
electronics

Article

A Building Information Modelling (BIM) based Water
Efficiency (BWe) Framework for Sustainable Building
Design and Construction Management

Zhen Liu 1, Chao Zhang 2,*, Yuanxiang Guo 3, Mohamed Osmani 4 and Peter Demian 4

1 School of Design, South China University of Technology, Guangzhou 510006, China; liuzjames@scut.edu.cn
2 School of Civil Engineering and Transportation, South China University of Technology,

Guangzhou 510641, China
3 Architectural Design and Research Institute, South China University of Technology,

Guangzhou 510641, China; gzchgd@126.com
4 School of Architecture, Building and Civil Engineering, Loughborough University,

Loughborough LE11 3TT, UK; m.osmani@lboro.ac.uk (M.O.); P.Demian@lboro.ac.uk (P.D.)
* Correspondence: ctzhangchao@mail.scut.edu.cn; Tel.: +86-20-3938-0726

Received: 28 April 2019; Accepted: 24 May 2019; Published: 29 May 2019
����������
�������

Abstract: There is a lack of decision-making tools for water efficiency design and construction to
maximize project benefits and water conservation. An increasing number of research studies indicate
that building information modelling (BIM) can enhance the cooperation, improve work efficiency, and
conduct simulation and analysis of sustainability performance in building projects. However, BIM’s
potential to enhance water efficiency is yet to be established, such as water gird design optimization,
clash detection, combination of BIM with smart appliances and sensors. The research adopted a
mixed method approach to investigate the potential impact of BIM on water efficiency in building
projects. It involved 50 practitioners from the Architectural, Engineering and Construction (AEC)
industry through a questionnaire survey and the follow-up interviews. The quantitative results of
questionnaire data and qualitative results of interviews were used to develop a “BIM-based Water
Efficiency (BWe) Framework” which was subsequently validated by five experienced practitioners
and researchers in the form of semi-structured interviews. The framework applies BIM to optimize
traditional water efficiency measures based on an information database. The geometry, attributes,
status information of building components or non-component objects stored in the database greatly
improve information integration degree of construction engineering. This study provided a reference
for the use of BIM for water conservation in building design and construction.

Keywords: building information modelling (BIM); sustainable building design; rating system;
construction water efficiency

1. Introduction and Literature Review

There are various green building rating systems providing guidance for building water efficiency
around the world, indicating that water efficiency as an important sustainability performance has been
increasingly emphasized. However, there is still a lack of decision-making tools supporting water
efficiency design and construction. A tool for integrating building information, building information
modelling (BIM) has been verified to enhance green building construction activities. Its potential for
water efficiency is yet to be studied.
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1.1. Water Efficiency Issues in Green Building Rating Systems

Green building rating systems require an integrated design process to create buildings that are
resource-efficient throughout their life-cycle. A large number of green rating systems have been
established to help mitigate these impacts through the encouragement, measurement and recognition
of sustainability performance. These include global schemes such as LEED (Leadership in Energy and
Environmental Design) [1,2], BREEAM (Building Research Establishment Environmental Assessment
Method) [3–5], and some regional schemes such as Green Mark [6,7], BEAM (Building Environmental
Assessment Method) Plus [8,9], China’s Assessment Standard for Green Building GBT50378-2014 [10].
They contain water efficiency credits for indoor use, outdoor use, specialized uses, and metering.

The comparison of water efficiency credits among the mentioned rating systems is shown in
Table 1 [1–10].

Table 1. Water efficiency comparison among different rating systems.

LEED BREEAM China Green Mark BEAM Plus

Water
consumption

Water use
reduction ≥50%

Improvement
above baseline
≥55%

Lower limit value of
water quota No requirements

Estimated
annual saving
≥30%

Water efficiency
devices

No detailed
requirements

Detailed water
consumption
specifications for
WCs, urinals, taps,
showers, baths and
so on

WUE 2 of sanitary
fixture reach Grade 2

No detailed
requirements

WELS 3 Grade
2 or above

Untraditional
water source

No
requirements

Using recycled
non-potable water
for flushing ≥75%

For residential
buildings ≥30%
For cooling water
≥50%
For landscape
rainwater inlet ≥60%
of evaporation

AHU condensate
collection >50% of
total, NEWater
supply, On-site
recycled water,
rainwater

Reduction in
potable water
use ≥10%

Irrigation WCR 1 Two grade:
50% and 100% No requirements No requirements Areas covered with

WEIS ≥25% ≥50%

1 WCR—Water conservation rate. 2 WUE—Water use efficiency. 3 WELS—Water efficiency labelling Scheme.

LEED emphasizes the overall performance of a building to fulfil the green building design
and construction requirements rather than setting rigid targets [11]. Detailed numerical values and
measures to reach water efficiency targets are defined to assess the performance. For example, to get
a top score in water consumption, water use should be reduced by over 50%. On the other hand,
detailed BREEAM specifications for flow rate of water consumption components such as WCs, urinals,
taps, showers, baths, dishwasher and washing machine are defined to manage water use, monitoring
and management. In populous areas, BREEAM calls for a more reasonable water use structure with
reducing potable water demand for irrigation or flushing, which can be achieved by alternative
water sources. Therefore, China’s rating system, Green Mark and BEAM Plus set bespoke evaluation
alternatives for unconventional water sources such as rainwater harvesting and recycled grey water.

1.2. Building Information Modelling (BIM) for Green Building

BIM represents a change of the traditional way of building design, construction and management.
Its adoption rate in the US AEC industry has increased from 17% in 2007 to 71% in 2012 [12], while in the
UK it has risen to 74% in 2018 [13]. At present, BIM is gradually used to achieve various architectural
design, construction, and facility management performance objectives, including improving simulation
and analysis function, communication and coordination, and message evaluation throughout the entire
life cycle of buildings [14].
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The basic characteristics of BIM can be summarized in four aspects: Integrating with various
databases; facilitating document management; visualizing the analysis process and results; and
providing sustainability analysis and simulation [15]. BIM provides a platform for information
exchange, and thereby has the potential strengthening collaboration and communication among all
related parties involved in collaborative works [16]. In the design stage, BIM allows for the simulation
of sustainability performance such as analysis of heating ventilation air conditioning and indoor
illumination energy consumption [17], simulation of sunlight and solar energy applications [18] and
simulation of water use [15], thereby achieving more reliable design. In the construction stage, BIM 3-D
visualization management assists construction technicians to conduct conflict detection and arrange
construction organization planning more rationally [19]. While in the operation stage, BIM provides a
reliable database integrating early-stage building information into the operation stage and ensuring
the storage and updating of new data generated during the operation stage [20].

With the development of green buildings, many researchers and early adopters of BIM for green
buildings have increasingly applied BIM for energy simulation and lighting analysis. Chen and Pan [21]
developed a BIM-aided decision-making model for selecting low-carbon building measures, aiming to
improve the robustness and practicality of decision results over traditional methods. Lim YW. et al. [22]
proposed a sustainable BIM-based design framework which integrates BIM into the functional targets
of sustainability design, including thermal performance, visual performance and energy efficiency.
Olawumi and Chan [23] identified the leading benefits of integrating BIM and sustainability practices,
including the ability to simulate building performances and energy usage. However, few researchers
and BIM users have applied BIM to other aspects of green building evaluation, such as the building
water saving model analysis [24].

1.3. BIM’s Potential for Water Efficiency

A recent BIM Guidance for the Water Industry report [25] concludes the benefits of BIM including
Water Industry service measures; customer and operation. In addition, it provides Water Industry
practitioners with guidance on some broad interpretation of PAS1192 [26] (a British standard for
information management) and their equivalents within the water industry, such as organization
information and asset information requirements. However, this report does not focus on the operational
process of applying BIM to water efficiency throughout design, construction and operation stages
during a construction project, which is the tentative discussion in this study.

Bonenberg and Wei [18] used BIM tools to simulate rainwater harvesting and water circulation
systems during the design phase, a case of tent-shaped roof was used to collect rainwater which
was stored in a large water storage space under the ground and the collected rainwater was used
for irrigation or other energy efficiency measures. Bernstein et al. [24] argued that the Shanghai
Tower in China applied BIM during the design stage to assist in the design of special curtain wall
structure thereby reducing high-rise building wind loads and improving rainwater harvesting. Lu and
Wu et al. [15] pointed out that BIM mainly supported water consumption analysis during the design
phase. As such, the BIM software assisted in optimizing the water distribution system of buildings.
Wong et al. [27] summarized the different ways by which BIM could help plan and design building
sustainability and concluded that the benefits of BIM included investigating the potential for catchment
water to reduce water demand for buildings. Martins et al. [28] developed a method and a software
application for the automated code-checking of building water network designs. Edmondson et al. [29]
proposed a smart sewerage asset information model (SSAIM), using open BIM data standards to
facilitate data exchange during the operation stage. Motawa et al. [30] argued that the application of
BIM in the operation stage of a building could assist in managing and controlling resources such as
electricity, water and gas. Wei et al. [31] considered a combination of BIM with LEED rating system
and developed a water efficiency design process. Five steps were contained in this process: LEED
strategy and BIM execution plan; conceptual design; design criteria; detailed design; implementation;
and documentation. On the other hand, Jia et al. [32] applied BIM to check the water supply, sewage
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and rainwater pipes during the construction stage. Howell et al. [33] united BIM, smart appliances,
intelligent sensing and cybernetics to save cost and water resource throughout building life cycle stages
(design, construction and operation). Ahuja et al. [34] reported that using BIM in the design process
can reduce water consumption, and through surveys in the study, there is a 28% chance of using the
MEP system to achieve lean and green results. These related researches are summarized in Table 2 that
contains the various research methods they adopted and different building life cycle stages to which
their results were applied.

Table 2. The current use of BIM in water efficiency research.

Author Research Method
Building Life Stage

Design Construction Operation

Bonenberg et al. [18] Case Study
√

Bernstein et al. [24] Case Study
√

Lu et al. [15] Literature Review
√

Wong et al. [27] Literature Review
√

Martins et al. [28] Modelling
√

Edmondson et al. [29] Modelling
√

Motawa et al. [30] Framework
√

Wei et al. [31] Framework and Fuzzy
comprehensive Evaluation

√

Jia et al. [32] Survey Analysis
√

Howell et al. [33] Data Analysis
√ √ √

Ahuja et al. [34] Crisp Set Qualitative
Comparative Analysis

√

However, most of those studies only provide assumptions or partial water efficiency simulation
analysis. No research has attempted to explore how to apply BIM to multiple stages of a construction
project to maximize project benefits and water efficiency. Other researches also point out four main
factors hindering the application of BIM in green building: Technical (poor adaptability of BIM
technology, high technical difficulty and BIM software is still in progress) [12,31,35,36]; human (lack of
BIM talent, lack of the structure of knowledge and ability, and rely on traditional methods) [20,27];
economic (high short-term cost, long payback period, and untapped BIM market) [16,37,38];
management (difficulties in managing change and business process transformation, and low acceptance
in management) [15,37]. To better guide BIM’s application for water efficiency and clear further related
research, it is necessary to analyze BIM’s advantages in water efficiency and development obstacles.

This study sets out to address the integration of BIM and building water efficiency to achieve
informed decisions on water saving and monitoring. The research culminates in the development of a
stakeholder to integrate water efficiency across a building life cycle stages.

2. Materials and Methods

A mixed research method was used in this research to develop a BIM-based sustainable
water efficiency design framework and proposes pathways for future research in the field. The
adopted methodology is twofold: A questionnaire survey and follow-up semi-structured interviews.
The sustainable building design and construction management is taken as the research object, to which
architects contribute significantly. Therefore, 50 architectural companies have been randomly selected
as a sample for this study in order to capture the architectural practitioners’ opinions on the potential
of applying BIM to water efficiency. Overall, 23/50 questionnaires were returned, and the distribution
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is shown in Figure 1. The collected data was used to verify the potential of applying BIM to save water
by using the combined method of variance analysis and hypothesis testing in SPSS V25.
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Figure 1. Distribution of 23 valid data.

The quantitative results were used as basis for a follow-up investigation through six semi-structured
interviews to investigate further the relationship between BIM and building water efficiency. Interviews
focus on other BIM-enhanced construction activities not included in the questionnaire and respondents’
suggestions on better application of BIM in water efficiency. These six interviewees were selected
according to their willingness expressed in the questionnaire, and the distribution was shown in
Table 3.

Table 3. Distribution of six interviewees.

Interviewees’ Code Organization

A Architect specializing in design stage
B Architect specializing in design stage
C Architect specializing in construction stage
D Service engineer specializing in operation stage
E Service engineer specializing in operation stage
F Architecture consultant

Integrating the outcomes of literature review, quantitative analysis of questionnaire data and
qualitative analysis of the interviews, a preliminary BIM-based building water efficiency framework
(BWe framework) and a conceptual algorithm with a summation formula are proposed. The framework
and formula were subsequently industry reviewed via a validation questionnaire survey and the
semi-structured interview involved five participants from the respondents of the early questionnaire.

3. Analysis and Results

3.1. The Potential of BIM to Solve Common Problems During the Execution of Construction Projects

The questionnaire instruments listed problems reported in the literature, such as project losses
since confused drawings, ineffective design, failure to achieve performance target due to data loss
during information transfer, rework, ineffective management and weak management awareness.
Questionnaire respondents were asked to indicate whether they have encountered those problems
during a construction project based on their own engineering experience. According to whether the
respondents have been confronted with those problems, respondents are divided into two groups:
Group A and Group B (Group A = have encountered problems, and Group B = never encountered
problems). Subsequently, the potential of applying BIM to solve those problems is evaluated using a
scale of 1–4 (1 = No potential, 2 = Low potential, 3 = Medium potential, 4 = High potential). Differences
in perceptions of the potentials among the two groups of professionals were tested for their statistical
significance using analysis of variance (ANOVA) methods.

The analysis results are shown in Table 4. The ANOVA indicates that under specific problem
conditions (such as project or investment losses caused by unclear and confused drawings, ineffective
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design due to inadequate communication between different professionals, incoherent design due to
various interventions, failure to achieve performance target due to data loss during information transfer,
problems such as rework caused by design change, ineffective management due to overdependence
on manpower, weak management awareness), the value of significance (Sig.) > 0.05, indicating that
there is no statistically significant difference in the judgment of the potential of BIM between Group A
and Group B. To explain further, whether professionals have ever encountered those problems in their
project experiences have no effect on their judgments about BIM’s potential. A single sample t-test
was applied for all 23 sets of data. A 95% confidence interval of the difference is adopted to predict
the potential of BIM to address the problem, when the lower limit value of potential is greater than
2.00 (BIM has low potential to address the problem), it is considered that BIM does have the potential
to solve the problem.

3.2. The Potential of BIM for Building Water Efficiency at Various Stages

Questionnaire respondents were asked to evaluate on a Likert scale 1–4 the potential of BIM
for water efficiency during design, construction and operation stages (1 = No potential, 2 = Low
potential, 3 = Medium potential, 4 = High potential). The architecture consultant usually provides
consulting services of related professional knowledge and technology throughout the entire building
life cycle, therefore architects specializing in design stage and architecture consultants are the major
participants to develop the water efficiency model during the design stage, while architects specializing
in construction and service engineers specializing in the operation stage are not. The respondents
for water efficiency measures during the design stage are divided into Group A1 and Group B1
(Group A1 = architects specializing in the design stage and architecture consultants, Group B1 =

architects specializing in construction and service engineers specializing in the operation stage) in
order to eliminate the gap caused by professionals who are responsible for different building stages.
Similarly, the respondents for water efficiency measures during the construction stage are divided into
Group A2 and Group B2 (Group A2 = architects specializing in the construction stage and architecture
consultants, Group B2 = architects specializing in design and service engineers specializing in the
operation stage). The respondents for water efficiency measures during the operation stage are divided
into Group A3 and Group B3 (Group A3 = service engineers specializing in the operation stage and
architecture consultants, Group B3 = architects specializing in the design and construction stage).

Differences in perceptions of the potentials among the different groups of professionals were
tested for their significance using ANOVA. The analysis results are shown in Table 5. The value of
significance (Sig.) > 0.05 for most measures such as rainwater harvesting and water circulation system
simulation, water consumption analysis and catchment potential investigation during the design
stage; optimization of the water grid design; water supply, sewage and rainwater pipes checks during
the construction stage; simplification of repetitive and needless construction process; and real-time
monitoring of water resource, and combination of BIM with smart appliances and smart sensors during
the operation stage. There is no statistically significant difference in the judgment of potential between
the groups. A single sample t-test was applied for all 23 data points. A 95% confidence interval of
the difference is adopted to predict the potential of BIM for building water efficiency, when the lower
limit value of potential is greater than 2.00 (BIM has low potential for building water efficiency), it is
considered that BIM does have the potential to enhance these water efficiency items.
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Table 4. The potential of BIM to solve common problems (questionnaire’s responses).

Groups of Being
Confronted with

Specified Problem

Group Statistics

Problem

Analysis of
Variance Single Sample t-test for All 23 Data

N Mean Std.
Deviation

Std.
Error
mean

F Sig. Mean t Std.
Deviation

Std.
Error
Mean

95% Confidence
Interval of the

Difference

Lower Upper

Yes (Group A) 15 3.13 1.060 0.274 losses caused by unclear and confused
drawings 0.082 0.777 3.09 14.226 1.041 0.217 2.64 3.54No (Group B) 8 3.00 1.069 0.378

Yes (Group A) 16 3.44 0.814 0.203 Ineffective design due to communication
between different professionals 0.176 0.679 3.39 20.779 0.783 0.163 3.05 3.73No (Group B) 7 3.29 0.756 0.286

Yes (Group A) 14 2.64 1.008 0.269 Ineffective design for various interventions 0.003 0.954 2.65 13.609 0.935 0.195 2.25 3.06No (Group B) 9 2.67 0.866 0.289

Yes (Group A) 12 3.08 0.668 0.193 Data loss during information transfer 0.094 0.762 3.04 22.876 0.638 0.133 2.77 3.32No (Group B) 11 3.00 0.632 0.191

Yes (Group A) 15 2.93 1.100 0.284 Problems such as rework caused by
design change 0.014 0.905 2.91 12.894 1.083 0.226 2.44 3.38No (Group B) 8 2.88 1.126 0.398

Yes (Group A) 11 2.55 0.934 0.282 Overdependence on manpower 0.083 0.776 2.61 12.662 0.998 0.206 2.18 3.04No (Group B) 12 2.67 1.073 0.310

Yes (Group A) 13 2.23 0.832 0.231 Weak management awareness 0.008 0.929 2.22 13.372 0.795 0.166 1.87 2.56No (Group B) 10 2.20 0.789 0.249
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Table 5. The potential of BIM for building water efficiency at various stages (questionnaire’s responses).

Groups of
Different

Units

Group Statistics

Potential Application of BIM in Water
Efficiency

Analysis of
Variance Single Sample t-test for All 23 Data

N Mean Std.
Deviation

Std.
Error
Mean

F Sig. Mean t Std.
Deviation

Std.
Error
Mean

95% Confidence
Interval of the

Difference

Lower Upper

Design Stage

Group A1 13 2.77 0.832 0.231 Rainwater harvesting and water
circulation system simulation 0.164 0.689 2.70 13.273 0.974 0.203 2.27 3.12Group B1 10 2.60 1.174 0.371

Group A1 13 2.85 0.555 0.154 Water consumption analysis to optimize
water distribution system 0.027 0.870 2.87 18.178 0.757 0.158 2.54 3.20Group B1 10 2.90 0.994 0.314

Group A1 13 2.62 0.650 0.180 Catchment potential investigation 0.056 0.815 2.65 15.294 0.832 0.173 2.29 3.01Group B1 10 2.70 1.059 0.335

Group A1 13 3.38 0.650 0.180 Optimization of the water grid design 0.319 0.578 3.30 20.719 0.765 0.159 2.97 3.64Group B1 10 3.20 0.919 0.291

Construction Stage

Group A2 9 3.11 0.782 0.262 Check the water supply, sewage and
rainwater pipe 1.318 0.264 2.87 16.888 0.815 0.170 2.52 3.22Group B2 14 2.71 0.825 0.221

Group A2 9 3.56 0.726 0.242 Conduct effective management to reduce
resource waste.

5.420 0.030
3.56 - - - - -

Group B2 14 2.79 0.802 0.214 2.79

Group A2 9 3.33 1.000 0.333 Simplification of repetitive and needless
construction process 1.323 0.263 3.04 14.955 0.976 0.204 2.62 3.47Group B2 14 2.86 0.949 0.254

Operation Stage

Group A3 7 3.00 0.817 0.309 Real-time monitoring of water resource 0.000 1.000 3.00 16.871 0.853 0.178 2.63 3.37Group B3 16 3.00 0.894 0.224

Group A3 7 2.86 0.900 0.340 Combination of BIM with smart
appliances and smart sensors 0.132 0.720 2.74 13.008 1.010 0.211 2.30 3.18Group B3 16 2.69 1.078 0.270
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3.3. Obstacles to Applying BIM for Water Saving in Building Projects

Twelve obstacles to the current development of BIM from the literature review were listed in
the questionnaire. As stated in Section 1.3, these obstacles were divided into four clusters: Technical,
human, economic, and management factors. Respondents were asked to point out the barriers
hindering the use of BIM in the water efficiency project, their results are shown in Table 6. In order to
obtain the key factors hindering the development of BIM, and provide a reference for future research,
data was processed through the hypothesis testing method. The hypothesis testing results are shown in
Table 7. A 95% confidence interval of the difference is adopted. Those factors with respondents agreeing
over the lower limit value such as the BIM software is still in progress, lack of BIM talent, reliance
on traditional methods, high short-term cost, difficulties in managing change, difficulties in business
process transformation are main obstacles hindering the development of BIM in water efficiency.

Table 6. The response of obstacles.

General Aspects Obstacle Respondents Agreeing

Technical factor
Poor adaptability of BIM technology 21.74%

High technical difficulty 26.09%
BIM software is still in progress 47.83%

Human factor
Lack of the structure of knowledge and ability 52.17%

Lack of BIM talent 43.48%
Rely on traditional methods 52.17%

Economic factor
High short-term cost 47.83%
Long payback period 30.43%

Untapped BIM market 30.43%

Management factor
Difficulties in managing change 47.83%
Low acceptance in management 17.39%

Difficulties in business process transformation 47.83%

Table 7. Hypothesis testing results of BIM obstacles (questionnaire’s response).

Item N Mean Std.
Deviation

Std. Error
Mean

t

95% Confidence
Interval of the

Difference

Lower Upper

Obstacle 12 38.77% 0.126 0.036 10.627 30.74% 46.80%

3.4. Results of Interviews

The interviewees were firstly asked to supplement the BIM-enhanced construction activities and
give suggestions for using BIM in water efficiency. Architect A stated that both consulting companies as
well as architect companies consider that the only purpose of using BIM is to meet government policies
and simply check clash detection at the current stage. Architect B stated that the current application of
BIM for building water efficiency should take more consideration of the effect of BIM throughout the
entire building life cycle. For example, BIM provides a platform for designers, constructors and owners
to achieve an effective collaboration and communication. Architect D proposes to combine BIM with
sponge city strategy [39] to facilitate access to the BIM model of the municipal pipeline, which in turn
facilitates the utilization by the owner units, and four interviewees agreed that the integration of BIM
and sponge city strategy is a future research-worthy topic about water efficiency.

The interviewees were then asked to supplement their views on how to address the obstacles
to the application of BIM in water efficiency. Three interviewees stated that in the current market
environment, BIM technology means that a large amount of input but with lower output, which also
hinders some companies from investing in BIM. Based on the variety of obstacles, Architect C from the
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construction unit stated that in the short term, some construction companies in China would not invest
in BIM and building water efficiency technologies. Those new items from interviews are regarded as
supplements to the questionnaire, and both of them are contributed to the framework development.

4. BIM-based Water Efficiency (BWe) Framework Development

A preliminary BIM-based building water efficiency framework (BWe framework) was developed
based on the findings of this research. The BWe framework divides the building life cycle
into three stages: Design stage, construction stage and operation stage. It encompasses water
efficiency requirements, the implementation of water efficiency measures and BIM-aided collaborative
communication throughout the design, construction and operation stages. The framework development
flow chart is shown in Figure 2.

As shown in Figure 3, the BWe framework addresses some common problems during a BIM-aided
construction project, and the potential methods of BIM’s application in water efficiency, which are
numbered and listed in Table 8.

Table 8. The conclusion of numbered items.

Code Content

A1 Requirements: Set water efficiency goals [1–10]

A2 Problem: Ineffective design due to ineffective communication between different professionals
(architect, structural engineer, water-electrical designer) [35]

A3 Problem: Ineffective design due to various interventions (from constructor, Proprietor) [37]

A4 Promote the use of water efficiency appliances [40,41]

A5 Promote the application of advanced water supply facilities [40]

A6 Problem: The lack of feasibility researches of BIM’s application in building water efficiency [24]

A7 Measure: Use BIM engine to simulation rainwater harvesting and water cycle system [18,24]

A8 Measure: Use BIM engine to analyze the water consumption and optimize the water
distribution system [15]

A9 Measure: Use BIM engine to investigate catchment potential [27]

A10 Measure: Use BIM to optimize the design of water grid [42]

B1, C1 Problem: During data exchange from design stage to construction stage and to operation stage,
data loss may occur and the targets set in previous stage are neglected in the current stage [19]

B3 Measure: Simplify some repetitive and unnecessary construction procedure through BIM, then
saving water, energy and cost [19]

B4, B5, B6 Measure: Check the water supply, sewage and rainwater pipe [32]

C2 Measure: Real-time monitoring of resource such as electricity, water and gas [30]

C3 Measure: Set up specifications for water use components (such as taps, kitchen, washing) [3–5]

C4 Measure: Combine BIM with smart appliances and smart sensors [33]

C5 Measure: The monitoring of water consumption and leak detection through BIM [33,40]
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4.1. Design Stage

As shown in Figure 3, the design stage mentioned in the BWe framework is divided into
two parts: The concept design and BIM module. The part of concept design mainly aims at the
common problems that many engineers may encounter during project implementation, and proposes
corresponding BIM-aided improvement measures or solutions. These problems have been listed in
Table 8. For example, for the problem of ineffective design due to various interventions and inadequate
communication among project parties, BIM provides a shared platform for designers, constructors
and owners. For the problem of a lack of feasibility researches of BIM’s application in water efficiency,
feasibility studies are conducted before technical design. Moreover, in response to the suggestions on
water efficiency items from various green building rating systems, the adoption of water efficiency
appliance and advanced water supply facilities is extended as well.

For the BIM module, the 3D model should be established through the combined use of both BIM
software and database. According to the results of the questionnaire analysis, the integration of BIM
and four water efficiency measures during the design stage is beneficial to achieve building water
efficiency targets more effectively: Rainwater harvesting and water circulation system simulation, water
consumption analysis to optimize the water distribution system, catchment potential investigation,
and water grid design optimization.

4.2. Construction Stage

According to the results of interviews, the application of BIM technology during the construction
stage can firstly help conduct effective management to resource allocation, site layout and materials
for each part and then reduce resource waste. During the data exchange from the design stage
to the construction stage, it is possible that data loss may be involved. For example, the targets or
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requirements set in design and construction stages are neglected in the operation stage. So it is important
to identify missing data in order that the water efficiency performance set in the previous stages can be
achieved eventually. Compared with the tradition workflow, BIM can also simplify some repetitive and
unnecessary construction procedure after the construction procedure is formulated, thereby resources
like water, energy and cost could be reduced. After the optimization of the construction procedure,
the onsite checks should take measures to avoid water wastage. As shown in Figure 3, the onsite checks
for water supply, sewage and rainwater can be more effectively conducted with the assistance of BIM.

However, over 65% of questionnaire respondents indicate that they have encountered problems
such as rework caused by design change, which is a common but non-negligible phenomenon during
the construction stage. Therefore, if design change happens, BIM data should be updated firstly and
the construction procedure can be reformulated when necessary.

4.3. Operation Stage

All the questionnaire respondents believe that BIM can help integrate the building information
produced in the previous stages with the current stage information. So the first step for water
efficiency in the operation stage should be identifying the missing data. As shown in the “Requirement
Analysis” in Figure 3, in response to the green building rating systems, the water use components
specification, such as taps, showers and washing machines can be set to achieve better monitoring of
water consumption. Additionally, as the development and increasing implement of smart appliances
and smart sensors, some researches attempted to combine BIM with these products [12], and the
feasibility is verified through the questionnaire in this study: Over 91% of respondents believe that it
does have the potential.

After the requirement analysis is complete, the water efficiency monitoring is conducted throughout
the whole operation stage from three aspects: Water consumption, leak detection and water efficient
equipment. Water efficiency related additional information by facility managers is considered as well.

4.4. Establishment of Conceptual Algorithm

Based on the BWe framework and the numbered items, a conceptual algorithm with a summation
formula is established to supplement explorative building water efficiency research with quantitative
content. The formula (1) is closely coupled with the BWe framework and is applied in the last step of
each building stage to predict the effectiveness of water efficiency. The item values and the coefficients
in the equation may vary according to actual construction projects. The total score could reflect the
effectiveness throughout the whole design, construction and operation stages.

SC =
n∑

i = 1,
j = 1,
k = 1

(αDeAi + αconB j + αoCk) (1)

• SC: The total score marked through the process of BWe framework;
• αDe: The influence coefficient for the design stage;
• Ai: The water efficiency items during the design stage;
• αcon: The influence coefficient for the construction stage;
• B j: The water efficiency items during the construction stage;
• αo: The influence coefficient for the operation stage;
• Ck: The water efficiency items during the operation stage.
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5. Verification

5.1. The Results from Interviews

The preliminary BWe framework and the conceptual formula are then verified by four experienced
architects from the respondents of the early questionnaire and one professor with abundant research
experience in the field of green building. The interviewees were asked to use the grade 1–4 (1 = Strongly
disagree, 2 = disagree, 3 = agree, 4 = strongly agree) to assess the clarity, structure intelligibility,
implementation feasibility of the BWe framework and formula. As shown in Table 9, the preliminary
BWe framework and the conceptual formula are proved to be effective in the combination of BIM and
water efficiency.

Table 9. The score of the BWe framework and formula by interviewees.

The Evaluation Criteria Mean Value

The preliminary BWe framework

The structure of the framework is clear and fluent. 3.6
The contents of framework are reasonable and appropriate. 3.0

The framework has implementation feasibility and operability. 3.0

The conceptual formula

The formula is reasonable and easy to implement. 3.2
The formula has implementation feasibility. 3.0

The formula is closely coupled with the BWe framework. 3.6

The respondents were asked to suggest improvements to the conceptual formula. All the
respondents agreed that the formula is closely coupled with the BWe framework, one of the respondents
suggested that further research on the determination of formula coefficients could be extended beyond
this study.

Respondents were then asked to identify the most important factor of water efficiency at each stage,
state the limitations in current water efficiency methods and corresponding BIM-based improvements.
Two respondents stated that the feasible application scheme study of BIM in building water efficiency
should start from the advantages of BIM compared to other tools such as tradition water gird design
software and maximize its advantages. In the design phase, the simulation of rainwater harvesting
and utilization systems and the optimization of the water pipe network (water supply, sewage and
rainwater pipeline system) design are considered to be two main research directions for BIM in water
efficiency. Two interviewed architects stated that when designing rainwater catch pits in many current
green buildings in China, designers use the estimated value or empirical data of annual rainwater
collection volume and recycling dosage to assist in the design, which brings the negative consequences
that the design model is highly idealistic and the computational results are inaccurate compared to
the actual situation. For example, in actual projects, the collected rainwater exceeds the demand
for use and overflows from the rainwater catch pits during the rainy season, while running water
compensation is adopted without sufficient rainwater during the dry season. However, due to the
over-idealization of the model during the estimation process, the difference between the rainy season
and the dry season has been balanced, which tend to cause the aftermath that the actual situation
during operation cannot meet the water efficiency goals set in the design stage. Four out of five of the
respondents agreed that BIM can help conduct dynamic real-time monitoring of annual precipitation
in the area where the building is located, so the maximum non-conventional water use of the project
is simulated and forecasted through BIM tools. Based on the results of monitoring and simulation,
rainwater is collected and utilized more rationally through the formulation of regulation and storage
equipment scheme, and further achieved the goal of water efficiency. Such a BIM-based dynamic
monitoring method replaces the previous solid-state estimation method, which provides architects
with new references and new inspiration. Two architects also state that when designing the water pipe
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network of green buildings, it is necessary to set pressure reducing valves so that the water pressure
can be controlled not to be excessive, which also brings about an increase in cost. It is also an effective
measure can be conducted through BIM that optimizing the water pipe network design to minimize the
quantities of pressure reducing valves even when there is a high municipal water pressure. In addition,
four out of five of respondents believe that some water harvesting, storage and pipe network design
measures of “the Sponge City” management concept are of great reference value in this study.

One of the respondents further stated that some construction companies are optimistic about
the potential of BIM because BIM is able to conduct clash detection accurately and efficiently. In the
traditional design, designers of architecture, structure, and equipment draw their own drawings
separately, and the omission of docking among various professions is difficult to be avoided. In addition,
when occasional slight design changes occur at the construction site, it is possible that some of the
professions have completed the changes while others have not, which leads to the occurrence of pipe
network collisions during construction.

In the operation phase, all of the respondents agree that BIM has a positive effect on water leak
detection. This can be combined with smart sensors to identify leaks rapidly and perform maintenance
through changes of pipeline pressure. Therefore, many mainstream green building rating systems
worldwide advocate setting up water meters as comprehensively as possible. Three out of five of
the respondents believe that BIM can be integrated with some large energy monitoring software or
smart appliances to conduct real-time monitoring for the water consumption of various water use
components in and generate monitoring reports related to human behavior pattern such as the annual
water consumption and the water use frequency.

5.2. The Updated BWe Framework

Respondents were asked to suggest improvements to the BWe framework. In the design stage,
one of the interviewees suggested that the successive logical relationship from water consumption
analysis to the water grid design optimization could be set for BIM’s simulation and analysis module.
Integrating the suggestions from interviewees, the procedure of the adjustment if design change
happens in the construction stage, is described in more detail to emphasize the advantages of BIM in
clash detection. While in the operation stage, one of the participating architects suggested that the
recycling dosage of rainwater and reclaimed water could be added to the items of water efficiency
monitoring to evaluate the effectiveness of rainwater reuse and reclaimed water recycling system.
These improvement items are listed in Table 10 with respective codes. Based on the suggestions
provided by the respondents, the BWe framework has been revised, which is shown in Figure 4.

Table 10. The conclusion of improvement items for BWe framework.

Code Content

A7–A10
The successive logical relationship is set for BIM’s simulation and analysis module

(Water consumption analysis, catchment potential investigation, rainwater harvesting and
water cycle system simulation, water grid design optimization).

B5 The procedure of the adjustment if design change happens is described in more detail to
emphasize the advantages of BIM in clash detection.

C5 The monitoring of recycling dosage is added.
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6. Discussion and Conclusions

With the increasing attention paid to building water efficiency and the promotion of BIM
technology by the AEC industry, the advantages of BIM including enhanced collaboration among
various parties [14,15,35], improved work efficiency [36], simulation and analysis of sustainability
performance [17,18] are gradually accepted. In a newest BIM report published by NBS (National
Building Specification) in 2018 [13], 65% of respondents believe that BIM is beneficial to improve
time efficiency, 79% BIM users being surveyed agree that adopting BIM increases coordination of
construction documents. In another BIM industry report analyzing the Chinese AEC industry market
from 2016 to 2017 [43], BIM means an integration of visibility, coordination, simulation, optimization
and graphical, thereby it is able to greatly improve design efficiency. The results of such industry
reports are in line with the findings of this study.

In this study, the BWe framework is established to provide reference for the application of BIM in
water efficiency. However, it still has limitations. For example, the sample size could only support
tentative research and the statistical significance is limited; the actual operation of the framework is lack
of verification by case studies, and technical components of the BWe framework need to be researched
individually in further studies. More detailed research and engineering case studies are required
in order to apply BIM to building water efficiency more effectively. The BIM guidance for Water
Industry [25] proactively forecasts the transition to a Digital Built Water and Waste Water framework,
which delivers high performing assets. Based on the extensive literature review, the results of the
questionnaire survey, and the results of interviews with experienced practitioners, this publication
attempts to propose several potential research directions below:
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1. BIM and rainwater harvesting and reuse system

Using BIM tools to conduct dynamical monitoring of annual precipitation in the area where the
building is located. Based on the result of dynamic monitoring, the simulation and prediction of the
largest nontraditional water of the project is able to be achieved through BIM technologies and the
guidelines for the regulation and storage facilities can be formulated. Thereby rainwater is able to be
collected and utilized more reasonably and the difference between the dry season and the rainy season
can be balanced.

2. BIM and the optimization of pipeline design

For a specific sustainable building project, visualize the water pipeline design through BIM during
the design stage to avoid construction collisions. In addition, based on the given municipal water
pressure, optimize the pipeline direction through the BIM tools, and minimize the use of the pressure
reducing valves in accordance with the requirements of informal water pressure.

3. BIM and real-time monitoring of water use

For the operation stage of a specific sustainable building project, the water use appliances are
classified into detailed types and the real-time monitoring of water consumption of each type can be
conducted through the combined utilization of BIM and intelligent sensors. Based on the real-time
monitoring results, human behavior patterns of water use can be summarized and then propose
corresponding water efficiency measures.

4. BIM and saving of hot water

Conducting simulation and analysis of solar water heater through BIM tools and balancing the
heating efficiency between summer and winter to achieve the goals of saving hot water and energy
efficiency, which would bring greater economic benefits as well.
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