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A COMPREHENSIVE REVIEW OF LIFE CYCLE
ASSESSMENT AND ENERGY EFFICIENCY IN 3D
PRINTING FOR CONSTRUCTION: CURRENT STATE,
BENEFITS, LIMITATIONS, AND FUTURE OUTLOOK
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ABSTRACT

The agenda of Industry 4.0 strongly affects design and construction at all its phases,
and three-Dimensional Printing (3DP) is an essential part of it. The emerging tech-
nology has the potential to become a more valid and accepted form of construction.
This research is based on a literature review regarding the relationships between the
concepts of Life Cycle Assessment (LCA) and energy efliciency for 3DP in construc-
tion research to understand the developments. Systematic bibliometric and sciento-
metric analyses are used as data analysis techniques to make a detailed comparison.
The comparison allowed for assessing and determining the current state, benefits,
limitations, and future outlook. Current research is based on insights examining
materials first (80%), followed by walls (15%), buildings (11%), and 3DP technol-
ogy (6%). The findings highlight that 3DP technology offers significant advantages
in terms of time efficiency, reliability, ecological impact, and sustainability within the
construction industry. However, several challenges, such as the complexity of material
mixture content design, the lack of standardized 3DP materials and codes, and the
limited availability of experts in the field, prevent its widespread adoption. Further
advancement of 3DP requires the development of standards, policies, training and
materials for its full implementation in the construction industry.
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1. INTRODUCTION
Due to recent technological advancements, the construction sector faces challenges related
to energy crises and Greenhouse Gas (GHG) emissions that significantly impact global
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environmental concerns (Alkhalidi and Hatuqay, 2020). With the construction industry
accounting for 40% of the world’s energy usage, 38% of its greenhouse gas emissions, 12%
of its drinkable water consumption, and 40% of its solid waste generation in industrialized
nations, there is a pressing need to address these issues (Sun et al., 2021). Despite substantially
contributing to harmful environmental effects, the building industry holds great potential for
reducing emissions and mitigating its impact.

The United Nations General Assembly established the 2030 Agenda for Sustainable
Development, a framework consisting of 17 universal and 169 sustainable development goals,
to guide global sustainable development efforts until 2030. However, the building sector has not
fully achieved its sustainable development objectives, necessitating the continuous adoption of
sustainable techniques and practices in construction (Cudzik and Kruk, 2022, Onososen and
Musonda, 2022). To address this problem, factors such as national policies, ecological research,
and energy and life cycle evaluations are crucial. Life Cycle Assessment (LCA), outlined in ISO
14040:2006 and ISO 14044:2006 standards, provides a methodology for quantifying and eval-
uating the environmental impact of a product or service (ISO14040, 2006; ISO14044, 2000).
Buildings, being energy consumers throughout their life cycle, must be analyzed from a life
cycle perspective (Ramesh et al., 2010). As the world increasingly seeks eco-friendly and energy-
saving solutions, three-Dimensional Printing (3DP) has emerged as a sustainable construction
method with the potential to reduce energy consumption and CO, emissions compared to
traditional building methods (Kamel and Kazemian, 2023). The relationship between formwork
and materials in the context of 3DP with cementitious materials in the construction industry
has been a subject of significant interest in previous studies. Shakor et al., 2019; Mohan et al.,
2021; Puzatova et al., 2022; Shakor et al., 2022 provided comprehensive studies of suitable
materials for 3DP in the construction industry, considering the printing process, challenges,
and post-processing stages, and emphasizing sustainability, suitability, and the achievement of
desirable mechanical properties for various materials such as gypsum, cement and geopolymer
mortar, clay, chipped wood, and sand. However, to understand the environmental sustainability
of 3DP in the construction industry, further research on energy efficiency and LCA is neces-
sary (Ingrao et al., 2016, Agusti-Juan and Habert, 2017). The interaction between energy and
LCA is closely related to sustainability and ecology, highlighting the need for a comprehensive
understanding of energy and LCA in the construction industry (Passer et al., 2012; European
Parliament and Council, 2010).

In this context, this study aims to provide a comprehensive overview of the current research
utilizing 3DP on energy and LCA in the construction industry. The study highlights these
subjects’ benefits, limitations, and future research perspectives. Furthermore, it will enable
early adjustments and optimization of 3DP technology in the experimental and design stages.

2. BACKGROUND OF 3DP IN CONSTRUCTION

The reflection of Industry 4.0 on the construction sector is Construction 4.0, which defines the
paradigm shift, especially for the Architecture, Engineering, and Construction (AEC) industry
(Schonbeck et al., 2021). The term “Industry 4.0,” often known as the “fourth industrial revolu-
tion,” describes how cutting-edge digital technologies are used to convert conventional business
procedures and manufacturing techniques into autonomous smart systems (Top et al., 2023;
Takva and Ilerisoy, 2023; Top et al, 2023). Construction 4.0 has the potential to speed up the
construction sector’s digital transition, producing vast volumes of data that can be efficiently
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used to increase operational effectiveness, inform choices, boost innovation and growth, and
improve sustainability (Baduge et al., 2022). With digital technologies, simulations can be
made on energy efficiency, LCA, fire, evacuation, thermal comfort, acoustics, and changes can
be made in the design by taking printouts while still in the design phase (Top and Toprakli,
2019; Top and Toprakli, 2022; Top, 2023; Selmi and lerisoy, 2023). One of the new technolo-
gies provided by Industry 4.0 or Construction 4.0 is the additive manufacturing method, which
enables three-Dimensional (3D) output of the digitally designed product. 3DP is a type of
automated additive manufacturing that produces 3D solid objects from digital (CAD) models
(Bogue, 2013). Generating a 3D solid product from a digital model of any shape, known as
Additive Manufacturing (AM), allows for the creation of new complicated geometric pieces that
would be impossible or difficult to create using traditional methods (Monteiro et al., 2022).
The advancement of this technology has been rapid since the creation of the first 3D printer in
1983 (Sakin and Kiroglu, 2017). This technology has become a part of daily and is now used
in many sectors, such as healthcare, nanotechnology, food, aerospace, and automotive (Hager
et al., 2016; Gibson et al., 2021). However, the use of this technology in construction is far
more recent.

The use of 3DP technology in the Architecture, Engineering, and Construction (AEC)
sector is still in its early phases; however, it is developing into an emergent technology that
should be highlighted. The application potential of 3DP, on both a small and big scale, is becom-
ing apparent in the building industry. The AEC sector should investigate the background and
present the state of 3DP to promote the advancement and implementation of these technolo-
gies. The design of components suitable for the capacity of the printer and the raw material
performance is essential in how the production will be carried out in building printing with a
3D printer. The use of 3DP in the construction sector has the potential to cut labor costs and
allow for the manufacture of complex geometries, which results in cost savings. 3DP’s continu-
ous operating capacity reduces building deadlines, providing chances to improve design flex-
ibility and product quality and increasing customization and affordability. Additionally, 3DP
can potentially mitigate the environmental impact of construction by using fewer materials and
less energy than traditional methods (Park and Ahn, 2018; Top and Aygam, 2023).

The building sector has the potential to gain economically, environmentally, and in other
ways from 3DD, which is an automated layer-by-layer production process (Ozeren et al, 2023).
The accuracy of the printing tasks, the accessibility of printing materials, the price of the printing
process, and the printing time, based on which pertinent 3DP technologies, are highly reliant
on the usage of 3DP in the building and construction industry (Wu et al., 2016, Schuldt et al.,
2021). In recent years, industrial and technological developments have allowed architects and
engineers to realize construction projects that can be produced with a 3D printer as part of the
ongoing digital revolution (De Schutter et al., 2018). The 3DP technology offers potentially
different advantages for construction projects where it is applied (Wu et al., 2016). The positive
attributes of 3D-printed structures can be assessed through various significant factors. These
include evaluating material toxicity and emissions to gauge the environmental implications of
the materials used. Minimizing risky tasks through 3DP could enhance productivity, occupa-
tional safety, and health by reducing reliance on human labor (Cai, et al., 2019). 3DP offers a
unique prospect for significant cost savings across projects, owing to lower labor costs, material
outlays, and building time. Regarding labor expenses, this technology can save 50-80% by
automating manual operations (Craveiro et al., 2020; Shomberg, 2016).

Furthermore, by allowing the manufacture of sophisticated geometries that traditional
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technologies struggle with, 3DP reduces material costs by reducing waste formation. The pro-
cess's efficiency extends to construction schedules since 3D printers may function constantly,
saving building time up to 25% compared to traditional methods (Craveiro et al., 2020;
Shomberg, 2016). 3DP’s design flexibility allows for optimizing manufacturing processes and
enhancing overall product quality and performance. The most important criterion for determin-
ing the environmental impact of 3DP technology in construction is whether it is sustainable
and feasible.

Within the scope of this study, other literature reviews dealing with similar issues were also
examined. By focusing on cement-based materials, de Brito and Kurda (2021) made conclu-
sions regarding the past and future of sustainable concrete. Khan et al. (2021) focused on the
sustainability assessment, potential, and limitations of 3D-printed concrete structures. Dey et
al. (2022) conducted a detailed study on the usage of industrial waste in 3D concrete printing
techniques. The research conducted by Samudrala et al. (2023) investigated and analyzed the
rheological, physical, and mechanical aspects of 3D concrete printing in further detail. Tinoco
etal. (2022) provided a review of the literature on the use of 3DP applications of cement-based
materials in the context of environmental sustainability and the building industry. Samudrala et
al. (2023) systematically reviewed the literature by screening the existing materials used for 3D
concrete printing and using LCA to estimate its environmental effects. However, most inves-
tigations have concentrated on cement-based products or concrete. A comprehensive study of
3DP technology regarding energy efficiency and LCA is currently lacking.

3. MATERIAL AND METHODS

This study aims to systematically and comprehensively synthesize, identify, and analyze the
literature on LCA and energy efficiency in 3DP for the construction industry. To achieve this,
the conducted analyses encompass various perspectives, such as keywords, research areas, factor
analysis, influential journals, leading authors, and country publications. These analyses enable
us to observe the expansion and prospects offered by 3DP technology and research within the
construction sector. Compared to traditional literature reviews, systematic review requires an
additional dependency and exploratory approach (Higgins et al., 2019). Higgins et al. (2019)
outline other advantages of utilizing a scientific research method, such as outlining the main
points of existing evidence, identifying gaps, proposing new ideas and hypotheses, or assisting
in their development. The goals of scoping reviews include providing a complete coverage of
the existing literature. Furthermore, they involve assessing the scope, diversity, and types of
research activities, determining the benefits of conducting a comprehensive systematic review,
presenting and distributing research findings clearly, and identifying areas in the literature that
need more investigation. This study aims to identify key points of research, identify gaps, and
propose new ideas and hypotheses to build the scientific literature.

While determining the study design of systematic bibliometric and scientometric analy-
ses, the database of the study is selected as Web of Science; the software program is selected
as VOSviewer and Biblioshiny keywords, document types, language and fields of study as the
research criteria. From a research perspective, the decision to use VOSviewer and Biblioshiny was
motivated by their significance and application in the domain visualization field. VOSviewer,
which Van Eck and Waltman developed in 2010, provides a dynamic platform for producing
detailed maps based on network data, appealing to academic records and diverse network kinds.
It allows for examining relationships via network, overlay, or density visualization. Bibliometrix,
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introduced by Aria and Cuccurullo (2017), is important within the R software environment,
allowing for seamless data import and analysis in three stages and producing adaptable matrices
that contribute to network analysis, multiple correspondence analysis, and domain visualization
(Arruda et al., 2022). These decisions represent our dedication to thorough domain visualization
analysis. ISI Web of Science (WoS), published by Thomson Reuters, is widely regarded as the
primary data source for bibliometric analysis in the sciences (Van Leeuwen, 2006). In compari-
son to other databases like Scopus, its records are more consistent and standardized (Bettencourt
and Kaur, 2011), allowing us to extract title texts, author names, and, more importantly, cited
references for our systematic bibliometric and scientometric analyses. Additionally, WoS covers
a wide range of journals related to LCA and encompasses various types of literature (Chen et
al., 2014). This database is the most widely used in systematic bibliometric and scientometric
research of LCA (Chen et al.,, 2014; Hou et al., 2015; Wang et al., 2014).

Since WoS is widely used in bibliometric research, the current study used this database
and employs a dual methodology, combining bibliometric and systematic bibliometric analy-
sis allowing us to embrace a wider spectrum of information processes. It identifies the most
cited documents/countries/authors, the number of publications by year, total publications by
country, research items, topics, journals by the number of publications, and the most frequently
used keywords of LCA and energy efficiency research in the construction industry. Then the
investigation is undertaken using data from evaluation and assessment perspectives (Figure 1).

The search for the articles for this research was conducted in three distinct steps, namely:

1. Study design of systematic bibliometric and scientometric analyses,
2. Analysis of scientific review, and
3. Evaluation and assessment of 3DP.

3.1 Step 1: Study Design of Systematic Bibliometric and Scientometric Analyses

Bibliometrics is defined as the application of mathematical and statistical methods in the evalu-
ation of scientific communication environments (Pritchard, 1969). In bibliometric analysis,
various findings related to scientific communication are reached by examining some features
of publications. Nalimov and Mulchenko (1969) defined scientometrics as “the application
of quantitative methods which deal with the analysis of science viewed as an information

FIGURE 1. Methodology of the scientific review.
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process.” The bibliometric and scientometric analyses are highly preferred in scientific com-
pilation studies as they are pioneers in forming such a discussion environment. Bibliometric
analysis has been utilized in various studies, as demonstrated by the articles of Hu (2019),
Whani et al. (2020), Oguntona et al. (2021), Ranjbar et al. (2023), and Su and Hong (2022).
In addition, Scientometric analysis is used in some studies such as Oguntona et al. (2021) and
Adel et al. (2021). In this study, the literature was analyzed using systematic bibliometric and
scientometric analysis together.

This review study design consists of three stages: selection of database, software, and
research criteria (Figure 1). WoS was chosen for the database, and VOSviewer and Bibliometrix
were selected as software tools for acquiring and visualizing datasets. The research criteria were
restricted to keywords, language, and research area. In investigating the state of the art of energy
efficiency and LCA analysis of 3DP in the building sector, the most frequently used keywords
were used to describe the subject. The results were retrieved from the given keywords (“Energy”
OR “Life Cycle Assessment” OR “LCA” OR “Sustain®” OR “Eco”) AND (“Architecture” OR
“Building” OR “Construction” OR “Structure” OR “Wall” OR “Geometry” OR “Material”)
in the title, AND (“3D Print*” OR “3DP” OR “Additive PRE/0 Manufacture*”) in the title,
abstract, and keywords. The entire keywords were searched together. The language was selected
as English. The selected document type “Article” OR “Review” was analyzed. The scope of the
research has been defined to include areas related to the AEC industry while excluding fields
unrelated to the subject, such as medicine and dentistry. Within the scope of this bibliometric
analysis, 172 articles were found in the WoS database. They were SCI-Expanded and ESCI-
indexed articles.

3.2 Step 2: Analysis of Scientific Review
In the analysis of the literature review, the most cited articles/countries/authors, the number of
publications by years, the total number of publications by country, the research area, sources,

factor analysis, the most used keywords, and content were examined on energy efficiency and
LCA in 3DP technology.

3.3 Step 3: Evaluation and Assessment of 3DP.

The current state, benefits, limitations, and future outlook were obtained with the data obtained
from 3DP’s energy efficiency and LCA analysis in the construction sector. A comprehensive
analysis was conducted to summarize 3DP’s previous research, focusing mainly on energy efh-
ciency and LCA in the construction sector. Thus, the general framework of 3DP technology
was examined.

4. RESULTS

In this study, annual publication, position analysis, research area, conceptual structure, source,
author, word, and citation analyses were conducted to interpret the trends and patterns in LCA
research in the construction sector.

4.1 Annual Publication Analysis

A total of 172 publications were framed within the search criteria for the systematic bibliomet-
ric and scientometric analyses. The distribution of studies with respect to years is an essential
parameter in evaluating a subject. Figure 2 shows the number of publications between 2014 and
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June 2023. Research on this subject increased slowly from 2014 to 2017. In 2018-2022, the
most substantial change in the slope of the cumulative publications was observed. The interest
shown in energy efliciency and LCA of the construction industry for 3DP is increasing daily as
the concept of digitalization is an issue that has gained importance in the construction sector, as
it has in other sectors. The number of publications has already surpassed the numbers from the
previous year in just the first half of 2023, indicating a promising trend of continuous growth
in the years following. The growth shows a global reach and prevalence on a global scale.

4.2 Location Analysis

It is essential to analyze the publications by country to understand how important the subject
is in these countries. Scientific research is built on previous studies on the subject, and each
study is a part of the literature on that subject. For this reason, giving and receiving citations
is a significant issue in ensuring the visibility of the research in the scientific environment and
being a pioneer for future studies. Table 1 indicates the field’s top 20 productive and the top 20
most cited countries. While China tops the publication list with 80 articles, Australia tops the
citation list with 971 citations. The number of publications and citations on energy efliciency
and LCA in 3DP by countries displays their level of development and reflects their inclination
towards this area. By expressing interest in this subject, countries not on the list highlight the
need for worldwide research expansion in this field.

4.3 Research Area Analysis

The research area comprises 172 articles in the WoS database, consisting of 143 research and
29 review articles. As shown in Figure 3, this research consists of 10 primary research areas,
including Engineering (48%), Materials Science (41% of papers), Science Technology Other
Topics (25%), Environmental Sciences Ecology (19%), Construction Building Technology (13%),

FIGURE 2. The number of publications by year (Source: WOS).
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TABLE1. Total publication and total citation by country (Source: Biblioshiny).

Publication
Rank Country Publication | Rank  Country Publication
1 China 80 11 Brazil 9
2 USA 60 12 Germany 9
3 India 38 13 Singapore 8
4 Australia 26 14 Egypt 7
5 Italy 26 15 France 6
6 UK 26 16 Netherlands 6
7 Canada 19 17 Poland 6
8 Iran 17 18 Korea 6
9 Portugal 17 19 Russia 5
10 Spain 12 20 Belgium 4

Citation

Rank  Country Citation Rank  Country Citation
1 Australia 971 11 Brazil 86
2 China 776 12 Iran 78
3 Germany 437 13 Korea 77
4 Singapore 315 14 Russia 66
5 United Kingdom 304 15 Netherlands 61
6 India 225 16 Qatar 61
7 USA 216 17 Portugal 52
8 Canada 212 18 United Arab Emirates 51
9 Iraq 118 19 Chile 36
10 Italy 90 20 Poland 31

Mechanics (13%), Energy Fuels (9%), and other fields (8%). It is worth noting that engineering
and material science issues received the most attention in the analyzed publications. It appears
that architectural research should be expanded in the construction industry.

Some papers include one or more research areas, as shown in Figure 3. Since architecture is
multidisciplinary, research in other fields can also contribute to architecture. However, when the
title of architecture, which should be an essential and pioneering discipline in 3DP technologies,
is examined, the absence of this subject shows the necessity of further research in architecture.

4.4 Conceptual structure analysis

The multiple correspondence analysis methods were adapted for the analysis. A dendrogram
diagram is frequently shown in various contexts and displays the division of relationships
between pieces in groups due to software analysis in a grouping hierarchy (Bedi et al., 2019).
The height of the coordination line between topics and clusters is also considered in this clas-
sification. Figure 4 indicates a dendrogram tree diagram based on the literature titles of the
most frequently used topics and their relation to other topics. It shows the review topics that
connect with the research on 3DP.

This diagram depicts two types of subject classifications: red topics and blue topics. Each
of them is then broken into many clusters, each cluster into several sub-clusters, until the topic
is used where several topics are part of one cluster, showing a relationship between the two
in current research publications on the issue of 3DP. The red cluster shows the topics related
to LCA (environmental issues), and the blue cluster shows those related to 3DP (features of
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FIGURE 3. Research areas (Source: WOS).
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materials, building, technology, wall). It is seen that environmental issues and features of materi-
als, buildings, technology, and walls are prominent in the reviewed articles examined.

4.5 Author analysis
The relationship between the authors refers to the citations they give to each other in the lit-
erature. When the authors of the studies are evaluated, Table 2 shows the top 10 most cited

FIGURE 4. Dendrogram tree diagram of titles (Visualization: Biblioshiny).
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TABLE 2. Top 10 authors by the highest number of citations (Source: VOSviewer).

Rank  Author Total Total Total H- Rank  Author Total Total Total H-
Documen  Citation  Link inde Document  Citation  Link inde
t Strengt X Strengt  x
h h
1 Lu Guoxing 3 553 4 6 Ngoc 1 344 0
3 1
Sun Ha
2 Robin Kleer 1 414 6 1 7 Ming Jen 2 259 30 5
Tan
3 Frank Piller 1 414 6 1 8 Lim Jian 1 234 27 1
Hui
4 Christian 1 414 6 9 Suvash 1 234 27
Weller 1 Chandra 1
Paul
5 Biranchi 4 358 30 10 Yi Wei 1 234 27
Panda 4 Daniel 1
Tan

authors and their connection strengths with other studies. Lz Guoxing is the most cited author
(553) with a total link strength of 4 with three publications. Other most cited authors are Robin
Kleer (414), Frank Piller (414), Christian Weller (414), and Biranchi Panda (358). Since 3DP
technology is still a new technology, when we evaluate the authors of the reviewed publications,
it is observed that the total number of documents and links is low. For this reason, it is thought
that the number of authors working on this subject and the connections between them will
increase over time.

4.6 Source Analysis

Examining the top 20 publishing platforms with the most publications in the reviewed literature
is vital to understand which source is mentioned the most. Figure 5 includes the 20 journals by
the number of publications. The highest number of publications (12) belongs to the “Journal
of Cleaner Production” and “Sustainability” journals. It is followed by “Materials & Design” (9),
“Journal of Building Engineering” (8), ‘Additive Manufacturing” (6), and “Composite Structures.”
The majority of the papers were published in high-impact journals.

4.7 Keyword analysis

The mapping of the keywords (repeated one or more times) that summarizes the researchers
and shows the relationships with each other is given in Figure 6. VOSviewer visualized a co-
occurrence keyword analysis of these 633 keywords to determine the relationship, frequency,
and total link strength of these co-occurrences. Associating keywords with the main content of
the articles shows trends in this research topic. The top three keyword clusters consist of green
clusters related to “3D printing, " followed by yellow clusters concerning ‘energy absorption,”and
red clusters associated with “Sustainability” which are the most frequently occurring keywords.
3DP, sustainability, energy absorption, and mechanical properties” are the most popular key-
words and are predicted to become more obvious trends.
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FIGURE 5. Top 20 journals by the number of publications (Visualization: Biblioshiny).
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5. DISCUSSION

In the article, the prominent themes were determined by analyzing the content of the research
for the construction industry. Table 3 shows the main topics and methods used in 45 documents
focusing on energy efficiency research and LCA for 3DP. The main focus of these articles are
materials, walls, buildings, and 3DP technology. Of the 45 articles we reviewed, 80% were about
materials, 15% focused on walls, 11% on buildings, and 6% on 3DP technology. Among the
methods used in these studies, 38% preferred laboratory experiments, 29% preferred literature
review, and 33% preferred simulation methods.

5.1 3DP Current State

The reviewed articles highlight multiple benefits and limitations and propose future perspec-
tives. Four main areas of interest were extracted from the authors, topics, keywords, and contents
of the various articles analyzed in this paper: materials, walls, buildings, and 3DP technology.
It is possible to assess the gaps and trends in the current state of 3DP, which is described in
Figure 8. Studies about 3DP on walls are compared with the traditional construction method,
3DP building’s energy-saving features, integration of architectural elements such as 3D-printed
walls and facades into building design, 3D-printed concrete green wall systems, environmental
impact, and LCA, 3DP wall configurations in different materials and sections, fire, energy and
thermal performance by simulation method or laboratory experiments. Studies about 3DP in
applying material solutions focus primarily on concrete and cement. However, there is also
research on different materials, such as wood, plastic, soil-based materials, and polymers (Ali

TABLE 3. Main focus and method of selected documents (Laboratory Experiment: LE, Literature
Review: LR, Simulation: S).

Focus Focus

@ 3 = o a
= & 2=2|at|S & 2i1=|2 |t S
> & HEIE R & =52 |8 (=
1 |Panda, Paul and Tan (2017) X LE |24 |de Brito and Kurda (2021) X LR
2 |Panda, Paul, Hui, et al. (2017) X LE |25 |Bhattacherjee et al. (2021) X LR
3 |Biswasetal. (2017) X LE 26 |Kromoser et al. (2022) X LE
4 |Ghaffar et al. (2018) X LR ]27 |Abu-Ennab et al. (2022) X S
5 |Bongetal. (2019) X LE |28 |Liu et al. (2022) X LR
6 |Chenetal. (2019) X LE |29 |Dey et al. (2022) X LR
7 _|Alkhalidi and Hatugay (2020) X X S |30 |Ebrahimi et al. (2022) X X S
8 |Mahadevan et al. (2020) X S |31 |Silva etal. (2022) X LE
9 [He etal. (2020) X S |32 [Ibrahim et al. (2022) X LR
10 |Colorado et al. (2020) X LR |33 |Munir et al. (2022) X LE
11 [Souza et al. (2020) X LR |34 |Tinoco et al. (2022) X LR
12 |[Kaszynska et al. (2020) X LE |35 |Mir et al. (2022) X S
13 [Mohammad et al. (2020) X X S |36 |[Mansour et al. (2023) X LR
14 |Khalil et al. (2020) X LE |37 |Samudrala et al. (2023) X LE
15 |Tahmasebinia et al. (2020) X LE |38 |Cuevas et al. (2023) X X LE
16 |Khan et al. (2021) X X LR |39 |Alsakka et al. (2023) X S
17 |Ciampi et al. (2021) X S |40 [Ibrahim et al. (2023) X LE
18 |Suntharalingam, Gatheeshgar, et al. (2021) X S |41 |Sambucci et al. (2023) X S
19 [Singh et al. (2021) X LR |42 |Taylor et al. (2023) X X S
20 |Suntharalingam, Upasiri, et al. (2021) X S 43 |Kamel and Kazemian (2023) X S
21 |Markin et al. (2021) X LE |44 |Ahmed (2023) X X LR
22 |El-Mahdy et al. (2021) X LE |45 |Mansour et al. (2023) X LE
23 |Han et al. (2021) X S
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et al., 2019; Kauthold et al., 2019; Rehman and Sglavo, 2020; Jemghili et al., 2021; Kr¢ma et
al., 2021; Ali et al., 2022). Experimental research about 3DP on the material is concerned with
designing material components that reduce strength, mechanical properties, environmental
impacts, and carbon emissions. Studies about 3DP on the building are energy saving, thermal
comfort, environmental impact, 3DP on a large scale, materials, and components. Studies
about 3DP technology discuss advantages, disadvantages, printing setup, cost, environmental,
and social aspects.

5.2 3DP Benefits

The benefits of 3DP in the construction industry can be categorized into two main areas.
Firstly, 3DP offers time-saving and reliability benefits. By reducing reliance on manual labor,
3DP increases production speed in construction and enables mass customization. Compared to
conventional construction methods, 3DP requires less time on average and eliminates the need
for an extensive workforce, tools, and formwork (De Schutter et al., 2018). This automated
process, driven by Computer-Aided Design (CAD) (Tay et al., 2017), ensures consistent quality
and reliable delivery. However, conducting small-scale printing trials to evaluate models and
parameters before embarking on full-size 3DP is essential to minimize the risk of errors (Zuo
etal., 2019).

The second benefit of 3DP lies in its ecological and sustainable aspects. In traditional con-
struction, the cost and labor associated with formwork often limit architectural design options,
especially in concrete structures. Three-DP eliminates the need for formwork, enabling greater
design freedom and complexity (Yang et al., 2019). This technology simplifies shape complexity,

FIGURE 7. The framework of 3DP’s current status.

- Focus subjects Research trends

U-value; Green wall;
Energy; g Wall > Thermal, fire and energy performance of walls
Thermal
Concrete; Mechanical properties of materials;
Wood; The sustainability potential of recycled materials;
SaltBlock; Limestone; N Material > Optimising mix design;
Geopolymer; Glass Fresh rheology;
fiber LCA at material, component, and building levels;
Enviromental impacts of materials
Printing construction;
Energy efficiency; Large scale 3DP construction;
Thermal oY Building > LCA at material, component, and building levels;
performance Challenges of 3D utilisation from design and
managerial perspectives
The integration of the Internet of Things (loT),
Concrete printing —» 3D Printing Ly - cloud manufacturing (CM), and 3DP;
Technology Printing setup, process, cost, advantage-disadvantage;
3D printing economic, environmental, and social aspect
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reduces material consumption, and minimizes waste, resulting in environmental benefits for
LCA. Additionally, 3DP buildings use less material and generate less dust during construction,
reducing logistics and transportation costs. The on-site printing of structures further lowers
carbon emissions in production and transportation, reducing environmental impact.

5.3 3DP Limitations
On the other hand, there are several limitations associated with 3DP in the construction
industry, which can be grouped into three main categories. The first limitation involves dif-
ficulty designing material mixtures and content for 3DP construction. Designing a material
formulation with suitable rheological properties for 3DP is complex (Lucas and Barroso de
Aguiar, 2019). The printable building materials currently available are relatively limited, and
high-performance and durable materials, such as cement or earth-based materials, cannot be
directly processed in the printing procedure due to poor rheological and stiffening qualities (Le
etal., 2012; Robayo-Salazar et al., 2023; Yang et al., 2023). Printing errors, such as roughness,
filament deformation, and filament tearing, can occur during the 3DP process. Integrating
reinforcements into 3D-printed concrete parts is challenging and requires additional labor and
energy (Buswell et al., 2018).

The second limitation pertains to the lack of construction standards and codes for 3DP.
The absence of 3DP techniques in existing construction standards and codes creates challenges
in adopting this new technology in the industry (Giesekam et al., 2016). The specific limita-
tions and constraints of the production process still need to be discovered since 3DP technology
has yet to be widely utilized in construction (Hossain et al., 2020). The third limitation is the
need for more experts and professionals in 3DP. Establishing the robot’s position and setting
up the operational base for 3DP using a mobile robot can be highly challenging (Zhang et al.,
2018). Physical separation between human activities and the moving elements of the 3D printer
may be necessary to prevent unplanned collisions. Coordinating multiple mobile robots for
printing large-scale structures requires careful planning and synchronized robot movements.
Consequently, qualified individuals familiar with robotics, programming, and construction
techniques are essential (Buchanan and Gardner, 2019). These professionals need to operate
specialized equipment and software, possess knowledge of 3DP technology requirements, and
be capable of performing complex computer analysis during the design and printing phases.

5.4 3DP Future Outlook

The findings of this study suggest three areas of research that can be further explored in the
context of 3DP in the construction industry. Firstly, the development of policies and standards
is crucial. Local governments should lead in establishing collaborations with stakeholders from
the construction industry, government laboratories, and academia to define codes and standards
for 3DP technology. Robust testing of large-scale 3DP structures is necessary to ensure public
safety and facilitate changes in building codes. Global standards specific to materials and tech-
niques in 3DP should be established, including regulations that address the performance aspects
of 3DP production in terms of statics, mechanics, thermal properties, and energy efficiency.
Local governments must prioritize the 3DP in their development goals and allocate resources
and policies to support the transition. Public support, including funding for pilot initiatives
and the establishment of a comprehensive database through public-private partnerships, may
be required due to uncertainties surrounding the structural behavior and economic viability
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of 3DP in construction (Bonnin Roca et al., 2016; Seifi et al., 2017; Wiegmann et al., 2017;
Adaloudis and Roca, 2021).

Secondly, there is a need to develop suitable materials for 3DP. The printability or build-
ability of materials depends on their rheological behavior, necessitating a holistic approach to
material design (Roussel, 2018). Rigorous laboratory research and development should ensure
step-by-step robustness and quality control. Furthermore, since 3D-printed materials are influ-
enced by environmental factors such as temperature and humidity, research and development
efforts should address the impact of ambient conditions on material mixture designs.

Thirdly, it is essential to provide education and training for 3DP professionals. The con-
struction industry’s shortage of skilled workers proficient in operating 3D printers underscores
the need for specialized courses and educational programs integrated into university curricula
(Qaidi etal., 2022). Proficiency in three key areas, digital components, machine operation, and
material knowledge, is critical for successfully implementing 3DP projects. Institutions should
offer courses and education encompassing these areas to equip professionals with the necessary
skills and expertise.

6. CONCLUSION

The results of this article clearly show the importance of 3DP technology in the construction
industry and the increasing interest of researchers. The research topic, started in 2014, has grown
rapidly, especially since 2018. This growth is estimated at an annual rate of 48.91%, reflecting
the wide acceptance of research in this area by the academic community. In addition, the main
focus of studies on 3DP technology is materials, walls, buildings, and 3DP technology. Studies
on materials have an extensive research percentage (80%), followed by walls (15%), buildings
(11%), and 3DP technology (6%). These results highlight the importance of material-oriented
studies for future research and the need for further work in the fields of building, wall, and 3DP
technology. Laboratory experiments (38%) are the most common research method. However,
different methods should be used more in the future.

Among the critical points examined in the research, issues such as the importance of
research collaborations between countries and institutions, the necessity of life cycle analysis,
and optimizing energy performance at different stages stand out. These results highlight the
need for greater collaboration and policy development in energy performance and LCA. China,
the USA, and India are leading countries in this field. In addition, the most frequently used
keywords in publications are “3D printing”, “energy absorption”, and “sustainability”.

However, several areas require further research and attention. Firstly, there is a need to
explore materials, technologies, and design strategies associated with 3DP in construction to
unlock its full potential. Additionally, the education and training of professionals, particularly
architects and engineers, should be prioritized to introduce and adopt 3DP technologies in the
industry effectively. Furthermore, the support of local governments through incentives, poli-
cies, and planning is crucial for facilitating the research, development, and production of 3DP
technology in construction. Considerable capital investment is necessary to achieve widespread
adoption of 3D printers, necessitating updates and the development of regulations, standards,
and codes to accommodate this emerging technology. Effective collaboration between 3DP
contractors and professional teams is essential to ensure successful implementation. This col-
laboration will enable the seamless integration of 3DP technology into construction projects.
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All these findings highlight the need for more research and collaboration to contribute to
the future development of 3DP technology in the construction industry and environmental
sustainability. It is still unclear whether 3DP technology will bring about a revolutionary change
in the construction industry. For the time being, this technology can be considered limited,
especially in enhancing the artistic value of complex structures. Should be delted. “However,
from an environmental point of view, current studies do not point to a complete replacement
of traditional production.” The review highlights the need for greater energy efficiency and
reduction of carbon emissions in construction processes, showing that 3DP technology can
increase its environmental competitiveness. However, the adoption of 3DP in the construc-
tion industry depends on the environmental effects of the materials used, and factors such as
reusability and recyclability need to be optimized in this area. Should be deleted “In addi-
tion, the social and economic advantages offered by technology may not be fully measured by
traditional environmental assessments, thus greater adoption of technology is required with
environmental adequacy in mind.” Overall, while industry and global organizations are turning
to sustainable technologies, there is limited literature examining the environmental, economic,
and social impacts of 3DP technology in the construction industry, and more research is needed
in this area.

Future studies should address several shortcomings and areas of concern. These include
evaluating the applicability of 3DP technology in both developing and developed countries,
considering material content, fostering collaborations, shaping policies and regulations, assess-
ing performance, evaluating environmental effects, and promoting sustainability. Moreover,
there is a need for further research focused on reducing energy consumption, minimizing CO,
emissions, and optimizing resource consumption to address concerns regarding the depletion of
natural resources. A thorough investigation of the LCA of 3D-printed materials is necessary to
comprehend their environmental impact throughout their life cycle from material preparation
to building usage and eventual demolition.

REFERENCES

Abu-Ennab, L., Dixit, M., Birgisson, B., and Kumar, P. P (2022). Comparative life cycle assessment of large-scale
3D printing utilizing kaolinite-based calcium sulfoaluminate cement concrete and conventional construction.
Cleaner Environmental Systems, 5, 100078.

Adaloudis, M., and Roca, J. B. (2021). Sustainability tradeoffs in the adoption of 3D concrete printing in the
construction industry. Journal of Cleaner Production, 307, 127201.

Adel, T. K., Pirooznezhad, L., Ravanshadnia, M., and Tajaddini, A. (2021). Global policies on green building
construction from 1990 to 2019: A scientometric study. Journal of Green Building, 16(4), 227-245.

Agusti-Juan, I, and Habert, G. (2017). Environmental design guidelines for digital fabrication. journal of Cleaner
Production, 142, 2780-2791.,

Ahmed, G. H. (2023). A review of “3D concrete printing”: Materials and process characterization, economic
considerations and environmental sustainability. Journal of Building Engineering, 105863.

Ali, M. H., Batai, S., and Sarbassov, D. (2019). 3D printing: a critical review of current development and future
prospects. Rapid Prototyping Journal.

Ali, M. H., Issayev, G., Shehab, E., and Sarfraz, S. (2022). A critical review of 3D printing and digital manufactur-
ing in construction engineering. Rapid Prototyping Journal.

Alkhalidi, A., and Hatuqay, D. (2020). Energy efficient 3D printed buildings: Material and techniques selection
worldwide study. Journal of Building Engineering, 30. doi:10.1016/j.jobe.2020.101286

Alsakka, E, Haddad, A., Ezzedine, E, Salami, G., Dabaghi, M., and Hamzeh, E (2023). Generative design for more
economical and environmentally sustainable reinforced concrete structures. Journal of Cleaner Production,

387, 135829.

126 Volume 19, Number 2

¥20Z AeIN L1 U0 j8uruozuen@|euinofusalb Aq 4pd-| | L-z-6L-8L9Y-E¥6 LY.L LEE/L L LIZ/6LPd-8lonie/qBl/woo sseidus)je uelpuaW;//:dpy woly pepeojumoq


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

Aria, M., and Cuccurullo, C. (2017). bibliometrix: An R-tool for comprehensive science mapping analysis. Journal
of Informetrics, 11(4), 959-975.

Arruda, H., Silva, E. R., Lessa, M., Proenca Jr, D., and Bartholo, R. (2022). VOSviewer and bibliometrix. Journal
of the Medical Library Association: JMLA, 110(3), 392.

Baduge, S. K., Thilakarathna, S., Perera, J. S., Arashpour, M., Sharafi, P, Teodosio, B., ... Mendis, . (2022).
Artificial intelligence and smart vision for building and construction 4.0: Machine and deep learning methods
and applications. Automation in Construction, 141, 104440.

Bedi, H. S., Karn, A. K., Kaur, G. P, and Duggal, R. (2019). Financial literacy—A Bibliometric analysis. Beds,
HS, Karn, AK, Kaur, G & Duggal, R., Financial Literacy-A Bibliometric Analysis. Our Heritage, 67(10),
1042-1054.

Bettencourt, L. M., and Kaur, J. (2011). Evolution and structure of sustainability science. Proceedings of the
National Academy of Sciences, 108(49), 19540-19545.

Bhattacherjee, S., Basavaraj, A. S., Rahul, A. V., Santhanam, M., Gettu, R., Panda, B., Schlangen, E., Chen, Y.,
Copuroglu, O., Ma, G. W., Wang, L., Beigh, M. A. B., & Mechtcherine, V. (2021). Sustainable materials for 3D
concrete printing. Cement & Concrete Composites, 122, Article 104156. https://doi.org/10.1016/j.cemconcomp
.2021.104156

Biswas, K., Rose, ]., Eikevik, L., Guerguis, M., Enquist, P, Lee, B., Love, L., Green, ]J., and Jackson, R. (2017).
Additive Manufacturing Integrated Energy-Enabling Innovative Solutions for Buildings of the Future. journal
of Solar Energy Engineering-Transactions of the Asme, 139(1), Article 015001. https://doi.org/10.1115/1
.4034980

Bong, S. H., Nematollahi, B., Nazari, A., Xia, M., and Sanjayan, J. (2019). Method of Optimisation for Ambient
Temperature Cured Sustainable Geopolymers for 3D Printing Construction Applications. Materials, 12(6),
Article 902. https://doi.org/10.3390/ma12060902

Bogue, R. (2013). 3D printing: the dawn of a new era in manufacturing? Assembly Automation.

Bonnin Roca, J., Vaishnav, P, Fuchs, E. R., and Morgan, M. G. (2016). Policy needed for additive manufacturing.
Nature Materials, 15(8), 815-818.

Buchanan, C., and Gardner, L. (2019). Metal 3D printing in construction: A review of methods, research, applica-
tions, opportunities and challenges. Engineering Structures, 180, 332-348.

Buswell, R. A., De Silva, W. L., Jones, S. Z., and Dirrenberger, J. (2018). 3D printing using concrete extrusion:
A roadmap for research. Cement and Concrete Research, 112, 37-49.

Cai, S., Ma, Z., Skibniewski, M. J., and Bao, S. (2019). Construction automation and robotics for high-rise
buildings over the past decades: A comprehensive review. Advanced Engineering Informatics, 42, 100989.

Chen, Y., Li, Z. M., Figueiredo, S. C., Copuroglu, O., Veer, F, and Schlangen, E. (2019). Limestone and
Calcined Clay-Based Sustainable Cementitious Materials for 3D Concrete Printing: A Fundamental Study of
Extrudability and Early-Age Strength Development. Applied Sciences-Basel, 9(9), Article 1809. https://doi.org
/10.3390/app9091809

Ciampi, G., Spanodimitriou, Y., Scorpio, M., Rosato, A., and Sibilio, S. (2021). Energy Performances Assessment
of Extruded and 3D Printed Polymers Integrated into Building Envelopes for a South Italian Case Study.
Buildings, 11(4), Article 141. https://doi.org/10.3390/buildings11040141

Colorado, H. A,, Velasquez, E. 1. G., and Monteiro, S. N. (2020). Sustainability of additive manufacturing: the
circular economy of materials and environmental perspectives. Journal of Materials Research and Technology-
Jmr& T, A4), 8221-8234. https://doi.org/10.1016/j.jmrt.2020.04.062

Craveiro, E, Nazarian, S., Bartolo, H., Bartolo, I J., and Pinto Duarte, J. (2020). An automated system for 3D printing
functionally graded concrete-based materials. Additive Manufacturing, 33. https://doi.org/10.1016/j.addma
.2020.101146

Cudzik, J., & Kruk, J. (2022). Environmental impact of construction. Methods of conscious shaping architecture
in terms of ecological solutions. Space & Form| Przestrzeri i Forma, 50.

Cuevas, K., Strzatkowski, J., Kim, ].-S., Ehm, C., Glotz, T., Chougan, M., Ghaffar, S. H., Stephan, D., and Sikora,
P. (2023). Towards development of sustainable lightweight 3D printed wall building envelopes—Experimental
and numerical studies. Case Studies in Construction Materials, 18, e01945.

de Brito, J., and Kurda, R. (2021). The past and future of sustainable concrete: A critical review and new strategies on
cement-based materials. Journal of Cleaner Production, 281, Article 123558. https://doi.org/10.1016/j.jclepro
.2020.123558

Journal of Green Building 127

¥20Z AeIN L1 U0 j8uruozuen@|euinofusalb Aq 4pd-| | L-z-6L-8L9Y-E¥6 LY.L LEE/L L LIZ/6LPd-8lonie/qBl/woo sseidus)je uelpuaW;//:dpy woly pepeojumoq


https://doi.org/10.1016/j.cemconcomp.2021.104156
https://doi.org/10.1016/j.cemconcomp.2021.104156
https://doi.org/10.1115/1.4034980
https://doi.org/10.1115/1.4034980
https://doi.org/10.3390/ma12060902
https://doi.org/10.3390/app9091809
https://doi.org/10.3390/app9091809
https://doi.org/10.3390/buildings11040141
https://doi.org/10.1016/j.jmrt.2020.04.062
https://doi.org/10.1016/j.addma.2020.101146
https://doi.org/10.1016/j.addma.2020.101146
https://doi.org/10.1016/j.jclepro.2020.123558
https://doi.org/10.1016/j.jclepro.2020.123558
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

De Schutter, G., Lesage, K., Mechtcherine, V., Nerella, V. N., Habert, G., and Agusti-Juan, 1. (2018). Vision
of 3D printing with concrete—Technical, economic and environmental potentials. Cement and Concrete
Research, 112, 25-306.

Dey, D., Srinivas, D., Panda, B., Suraneni, P, and Sitharam, T. G. (2022). Use of industrial waste materials for 3D
printing of sustainable concrete: A review. Journal of Cleaner Production, 340, Article 130749. https://doi.org/
10.1016/j.jclepro.2022.130749

Ebrahimi, M., Mohseni, M., Aslani, A., and Zahedi, R. (2022). Investigation of thermal performance and life-cycle
assessment of a 3D printed building. Energy and Buildings, 272, 112341.

El-Mahdy, D., Gabr, H. S., and Abdelmohsen, S. (2021). SaltBlock as a 3D printed sustainable construction mate-
rial in hot arid climates. Journal of Building Engineering, 43, Article 103134. https://doi.org/10.1016/j.jobe
.2021.103134

European Parliament and Council. (2010). Directive 2010/31/EU of the european parliament and of the council
of 19 may, 2010 on the energy performance of buildings. Official Journal of the European Union, 153,
13-35.

Ghaffar, S. H., Corker, J., and Fan, M. Z. (2018). Additive manufacturing technology and its implementation in con-
struction as an eco-innovative solution. Automation in Construction, 93, 1-11. https://doi.org/10.1016/j.autcon
.2018.05.005

Gibson, I., Rosen, D. W., Stucker, B., Khorasani, M., Rosen, D., Stucker, B., and Khorasani, M. (2021). Additive
Manufacturing Technologies (Vol. 17): Springer.

Giesekam, J., Barrett, J. R., and Taylor, P. (2016). Construction sector views on low carbon building materials.
Building Research & Information, 44(4), 423-444.

Hager, 1., Golonka, A., and Putanowicz, R. (2016). 3D printing of buildings and building components as the
future of sustainable construction? Procedia Engineering, 151, 292-299.

Han, Y. L., Yang, Z. H., Ding, T., and Xiao, J. Z. (2021). Environmental and economic assessment on 3D
printed buildings with recycled concrete. Journal of Cleaner Production, 278, Article 123884. https://doi.org
/10.1016/j.jclepro.2020.123884

He, Y. W., Zhang, Y. M., Zhang, C., and Zhou, H. Y. (2020). Energy -saving potential of 3D printed concrete build-
ing with integrated living wall. Energy and Buildings, 222, Article 110110. https://doi.org/10.1016/j.enbuild
.2020.110110

Higgins, J. P, Thomas, J., Chandler, J., Cumpston, M., Li, T., Page, M. J., and Welch, V. A. (2019). Cochrane
handbook for systematic reviews of interventions: John Wiley & Sons.

Hou, Q., Mao, G., Zhao, L., Du, H., and Zuo, J. (2015). Mapping the scientific research on life cycle assessment:
a bibliometric analysis. 7he International Journal of Life Cycle Assessment, 20, 541-555.

Hossain, M., Zhumabekova, A., Paul, S. C., and Kim, J. R. (2020). A Review of 3D Printing in Construction
and its Impact on the Labor Market. Sustainability, 12(20), 8492.

Hu, M. (2019). A review of life cycle research of the built environment at difference scales: A citation analysis
using big data. Journal of Green Building, 14(3), 63-80.

Ibrahim, 1., Eltarabishi, E, Abdalla, H., and Abdallah, M. (2022). 3D Printing in sustainable buildings: Systematic
review and applications in the United Arab Emirates. Buildings, 12(10), 1703.

Ibrahim, K. A., van Zijl, G. P, and Babafemi, A. J. (2023). Influence of limestone calcined clay cement on proper-
ties of 3D printed concrete for sustainable construction. Journal of Building Engineering, 69, 106186.
Ingrao, C., Scrucca, E, Tricase, C., and Asdrubali, E (2016). A comparative Life Cycle Assessment of external wall-

compositions for cleaner construction solutions in buildings. Journal of Cleaner Production, 124, 283-298.
1SO14040. (20006). Environmental management: life cycle assessment; Principles and Framework: 1SO.

[SO14044. (20006). Environmental management: life cycle assessment; Requirements and Guidelines: Geneva,
Switzerland.

Jemghili, R., Taleb, A. A., and Khalifa, M. (2021). A bibliometric indicators analysis of additive manufacturing
research trends from 2010 to 2020. Rapid Prototyping Journal.

Kamel, E., and Kazemian, A. (2023). BIM-integrated thermal analysis and building energy modeling in 3D-printed
residential buildings. Energy and Buildings, 279, 112670.

Kaufhold, J., Kohl, J., Nerella, V. N., Schroefl, C., Wenderdel, C., Blankenstein, P, and Mechtcherine, V. (2019).
Wood-based support material for extrusion-based digital construction. Rapid Prototyping Journal.

128 Volume 19, Number 2

¥20Z AeIN L1 U0 j8uruozuen@|euinofusalb Aq 4pd-| | L-z-6L-8L9Y-E¥6 LY.L LEE/L L LIZ/6LPd-8lonie/qBl/woo sseidus)je uelpuaW;//:dpy woly pepeojumoq


https://doi.org/10.1016/j.jclepro.2022.130749
https://doi.org/10.1016/j.jclepro.2022.130749
https://doi.org/10.1016/j.jobe.2021.103134
https://doi.org/10.1016/j.jobe.2021.103134
https://doi.org/10.1016/j.autcon.2018.05.005
https://doi.org/10.1016/j.autcon.2018.05.005
https://doi.org/10.1016/j.jclepro.2020.123884
https://doi.org/10.1016/j.jclepro.2020.123884
https://doi.org/10.1016/j.enbuild.2020.110110
https://doi.org/10.1016/j.enbuild.2020.110110
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

Khan, S. A., Koc, M., and Al-Ghamdi, S. G. (2021). Sustainability assessment, potentials and challenges of 3D
printed concrete structures: A systematic review for built environmental applications. Journal of Cleaner
Production, 303, Article 127027. https://doi.org/10.1016/j.jclepro.2021.127027

Kréma, M., Skaroupka, D., Vosynek, P, Zikmund, T., Kaiser, J., and Palousek, D. (2021). Use of polymer concrete
for large-scale 3D printing. Rapid Prototyping Journal.

Kromoser, B., Reichenbach, S., Hellmayr, R., Myna, R., and Wimmer, R. (2022). Circular economy in wood
construction—Additive manufacturing of fully recyclable walls made from renewables: Proof of concept and
preliminary data. Construction and Building Materials, 344, 128219.

Le, T. T,, Austin, S. A., Lim, S., Buswell, R. A., Gibb, A. G., and Thorpe, T. (2012). Mix design and fresh proper-
ties for high-performance printing concrete. Materials and Structures, 45(8), 1221-1232.

Lee, W., Seong, J. J., Ozlu, B., Shim, B. S., Marakhimov, A., and Lee, S. (2021). Biosignal sensors and deep
learning-based speech recognition: A review. Sensors, 21(4), 1399.

Liu, J. L., Nguyen-Van, V., Panda, B., Fox, K., du Plessis, A., and Tran, P. (2022). Additive Manufacturing of
Sustainable Construction Materials and Form-finding Structures: A Review on Recent Progresses. 3D Printing
and Additive Manufacturing, 9(1), 12-34. https://doi.org/10.1089/3dp.2020.0331

Lucas, S., and Barroso de Aguiar, ]. (2019). Evaluation of latent heat storage in mortars containing microen-
capsulated paraffin waxes—a selection of optimal composition and binders. Heat and Mass Transfer, 55(9),
2429-2435.

Mahadevan, M., Francis, A., and Thomas, A. (2020). A simulation-based investigation of sustainability aspects of
3D printed structures. Journal of Building Engineering, 32, Article 101735. https://doi.org/10.1016/j.jobe
.2020.101735

Mansour, G., Papageorgiou, V., Zoumaki, M., Tsongas, K., Mansour, M. T., and Tzetzis, D. (2023). Mechanical
Performance of 3D-Printed Cornstarch—Sandstone Sustainable Material. Sustainabiliry, 15(11), 8681.

Markin, V., Krause, M., Otto, ]., Schrofl, C., and Mechtcherine, V. (2021). 3D-printing with foam concrete:
From material design and testing to application and sustainability. Journal of Building Engineering, 43, Article
102870. https://doi.org/10.1016/j.jobe.2021.102870

Mohammad, M., Masad, E., and Al-Ghamdji, S. G. (2020). 3D Concrete Printing Sustainability: A Comparative
Life Cycle Assessment of Four Construction Method Scenarios. Buildings, 10(12), Article 245. https://doi.org
/10.3390/buildings10120245

Mohan, M. K., Rahul, A., De Schutter, G., and Van Tittelboom, K. (2021). Extrusion-based concrete 3D print-
ing from a material perspective: A state-of-the-art review. Cement and Concrete Composites, 115, 103855.

Monteiro, H., Carmona-Aparicio, G., Lei, I., and Despeisse, M. (2022). Energy and material efficiency strategies
enabled by metal additive manufacturing—A review for the acronautic and aerospace sectors. Energy Reports,
8, 298-305.

Munir, Q., Afshariantorghabeh, S., and Kirki, T. (2022). Industrial waste pretreatment approach for 3D printing
of sustainable building materials. Urban Science, 6(3), 50.

Nalimov, V. V., and Mulchenko, B. (1969). Scientometrics. Studies of science as a process of information. Moscow,
Russia: Science.

Oguntona, O., Aigbavboa, C., and Thwala, W. (2021). A scientometric analysis and visualization of green building
research in Africa. Journal of Green Building, 16(2), 83-86.

Onososen, A., and Musonda, 1. (2022). Barriers to BIM-based life cycle sustainability assessment for buildings:
An interpretive structural modelling approach. Buildings, 12(3), 324.

Ozeren, O., Ozeren, E. B., Top, S. M., and Qurraie, B. S. (2023). Learning-by-Doing using 3D printers: Digital
fabrication studio experience in architectural education. Journal of Engineering Research, 11(3), 1-6.

Panda, B., Paul, S. C,, Hui, L. J., Tay, Y. W. D, and Tan, M. ]J. (2017). Additive manufacturing of geopolymer
for sustainable built environment. journal of Cleaner Production, 167, 281-288. https://doi.org/10.1016/].
jclepro.2017.08.165

Panda, B., Paul, S. C., and Tan, M. ]. (2017). Anisotropic mechanical performance of 3D printed fiber rein-
forced sustainable construction material. Materials Letters, 209, 146-149. https://doi.org/10.1016/j.
matlet.2017.07.123

Park, J. J., and Ahn, J. H. (2018). A Bibliometric study to assess 3d printing in the AEC industry. The paper presented
at the 1st International Conference on 3D Construction Printing,.

Journal of Green Building 129

¥20Z AeIN L1 U0 j8uruozuen@|euinofusalb Aq 4pd-| | L-z-6L-8L9Y-E¥6 LY.L LEE/L L LIZ/6LPd-8lonie/qBl/woo sseidus)je uelpuaW;//:dpy woly pepeojumoq


https://doi.org/10.1016/j.jclepro.2021.127027
https://doi.org/10.1089/3dp.2020.0331
https://doi.org/10.1016/j.jobe.2020.101735
https://doi.org/10.1016/j.jobe.2020.101735
https://doi.org/10.1016/j.jobe.2021.102870
https://doi.org/10.3390/buildings10120245
https://doi.org/10.3390/buildings10120245
https://doi.org/10.1016/j.jclepro.2017.08.165
https://doi.org/10.1016/j.jclepro.2017.08.165
https://doi.org/10.1016/j.matlet.2017.07.123
https://doi.org/10.1016/j.matlet.2017.07.123
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

Passer, A., Kreiner, H., and Maydl, P. (2012). Assessment of the environmental performance of buildings: A criti-
cal evaluation of the influence of technical building equipment on residential buildings. 7he International
Journal of Life Cycle Assessment, 17(9), 1116-1130.

Pritchard, A. (1969). Statistical bibliography or bibliometrics. Journal of Documentation, 25, 348.

Puzatova, A., Shakor, P, Laghi, V., and Dmitrieva, M. (2022). Large-scale 3d printing for construction application
by means of robotic arm and gantry 3d printer: a review. Buildings, 12(11), 2023.

Qaidi, S., Yahia, A., Tayeh, B. A., Unis, H., Faraj, R., and Mohammed, A. (2022). 3D printed geopolymer com-
posites: A review. Materials Today Sustainability, 100240.

Ramesh, T., Prakash, R., and Shukla, K. (2010). Life cycle energy analysis of buildings: An overview. Energy and
Buildings, 42(10), 1592-1600.

Ranjbar, N., Balali, A., Valipour, A., Pignatta, G., and Wei, S. (2023). Identification and prioritization of energy
consumption optimization strategies in the building industry using the hybrid SWARA-BIM model. Journal
of Green Building, 18(1), 37-69.

Rehman, A. U., and Sglavo, V. M. (2020). 3D printing of geopolymer-based concrete for building applications.
Rapid Prototyping Journal.

Robayo-Salazar, R., de Gutiérrez, R. M., Villaquirdn-Caicedo, M. A., and Arjona, S. D. (2023). 3D printing with
cementitious materials: Challenges and opportunities for the construction sector. Automation in Construction,
146, 104693.

Roussel, N. (2018). Rheological requirements for printable concretes. Cement and Concrete Research, 112,76-85.

Sakin, M., and Kiroglu, Y. C. (2017). 3D Printing of Buildings: Construction of the Sustainable Houses of the
Future by BIM. Energy Procedia, 134, 702-711.

Sambucci, M., Biblioteca, 1., and Valente, M. (2023). Life Cycle Assessment (LCA) of 3D Concrete Printing and
Casting Processes for Cementitious Materials Incorporating Ground Waste Tire Rubber. Recycling, 8(1), 15.

Samudrala, M., Mujeeb, S., Lanjewar, B. A., Chippagiri, R., Kamath, M., and Ralegaonkar, R. V. (2023).
3D-Printable Concrete for Energy-Efficient Buildings. Energies, 16(10), 4234.

Schénbeck, P, Lofsjogard, M., and Ansell, A. (2021). Collaboration and knowledge exchange possibilities between
industry and construction 4.0 research. Procedia Computer Science, 192, 129—-137.

Schuldg, S. J., Jagoda, ]J. A., Hoisington, A. J., and Delorit, J. D. (2021). A systematic review and analysis of the
viability of 3D-printed construction in remote environments. Automation in Construction, 125, 103642.

Shakor, P, Chu, S., Puzatova, A., and Dini, E. (2022). Review of binder jetting 3D printing in the construction
industry. Progress in Additive Manufacturing, 7(4), 643—669.

Shakor, P, Nejadi, S., Paul, G., and Malek, S. (2019). Review of emerging additive manufacturing technologies
in 3D printing of cementitious materials in the construction industry. Frontiers in Built Environment, 4, 85.

Shomberg, M. (2016). How Digitization Is Disrupting Construction: Strategies Forward.

Seifi, M., Gorelik, M., Waller, J., Hrabe, N., Shamsaei, N., Daniewicz, S., and Lewandowski, J. J. (2017). Progress
towards metal additive manufacturing standardization to support qualification and certification. Jom, 69(3),
439-455.

Selmi, M., and [lerisoy, Z. Y. (2023). Evaluation of Tree-Like Structures Using Topology Optimization as a Design
Method. Nexus Network Journal, 1-16.

Silva, G., Nafiez, R., Zavaleta, D., Burgos, V., Kim, S., Ruiz, G., Pando, M. A., Aguilar, R., and Nakamatsu, J.
(2022). Eco-friendly additive construction: Analysis of the printability of earthen-based matrices stabilized
with potato starch gel and sisal fibers. Construction and Building Materials, 347, 128556.

Singh, R., Gehlot, A., Akram, S. V., Gupta, L. R., Jena, M. K., Prakash, C., Singh, S., and Kumar, R. (2021). Cloud
Manufacturing, Internet of Things-Assisted Manufacturing and 3D Printing Technology: Reliable Tools for
Sustainable Construction. Sustainability, 13(13), Article 7327. https://doi.org/10.3390/sul13137327

Su, S., and Hong, J. (2022). A bibliometric review of research on building information modeling-based green
building assessment. Journal of Green Building, 17(3), 63-88.

Sun, J., Xiao, ]., Li, Z., and Feng, X. (2021). Experimental study on the thermal performance of a 3D printed
concrete prototype building. Energy and Buildings, 241, 110965.

Suntharalingam, T., Gatheeshgar, P, Upasiri, 1., Poologanathan, K., Nagaratnam, B., Rajanayagam, H., and
Navaratnam, S. (2021). Numerical Study of Fire and Energy Performance of Innovative Light-Weight 3D
Printed Concrete Wall Configurations in Modular Building System. Sustainability, 13(4), Article 2314. https://
doi.org/10.3390/su13042314

130 Volume 19, Number 2

¥20Z AeIN L1 U0 j8uruozuen@|euinofusalb Aq 4pd-| | L-z-6L-8L9Y-E¥6 LY.L LEE/L L LIZ/6LPd-8lonie/qBl/woo sseidus)je uelpuaW;//:dpy woly pepeojumoq


https://doi.org/10.3390/su13137327
https://doi.org/10.3390/su13042314
https://doi.org/10.3390/su13042314
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

Suntharalingam, T., Upasiri, I., Gatheeshgar, P, Poologanathan, K., Nagaratnam, B., Santos, I, and Rajanayagam,
H. (2021). Energy Performance of 3D-Printed Concrete Walls: A Numerical Study. Buildings, 11(10), Article
432. https://doi.org/10.3390/buildings11100432

Tahmasebinia, E, Sepasgozar, S. M. E., Shirowzhan, S., Niemela, M., Tripp, A., Nagabhyrava, S., Ko, K., Mansuri,
Z., and Alonso-Marroquin, E (2020). Criteria development for sustainable construction manufacturing in
Construction Industry 4.0 Theoretical and laboratory investigations. Construction Innovation-England, 20(3),
379-400. https://doi.org/10.1108/ci-10-2019-0103

Takva, C., & llerisoy, Z. Y. (2023). Flying Robot Technology (Drone) Trends: A Review in the Building and
Construction Industry. Architecture, Civil Engineering, Environment, 16(1), 47-68.

Taylor, C., Roy, K., Dani, A. A, Lim, J. B., De Silva, K., and Jones, M. (2023). Delivering Sustainable Housing
through Material Choice. Sustainability, 15(4), 3331.

Tay, Y. W. D., Panda, B., Paul, S. C., Noor Mohamed, N. A, Tan, M. J., and Leong, K. E (2017). 3D printing
trends in building and construction industry: a review. Virtual and Physical Prototyping, 12(3), 261-276.

Tinoco, M. P, de Mendonga, E. M., Fernandez, L. I. C., Caldas, L. R., Reales, O. A. M., and Toledo Filho, R.
D. (2022a). Life cycle assessment (LCA) and environmental sustainability of cementitious materials for 3D
concrete printing: A systematic literature review. Journal of Building Engineering, 52, 104456.

Top, A. E., Ozdogan, M. S., and Yeniad, M. (2023). Quantitative level determination of fixed restorations on
panoramic radiographs using deep learning. /nternational Journal of Computerized Dentistry, 26.

Top, S. M. (2023). The Effect of Domed and Hip Roof Coverings on Mosque Design in Case of Fire. Journal of
Engineering Research, 11(4), 267-274.

Top, S. M., and Aycam, I. (2023). Material Used in 3-Dimensional Printing Technology in the Construction
Industry. Gazi University Journal of Science Part B: Art Humanities Design and Planning, 11(1), 1-17.

Top, S. M., and Toprakli, A. (2022). Analysis of the open or closed conditions of drum windows effect on visibility
and temperature propagation with fire dynamics simulation in domed mosque design. Journal of the Faculty
of Engineering and Architecture of Gazi University, 37(4), 1839-1853.

Top, S. M., & Toprakli, A. (2019). Literature review for evaluation of panic situation in mosques. /nternational
Journal of Social Humanities Sciences Research (JSHSR), 6(38).

Van Eck, N., and Waltman, L. (2010). Software survey: VOSviewer, a computer program for bibliometric mapping,.
Scientometrics, 84(2), 523-538.

Wang, B., Pan, S.-Y., Ke, R.-Y., Wang, K., and Wei, Y.-M. (2014). An overview of climate change vulnerability: a
bibliometric analysis based on Web of Science database. Natural Hazards, 74, 1649—1666.

Wiegmann, P M., de Vries, H. J., and Blind, K. (2017). Multi-mode standardisation: A critical review and a
research agenda. Research Policy, 46(8), 1370-1386.

Wu, P, Wang, J., and Wang, X. (2016). A critical review of the use of 3-D printing in the construction industry.
Automation in Construction, 68, 21-31.

Wuni, L. Y., Shen, G. Q., and Osei-Kyei, R. (2020). Sustainability of off-site construction: A bibliometric review
and visualized analysis of trending topics and themes. Journal of Green Building, 15(4), 131-154.

Yang, L., Sepasgozar, S. M., Shirowzhan, S., Kashani, A., and Edwards, D. (2023). Nozzle criteria for enhancing
extrudability, buildability and interlayer bonding in 3D printing concrete. Automation in Construction, 146,
104671.

Yang, S., Wi, S., Park, J. H., Cho, H. M., and Kim, S. (2019). Novel proposal to overcome insulation limita-
tions due to nonlinear structures using 3D printing: Hybrid heat-storage system. Energy and Buildings, 197,
177-187.

Zhang, X., Li, M., Lim, J. H., Weng, Y., Tay, Y. W. D., Pham, H., and Pham, Q.-C. (2018). Large-scale 3D print-
ing by a team of mobile robots. Automation in Construction, 95, 98—106.

Zuo, Z., Gong, J., Huang, Y., Zhan, Y., Gong, M., and Zhang, L. (2019). Experimental research on transition from
scale 3D printing to full-size printing in construction. Construction and Building Materials, 208, 350-360.

Journal of Green Building 131

¥20Z AeIN L1 U0 j8uruozuen@|euinofusalb Aq 4pd-| | L-z-6L-8L9Y-E¥6 LY.L LEE/L L LIZ/6LPd-8lonie/qBl/woo sseidus)je uelpuaW;//:dpy woly pepeojumoq


https://doi.org/10.3390/buildings11100432
https://doi.org/10.1108/ci-10-2019-0103
http://mostwiedzy.pl

Downloaded from http://meridian.allenpress.com/jgb/article-pdf/19/2/111/3374774/i1943-4618-19-2-111.pdf by greenjournal@verizon.net on 17 May 2024

—

|d"Azpaimisow wouy papeojumoad AZAIIM LSOW <


http://mostwiedzy.pl

