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Sustainability is becoming a key factor in the decision-making process of infrastructure projects throughout their
lifecycles. In particular, the Environmental Impact Assessment (EIA) in the design phase is becoming a matter of
signiﬁcant importance, for both public and private sectors, given the long-term impacts of design decisions on
the environmental performance of infrastructure projects. Traditionally, EIA is performed by a sustainability
expert at the end of the design cycle, by which time the modiﬁcation of design is both costly and time-consuming. In recent years, Building Information Modelling (BIM) is leveraged to better integrate EIA with the
design practices. However, there are several limitations with how this integration is approached: (1) EIA is
normally performed by software other than the one used for the design. This renders the continuous EIA based
on incomplete BIM models diﬃcult; (2) there is a lack of explicit data structure for the integration of EIA and
BIM data. This limits the interoperability and ﬂexibility of the EIA tools in terms of accommodating to diﬀerent
EIA databases; (3) in the majority of the cases the integration of EIA and BIM is not bidirectional, which results in
the incapacity of the designers to immediately visualize the results of EIA in the design platform and to track the
progress of the design in terms of EIA; and (4) the BIM-based EIA has rarely been implemented in an infrastructure project. Therefore, this research aims to develop a continuous BIM-based EIA for infrastructure projects
that utilizes an explicit data structure to (1) systematically integrate data from various sources, and (2) enable
bidirectional data exchange between BIM and EIA. The framework allows designers to run an automated EIA at
any point in the design stage and immediately assess the Environmental Impact Score (EIS) of their design
choices. A prototype is developed and tested on a case study to indicate the feasibility of the proposed framework. The framework is assessed in terms of functionality, ease of use, scalability, and contribution to raising
sustainability consciousness through a workshop with experts. It is shown that the framework is able to quickly
provide designers with accurate information about the potential environmental impact of all objects in infrastructure design projects. The workshop with experts showed that the tool clearly makes it easier to perform EIA
compared to the existing, highly fragmented, process. This allows the design team to use this assessment on the
same level as other design parameters in the decision-making process.

1. Introduction
The construction industry has a large impact on the environment.
Diﬀerent studies showed the high contribution of the construction industry on energy consumption, raw material use, and CO2 emissions
[1]. The Architecture, Engineering, and Construction (AEC) industry is
responsible for 40% of the total energy use, 32% of CO2 emissions, and

⁎

25% of the generated waste in Europe annually [2]. Because of this high
negative impact on the environment and the growing awareness on
environmental protection, there is a sense of urgency for the construction industry to become more sustainable in their projects and
work processes [3].
Evaluating the environmental impact of a design is often done
through a Life Cycle Assessment (LCA). LCA, as described in ISO 14040,
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evaluates the potential environmental impact of a product, process, or
system throughout its complete lifecycle [4]. However, this assessment
is time-consuming, complex, and requires large amounts of data [5].
Therefore, LCA is often performed at the end of the design phase when
all required information is available. This means that design choices
with the highest potential environmental impacts are already taken and
therefore, it is too late to incorporate the environmental impact in the
decision-making process [6–8]. This fragmented process creates a disconnect between the assessment of the environmental impact and other
aspects of design evaluation which renders the improvement from the
environmental sustainability perspective cumbersome and challenging.
This fragmented workﬂow necessitates a feedback loop between sustainability experts and other members of the design team that is not
conducive to raising the global sustainability consciousness in the entire
design team, especially among the designers.
In recent years, Building Information Modelling (BIM) has emerged
as a potential solution to decrease the eﬀort needed to perform an LCA
[9]. There have been numerous studies on BIM-based LCA applications
[9–13]. However, there are several limitations in the current body of
knowledge:

Based on the above, the main objective of this research is to develop
a continuous BIM-based Environmental Impact Assessment (EIA) for
infrastructure projects that utilizes an explicit data structure to (1)
systematically integrate data from various sources and (2) enable bidirectional data exchange between BIM and LCA. In this way, the potential environmental impact of design choices is presented on the same
level as other design parameters. This enables the direct use of the
environmental impact score (EIS) of the design in the decision-making
process by the designers and, thus, increasing the designers' awareness
about the environmental impact that their decisions carry.
The paper is structured as follows. First, a literature review is presented to identify the current state-of-the-art in terms of environmental
sustainability in the construction industry and BIM-based LCA. Second,
the proposed framework for a BIM-based EIA is presented. Third, the
proposed framework is implemented and tested in a case study. Finally,
the results, discussion, and conclusion are presented in which the most
important ﬁndings, limitations, and future research possibilities are
discussed.

(1) The majority of BIM-LCA tools/frameworks rely on the integration
of BIM data with external LCA tools [7,8,14]. The major limitation
of this approach is that LCA tools require a wide range of input data
that are commonly not present in the early-stage design models.
Therefore, these frameworks are more suited for the comprehensive
LCA at the end of the design phase. While inherently useful, late
LCA inhibits fast and easy design modiﬁcations that can be done in
the earlier stages of design. Therefore, a more integrated BIM-LCA
methodology is required that supports a continuous LCA
throughout the design process.
(2) The absence of explicit data structure in the BIM-LCA framework
renders the developed tools/plug-ins dependent on speciﬁc environmental assessment databases, which in turn limits the extensibility and interoperability of the developed solutions [14,15].
The absence of such a structure also limits the extent to which data
external to the BIM model can be used for more accurate LCA. For
instance, it is shown that the majority of the continuous BIM-based
LCA frameworks disregard the transportation of the material which
is an inherent part of the environmental impact assessment of the
projects [15,16]. To address this issue, it is important to develop an
explicit data structure for BIM-based LCA that improves the ﬂexibility of the framework in terms of accommodating diﬀerent databases. Also, to further enhance the reliability of the LCA, it is
important to consider the integration of data that are external to the
design platform.
(3) The results of the LCA are commonly presented either in terms of
external reports (i.e., a combination of graphs and numerical values) [15,17] or 3D visualizations in the environment outside the
primary design platform [18]. In other words, the data ﬂow between BIM and LCA has been commonly one-directional from the
BIM software to the LCA module. On this premise, to the best of
author's knowledge, the result of LCA has never been embedded
inside the BIM model as properties of the design component. This is
a limitation because the semantic modelling of LCA results in the
BIM model not only allows for the online visualization of the LCA
results in the native BIM design platform but it also facilities easy
tracking of design changes and streamlined application of LCA for
the global assessment of the design and completeness of the BIM
model.
(4) Finally, to the best of authors' knowledge, BIM-LCA integration has
been mostly considered for buildings [19] and rarely implemented
on infrastructure projects. This is a critical oversight because the
contributions of infrastructure projects to adverse environmental
impacts of the built environment are signiﬁcant.

2.1. Sustainability in the construction industry

2. Literature review

The concept of sustainability was ﬁrst introduced in 1972 on a
United Nations (UN) conference to discuss environmental issues [20].
Over the years, diﬀerent deﬁnitions of sustainability have been proposed. In the construction industry, the deﬁnition that covers the
‘triple-bottom-line’ of sustainability comes from the American Society
of Civil Engineers (ASCE) [21] that reads “sustainability is a set of
environmental, economic, and social conditions in which all of society
has the capacity and opportunity to maintain and improve its quality of
life indeﬁnitely, without degrading the quantity, quality or the availability of natural, economic, and social resources”. With the high raw
material usage, energy consumption, and waste generation, the construction industry has one of the highest environmental impacts across
all industries. The assessment of this environmental impact is often
done through an LCA as this methodology is considered to be one of the
most suitable methods to quantify the potential environmental impact
of material use, energy consumption, and waste generation throughout
the life cycle of a product or system [22].
2.2. Life cycle assessment in the construction industry
The LCA assesses the potential environmental impact of design
during its full lifecycle, from raw material extraction to construction to
demolition [23]. According to the ISO 14044 standards [4], an LCA
comprises four main phases: i) goal and scope deﬁnition, ii) Life Cycle
Inventory (LCI), iii) Life Cycle Impact Assessment (LCIA), and iv) interpretation [4]. However, the LCI and LCIA are often combined by
multiplying the material quantities of a model with pre-determined
characterization factors existing in a database [9].
LCA in the construction industry is often performed within the
framework of rating systems as part of a wider sustainability assessment. In 2012, there were already more than 600 rating tools and 170
evaluation criteria in the building industry [24]. Examples are Leadership in Energy and Environmental Design (LEED) in the United
States and Building Research Establishment Environmental Assessment
Method (BREEAM) in the United Kingdom. However, the development
of rating systems for infrastructure was relatively slow compared to the
building industry [19].
In the early 2000s, it became clear that there was a lack of tools like
LEED and BREEAM for infrastructure projects. This initiated the development of the Civil Engineering Environmental Quality Assessment
and Award Scheme (CEEQUAL) that was led by the United Kingdom's
(UK's) Institution of Civil Engineers. Currently, CEEQUAL is an integral
part of the UK's construction industry and its strategy towards
2
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valuable in the early design phase of a building project. The study
identiﬁed several requirements to be able to apply these tools. First, a
simpliﬁed LCA is required and second, the usability of LCA software
should be improved to ﬁt in the design work practices.

Table 1
Common infrastructure sustainability rating systems.
(Adapted from Griﬃths and Henning [13]).
Name

Country

Type of
infrastructure

Considered
sustainability topics

GreenRoads

United States

Roads

Project requirements
Environment and water
Access and equity
Construction activities
Material and resources
Pavement technologies
Quality of life
Leadership
Resource allocation
Natural world
Climate and risk
Project strategy
Project management
People and communities
Land use and landscape
Historic environment
Ecology and biodiversity
Water environment
Physical resources
Transport
Management and
governance
Using resources
Materials and waste
Ecology
People and places
Innovation

Envision

United States

Any

CEEQUAL

United
Kingdom

Any

IS rating system

Australia

Any

2.3. Life cycle assessment and building information modelling
2.3.1. Building information modelling (BIM)
Because of the increasing diﬃculty and complexity of construction
projects, Building Information Modelling (BIM) has emerged to optimise, automate, and modernise the traditional work practices of the
industry [2]. BIM is becoming more and more common in the construction industry. In the UK, it is even mandatory to use BIM in public
projects [12]. The concept of BIM can be deﬁned as a set of policies,
processes, and technologies that translates into a working methodology
that is able to manage 3D drawings and other project data in a digital
environment during the entire building life cycle [31]. The use of BIM is
an integrated process where the functional and physical characteristics
of a project are managed by digitally simulating the real construction
process of a project [31].
2.3.2. LCA-BIM applications in the design phase
When the extra dimension of environmental sustainability is added
to the BIM philosophy, this can be described as green BIM. This extra
dimension includes the assessment of the environmental sustainability
parameters in a model. Wong and Zhou [32] deﬁned green BIM as
follows: “a model-based process for enhancing building energy-eﬃciency performance, and facilitating the accomplishment of established
sustainability goals through generating and managing coordinated/
consistent data during the entire lifecycle of projects”. With this deﬁnition, green BIM facilitates the analysis of building performance in
terms of emissions, waste management, and construction methods [33].
With the rise of digital technologies and the use of BIM in the
construction industry, there is also an increase in the use of BIM for
improving the environmental impact of designs [9,32]. In recent years,
there have been numerous studies towards the use of BIM to perform
LCA and diﬀerent software applications have been developed [9–12].
However, these studies mainly focus on building design instead of infrastructure design. Liu et al. [19] observed that BIM in infrastructure is
often used for design and construction management but not for sustainability purposes.
Antón and Díaz [34] described two approaches to integrate LCA and
BIM. In the ﬁrst approach, there is a direct connection between the BIM
model and the LCA software. In this approach, the LCA software is able
to use all information in the BIM model to complete the assessment. The
second approach aims to include environmental properties in the BIM
objects to enable designers to use this information in their decisionmaking process. While the interoperability between the BIM model and
LCA software can be a major barrier in the ﬁrst approach, the second
approach can be less accurate depending on the used LCA methodology.
However, everything considered, the second approach can be deemed
as a good ﬁrst step towards integrating LCA in the BIM model. This
integrative approach helps present the potential environmental impact
of a design on the same level as other design parameters. This allows
designers to be more aware of the potential environmental impact that
their decisions carry in the decision-making process [34].
Van Gemert [35] presented a BIM-based method to perform an LCA
of a building. Based on an Industry Foundation Classes (IFC) export of a
building model, the developed method was able to show the environmental impact of the design. However, this method is prone to human
error because of the manual steps that are required to export the IFC ﬁle
correctly. In this context, several studies have shown that for this reason
there might be a preference for BIM-based LCA solutions that assess the
environmental impact in real-time within the BIM model [7,12]. An
example of a BIM-LCA solution is the result of the research by Bueno
et al. [7] where an application was developed to automatically

sustainable development [25]. At the moment, CEEQUAL is by far the
most used rating system for infrastructure sustainability with over 260
projects certiﬁed up to 2016 [26]. it is an assessment that consists of 12
indicators which are a combination of environmental and social indicators [27]. Other countries developed similar rating systems that are
often tailored to speciﬁc agencies to ﬁt the local context and needs [19].
The main characteristics of the four most common rating systems are
shown in Table 1.
Another example of an LCA tool is DuboCalc. DuboCalc is a software
developed by the Dutch Directorate-General for Public Works and
Water Management [28]. The assessment methodology of DuboCalc is
based on the European norm EN15804 “Sustainability of construction
works—Environmental product declarations—Core rules for the product category of construction products” [19]. DuboCalc uses the National Environmental Database [29] which contains the environmental
properties of construction materials. DuboCalc translates these properties to (EISs by multiplying them with a ﬁctional cost for the environment [30]. Based on the quantities of a design, DuboCalc is able to
calculate the environmental impact of the design and present it in terms
of an EIS (in Dutch: MKI). This indicator can be described as a “shadow
price” that shows the extra costs of a design for the environment. In The
Netherlands, DuboCalc is the main method to evaluate the sustainability performance of infrastructure projects [19].
There have been numerous studies that compare diﬀerent rating
systems. Doan et al. [11] found that there are large diﬀerences in scopes
of diﬀerent systems. While some systems only cover the environmental
pillar of sustainability, others include social and economic aspects as
well. However, no rating system thoroughly assesses all three pillars.
Moreover, Meex et al. [22] observed that most sustainability assessment tools are developed for end-product evaluation. This means that
the assessment is only possible when the design phase or even the
construction phase is already ﬁnished. However, decisions that have the
highest impact on the sustainability of design are often made in its early
phase [6–8]. Therefore, an EIA can be extremely valuable in the early
stages of design.
Meex et al. [22] found that LCA-based EIA tools can be extremely
3
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Start
Extract project location
Extract elements
BIM
Model

Project planning
document

Extract materials
Yes

Supplier known?

Data
Collection

Calculate the distance between
supplier and the site

No
Use the historical average values
for transportation
Register distances as a material
properties in the model

EIA
database

Extract environmental properties
of each material for EIA
Data
Integration

Structure the data based on the
presented ontology
BIM-EIA
ontology
Calculate the EIS for construction
for each material
Calculate the EIS for operation
and maintenance for each material

EIA
Analysis

Calculate the EIS for end of life
for each material
Calculate the EIS for the total
project

Register EIS of each material in
the model

EIA Report

Generate detailed report

Data
Visualization

Generate visualization for each
phase of the project

Visualized EIA
End

Fig. 1. Proposed framework BIM-based environmental impact assessment for infrastructure.

Several observations can be made from this literature review: (1)
Due to large information requirements and the need for an LCA expert,
the LCA is often conducted at the end of the infrastructure design phase.
This means that it is diﬃcult to use the results in the decision-making
process because decisions with the highest potential environmental
impact are made early in the design; (2) Studies towards BIM-based
LCA applications showed that interoperability between BIM and LCA
software remains an issue. While there are export standards like IFC,
there is still a chance of errors because of the numerous manual steps
and the need for a sustainability expert. Due to these reasons, several
studies described the need for a simpliﬁed and integrated approach
where the BIM environment is used as the basis for LCA calculations
and visualizations, without the need for additional experts and numerous manual steps. This approach allows the environmental impact
to be evaluated in every phase of the design and therefore included in
the decision-making process of designers; (3) There have been numerous studies that investigated the use of BIM for the integration of
LCA in building design. Several frameworks and BIM-based LCA applications have been developed. However, studies on BIM-based LCA
for infrastructure are uncommon. Moreover, the main issue that was
identiﬁed is the complex nature of the LCA. This research tries to address this gap by proposing a framework for integrating the EIA in the

calculate the environmental impact of a building design. Using a
combination of visual programming with Dynamo for Revit and Microsoft Excel, the environmental impact of the design was displayed
graphically in Excel. The proposed method is based on ReCiPe 2008
[36] impact assessment methodology, whose characterization factors
were added to the building objects in the BIM model. These characterization factors were used to calculate and visualize the environmental impact in Excel [7]. Similarly, Röck et al. [37] used visual
scripting (Dynamo for Revit) to visually display the embodied environmental impact of building elements in a conceptual model. While
they used a conceptual model of building with a very low Level of
Detail (LOD), the study showed the potential of a visual representation
of the embodied environmental impact.
Cavalliere et al. [10] presented another BIM-based LCA methodology. They facilitated LCA in the early design stages of building design by mixing diﬀerent LCA databases. This approach ensured that
reliable data is used even with a low LOD of the building design model.
Liu et al. [19] presented a theoretical framework that aims to build
a bridge between BIM and sustainability rating systems in infrastructure
design. The framework helps extract information from the BIM model,
calculate the required values, and bring inputs from external sources,
e.g., traﬃc information or climatological data.
4
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depletion

Hazardous waste

Acidification

Environmental
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Materials

Global Warming
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ecotoxicity

Photochemical
oxidation

Ozone layer
depletion (ODP)

Non-renewable
energy

Human toxicity

Fresh water use

Renewable energy
Eutrophication

Fig. 2. Diﬀerent environmental impacts categories considered in EIA.

EN 15978

Construction EIS
(EISCON)

B4

B5

B6

B7

C1

Repair

Refurbishment

Replacement

Operational use energy

Operational water use

Deconstruction/demolition

Operation and
Maintenance EIS (EISO&M)

C2

C3

C4

Disposal

B3

Waste processing

B2

Transport

B1

Maintenance

A5

End of Life Stage
(C1-4)

Use

A4

Installation

Transport

A3

Transport

A2

Use Stage
(B1-7)

Construction Stage
(A4-5)

Manufacturing

A1
Raw materia l supply

Product Stage
(A1-3)

End of Life EIS
(EISEOL)

Dutch National Environmental Assessment
Fig. 3. The mapping of construction environmental assessment between EN 15978 and Dutch National Environmental Database.

and BIM. Then, the environmental impact of each element in the project
is assessed by ﬁnding the corresponding characterization factor for each
impact category in the EIA database and proportioning it based on the
quantities of diﬀerent materials used in each element. Finally, the relative score for the environmental impact of each element is evaluated
and visualized in the BIM model using a heat map scheme.

BIM-based design of infrastructure projects.
3. Proposed framework
The proposed framework is based on the concept of automating and
integrating the EIA in the BIM environment. As shown in Fig. 1, the
proposed framework consists of four sub-sections: (1) Data Collection,
(2) Data Integration, (3) Environmental Impact Assessment and, (4)
Visualization. First, the required information for the EIA is collected
from the BIM model. After this, the data is structured in a systematic
way that allows bidirectional data exchange between the EIA database

3.1. Data collection
This phase aims to collect the required data to perform the BIMbased EIA. A BIM model contains rich semantics about every element in
5
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global warming (GDW100)

- identifier
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- EIS for operation and maintenance
- EIS for end of life
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- cumulative EIS

1
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*
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material

Ozone layer depletion (ODP)

is_calculated-by

environmental impact score (EIS)
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- relative environmental impact score
- cumulative environmental impact score

- quantity
- supplier
- distance to site
- maintenance interval
- expected_life
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element

photochemical oxidation

fuel abiotic depletion
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EIS for construction

EIS for operation and maintenance

EIS for end of life

marine aquatic ecotoxicity

Fig. 4. Data structure needed for BIM-EIA integration.
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Fig. 5. Data mapping for EIA analysis.

the Dutch National Environmental Database (NMD) [29]. Phase-speciﬁc
EISs are unit values (i.e., €/Quantity or €/Quantity/km) that are associated with materials at diﬀerent phases of their lifecycle [30]. In this
study, as shown in Fig. 3, in compliance with the Dutch National Environmental Database, EIS is represented in terms of environmental
impacts during (1) construction (i.e., EISCON), (2) operation and
maintenance (i.e., EISO&M), and (3) end-of-life (i.e., EISEOL). As shown
in Fig. 3, these three phases correspond to phases deﬁned in EN15978
standard [38]. This standard describes the LCA methodology for
buildings, but it can also be applied to infrastructure in general. EISCON
corresponds to lifecycle phases A1-A5 of the standard, EISO&M corresponds to phases B1 to B4 (B6 and B7 are not included in the environmental database) and EISEOL corresponds to phases C1-C4. In
NMD, B5 is considered through applying a coeﬃcient to EISCON and
EISEOL, as will be discussed in Section 3.3.

the project. In this sense, each element in the model is characterized, at
the very least, by its object type (e.g., pile, slab, etc.), material (e.g.,
concrete, steel, etc.), and volume. However, conventionally, environmental impact is not included in BIM models as an attribute for different elements. EIA databases capture the environmental impact of
diﬀerent materials throughout their lifecycle.
To be able to incorporate the environmental impact of each element
in the BIM model, ﬁrst, a comprehensive quantity take-oﬀ must be
carried out to identify diﬀerent materials used in diﬀerent elements of
the project. Next, the supplier of each material needs to be determined.
The information about the supplier is important to measure the transportation distance of the material to the construction site. This will be
elaborated in Section 3.3.
Given that the proposed framework is designed for the continuous
EIA and since supply chain information may not be available in the
early design phase, the use of actual supplier data is contingent upon
availability. This can be obtained from project planning documents. If
the supplier data is not available, the historical average value can be
used for transportation costs either through manual user input or databases. Finally, the constituent elements of EIA are extracted from the
relevant database. EIA databases often consider a variety of unitary
characterization factors per impact category and for each type of material to measure the phase-speciﬁc EIS of each material. Fig. 2 presents
an instance of environmental impact categories that are considered in

3.2. Data integration
To be able to further assess the potential environmental impact of
the project, the collected data must be integrated and mapped in a
structured way. Fig. 4 represents the structure of data integration and
mapping. As shown in this ﬁgure, each project is decomposed into its
constituent elements (e.g., columns, decks, etc.). It is important to retain the unique identiﬁer (GUID) of each element from the BIM model
6
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[design is approved]

3.3. Environmental impact assessment
final design

Once the required data are gathered and structured as shown in
Fig. 4, the EIS of each material (EISj) can be assessed as shown in Eq.
(1).
For this assessment, EISCON, EISO&M, and EISEOL of each material are
considered. Given that EIA databases present EIS of diﬀerent materials
in terms of unit costs per volume of the material, EIS needs to be
multiplied by the quantity of the material. To account for the replacement of materials, EISCON and EISEOL of each material will be repeated
for the number of times the material needs to be replaced over the life
cycle of the project (fj). For this purpose, the ceiling of project life (LTp)
over material life (LTj) is multiplied by EISCON and EISEOL. Additionally,
because the construction of materials includes the transportation distance, the unit value of EISCON is multiplied by the distance in kilometers. As for the operation and maintenance cost, this value accounts
for use, maintenance, repair, and refurbishment of the material and is
considered as a ﬁxed cost for each cycle of operation and maintenance.
Therefore, EISO&M will be multiplied by the ratio of project life over the
maintenance cycle (hj). Given that this is treated as a cost for a full
cycle, fractions are considered by allowing partial EISO&M. So, for instance, if the project is designed for 100 years and the material needs to
be maintained every 8 years, there will be 12.5 use/maintenance cycles.
The EIS of an element (EISi), in turn, is the summation of EISj of different materials used in the element, as shown in Eq. (3). Similarly, the
EIS of the entire project (EIStotal) is the summation of all the EISi of
diﬀerent elements in the project, as shown in Eq. (4). Eq. (5) describes
the relative EIS of each element (EISir). Finally, Eq. (6) describes the
cumulative relative EIS of an element. This is the combined relative EIS
of a group of elements that have identical object types (e.g., the combined EIS of all steel sheet piles).

Request for supplier
information
supplier information

EISs

EIA analysis

(a)

Designer

loop

BIM-based EIA
tool

Project
Manager

design at any stage

[design is approved]

Request for supplier
information

alt
[supplier info known]

EISs

supplier information

[else]

EISs

(b)
Fig. 6. EIS assessment workﬂow based on (a) current fragmented approach, (b)
proposed integrated approach.

because this GUID can be used later to map the EIS data back into the
BIM model. It is also important to add relevant EIS attributes to BIM
elements to accommodate the results of the EIA in the BIM model, as
will be explained in Section 3.4.
To start the EIA process, each project is seen as an aggregate of
diﬀerent elements. Each element is characterized in terms of material(s)
used in the element. The quantity of each material, which is extracted
from the BIM model, is registered as an attribute of materials. Also, the
supplier, transportation distance, and expected life of the material are
registered as attributes of the material. From these attributes, the
transportation distance is either calculated based on the supplier data
or assumed based on historical data. Each material is associated with its
unit EIS, which is calculated based on the attributes of material and
characterization factors extracted from the EIA database. As explained
in Section 3.1, EIS is composed of three diﬀerent values that correspond
to diﬀerent phases of the project. It should be noted that EIS can be
registered in terms of relative EIS and cumulative EIS, as will be explained in Section 3.3.
EIA database contains the necessary data and characterization factors to calculate relevant EISs. This loose coupling between BIM data
and EIA data helps to improve the interoperability of the EIA because
the process can be linked to diﬀerent databases from diﬀerent countries. For instance, Fig. 4 shows the EIA properties based on NMD [29].
The process of using this ontology to map the relevant data in the
proposed structure is shown in Fig. 5. As shown in this ﬁgure, the
material quantities are extracted from the BIM model. These data are
then merged with extracted or anticipated transportation distances.

EISj = Qj × (Dj × f j × EISj, CON + hj × EISj, O & M + f j × EISj, EOL)

(1)

LTp ⎤
fj = ⎡
⎢ LTj ⎥
⎢
⎥

(2)

hj =

LTp
MIj

(3)

J

EISi =

∑ EISj
(4)

j=1
I

EIStotal =

∑ EISi
i=1

(5)

EISir =

EISi
EIStotal

(6)

EISic =

∑ EISir ∣ OT = identical

I
i=1

(7)

where:EISj: environmental impact score of material j (€).Qj: quantity of
the material j (m3 or ton).Dj: distance of the supplier of material j (m3 or
ton).EISj,CON: environmental impact score of material j in the construction phase (phases A1-A5) (€/Q).fj: number of times material j is
constructed/demolished.hj: number of times material j is subject to
maintenance over the project life.MIj: maintenance interval for material
j (years).LTp: design lifetime of the project (years).
LTj: design lifetime of the material j (years).EISj,EOL: environmental
impact score of material j at the end of life (phases C1-C4) (€/Q).EISj,O&
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Designed model

Visualized model
Structured data

EIS
assessment

Quanty
take-oﬀ
EIA database

Raw data

Supplier data

Project management
database

Fig. 7. Architecture of the developed tool.

develop element-level strategies to improve the environmental score of
the overall design.
As for the visualization of EIS on the BIM model, ﬁrst, it is necessary
to add EISi and EISir of each element as attributes of each element in the
BIM model. This is done through the mapping of EIA data with the
quantity take-oﬀ data using the unique element GUID. Once the EIS
values are mapped to the corresponding attributes of the elements in
the BIM model, a colour coding scheme can be used to visualize the BIM
model based on either the relative (EISir), absolute (EISi) or cumulative
(EISic) values.

Table 2
Section EIS database.
Unit EIS

Unit

Lifetime
(years)

EISCON (€)

EISO&M (€)

EISEOL (€)

Asphalt (ZOAB)
Asphalt (SMA, 0/11)
Concrete mortar C20/
25 (CEMIII)
Concrete mortar C30/
37 (CEMIII)
Steel sheet pile
Composite sheet pile
Grout anchor

ton
ton
m2

12
16
100

10,621
10,372
29,48

84,63
59,28
0,00

0,92
0,92
3,21

m3

100

15,14

0,00

6,34

ton
ton
m3

100
30
100

96,43
881,391
28,345

0,00
2168,32
0,00

−13,90
47,89
1,12

3.5. Workﬂow process
The proposed framework can transform the workﬂow of EIA in the
industry. As shown in Fig. 6(a), in the current situation, there is a
disconnection between the design and environmental sustainability
assessment. At the end of a design loop, the designer transfers the design to the sustainability department where the design is evaluated by a
sustainability expert. The sustainability expert synthesizes information
from the designer and project manager to assess and analyse the EIS of
the design. The result of this analysis is, then, communicated back to
the designer who tries to develop strategies for improving EIS of the
design. However, the design loop is already ﬁnished and design decisions with high environmental impacts are already made. Moreover, the
analysis is normally presented to the designer in terms of graphs and
tables, which would be diﬃcult to link back to the elements in the
model. The communication loop requires several rounds of back and
forth data exchange, which introduces delays in the process. Also, as
mentioned in the introduction, the process is not conducive to raising
environmental insight in the designers as they are not able to immediately and visually observe the results of their design changes and
strategies on the EIS of the construction.
The proposed framework, as shown in Fig. 6(b) can change this
process by automating the data exchange and EIA of the design. In the
new process, the designers can immediately perform EIA at any point
during the design phase. The proposed framework not only helps designers in identifying points of attention through the direct

M:

environmental impact score of material j in operation and maintenance phase (phases B1-B4).EISi: environmental impact score of element i (€).J: total number of materials in element i.EIStotal: environmental impact score of the total project (€).I: total number of elements
in the project.EISir: relative environmental impact score of element i
(€).EISic: cumulative environmental impact score of element i (€).OT:
object type of the model element.
3.4. Visualization
To facilitate an integrated approach towards the EIA in the design
process of infrastructure projects, it is important to provide the designers with the right information. In the proposed method, two different types of information will be provided to the designer, namely the
EIS report and visualized EIS in the BIM model.
In the EIS report, diﬀerent types of materials used in the project are
aggregated based on their type to indicate the contribution of each type
of material to the overall EIS of the project. Designers can use this information to pinpoint the type of materials that account for high EIS
and try to adopt diﬀerent design strategies to reduce the use of these
materials. Also, the report presents the absolute and relative EIS of each
element. This information allows designers to identify which elements
are more critical in terms of environmental impact and help them
8
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EISCON

EISO&M

EISEOL

(a)

(b)
Fig. 8. Visualization of (a) phase speciﬁc EISs, and (b) relative cumulative EISs in BIM model.

4.1. Case study

visualization of EIA results on the model but also it allows designers to
perform rapid sensitivity analysis, through which they can observe the
results of their design changes, no matter how minute, on the EIS
performance of the construction. Given that designers can have an EIA
on isolated choices, it is hypothesized that, over time, designers can
foster their sustainability awareness and insight by forming an understanding about the types of materials and design choices that signiﬁcantly aﬀect EIS performance of the design.

The developed prototype is implemented and tested through a case
study. The goal of the case study is to investigate the accuracy and
calculation time of the developed tool in comparison to the manual EIA.
The case study is an infrastructure design project in the province of
Utrecht, The Netherlands. The project comprises several concrete
bridges, a highway, and a large amount of steel sheet piles. Because of
its large model size (approximately 1800 elements), this project is well
suited to investigate the calculation time of the prototype when it is
employed on a large model.
To facilitate the calculation and presentation of the results, three
shared parameters were added to the BIM model to display the absolute
EIS (EISi), the relative EIS (EISir) and the unit EIS of each object. The
parameters are named according to the NLRS (Dutch Revit Standard) to
ensure coherence with the other parameters in the model.
Employing the developed tool on the case study allowed the EIS to
be automatically calculated for each element within the model. The
results of this automatic EIA are presented within the model as parameter values.
These EIS values are then used to create colour overrides in the BIM
model as shown in Fig. 8. The colour overrides can be based on the
phase-speciﬁc, absolute, relative, or the cumulative relative EIS.
Fig. 8(a) shows the visualization of phase-speciﬁc EISs. From the analysis of this ﬁgure, one can observe that some elements have a high
initial EIS during the construction phase (e.g., concrete or sheet piles)
but a low impact throughout their remaining lifetime. Others (e.g.,
asphalt), can have the majority of their environmental impact in the O&
M phase. In the case of asphalt, this result is aligned with natural expectations because the expected lifetime is only 16 years in the environmental database. Therefore, the asphalt requires multiple maintenance activities to last 100 years.
Fig. 8(b) shows the cumulative relative EIS of the design. The

4. Implementation and case study
To evaluate the proposed framework, a tool was developed as an
application that integrates the EIA in the design phase of infrastructure
projects. As shown in Fig. 7, the tool uses the BIM environment to retrieve model information, calculate EIS of the design, and present the
results visually. Dynamo [39] is used to develop the tool as a plugin in
Revit. Dynamo is a Python-based visual programming language that
allows users to retrieve and modify information from a Revit model. To
perform the EIA, the NMD [29] is used in combination with DuboCalc
[28]. The structured quantity take-oﬀ data is generated by Dynamo and
transmitted to an Excel sheet. Through a VBA script, quantity take-oﬀ,
EIS values, and project management data are structured as shown in
Fig. 4. Then, through another macro in Excel, the EIA is made based on
the structured data and the report is generated. The EISs of diﬀerent
materials are then retrieved by Dynamo, which adds EISs values as
parameters and enables the visualization of the results in the model.
The EIS database used in this study contains 70 diﬀerent construction materials with their corresponding unitary EISs. Table 2 shows a
section of this EIS database. This aggregated list was composed by a
sustainability expert using DuboCalc software [28]. DuboCalc uses
materials- and impact category-speciﬁc characterization factors existing
in the NMD to calculate unitary EIS that can be used in EIA as explained
in Section 3.3.
9
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35.124
20.046
77,1
9,3
5,3

7,5
4,3
0,0024
0,0003
0,0002

cumulative EIS combines the individual scores of identical object types,
e.g., sheet piles, to create a more realistic presentation. The colours
range from red (highest EIS) to green (lowest EIS). As illustrated by
Fig. 8(b), the road on the bridge contributes the most to the EIS.
Likewise, the sheet piles as a group have a relatively high contribution
to the total EIS. A colour scheme like this allows the design team to
quickly identify the high contributors to the EIS of the design and use
this information in the decision-making process of infrastructure design
projects.
Additionally, the raw data and more detailed information about the
results are available in the Excel spreadsheet. Table 3 shows the results
of ﬁve elements as they are presented in the Excel spreadsheet. It is
important to note that the GUID of some elements (e.g., the GUIDs of
the two elements of the bridge deck) is identical. This ensures that the
total EIS of each object is calculated and displayed correctly.
Also, the results in the spreadsheet are presented in two other tables. One table presents the cumulative absolute and relative EISs of the
object types, e.g., the EIS of all sheet piles combined. Another table
presents the absolute and relative EISs of each material, e.g., Concrete
Steel. Table 4 shows the three highest contributing object types to the
total EIS of the case study and Table 5 shows the highest contributing
materials.
The cumulative EISs of the material types are also presented
through a pie diagram as shown in Fig. 9. This allows for easier interpretation of the results of the EIA.

1635,29
245,29
0,93
0,43
0,06
Concrete Mortar C30/37
Concrete Steel
Steel Sheet pile
Concrete Mortar C30/37
Concrete Steel

m3
ton
ton
m3
ton

Adjusted quantity
Unit EIS

Unit

EISi (€)

EISir (%)

M.A. van Eldik, et al.

150,00

1635,29
245,29
0,93
0,43
0,06

Given the scope and objective of the research work presented in this
paper, which is to enable continuous BIM-based EIA to support designers of infrastructure projects, it is imperative to assess the framework in terms of (1) accuracy and ﬁdelity to the current EIS, (2) time
saving, and (3) the extent to which end users appreciate the value,
relevance, and ease-of-use of the framework.

0,00
150

Rebar (kg/m3)
Quantity (m3)

4.2.1. EIA accuracy
The performance of the tool is veriﬁed by comparing the results of
the tool with the results of the manual EIA. This ensures that the developed tool presents accurate results of the environmental impact of
the design. Moreover, the calculation speed was analyzed to ascertain
to which extent EIA is faster when employing the developed tool. It
must be noted that element quantities of the manual calculation were
adjusted to match the quantities inside the BIM model. This was necessary because of the diﬀerences between the model quantities and the
quantities used in the manual EIS calculations of the case study.
Table 6 shows a comparison of the manual and automated EIA.
Several elements were selected from the case study to investigate the
accuracy of the tool. In Table 6, it is noted that the tool has an accuracy
of 100% in almost all cases. There can be small, insigniﬁcant, diﬀerences as a consequence of rounding errors. Overall, the tool presents the
same results as the manual process of EIA.

Concrete
Rebar Steel
Steel
Concrete
Rebar steel
Bridge deck
Bridge deck
Sheet pile
Grout anchor
Grout anchor
c0a55a80-daf1-41e6-afb6-cdd25c2b3e24-001265df
c0a55a80-daf1-41e6-afb6-cdd25c2b3e24-001265df
99d09524-fed3–4579-acb8-793e470e93c5-001616ee
6d15c220-ecaf-4787-b2b0-a8200a6c54ec-00128cae
6d15c220-ecaf-4787-b2b0-a8200a6c54ec-00128cae

Material
Object
GUID

Table 3
Example of the results of the EIS assessment presented in the Excel spreadsheet.

4.2. Validation

4.2.2. Time saving
Another goal of this study is to reduce the total cycle time of EIA of
infrastructure design projects. To validate to what extent the developed
tool achieved this goal, the calculation time of the automated EIA was
compared to that of the manual assessment. It is worth noting that the
case study model contained 1800 independent objects. It took 35 min to
perform EIA using the proposed framework. The manual process of EIA
was estimated to take between 1,5 to 3,5 working days according to
Witteveen+Bos's experts.
The comparison of the calculation time of the tool with the manual
process shows an extreme time reduction. While the traditional and
highly fragmented process takes several days, the tool can perform EIA
of the design within minutes.
10

Automation in Construction 120 (2020) 103379

M.A. van Eldik, et al.

between the performance of the current situation (orange) and the
performance of the tool (blue). It is shown that the tool scores signiﬁcantly higher on all four criteria compared to the current situation.
This means that experts think that the application of the proposed
framework can signiﬁcantly improve the integration of environmental
sustainability aspects into the infrastructure design. Moreover, Table 7
and Fig. 10 show that a strong majority agreed that the developed tool
is a good method to evaluate and improve the environmental sustainability of infrastructure design (with average scores of 4,7 and 4,3),
especially when compared to the current situation that is valued with
scores of 2,8 and 2,4 respectively. During the workshop, experts identiﬁed that the developed tool has numerous potential applications
within the infrastructure design process, i.e., evaluating design alternatives, optimizing designs, and presenting to clients. Similarly, the
tool is easier to use and results are easier to interpret compared to the
current situation (3,5 and 4,1 against 2,0 and 2,0). However, experts
identiﬁed that a limitation of the tool is that there is still a need for a
designer (with Revit and Dynamo experience) to perform the assessment. Moreover, experts agreed that the tool makes it easier to incorporate environmental impact in the design process of infrastructure
projects. Additionally, the developed tool fosters the sustainability
consciousness of designers signiﬁcantly better than the current situation
(with a score of 4,4 against 1,9).

Table 4
Cumulative EIS of the object types considered in the case study.
Object type

EISi (€)

EISir (%)

Sheet pile
Road
Bridge deck

117034
68886
55170

25
15
12

Table 5
Cumulative EIS of the material types considered in the case study.
Material type

EISi (€)

EISir (%)

Asphalt (SMA, 0/11)
Concrete mortar C30/37
Rebar steel

181180
99874
41353

39
21
9

4.2.3. User experience and usability
The proposed framework and the developed tool were validated
through a workshop with experts from diﬀerent ﬁelds of expertise
within Witteveen+Bos. The goal of the workshop was to investigate to
what extent the experts perceive the usefulness of the tool. The expert
panel consisted of a wide range of expertise, including infrastructure
design, BIM coordination, sustainability, cost calculation, and project
management. During the workshop, an introductory presentation was
given about the development and the functionalities of the tool. Next,
the tool was demonstrated, and experts could ask questions about the
functionalities of the tool. Finally, the experts were asked to ﬁll out a
questionnaire which can be seen in Table 7. A total of 16 questions were
divided into four categories: functionality/applicability, ease of use,
scalability, and sustainability consciousness. The scores ranged from 1
(Completely Disagree) to 5 (Completely Agree). Moreover, the experts
all rated the developed tool in general with a score between 1 (bad) and
10 (good).
The results of the questionnaires were translated into a spider diagram that is shown in Fig. 10. This diagram presents a comparison

5. Discussions and recommendations
Based on the presented results, this research makes the following
contributions to the body of knowledge: (1) a framework is presented
that supports a continuous assessment of environmental impacts of
infrastructure projects at diﬀerent stages of design without the need for
external software; (2) an explicit data structure is presented to support
bidirectional data exchange between BIM and LCA. This data structure
potentially streamlines the integration of various national and local
databases for LCA; (3) by embedding the results of LCA in the BIM
model in a semantic way, the real-time visualization of LCA results in
the native design platform is made possible; and (4) the framework is

Fig. 9. Pie diagram presenting the cumulative EIS per material.
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8,3

1,9
4,4
1
4
1
6
–
–
2
–

Overall score

6
–
Sustainability consciousness
[Q15] The current system fosters sustainability consciousness of designers
[Q16] The proposed method fosters sustainability consciousness of designers

–
–
2
7
4
–
–
5
3
5
2
1
1
–
–
current system can easily be scaled up to be used in more design projects
current system could easily be adjusted to cover more (sustainability) aspects than just the EIS
proposed method can, without large changes, be used in other ﬁelds of expertise
proposed method makes it easier to include sustainability aspects in more projects within the organization
proposed method can easily be expanded to cover more (sustainability) aspects than just EIS

2
1
1
–
–

2
4
1
–
–

1
4
6
4

2,0
2,0
3,5
4,1
–
–

1
1
–
1
4
4
3
1

Scalability
[Q10] The
[Q11] The
[Q12] The
[Q13] The
[Q14] The

Table 7
Results of the expert panel questionnaire.
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2,8
4,7
2,4
4,3
3,8

1
1
–
–

6. Conclusions
With sustainability becoming more and more important for the
construction industry, there is a need for delivering sustainable infrastructure. A sustainability assessment framework is therefore required
to understand the interactions among subsystems, infrastructure characteristics, and design-related decisions. However, a sustainability assessment is a complex process and an integrated approach to implementing sustainable aspects in the infrastructure design decisionmaking process is currently lacking. This paper presents a framework
that aims to provide the designer with information about the potential
environmental impact of a design to allow the design team to make
design choices based on it. An application of the proposed framework
was developed and tested on a case study to investigate the potential
impact of the framework in an environmental sustainability-driven
decision-making process. The developed tool was presented to an expert panel which showed the great potential of an automated and integrated EIA in infrastructure design.
From this study, it can be concluded that: (1) the proposed

–
7
1
4
1

Ease of use
[Q6] The current system is easy to use
[Q7] The results of the current system are fast and easy to understand and interpret
[Q8] The proposed method is easy to use
[Q9] The results of the proposed method are fast and easy to interpret and understand

Score = 2 Count

Score = 3 Count

tested for the ﬁrst time on an infrastructure project to show the extent
to which this framework can be applied to other aspects of civil engineering domain.
As suggested by many recent papers, the problem of fragmented and
late EIA is also very relevant and topical in both building and infrastructure sectors [40–42]. Therefore, systematically addressing this
problem can contribute to both sectors. It should be highlighted that the
major diﬀerence between building and infrastructure projects is that
the use of semantically rich models (e.g., BIM) is more mainstream and
standardized for buildings. Also, the design and construction processes
are more standardized for buildings. Consequently, access to the required data for performing EIA for buildings is relatively more
straightforward. In the infrastructure sector, there is a strong element of
uniqueness (both in terms of product and process) across diﬀerent
projects. This renders the need for an explicit data structure even bolder
for infrastructure projects. Having said that, it should be highlighted
that although the primary focus of the research was on the infrastructure projects, the proposed framework can be easily retroﬁtted for
building projects too. The proposed data structure can help connect
relevant EIA databases to the prototype for application on building
projects.
Although the authors believe that the framework presented in this
paper can already be seen as a useful tool for helping designers strive
for more sustainable infrastructure, it still presents a few limitations.
They are as follows: (1) there is still a need for a sustainability expert to
create a project-speciﬁc EIS database because there is no direct connection to the environmental database; (2) the study only considers the
environmental impact of construction materials. Other dimensions of
sustainability, such as the social and economic dimensions, are not
considered; (3) the developed prototype focused on the Dutch context
by using the Dutch environmental database and Dutch standards. Its
relevance to the international context could be further investigated; (4)
The developed tool showed a concept of how EIA can be automated and
integrated into the design process of infrastructure projects. This means
that the developed tool might not be optimized in terms of performance
and presentation.

4
3
1
5
7

100%
99,98%
100%
100%

2
–
2
1
1

117.034
55.170
2873
21.454

2
–
3
–
1

117.034
55.160
2873
21.453

2
–
3
–
–

Sheet piles
Bridge deck
Approach slabs
Tubular piles

Functionality/applicability
[Q1] The current system helps eﬀectively in evaluating the sustainability of a design
[Q2] The proposed method helps eﬀectively in evaluating the sustainability of a design
[Q3] The current system helps eﬀectively in improving the sustainability of a design
[Q4] The proposed method could help in improving the sustainability of a design
[Q5] The proposed method can easily be implemented in the workﬂow of design projects within the organization

Accuracy

Score = 4 Count

EIS tool (€)

Score = 1 Count

EIS manual (€)

Question

Model

Score = 5 Count

Avg.

Table 6
Accuracy of the EIS calculations.

2,0
2,0
3,6
4,7
4,2
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Fig. 10. Comparison of the proposed framework with the conventional EIA approaches.

UN

framework and its application have shown that the BIM environment is
able to facilitate an automated and integrated EIA in infrastructure
design projects; (2) an accurate BIM-based EIA is much faster than the
current, highly fragmented, EIA processes; (3) a visual presentation of
the EIA results allows designers to easily pinpoint high contributing
model elements to the total EIS and use this information in the decisionmaking process. Moreover, a BIM-based approach fosters the sustainability consciousness of designers by showing them the potential environmental impact of their design choices.
Future research work on integrating sustainability aspects in the
design process of infrastructure through BIM can be focused on: (1)
calculating and presenting the environmental performance of an infrastructure design by means of multiple impact category indicators; (2)
including more sustainability aspects, such as, for instance, social and
economic pillars and the information required from the BIM model to
achieve this; (3) developing a direct connection between BIM-software
and the environmental database to further improve the integration of
the platforms; (4) extending the applicability of the proposed framework to other geographical contexts.
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