lime,’’ respectively!5

0.7

3.720.75 3.0

6) m335.85 GJ/m3a5 7.8

3 t368.6 GJ/ta5 9.1

m332.03 GJ/m3a5 2.8

m335.85 GJ/m3a5 4.5

9.112.814.55 24.2

24.213.05 27.2

.235,000 m5 113,500 GJ

ss noted. Bold numbers are from earlier calculations in the table.

bed in Treloar~1998!.
einfor

~Austr
G

rs/m2 b

(‘‘oth
5a10.

d ‘‘cem

310.7
0.13

1.39
0.76

7.81

27

, unle

descri
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bodied energy of Road Type CRC rose by a factor of 4.6 ove
40 year period to 628,000 GJ. Table 4 gives the initial embo
energy results for each of the eight road types, as well a
assumed life cycles~in years!.

The road operational energy, comprising mainly liquid fu
used to run vehicles, totaled 102,270 GJ per annum, comp
76.6% cars and 23.4% trucks~Table 5!. Over the road’s life cycle
the vehicle operational energy totaled 4,090,800 GJ. This fi
was constant for each of the different road types.

The energy embodied in the vehicles was another factor i
life-cycle energy use attributable to road activities~Table 6!. For
a typical car costing $30,000, the initial embodied energy
found to be 272 GJ, while a typical truck costing $120,000
calculated to have an embodied energy value of 1,088 GJ. F
projected road life cycle, the initial energy embodied in vehi
was amortized annually over 15 years for cars and 18 yea
trucks, resulting in a figure of 1,087,751 GJ for the 40 year
life cycle. These figures were equivalent for each of the diffe
road types.

A further factor associated with the use of cars was the en
embodied in the maintenance of vehicles. Assumptions for a
cal car are given in Table 7. Similar values were assume
trucks, pro rata by price. Totaling only 15,190 GJ in the first y

Table 4. Embodied Energy of Road Construction, and Assumed
Cycles

Road type Abbreviation

Initial
embodied

energy
for 5 km
length
~GJ!

Assumed
life cycle
~years!

Continuously reinforced
concrete

CRC 135,987 40

Plain concrete PC 100,028 40
Full-depth asphalt FDA 194,980 40
Composite, asphalt,
and concrete

Comp 149,759 40

Deep-strength asphalt DSA 135,419 40
Granular G 42,204 20
Deep-strength asphalt
on bounded subbase

DSAB 128,799 40

Asphaltic concrete
on bounded subbase

ACB 78,271 20

Table 5. Calculation of Vehicle Operational Energy

Calculation step Car Truck Total

Number of vehicle trips
per day for 5 km
stretch of road

9,000 1,000 10,000

Assumed average vehicle
primary energy efficiency
~GJ/100 km!

0.476 1.311 naa

Total primary energy per day~GJ/day! 214 66 280
Total annual primary energy
~GJ/annum!

78,164 24,107 102,270

Total primary energy over road
life ~40 years!

3,126,560 964,280 4,090,8

Note: Values may not sum due to rounding.
a
Not applicable.

JOURNAL OF CONSTRUCTION ENGINEER
this factor grew annually to 609,600 GJ over the 40 year roa
cycle. Again, these figures were equivalent for each of the d
ent road types.

The elements of the life-cycle energy attributable to the
are depicted in Fig. 3. The relative importance of the var
elements changed considerably over the 40 year life cycle. I
first year, the life-cycle energy comprised
• 64% vehicle manufacture~not amortized annually!,
• 21% road construction~for Road Type CRC!, and
• 15% vehicle operation.

At the end of the simulated 40 year life cycle, the tota
6,571,635 GJ for Road Type CRC comprised
• 62% vehicle operation~initially third!,
• 28% vehicle manufacture and maintenance~initially first!, and
• 10% road construction and maintenance at 4%~initially sec-

ond!.
Initially, the most important phase of road use was the m

facture of vehicles. Energy-related emissions are the major
ponent of environmental loadings attributable to vehicle man
ture and operation~Parikh et al. 1995!. The embodied energy of
typical Australian car has been previously estimated to be
tween 221 and 273 GJ per car, using process-based hybrid
sis and pure input-output analysis, respectively~Parikh et al
1995!. The pure input-output result of Parikh et al.~1995! is simi-
lar to findings presented in this paper being only 0.3% highe

Over the simulated 40 year life cycle, vehicle operation
the most important phase in life-cycle energy terms. Since
values were derived in primary energy terms, greenhouse
emissions can be easily calculated using an average emissio
for fossil fuels of approximately 60 kg/GJ~in terms of CO2

equivalent!. This, however, would not include nonenergy gre
house gas emissions, such as those from cement prod
~which are similar in magnitude to the energy-related emissi!.

Table 6. Input-Output Analysis for Vehicles

Calculation step Car Truck

Assumed average price
of new vehicle~A!

30,000 dollarsa 120,000 doll

Embodied energy rate for
the ‘‘motor vehicles and parts;
other transport equipment’’ sector
@from input-output model developed
by Treloar~1998!# ~GJ/dollars 100! ~B!

0.9065 0.9065

Vehicle-embodied energy~GJ!
(A3B/100)5(C)

272 1,088

Number of vehicles per day~D! 9,000c 1,000c

Assumed total kilometers per
day for vehicles~E!

30a 400a

Assumed vehicle life~years! ~F! 15b 18a

Vehicle embodied energy expressed
per annum~GJ; i.e., initial embodied
energy is amortized over life cycle!

(C3D/E35/F)

27,194 755

40 year total 1,087,751 30,215

Note: Values may not sum due to rounding. Assume daily comm
only ~i.e., 5 days!.
aAssumed.
bParikh et al.~1995!.
cPorter and Tinni~1993!.
The life-cycle phase ‘‘demolition’’ was not considered because
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existing rural roads are rarely demolished; they are most
maintained indefinitely into the future.

The road type with the lowest life-cycle energy, not includ
the life-cycle energy associated with vehicles, was ‘‘granu
This road type, however, may not stand up well to margina
creases in truck traffic—a major determinant of road mainten
requirements—over time~Porter and Tinni 1993!. Other road
types found to have low life-cycle embodied energy may
have differential performance. The road type with the hig
life-cycle energy, not including the life-cycle energy associ
with vehicles, was ‘‘full-depth asphalt,’’ which is apparently qu
common in Australia. Further research could identify implem
tation actions for selecting a road design that has lower life-c
energy implications, but with equal or greater life-cycle per
mance in terms of the resistance to marginal increases in
traffic. A broader hybrid LCA, considering environmental im
cations other than energy~for example, the environmental effe
of construction waste!, may result in the identification of a ro
design that may also reduce other environmental loadings
impacts. Performance characteristics and features that inc
car efficiency and road safety would also need to be consid

Fig. 3. Life-cycle energy attributable to road construction and
The step jumps in the line for vehicle manufacture and mainten
represent complete vehicle replacement at 15 year intervals. Inc
in road life-cycle energy are due to the energy embodied in mat
used for maintenance. Continuously reinforced concrete, CRC;
depth asphalt, FDA; deep-strength asphalt, DSA; deep-streng
phalt on bounded subbase, DSAB; plain concrete, PC; comp
asphalt, and concrete, Comp; granular, G; and asphaltic concr
bounded subbase, ACB.

Table 7. Life-Cycle Energy Use Associated with Car Maintenan

Category Price~dollars! ~A!

Austral
~total ene

GJ/dolla

Registration 410 Government a
Tires 250 Rubber pr
Servicing 500 Mechanica
Insurance 500 Insura
Interest 1,482 Banki
@Total per car# — —

Note: Values may not sum due to rounding.
aThe annual interest payment was only applied for the first 4 years
48 / JOURNAL OF CONSTRUCTION ENGINEERING AND MANAGEMENT ©
Conclusion

This paper suggests that the development of LCAs for road
struction should focus on a hybrid approach, which uses na
statistics to fill in those gaps not accounted for by convent
LCA data. Despite that the road construction was found t
small in embodied energy terms, the manufacture of vehicles
quite significant compared to the operational energy of the
hicles using the road. By adopting this approach, the writers a
that a more reliable comparison of products and systems c
undertaken more rapidly, and more strategically, which can
effectively support designers and engineers in their decision
ing. Similarly, the operational impacts can also be examined
effectively in a complete life-cycle context. Implementation
tions for energy efficiency and conservation from the operat
and construction/manufacture phases can be easily compar
prioritized.
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