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Abstract Sustainable water consumption has become a primary concern of the
building industry. The water footprinting assesses the freshwater use and asso-
ciated effects on local and global freshwater resources plus ecosystems therein.
This review elaborates two extensively adopted water footprinting approaches,
Water Footprint Network (WFN) and ISO 14046 Life Cycle Assessment (LCA),
discussing their methodologies and perspectives of analyses with special regard to the
building industry. An appraisal of water footprints of common building materials is
presented in this study with glimpses of the hotspots of freshwater consumption along
their supply chains. Further, it advances its water footprints appraisal into the use
phase/case study level referring to the real-world applications of the building industry.
The importance of comprehensive water footprint analysis covering the complete life
cycle of buildings, the inclusion of allied environmental impacts into analyses, influ-
ence of building type/structural design/site-specific variables were highlighted under
this discussion in support of the dependable judgment of freshwater appropriation
performances. Ultimately, the review dedicated a segment to set a futuristic view
into the matter featuring sustainable freshwater consumption, economic and devel-
opmental interests, challenges faced by the industry, prioritization and compromise
of freshwater uses of the building industry.
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1 Introduction

Freshwater sustains the life on earth and reinforces the course of civilization accom-
panying agriculture, industrial processes, urban development and almost all human-
induced activities [27]. Sustainable management of freshwater resources stands to
satisfy the changing demands placed on water resources, at present and on into the
future without system degradation [14]. The water footprint (WF) is a concept devel-
oped within the water resources research community by way of an assessment tool
of sustainability of freshwater appropriation [9].

Water footprinting appraises freshwater use and its related effects from the
consumption of goods and services [9, 20]. The assessment of water consumption is of
paramount importance as freshwater resources are currently under greater pressure
worldwide. Climate change, speeded-up industrialization, extensive urbanization,
population growth and associated higher standards of lifestyle dynamics are aggra-
vating the crisis of freshwater resources [2]. During the twentieth century, the growth
of global water consumption was twice as the population growth and at this junc-
ture, many of the comprehensive policy agendas focused on increasing the limited
availability of freshwater to meet ever-growing and competing demands [28].

The constructions sector, especially the building industry’s contribution to the
total freshwater withdrawal is sizable as per the accounts documented. The World
Bank [25] reports that around 19% of total water is withdrawn by the industrial sector
in which the construction industry is among the top water consumers [7]. Abd El-
Hameed et al. [1] report that the built environment globally consumes 20% of water
and the green buildings can possibly reduce usage by almost 40%. Along the value
chains, the water consumption profiles of different materials vary greatly during
raw material extraction, processing, manufacturing, transportation and construction.
Besides, both direct and indirect water uses have to be accounted for along their
supply chains to explore the critical points of water efficiency’s interests [17]. As
the building construction is supported by complex supply chains involving many
a manufacturing sector, comprehensive quantification of water footprints is diffi-
cult and intricate [5, 18]. Therefore, the need for metric(s) with methodical proto-
cols to quantify the volumetric water use and/or potential environmental impacts
related to the water use was of prime importance, and the international consensus
for such metric(s) was well appreciated in facilitation of comparative analyses of
water consumption performance assessments of products or processes in the sphere
of building industry.

This review bids to present a landscape analysis of water footprinting discussing
the developments and salient points with regard to sustainable freshwater consump-
tion in the building industry. The literature was surveyed in Google Scholar by
the keywords and the resourceful articles were pooled perusing the abstracts of the
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Fig. 1 The iterative operationalization of developing this review study

search results. Thereby, twenty-nine articles were selected as the primary reservoir
of information for this review. This process was iterated as the narration of the review
develops. Figure 1 illustrates the operationalization of this work.

2 Water Footprint Analysis in the Building Industry

At the outset, it is worth briefly review the two widely applied water footprinting
approaches proposed by two different communities, the Water Footprint Network
(WFN) and the Life Cycle Assessment (LCA). Both these methods are broadly
similar standing for the computation of freshwater use and its impact. The WFN
considers water footprinting as a volumetric approach (total volume of freshwater
used by an individual/community/business activity), focusing on water productivity.
It views freshwater as a limited global resource, and the environmental relevance
of both consumptive (green and blue waters) and degradative (gray water) fresh-
water uses are accounted referring to the sustainability limits, environmental needs,
efficiency of use and equitability of global freshwater resources [9]. Berger and
Finkbeiner [4] define this approach as a volumetric water footprinting method since
it determines the freshwater appropriation on an inventory level.

On the other hand, the LCA quantifies potential environmental impacts related
to a particular freshwater appropriation going beyond the primary reporting of the
volumetric water use [20]. The LCA approach extends the freshwater use assess-
ment to the consequences resulting from water consumption (impact-based water
footprinting) through weighting and characterization pertinent to the case of interest.
Moving beyond the volumetric water use accounting (inventory level/LCI—Ilife cycle
inventorying), the LCA approach works on life cycle impact assessment (LCIA)
based on freshwater scarcity/water quality/vulnerability of ecosystems/sensitivity

'é: 519717_1_En_56_Chapter TYPESET [_]DISK [ LE [V]CP Disp.:6/6/2022 Pages: 13 Layout: T1-Standard




84

85

86

87

88

89

920

91

92

93

94

95

96

97

98

929

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

17

118

119

120

121

122

128

124

125

126

127

128

802 B. Nallaperuma et al.

of the population to human health damages [4]. This integration of freshwater use
into life cycle assessments by the LCA community has formulated the international
standard on water footprinting in ISO 14046.

Although the WFN and LCA approach manifest differences in their terminolo-
gies and communications, they share common fundamental principles in freshwater
accounting. Both approaches intend for water efficiency, water productivity and envi-
ronmental well-being giving complementary inputs to the system improvements.
Further, both methods account for volumetric water use following the life cycle
approach with nearly similar steps. Still, in contrast to the WFN’s viewpoint (fresh-
water is deemed as a limited global resource), the LCIA of LCA approach adopts a
damage-oriented analysis of local freshwater use [20]. Having all in mind, the WFN
and LCA approaches should be regarded not as competing water footprinting tools,
but as complementary methods. Thus, the approach/es should be fittingly adapted
for the intended purpose.

The establishment of a transparent and replicable approach to quantify fresh-
water use in building industry entirely depends on the quality of available data. The
embodied water demand of a particular product/process of the building industry is
the overall freshwater need of manufacture/delivery covering both direct and indirect
water uses. Though the direct water component of a product/process is straightfor-
wardly assessed, the indirect water accounting is a hard task as it involves the fresh-
water use of all the processes along the upstream supply chain in which the main
product moved through utilizing resources and raw materials [1]. The supply chain
dispersion of the building industry moves across the national borders. Even though
it observes variations of international building WFs among different countries, the
supply chains of the building industry is highly dispersed going beyond country
borders [21]. Therefore, the higher degree of sector disaggregation and the avail-
ability of corresponding fine resolution data throughout the supply chain nexuses
become key determinants over the dependable quantification of water use in the
building industry.

The process boundary of the water footprint analysis is another principal aspect
in the evaluation of the material, technology and structural design alternatives in the
field of the building industry. For instance, the water use performance of a building
construction should be appraised referring to its practical applications of durability,
water footprints of maintenance, repair, demolition/treatment/disposal (end-of-life),
post-construction use phase water footprints, water footprints of material transporta-
tions, water footprints of compatible and complementary materials (e.g., stainless
steel/glass fiber reinforcements for concretes with seawater and/or marine aggre-
gates), gray water footprints related to effluents [2, 8, 23]. Thus, the establishment
of comprehensive reasoning for a particular water-efficient alternative will only be
rationalized by cradle-to-grave water footprint analyses. Moreover, the case-specific
interests have to be duly inventoried and the associated water footprints should be
well accounted for to secure the interpretational accuracy of individual case anal-
yses. The case-specific water footprints of raw material extraction and processing,
sources of energy used, mode of labor employed, soil characteristics of the construc-
tion site (influencing the load resisting structures of buildings), technologies adopted
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in different unit operations should be carefully surveyed throughout the supply chain
network [1, 5, 11].

3 Appraisal of Water Footprints at the Construction
Materials Level

In this section, a review on appraising water footprints of common building materials
is presented based on the published work. A water footprint analysis of blue and gray
waters for most common types of steel, cement and glass has been reported by [8]
adopting a combined approach of LCA and WFN, and their findings are shown in
Fig. 2.

Among the materials studied, steel records the top WF values with leading figures
in both blue and gray WF components. In a cradle-to-grave LCA analysis of Ultra-
High-Performance Concrete (UHPC) in comparison to Conventional Concrete (CC),
[23] also have reiterated the predominance of steel’s WF. The alloyed steel leaves
the highest WF with a predominant blue WF for energy used. This is attributed to
the relatively large electricity demand for ferronickel melting in the alloying process
[8]. Further, the substantial gray WF values of steels and Portland cement are caused
by the heavy metal (Cd, Hg, Cu) laden effluents of their manufacturing processes.
Specifically, Cd is the critical pollutant responsible for the gray WFs of alloyed steel,
unalloyed steel and Portland cement. These WF estimations at the material level
are supported by a study [3] that has reported embodied water volume of building
materials per unit floor area basis. Those estimations are comparable to the data
presented above recording values for steel, cement and bricks as 25, 0.5 and 0.1
kl/m?, respectively. Moreover, [3] has assessed both water use during the construction
phase and embodied water use of building materials as 2 and 25.6 kl/m?, respectively.
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Fig. 2 Blue and gray WFs of common building materials pertaining to the direct production process,
energy inputs of the production process and pollutant effluent of wastewaters [8]
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This assessment stands with the study of [11] as they have recorded the extents of
direct water consumption of on-site constructions and indirect water consumption of
off-site processes (energy use, material production, transportation, food, water use
for equipment and machinery, etc.) as 2.26% and 97.74%, respectively. Therefore,
it can be deduced that the building industry exerts comparatively less pressure on
local freshwater resources while its greatest impact is on national water resources
or beyond (Fig. 3). This matter would be very much insightful in the determination
of the water footprinting approach for case studies. To be specific, for the off-site
freshwater use quantifications of the building industry, the WFN approach can be
generally recommended whereas LCA water footprinting fits most for the on-site
operations of building constructions.

In [8], the total blue WF of the process represents the direct blue water use by the
material excluding water use for transportation. The blue WF of energy is a sizable
predictor of the water use performance of each material as it ranges from 32 to 85%
of the total blue WFs. Thus, the WF of the energy source of material manufacturing
becomes a critical determinant of the overall blue WF of construction materials.
The WFs of energy sources corresponding to this study have been tabulated below
(Table 1), and the relative variation of blue WF ranges implies the significance of
the choice of energy source over the total blue WF of the material. This claim is
further supported by [11] as they have weighted >50% of the total WF of building

On-site water Off-site water
consumptions consumptions

Cleaning, washi
f ing :
and other facilities M:;‘;’g" D(;Ocessing
roduction
Personnel
consumption

Concrete curing

Transportation

Trivialin volume, less pressure on local freshwater resources
puoAaq 10 seainosalleiemysaly
|euoijeu uo payiaxe ainssaid e3ea.s ‘awn|oa ujuesyusis

Fig. 3 On-site and off-site water consumptions of building industry and their relative pressure
exerted on freshwater resources
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Table 1 Ranges and median Energy source Blue WF range (I/GJ) | Blue WF median
values of blue WFs of energy
value (1/GJ)

sources reported by [8]

Diesel 28-376 80

Light fuel oil 19-259 55

Heavy fuel oil 10-133 28

Natural gas 0.6-18 2.2

Coal 6.6-228 15-39

Hard coal cokes | 42-321 52-82

Electricity 4241

construction to its material use in which >50% of WF is of the energy used for
manufacturing and processing.

If the energy sources of building material manufacturing and processing can be
inclined toward alternatives with lower WFs (solar/wind/geothermal energy) it can
be improved the water use performances of most of the common building materials.
At the same time, the industry should seek new technologies to relieve higher WFs
spotting critical points of freshwater efficiencies along its supply chains: reusing
and recycling of materials, effluent treatment before discharge, encouraged rain and
stormwater use in material manufacturing and processing, replacement of freshwater
with seawater where workable (cooling activities), improved concrete curing tech-
nologies with lower WFs, promotion of local purchases of building materials to
minimize the WF of transportation, etc.

4 Appraisal of WFs at Use Phase/Case Study Level

Moving forward from the WF analysis at the construction materials level, a review
of water footprinting at the case study level is presented here based upon available
literature. The study of the complete life cycle of buildings includes not only extrac-
tion and processing of raw materials, production, transport and on-site construction
activities. It extends to the analysis of use, reuse and maintenance, recycling, and final
disposal phases as well [15, 16]. Thus, environmental performances of a building
construction should be comprehensively appraised through a systematic method-
ology (LCA based on ISO 14040 and ISO 14044) to produce inputs for well-judged
sustainability assessments of natural resources [1, 23].

The importance of the inclusive analysis of building construction is exhibited
in a WF assessment of Ultra-High-Performance Concrete (UHPC) in comparison
to Conventional Concrete (CC) done by [23]. At the level of the materials, UHPC
shows nearly three times higher WFs compared to CC for both ready-mix and precast
concretes (from raw material production to construction site) (Fig. 4). Nevertheless,
the UHPC design (a bridge design) compared to its corresponding CC design had a
WF around 30% lower (Fig. 5). Further, as UHPC is superior to CC in compressive
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Fig. 4 Water footprints of ultra-high-performance concrete (UHPC) in comparison to conventional
concrete (CC) [23]
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Fig. 5 Water footprints of two bridge designs of ultra-high-performance concrete (UHPC) and
conventional concrete (CC) [23]

and tensile strengths, it is anticipated that the UHPC’s end-of-life (EoL) phase would
leave a relatively higher WF (especially of demolition) compared to the CC. Besides,
the WF analyses should reach out to emerging sustainability-oriented applications in
the sphere of building construction. For instance, in urban mining as a key approach
of circular economy, the materials flow reverse bringing in new dimensions of process
boundaries (e.g., concrete manufacturing from recycled aggregates in EoL-to-gate
boundaries) [19].

From the perspective of overall environmental impact, the WFs of building
constructions should be appraised in tandem with other environmental footprints
entailed (carbon footprint, energy footprint, material footprint, ecological footprint).
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These environmental footprints do not always follow congruous patterns mutually.
As per [21], no collinearity of WF with energy and carbon footprints was observed in
environmental footprints associated with the construction sector of India, Italy, South
Africa, and the UK. Further, in an environmental assessment of recycled concrete, the
material footprint had a clear improvement though the water use remained without a
significant saving [19]. This claim was confirmed in a cradle-to-gate assessment of
environmental footprints for different design alternatives of building elements using
recycled aggregates for concrete production [22]. Still, a contrasting finding was
documented in the environmental assessment of UHPC compared to CC where all
the footprints of carbon, material and water for UHPC recorded comparatively higher
figures at the construction materials level [23]. At the same time, all the three foot-
prints of UHPC had comparatively lower values than CC at the case study level (for a
bridge design case study) of the same study. To cut short, it can be observed case-wise
discrepancies of the way WF is left with other environmental footprints. Therefore,
drawing recommendations for the practical applications of building construction
becomes a multi-faceted phenomenon extending beyond materials level and case
study level assessments of mere WF analyses.

Viewing the case study level from a different perspective, [5] carried out quan-
tification of WFs of buildings in China considering the variable of building type.
Its results divulge how the scale of heavy structural designs that directly depend
on water-intensive steel and cement consumptions be predictors of their embodied
WFs. Thereby, the public buildings preceded residential buildings in WFs while
the urban residential buildings having 55-130% greater WFs in comparison to the
rural residential buildings. Figure 6 shows the factual evidence of water withdrawals
(surface and groundwater withdrawals) and water consumptions (permanent water
withdrawals as no longer available for any other use) for the thirteen building sub-
sectors studied under that analysis. Moreover, [11] assessed the effects of structural
parameters of residential buildings on the WFs. The work declared WF mitigation
recommendations by way of: concrete structures over steel structures, short struc-
tures over tall structures, composite slabs over steel deck and compute precast slabs,
and building sites with dense soils over building sites with soft soils.

5 Challenges and Futuristic View

Even amidst the global pandemic, the developing economies, especially in Asian and
African regions are in a healthy economic revival in terms of their Gross Domestic
Product (GDP) growth rates [24]. Around one-third of the top twenty-five devel-
oping economies suffers with either lack of basic access to water for the majority of
their populations (Eritrea, Ethiopia, Uganda) or higher baseline water stress (Turk-
menistan, Syria, Egypt, San Marino, China) [10]. These countries undergo intensive
infrastructure development projects that probably exert substantial impacts on the
national freshwater resources. This crisis gets compounded with the outward-bound
virtual waters related to the building industry in these developing economies. For
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Fig. 6 Water withdrawal and water consumption values estimated per 1 m? of building area in
China [5]

instance, having a swelling building industry China is one of the countries with
the most deficient per capita water resources of which the spatial distribution is
highly uneven [13]. Further, China extensively exports virtual waters via building
materials and other inputs of the construction sector putting extra pressure on local
freshwater resources [21]. Thus, alleviation of this crisis through mindful freshwater
appropriations is a crying need that ought to be placed top in sustainable manage-
ment practices. Along with the collective effort toward Sustainable Development
Goals (SDGs) intended to be achieved by 2030 and mid-century climate goals, the
building industry’s role is decisive due to its significant contribution to the global
environmental burden. Therefore, to overcome the challenges posed by irreconcil-
able demands of environmental, economic and social interests all the stakeholders
of water handling (industry, academia, regulators and general public) have to seek
water-efficient alternatives.

With special regard to the local context of Sri Lanka, a set of potential challenges
can be anticipated in gearing water-efficient alternatives in the building industry. In
the Sri Lankan construction sector, there are few inherent drawbacks that may pose
challenges to the aspiring transition of sustainable water management. Low level of
new technological development and transfer, poor documentation and communica-
tion, reluctance in using innovative building materials and disadvantaged industry-
oriented research and developments reported by [6] may probably loom by way of
potential challenges.
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These challenges are to be tackled in a participatory approach with all the key
stakeholders of the industry through information, communication and education.
At the same time, sustainable water management should be integrated into the
water governance by the national government to regulate freshwater appropria-
tions of the industry [26]. However, the industry demand for freshwater is to be
compromised with other priorities of freshwater uses (e.g., freshwater demand for
agriculture to assure national food security) [12]. Ultimately, the industry well-
being should be secured under the developing economy of Sri Lanka through
economic analysis of water-efficient alternatives (life cycle costing of water-efficient
materials/technologies).
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