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ABSTRACT: Australia is considered the driest populated continent in the world. Despite this, we 
consume the largest amount of water, per capita. While little of this water is used for the operation of 
buildings, buildings are now being designed to use less water. Additionally, rainwater collection and 
grey water recycling systems offer the potential to significantly reduce demand for fresh water. 
However, little is known about the water required directly and indirectly (ie., embodied in) construction 
materials and products. Embodied water comprises the water required directly for construction itself 
and the water consumed indirectly in the production and delivery of materials, products and services to 
construction. Water required directly for construction is likely to be insignificant compared to the indirect 
water required for the manufacture of construction materials and products (ie., through materials and 
other products required to support construction). There is currently a lack of research into embodied 
water requirements by the construction sector. The relationship between the embodied water and the 
operational water is also unknown, apart from a handful of studies based solely on national average 
statistics known as ‘input-output’ data. The aim of this paper is therefore to model the water required 
directly and indirectly by construction, integrating currently available public domain industry data with 
input-output data. The coverage of the industry data relative to the input-output data was evaluated for 
a typical commercial building, and was found to be very low. 
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1. INTRODUCTION AND BACKGROUND 
 
Most of the water consumed in Australia is in agriculture 
and forestry, little being required directly for construction 
(ABS 2000). Of non-agricultural water, though, significant 
quantities are required for construction, through the 
manufacture of building materials and associated 
processes (Lenzen and Foran 2001; Treloar et al. 2004). 
While embodied energy is well known, embodied water is 
a relatively new concept. The concepts and methods 
relating to embodied energy translate well to the problem 
of embodied water analysis. For example, while the 
conservation of energy principle stands, when evaluating 
environmental impacts of energy consumption the 
availability of fuel sources needs to be considered. A litre 
of oil is more valuable as a resource than a puff of smoke 
hovering above a highway. Similarly, water vapour may 
be released from a process and returns through the 
natural water cycle, however there is no guarantee that 
that water will return to the local ecological or industrial 
systems from whence it came. So, human activities and 
their demand for water need to be considered in context 
– a litre of water in a reservoir is more valuable as a 
resource than a cloud over the Pacific Ocean.  
As we have seen with energy efficiency, the operational 
aspects of the built environment have so far received 
most attention in terms of water consumption, and duly 
so. Policy and tactics primarily dwell initially around 
demand-side issues. As researchers, professionals, 
industry and policy makers are now aware of the issue of 
embodied energy, there is a knowledge gap in many 
sectors already relating to the issue of embodied water. 
Preliminary models have shown that embodied water is 
significant (Lenzen and Foran 2001; Treloar et al. 2004). 
However, these studies to date have not included any 

specific data from individual building materials 
manufacturing industries, being based solely on ‘input-
output’ models. While these models are comprehensive, 
linking the national water account to the financial 
accounts for all Australian economic sectors (as first 
suggested by Leontief, 1966, for economic and 
environmental assessment), they are subject to errors 
when applied to individual buildings or products. 
Displacement of input-output data with industry or 
process data potentially removes these errors. If done 
according to the comprehensive input-output framework, 
then the completeness of the system boundary is 
preserved.  
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Source: after Boustead and Hancock 1979 

Figure 1: Embodied water analysis system boundary 
 
Due to the complexity of the input-output model, the 
scope of process data available is likely to be 
inadequate. An understanding of the input-output model 
is therefore vital to implementing these principles to the 
analysis of individual buildings. The embodied water of 
an entire building, or an item, or a basic material in a 
building, comprises direct and indirect water. Indirect 
water is used to create the inputs of goods and services 
to the main process, whereas direct water of construction 
is that used directly for the main process, whether it is 
the construction of the building, product assembly, or 
material manufacture (Figure 1). This represents an 
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incredibly complex system boundary, which defies the 
limits of resources available to such studies to fully 
quantify all inputs in terms of direct water requirements at 
all stages. As with embodied energy, the lack of industry 
data in the public domain may be more important than 
the lack of time to quantify inputs to the main 
construction process (which is usually based mostly on 
cost control exercises).  
This paper therefore begins with the premise that, as 
with embodied energy, input-output data is essential to 
the task of comprehensively assessing the embodied 
water of construction, despite the need to use as much 
process water data as possible. The process water data 
tends to be limited, so gaps need to be filled with input-
output data. This leads to a crucial research question to 
be answered in the remainder of this paper: what 
proportion of the embodied water of a typical building 
comprises process data, relative to input-output data? If 
a high proportion is found, then we can begin the next 
phase of the research, investigating potential actions to 
minimise embodied water impacts relative to other life 
cycle environmental impacts. If the proportion is low, as 
expected, then more effort needs to go to sourcing public 
domain process water data or liaising with industry to 
enable collection, assembly and transfer of this 
knowledge, if these systems are not already available.  
 

2. METHOD  
 
An input-output model of Australian direct and indirect 
water requirements was prepared for the 106 sectors, 
including ‘other construction’, using Australian Bureau of 
Statistics National Accounts and Water Accounts (ABS 
2001; ABS 2000). This application of input-output 
analysis has been demonstrated previously for energy 
analysis, but this is the first model of its type in Australia 
developed for the purpose of analysing water 
requirements of individual buildings. The input-output 
model included capital equipment and buildings from 
previous years. Imports were assumed at the same 
water intensity as local equivalents. Net water 
consumption was calculated by deducting in stream and 
in pipe discharges from supplied and self collected water. 
Recycling of water within establishments was therefore 
successfully excluded from the analysis.  
The main purpose of this paper is to investigate the 
implications of applying this input-output model to the 
analysis of an individual building through the integration 
of process data. This is not possible using traditional 
input-output models, which are treated as black boxes. 
Using an algorithm developed for tracing embodied 
energy pathways (Treloar 1997), embodied water 
pathways were extracted from the input-output model. 
The water requirements of construction were noted to be 
of similar complexity to energy requirements. Thousands 
of processes at the sector level were required to describe 
just 90% of the embodied water of construction, the other 
10% comprising extremely small processes, each merely 
a fraction of a percentage of the total water 
requirements. 
Process data for water used in Australian material 
manufacturing industries was then sourced from the 
public domain (Grant 2003) and gaps in these system 
boundaries were filled with input-output data to give a 
process-based-hybrid analysis database of total water 
intensities for materials. This method has been 
demonstrated for embodied energy analysis in Treloar et 
al. (2001b).  
The proportion of the total water requirements for 
materials comprised by process data was then 

calculated, as demonstrated in Table 1 for 32 MPa 
unreinforced concrete. Water is used in the mixing of 
cement and aggregate to make concrete, typically 
around 150 litres per m

3
 of concrete. Additionally, water 

is used in washing of equipment, and in various 
processes upstream including the manufacture of 
cement and aggregate. The total water consumed in the 
process for which industry data was available was 
6.78 kL/m

3
 of 32 MPa concrete. According to the input-

output model, however, the total embodied water is 
7.15 kL/m

3
. One cannot simply say that the additional 

data provided by the input-output model is the difference 
between these figures (ie. 0.37 kL/m

3
). This is the crucial 

step in the method – that the components of the input-
output model for which process data was obtained are 
systematically removed from the input-output model, 
through the deduction of those embodied water 
pathways that represent the same system boundary as 
the process water data covers. The sum of the relevant 
water pathways was subtracted from the input-output 
total water intensity for 32 MPa concrete, leaving the 
remainder as a lump sum (ie., 6.37 kL/m

3
, which is 

substantially greater figure than the difference between 
the process and input-output values noted above: 
0.37 kL/m

3
). This remainder was simply added to the 

process data (6.78 kL/m
3
) to give the total input-output-

based hybrid analysis total water intensity (13.2 kL/m
3
). 

Thus the enormous complexity in the part of the input-
output model for which no process water was available 
did not need to be dealt with piece-meal; it could be 
treated as a black box (but, it is argued, in a more 
sophisticated way than previous input-output models). 
This black box can be analysed further, to investigate 
potential problems in leaving it untreated. The proportion 
of process data was easily calculated, by dividing the 
process component by the input-output-based hybrid 
analysis total, as demonstrated in Table 1 (51.5%).  
 

Table 1: Input-output-based hybrid analysis of water 
embodied in 32 MPa concrete 

Process Embodied water (kL/m
3
 of concrete) 

Process data*  

Concrete slurry 0.20 
Cement 3.73 
Aggregate  2.0 
Raw Blend 0.85 
Sub-total 6.78

a
 

Input-output data 

Direct water intensity 0.18  
Total water intensity  7.15

b
  

Pathways covering process data 0.37
c
 

Remainder (b – c) 6.37
d
 

 TOTAL (a + d) 13.2 
Proportion of process data (a / d) 51.5% 

* Source: adapted from Australian industry data (Grant, 2003). NB, 
columns may not sum due to rounding. 

 
As a measure of the reliability of the input-output model, 
one can compare the direct water intensity from both 
process and input-output sources for 32 MPa 
unreinforced concrete: 0.20 and 0.18 kL/m

3
, respectively. 

While this comparison is rather reassuring in isolation, 
the general comparison between the sum of the indirect 
process data and relevant input-output model data for 
the same processes is not as reassuring: 6.58 and 
0.19 kL/m

3
, respectively. There are a number of possible 

explanations for this discrepancy, but none are powerful 
enough to remove the imperative to use the input-output 
model for scoping and filling gaps in the process data, 
due to a lack of any other source of this information.  
This method was repeated for a range of other 
construction materials, as commonly done for embodied 
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energy analysis. Generally, little process water data was 
available, compared to that available for embodied 
energy. Therefore a low percentage of the total hybrid 
figure is expected to comprise process water data. 
 
2.1 Case study – commercial building 
A medium size commercial building was analysed to 
demonstrate the impact of the availability of process 
data, relative to the profile of materials typically used (ie. 
as opposed to comparing materials based on unit rates). 
This is important to do, because time should not be spent 
developing process data for materials that are not used 
in large quantities. This case study is intended to be an 
initial investigation only in this regard, for the purpose of 
demonstrating the implications of the current lack of 
process data. Future work will extend the breadth of case 
studies, covering different building types and 
construction methods (while still comprising a bottom up 
approach), and also will consider basic input-output 
analysis of the construction sectors and ABS data in 
terms of the quantities of building materials and products 
consumed nationally each year (ie. top down 
approaches). 
The building selected has been analysed previously in 
terms of embodied energy (Treloar 1996; Treloar et al. 
2001a). It is a 15 storey commercial building located in 
Melbourne, Australia. It comprises 47 000 m

2
 of gross 

floor area and just 25 000 m
2
 of net lettable area. The 

front half of the building is 8 storeys, the rear half is 15 
storeys, and the building has three basements. The 
basements and the back half of the first three floors are 
used for car parking. An eight storey glazed cylinder 
defines the principal corner of the building. At the fifth 
level of the front half of the building a balcony is 
expressed and part of the ground floor comprises shops. 
The road frontage is oriented east of north-east. The 
reinforced concrete structure and level of finishing are 
typical of office buildings from this region. The building is 
clad in precast concrete, aluminium framed curtain 
walling and granite veneer panels at ground level.  
The six stages of an energy analysis defined by the 
International Federation of Institutes for Advanced Study 
(IFIAS 1974) were applied to the case study office 
building and adapted for hybrid embodied water analysis 
as follows: 
1 Define aims of task 
The aim of the task was to quantify the water required 
directly and indirectly for the construction of the building.  
2 Define the system boundary  
The system boundary of the analysis was defined 
economically. If a material or product was purchased, it 
was included. The input-output model does this 
automatically for inter-sectoral transactions, as discussed 
above, so the additional effort this system boundary may 
create relative to a physical system boundary minimal. 
The indirect water requirements were expected to be 
much more significant than the direct water 
requirements, based on input-output analysis work and 
previous studies on embodied energy, as noted above.  
3 Identify all inputs  
For most items expected to be important, the Bill of 
Quantities gave quantities which were disaggregated 
down to basic materials. Other items in the Bill of 
Quantities needed to be broken down further, requiring 
reference to the building itself and the documentation for 
the building, including the specification, the architectural 
drawings and other consultant and shop drawings. It was 
often necessary to assume sizes of components in 
mechanical systems, based on trade literature of 
similarly described products. The material and product 

quantities were able to be cross-tabulated by material 
and element, as is normally done in a Bill of Quantities 
for benchmarking purposes. 
4 Calculate water requirements of all inputs  
Building material water intensities were derived as noted 
above, incorporating process and input-output data (in a 
process-based-hybrid analysis). The total water 
embodied in the building materials was then calculated 
by multiplying the quantities of basic building materials 
by the building material water intensities. Further 
processes not covered by this were included by 
deducting the pathways covered by all the process data 
from the input-output model figure for the Australian 
‘other construction’ sector, and adding the remainder to 
the process based-hybrid analysis total (ie., comprising 
an input-output-based hybrid analysis, as demonstrated 
for embodied energy in Treloar et al. 2001b).  
5 Identify all outputs 
The only defined output of the process was the building 
itself. 
6  Establish criteria for partition 
The indirect water requirements were assigned solely to 
the building. No partitioning was required. 
 

3. RESULTS AND DISCUSSION 
 
The results for the input-output model for the Australian 
‘other construction’ sector are presented and discussed 
in this section. Figure 2 shows how complex the 
embodied water pathways in the input-output model are. 
It is intended as a ‘horror gram’. The x-axis gives the 106 
sectors of the Australian economy, grouped for 
convenience. The diagonal y-axis shows upstream 
transactions, for example the ‘other construction’ sector 
at stage 0, which requires concrete at stage 1 and 
cement at stage 2. The vertical z-axis gives the 
proportion of the total water intensity, in 10% increments. 
The model depicts 418 pathways, which cover only 
25.0% of the total water intensity of 22.1 kL/$1000. The 
other 75% of the model is given by processes which are 
all smaller than those shown. The direct water intensity 
was only 0.28 kL/$1000, representing just 1.34% of the 
total water intensity from the pure input-output model. 
The input-output model in terms of kL/$1000 was applied 
to the case study building by assuming a price of 
$1500/m

2
 of gross floor area (GFA). The appendix lists 

the top 54 embodied water pathways, indicating those 
deducted in the hybrid analysis to make way for process 
water data. 
Table 2 presents the results of the analysis for the case 
study, showing that Australian process water data covers 
less than one fifth of the comprehensive system 
boundary defined by the input-output model. This is a 
much smaller percentage than found previously for 
embodied energy (approximately 50%, Treloar et al. 
2001b, admittedly using a less complex input-output 
model not incorporating capital). Clearly, more process 
data from industry needs to be derived than is currently 
available in the public domain. Further data may be 
available than has been entered into the Australian 
database within SIMAPRO, possibly because water has 
only recently been defined as a crucial issue. There has 
not been enough time to secure adequate industry-based 
or research funding required for this type of task. 
A crucial aspect to this analysis is determining where the 
data gaps are for typical buildings, relative to the 
amounts of materials typically used. By analysing the 
results in terms of materials and elements, more can be 
gleaned to inform future investigations and data 
collection efforts. Figure 3 gives the breakdown by 
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material group for the case study building, showing 
where the process data was available. The process 
water data proportion for 32 MPa unreinforced concrete 
is evident in the ‘masonry’ group, which has achieved an 
average proportion only slightly below this. Clearly, more 
process water data is required urgently for all materials 
and products, including those in the masonry group, but 
particularly those that comprise larger proportions of the 
total embodied water, including also ferrous metals and 
non-ferrous metals. The ‘other’ items group was fourth 
most important; however, given that the total for these 
items was calculated by deduction from the input-output 
model, work to derive direct water intensities for these 
processes may be in vain unless more data is typically 
collected to buildings over and above what is done for 
cost control in standard methods of building 
measurement.  
Seeing how these materials are distributed throughout 
the building elements can also be useful, to determine 

whether buildings need to be measured differently to 
take account of the current issues with regard to 
embodied water. Figure 4 shows the breakdown by 
element group. As to be expected, the most important 
elements of the building of those that are typically 
quantified in a Bill of Quantities in terms of embodied 
water (which were also high in embodied energy) were: 
structure, services and finishes. In this case, due to the 
relative dominance of the structure group of elements, 
the relative significance of the ‘other’ items group 
increases relative to the other element groups: it is now 
the third most important group, greater than finishes. 
However, it is difficult to justify spending time validating 
those items when so many gaps currently exist for 
materials and products that are typically quantified in a 
Bill of Quantities or similar cost control exercises in 
industry. 

 
 

Figure 2: Embodied water model for the Australian ‘other construction’ sector, 1996-7 
NB The appendix lists about one tenth of these embodied water pathways, sorted in descending order. 
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Table 2: Input-output-based hybrid analysis of water 
embodied in commercial building case study 

Process Embodied water (kL/m
2
 of gross floor area) 

Process data for materials 7.1 
Input-output data used to fill upstream gaps 24.2 
Process-based hybrid analysis data total 31.3 
Input-output data for ‘other construction’ sector 
Direct Water Intensity 0.446 
Total Water Intensity  33.2  
Pathways covering process data 28.0 
Remainder  5.2 
 TOTAL  36.5 

Proportion of process data 19.4% 
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Figure 3: Embodied water analysis by material group for 

commercial case study building (kL/m
2
 GFA) 
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Figure 4: Embodied water analysis by element group for 

commercial case study building (kL/m
2
 GFA) 

 

CONCLUSION 
 
The aim of this paper was to model the water required 
directly and indirectly by construction, using currently 
available public domain industry data. The direct water 
intensity was shown to represent just 1.34% of the total 
water intensity from the pure input-output model. 
Therefore, the indirect water requirements from 
construction are extremely significant. Of these, most of 
the input-output model cannot be substituted with 
available public domain process water data. The 
evaluation of the coverage of industry data relative to the 
input-output data has shown the Australian process 
water data covers less than one fifth of the total water 
requirements represented by the input-output model. 
This result strengthens the need for the collection of 
more process data from industry. This may also involve 
liaising with industry to enable assembly and transfer of 
this knowledge.  
Further research includes applying the methods outlined 
in this study to a greater breadth of case studies, 
covering different building types and construction 
methods to enable a more accurate representation of the 
direct and indirect water requirements from construction, 

and enabling the targeting of particular materials 
manufacturers from which process data is required 
urgently. Error analysis of the input-output model would 
also suggest strategic targeting of industries for which 
the input-output model was least accurate. In the future, 
the hybrid model could be used also to value water 
resources differently, to enable more sophisticated 
questions to be answered. For example, in the current 
model, in stream discharges are deducted from 
consumption, however, these may involve disturbance of 
ecological systems. A more sophisticated model which 
differentiates between straight consumption (ie. 
evaporation) and other lesser environmental impact (ie. 
discharge of water used for process cooling) would be 
even more valuable to government and industry.  
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Appendix  -  Pathways in the input-output model for the case study building (kL/m
2
 GFA) 

 

 Stage 1 Stage 2 Stage 3 

0.7027 Cement, lime & concrete slurry Rail, pipeline & other transport  
0.6698 Rail, pipeline & other transport   
0.6393 Other mining   
0.4960 Other agriculture   
0.4456 Direct water required by ‘other construction’   
0.4402 Services to transport; storage   
0.4169 Road transport   
0.3048 Iron & steel Rail, pipeline & other transport  
0.2267 Cement, lime & concrete slurry Other mining  
0.1876 Cement, lime & concrete slurry Road transport  
0.1718 Wholesale trade Services to transport; storage  
0.1050 Other wood products   
0.1006 Structural metal products   
0.0918 Iron & steel   
0.0771 Fabricated metal products   
0.0726 Cement, lime & concrete slurry   
0.0449 Sawmill products   
0.0428 Wholesale trade   
0.0424 Plaster & other concrete products   
0.0408 Electronic equ.   
0.0254 Structural metal products Iron & steel  
0.0209 Iron & steel Iron & steel  
0.0203 Other electrical equ.   
0.0185 Other electrical equ. Basic non-ferrous metal & products  
0.0183 Other machinery & equ.   
0.0181 Furniture   
0.0147 Fabricated metal products Iron & steel  
0.0137 Other machinery & equ. Iron & steel  
0.0134 Glass & glass products   
0.0121 Motor vehicles & parts; other transport equ.   
0.0118 Structural metal products Structural metal products  
0.0112 Other non-metallic mineral products   
0.0110 Sheet metal products   
0.0108 Electronic equ. Electronic equ.  
0.0103 Motor vehicles & parts; other transport equ. Iron & steel  
0.0094 Structural metal products Basic non-ferrous metal & products  
0.0091 Ceramic products   
0.0079 Fabricated metal products Basic non-ferrous metal & products  
0.0079 Cement, lime & concrete slurry Cement, lime & concrete slurry  
0.0077 Other construction   
0.0067 Paints   
0.0058 Mechanical repairs   
0.0051 Agricultural, mining & construction machinery   
0.0044 Plastic products   
0.0043 Other property services   
0.0037 Motor vehicles & parts; other transport equ. Motor vehicles & parts; oth. tran. equ.  
0.0035 Scientific research, technical & computer services   
0.0028 Electronic equ. Electronic equ. Elec. equ. 
0.0025 Other electrical equ. Other electrical equ.  
0.0022 Accommodation, cafes & restaurants   
0.0021 Household appliances   
0.0014 Legal, accounting, marketing & bus. man. services   
0.0013 Other property services Other property services  
0.0003 Other business services   
5.6376 Sub-total (17.0% of input-output total water)   
27.518 Others not listed above (83% of total)   
33.156 Total water intensity from input-output model   

 
Pathways assumed to be covered by the process data have a shaded background. These do not necessarily sum to 
the figure in Table 2, due to the large number of processes encapsulated in the ‘others’ line above, which are too 
numerous to list here. 
 
The figures from the input-output model for the Australian ‘other construction’ sector have been related to the case 
study building by assuming a price of $1500/m

2
 of GFA.  


