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Abstract. Buildings consume over 40% of global energy in their construction and operations
contributing to over 39% of global carbon emission each year. This huge environmental footprint
presents an excellent opportunity to reduce energy use and help deliver an environmentally
sustainable built environment. Most of the energy is consumed by buildings as embodied energy
(EE) and operational energy (OE). EE is used directly and indirectly during buildings’ initial
construction, maintenance and replacement, and demolition phases through construction
products and services. OE is used in the processes of heating, cooling, water heating, lighting,
and operating building equipment. Most environmental optimization research has been centered
on energy and carbon emission overlooking another critical sustainability aspect, water use. Each
building also consumes a significant amount of freshwater as embodied water (EW) or virtual
water in its initial construction, maintenance and replacement, and demolition phases. Since each
primary and secondary energy source depletes water in its extraction, refinement or production,
there is also a water expense associated with EE and OE use that must also be included in total
EW use. The total EW, therefore, includes both non-energy and energy related water use.
Research suggests that there are tradeoffs between EE and EW that may complicate design
decisions such as material selection for environmental sustainability. In other words, a material
selected for its lower EE may have higher EW and selecting such a material may not help reach
environmental sustainability goals since water scarcity is becoming a grave problem. In this
paper, we created an input-output-based hybrid (IOH) model for calculating and comparing EE
and EW of building materials frequently used in building construction. The main goal is to
examine and highlight any tradeoffs that may exist when selecting one material over another.
The results reveal that there is a weak correlation between EE and total EW that is the sum of
energy and non-energy water use, which means that a design decision made solely based on EE
may conflict with EW. The share of energy related water use in total EW of construction
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materials also varies significantly (2.5%-31.2%), indicating that reducing energy use alone may
not be sufficient to reduce freshwater use; additional efforts may be needed to decrease the use
of materials and processes that are water intensive. The results of this study are significant to
achieving the goal of creating a truly sustainable built environment.

1. Introduction

Approximately 40% of the entire annual energy supply of the world is consumed by the building sector
during the extraction and processing of raw materials, building construction, operation, and demolition
phases of a building [1]. Non-renewable energy resources such as fossil fuels are primarily consumed
during the various construction processes making the construction sector responsible for the emission
of ca. 40% greenhouse gases [2,3]. Making a building more efficient during its operation may lead to
increased material use resulting in higher embodied energy consumption [4]. Additionally, over 16% of
the water consumption across the globe is caused by building construction activities [3]. However, this
water consumption has not been fully studied, which is important to monitor for reducing pressure on
the natural capital. Embodied water (EW) is consumed in direct construction activities and indirectly
during the extraction of raw materials of the finished products installed in the buildings [5-8]. Also, it
is important to account for the water consumed by different energy sources [9]. Often the energy related
EW is intrinsically included in the indirect water component. Several studies [9,10] have highlighted
the importance of a holistic assessment of energy related water that is consumed in the production of
energy sources. In this paper, an input-output based hybrid (IOH) model is developed and applied to
compute the direct, indirect, and total embodied energy (EE) and embodied water (EW) intensities of
different building materials. A correlation between the EE and EW of building materials is also
presented to understand the trade-off between the two.

2. Literature Review

Embodied energy consumption stemming from manufacturing and construction sectors includes all non-
renewable energy sources consumed directly in construction processes and indirectly through building
materials [11-14]. There is tremendous burden on fossil fuels that are consumed during initial
construction as initial embodied energy, during use phase as recurring embodied energy (e.g.,
maintenance, repair, and replacement) and operational embodied energy [15—17]. To alleviate the
greenhouse emissions and the pressure on these finite resources, assessing and targeting the use of these
energy sources is essential. While process-based models of embodied energy (EE) and embodied carbon
(EC) calculations are reliable and product-specific since they gather data from manufacturing and
construction sectors, they cover a narrower system boundary, which may result in underestimation of
EE and EC [18-21]. On the other hand, the input output (I0)-based calculations cover a wider system
boundary but lack reliability since product and energy prices are used to convert monetary flows into
energy flows [22-24]. The timely updates to 1O data also affect the IO model since the data is influenced
by temporal representation [21]. Factors that may lower the data representativeness include
technological variations occurring from the time when data was collected, which may range from 5-23
years [25,26]. An input output-based hybrid (IOH) model combines the advantages of the process-based
and the input output models to capture reliability and boundary completeness.

Both process- and IOH-based models are employed for quantifying EW components associated with
the construction of a building [8]. Three components of embodied water are essential to cover, i.e.,
direct, indirect, and implied, for reaching sustainability goals for built environments [27-30]. The
computation must take into account the water consumption during the construction phase (direct and
indirect) as well as the use of water for energy related purposes (e.g., water used for generating and
delivering energy sources used as EE) [7,9]. It should be noted that water consumption takes place not
only in the manufacturing and construction processes but also during the extraction and processing
phases [31-33]. Both the direct and indirect EE components tend to put pressure on fresh water resources
[2,4,34]. In fact, 61-93 percent of the total initial embodied water (EW) is due to the indirect
consumption of water [7,35-37]. The generation of electrical power has a huge embodied water
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footprint, irrespective of whether it is generated from renewable or nonrenewable energy [27,38].
Among the common construction materials that are used in bulk, steel and concrete are estimated to be
highly water intensive. The current research seems to focus more on the individual components of the
embodied water and tend to not capture the interdependency that may exist between the three
components of embodied water — direct, indirect, and energy related. This study quantifies and examines
the interrelationship of the three EW components using an IOH-based model. Recent work by the
authors [8] studied the three components in conjunction using an input-output based hybrid model and
highlighted that the aggregated computation of embodied water may not be as accurate as the
disaggregated approach. The study also highlighted the contribution of energy related water use for
different materials.

3. Methodology

3.1. Research Objectives
The goal of this paper is to apply the Input-Output-based Hybrid (IOH) model to determine the direct
and indirect components of EE and EW as well as the energy related embodied water (EREW). The
following are the key objectives:
1. Apply IOH model to compute and compare EE and EW intensities of commonly used building
materials.
2. Analyze and compare the direct and indirect components of EE and EW and determine the
contribution of energy related EW.
3. Analyze any potential correlation between EW and EE intensities of the building materials.

3.2. System Boundary

The system boundary of the present research is cradle-to-site gate i.e., it includes the extraction and
processing of raw materials, production and manufacturing of building materials, transportation of
materials to the site and on-site construction and installation covering stages A1 through A3 as defined
by EN 15804:2012 and EN 15978:2011 [39,40]. The system boundary for the IOH model covers the
direct, indirect, and total EE and EW of different building materials.

3.3. IOH Model

Three steps are involved in the development of the IOH Model. In the first step, the United States
benchmark input-output data in the form of Use Table (405x405 commodity-by-industry) and Make
Table (405x405 industry-by-commodity) are used to create an Input-Output (I0) model. The Use table
(commodity-by-industry) represents the consumption of a commodity by an industry to produce a unit
output, whereas the Make table (industry-by-commodity) the production of commodities by an industry.
Make table is adjusted to account for industry scrap [41,42]. The total market share values are then used
to determine the Use and Make coefficients. Using each industry’s total output and total market share
values, the Use and Make monetary values are converted to Use and Make coefficients that are then used
to determine the direct, indirect, and total requirements [42—45].

In the second step, the total amount of energy and water used by each commodity produced by these
industries is collected, processed, and disaggregated to account for the total energy and water consumed
by each commodity of the national economy. Energy use by different commodities are obtained from
various national databases [46—48] and the energy prices for each energy source is obtained from the
annual energy reviews [49,50] reported by the United States Energy Information Administration
(USEIA). Using these data, the total energy source specific energy requirements (MBtu/$) were
determined.

Primary energy factors were used to convert the source specific energy values to primary energy
units. Similar to embodied energy, for the embodied water requirements, the Use and Make coefficients
are used to calculate the total embodied water (BGal.) [8]. The water use data by different industries are
collected from different national databases such as United States Geological Survey [51,52] and United
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States Census Bureau [46]. Total revenue ($) per year of water systems (NAICS 221310) is used to
disaggregate the water systems from the broader commodity category of water, sewage, and other
systems (NAICS 221300). Using the monetary and water use data, the total water requirements
(BGal./$) are determined for different commodities. To calculate the energy related embodied water,
the energy values are not converted to primary units since the water factors are determined for secondary
(onsite) energy.

Finally, the IOH model is developed by replacing the monetary data of the energy and water use by
different commodities by the energy and water use data in their respective physical units. To avoid
double counting, all inputs to energy providing sectors including water are kept at zero. We, instead,
used primary energy factors and water factor of different energy sources to compute EE and EW in
primary energy terms.

3.3.1. Computation of Embodied Energy (EE) and Embodied Water (EW) Intensities.

The Leontief’s inverse matrix is used to calculate the direct and total EE (MBtu/$) and EW intensities
(BGal./$) using the IOH model. The Use coefficients along with the industry scrap adjusted Make
coefficients were used to determine the commodity-by-commodity (401x401) direct energy requirement
matrices. Likewise, the Leontief’s matrix is used to determine the commodity-by-commodity (402x402)
direct and total embodied water intensity (BGal./$) matrices.

One additional commodity is the result of the disaggregation of the Water, Sewage and Other Systems
commodity into: (1) Water Systems, and (2) Sewage and Other Systems sub-commodities. The indirect
energy and water requirements are determined using the total and direct energy requirement matrices.
Along with the direct and indirect embodied water components, the energy related embodied water
(EREW) intensities are also computed using the embodied energy values to account for total water
consumed by different energy sources. In general, the energy related water is considered as indirect
water. However, for this study, the indirect embodied water is obtained by separating the energy related
water use to avoid double counting of energy related water.

4. Results and Findings

Figure 1 shows the distribution of 12-upstream stages of indirect EE and EW requirements of different
building materials. The distribution of EE of building materials is quite different than EW. For most
materials (carpet, concrete, cut stone, insulation, paint, and plaster), there is a higher indirect EW
requirement in stage 2 as compared to stage 1, whereas indirect EE requirements decrease from stage 1
to stage 2. This highlights the importance of IOH model in capturing most upstream stages of the indirect
EE and EW requirements, which helps understand different way in which indirect EE and EW are
consumed. Figure 1 also indicates how some materials have higher EE intensity than other materials but
have lower EW intensity. For instance, concrete has the highest stage 1 indirect EE intensity, whereas
wood has the highest stage 1 indirect EW intensity. This indicates that the indirect usage of EE and EW
for building materials are not the same and may not be directly correlated to the usage of each other.
This also shows that if stage 2 indirect inputs are excluded, which is the case with a process-based
analysis, EW may be more adversely impacted than EE.

Figure 2 presents the contribution of direct and indirect EE and EW components for the 14 building
materials. The contribution of direct EE component in total EE is comparatively higher than the
contribution of direct EW component to total EW for most materials with the exception of concrete,
CMU, and flashing. The direct EE is attributed to be over 50% of the total EE intensity for 9 out of the
14 materials (cut stone, structural steel, wood, membrane, plaster, aluminum, glass, flooring, and
insulation), whereas EW for only 5 out of the 14 materials (CMU, membrane, glass, flooring, and
insulation). Paint has the lowest direct EE proportion (17%), whereas wood the lowest direct EW
proportion (8%). Overall, the direct and indirect EE and EW components vary significantly for different
materials and, therefore, using a disaggregated approach to determine EE and EW intensities is
important. This helps in capturing and understanding the upstream stage distribution of the indirect
energy and water requirements for different materials.
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Figure 2. Contribution of direct and indirect components of embodied energy (EE) and embodied
water (EW) for building materials.

Figure 3 presents the percentage of energy related embodied water (EREW) use in the total EW of
different building materials. The contribution of energy related water varies from 2.5%-31.2% for
different building materials which is quite significant. Materials such as aluminum (31.2%), structural
steel (27.3%), and plaster (23.2%) have the highest share of EREW, whereas carpet (2.5%), paint (3.0%)
and wood (3.2%) the lowest. This variation in EREW proportions for different building materials may
be due to the differences in the processes involved in their production. Concrete and structural steel have
EREW up to 13.6% and 27.3% of their embodied water values, respectively. With these two materials
being the two most widely used building materials, their share of EREW is significant for the
environmental sustainability of building structures.

Figure 4 demonstrates the correlation between the EE and EW intensities of different building
materials. The EE and EW values show almost no correlation (R? = 0.022). Carpet has the highest EW
intensity (14.73 Gal./$) among all the building materials, whereas aluminum has the highest EE intensity
(43.35 kBtu/$) among the materials. Materials such as carpet, paint and wood have relatively higher EW
intensity as compared to aluminum and plaster that have relatively higher EE intensities.
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Figure 4. Correlation of total embodied water (EW) intensities of building materials with embodied
energy (EE) intensities of all energy sources.

5. Discussion
This study developed an IOH model to determine the embodied energy (EE) and embodied water (EW)
of 14 commonly used building materials. The IOH model is used to determine the direct component,
which includes the energy and water consumed in the manufacturing of different construction materials
as well as the indirect component that covers the energy and water embedded in raw materials,
equipment, and services used in building construction. The IOH model is able to capture most indirect
energy and water requirements associated with indirect upstream stages. In this study, 12 upstream
stages of indirect energy and water component are calculated and compared. Each upstream stage for a
material and a service includes the energy and water consumed by the machinery and services during
the extraction and processing of raw materials, production and manufacturing of the materials,
transportation of the materials to the site, on-site construction, and installation. The results show how
the indirect embodied energy intensities decrease from stage 1 to 12 while indirect embodied water
intensities of most building materials increase from stage 1 to 2 and then decreases gradually from stage
2 to 12. This clearly shows that the indirect EE and EW components for different materials may not be
the same. The fact that the second upstream stage of EW contains more EW than the first stage further
shows the importance of capturing most embodied indirect requirements.

The direct and indirect component analysis results, as shown in Figure 2, demonstrate that the direct
and indirect components of EE and EW vary among the 14 materials. Results indicate that, for some
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materials like wood, the EW is predominantly consumed indirectly (92%) while the EE is consumed
directly (62%). Similarly, the direct consumption of EE varies from 17% to 83%, whereas the direct
consumption of EW from 8% to 59%, clearly showing that for most materials EE is consumed directly
compared to EW. This variation also shows that water is consumed in the production and extraction of
not only raw materials but also energy required to produce different materials. Glass uses more water
directly than indirectly, which is mainly due to its raw material (sand). CMUs consume more water
directly during the curing process, whereas wood indirectly due to the machinery and equipment
required for wood production.

Though the indirect component of EW is larger than direct EW for most building materials, it is
important to account for the embodied water consumed by the energy sources. The energy related
embodied water (EREW) varies drastically across the study materials. Most commonly used building
materials have EREW more than 10% of their total EW indicating a significant concern on how
important it is to save energy in order to save freshwater use. The large share of energy related embodied
water for aluminum and structural steel may arise because the production of these commodities involves
higher usage of electricity that is highly water intensive. Materials such as concrete and structural steel
consume 13% and 27% of their respective EW, indicating the need to improve building energy
efficiency to save both energy and water. These results, however, indicate that decreasing EE may not
always mean reducing EW.

The correlation between the embodied water and embodied energy, is shown to be weak. This
suggests that a design decision made solely based on EE may conflict with EW. Therefore, it is important
to improve the production of energy sources such as electricity that are known to consume
approximately 52% of the total energy related embodied water which translates into 3-5% of the total
embodied water of a building. In the United States, about 40% of water is consumed by thermoelectric
power plants to generate electricity. Additional measures may also be required to improve the
production, manufacturing and construction processes of different materials that are water intensive.

6. Conclusions

This paper presented the results of embodied energy (EE) and embodied water (EW) intensities for 14
building materials frequently used in building construction. The results highlighted the importance of
performing separate embodied energy and water analysis to compare the tradeoffs between the two
parameters in selecting sustainable materials for building construction. The results showed that there is
a weak correlation between EE and total EW and EE and EW intensities of building materials may differ
significantly. This further strengthens the argument that design decisions to enhance environmental
sustainability must consider energy use, carbon emissions as well as water use. This study also analyzed
the contribution of energy related embodied water (EREW), which showed that the share of EREW in
total EW varies significantly (2.5%-31.2%) across the study materials, indicating that efforts may be
needed to decrease the use of materials and processes that are water intensive. The results also
underscore the importance of an input-output based Hybrid (IOH) model’s ability to capture most
indirect impacts in the computation of both EE and EW. This study signifies the importance of both EE
and EW in selecting building materials that help create a truly environmentally sustainable built
environment.
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