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ABSTRACT

The construction industry is a major contributor to global CO2 emissions, with housing
construction playing a significant role. Lean and technological approaches offer promising
solutions for reducing emissions in housing, since Value Stream Mapping (VSM) enhances
process analysis, and Artificial Intelligence (Al) can optimize complex systems. This paper
aims to identify the state-of-the-art and drivers of current approaches that combine Al and VSM
to integrate sustainability analysis in manufacturing. The main objective is to gather insights
from the manufacturing industry to develop an Al-driven VSM for sustainability-aware
operations in housing manufacturing.

Based on a literature review based on the PRISMA methodology, the authors identified that
Internet of Things (IoT) approaches enable Al-driven VSM by integrating real-time data
collection. Specifically, IoT enables real-time data collection, and Al enables dynamic process
analysis for monitoring, optimizing, and controlling. Additionally, defining sustainability goals
and assessing information quality is critical before integrating sustainability variables in Al-
driven VSM approaches. This paper presents the research background, findings,
recommendations, and future research guidelines to deliver an Al-driven VSM approach for
reducing CO2 emissions in housing manufacturing.

KEYWORDS
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INTRODUCTION

The construction industry is one of the main ones responsible for global CO2 emissions (United
Nations Environment Programme, 2022). Specifically, housing construction in 2023 accounted
for 41% of the total investment in construction (Oxford Economics, 2023). Thus, there is an
opportunity to adopt sustainable practices in housing construction to reduce industry CO2
emissions. These practices include technological implementation and prefabricating elements
through industrialized and manufacturing means (Mckinsey Global Institute, 2017; United
Nations Environment Programme, 2022). Moreover, industrialization and manufacturing are
promising practices to reduce CO2 emissions because of the nature of the housing mass-
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production (ARUP, 2018). Their successful implementation of CO2 emissions reduction relies
on considering CO2 emissions variables and traditional production objectives during
production (Chen et al., 2017). Moreover, housing has mass-customization requirements that
decision-makers address during the definition of the production schedule by allocating
resources to produce the products within the defined goals (Giret et al., 2015; Kundakc1 &
Kulak, 2016; Trentesaux and Prabhu, 2014).

Several methodologies can help users to integrate sustainable manufacturing principles into
processes. This research focuses on Lean Manufacturing, which aims to reduce waste in
manufacturing processes (Brown et al., 2014; Diies et al., 2013). Over the years, the Lean
Manufacturing definition has evolved among Lean researchers and practitioners, and today, two
main currents are recognized: a philosophical and a practical (Bhamu & Singh Sangwan, 2014;
Ciarniené & Vienazindiené, 2012; Pettersen, 2009; Shah & Ward, 2007). Focusing on the
practical side, Value Stream Mapping (VSM), a process-value visualization methodology for
mapping tasks, material, and information flows, is the most applied Lean methodology (Jasti &
Kodali, 2015; Rewers et al., 2016; Sundar et al., 2014). Moreover, the VSM can integrate
environmental variables. For example, Rosenbaum et al. (2014) used VSM to track
environmental waste in construction projects.

The VSM methodology defines two scenarios: the current state as the process's baseline to
identify waste and the process's future state with the process's optimization and waste
elimination (Pereira Librelato et al., 2014). Thus, it delivers a static system optimization that
does not consider real-time data. However, the housing industry's dynamic nature makes static
production scheduling obsolete when new orders arrive in the system. Therefore, users need
dynamic assessment tools to make proactive decisions and propose new production schedules
with up-to-date information. Additionally, most of the research on CO2 emissions reduction in
manufacturing focuses on order assessment based on historical data (Cao & Li, 2014; Chung &
Caldas, 2024; G. Liu et al., 2020; Mao et al., 2018; Tao et al., 2018; Tuo et al., 2019). Therefore,
there is a gap in delivering real-time CO2 emissions data for decision-makers who want to
proactively and dynamically improve their processes towards minimizing the CO2 emissions
of their operations (Cao & Li, 2014; Cassettari et al., 2017; Chung & Caldas, 2024; G. Liu et
al., 2020; Q. Liu et al., 2018; Mao et al., 2018; Tao et al., 2018; Tuo et al., 2019).

Since dynamic analysis requires managing more variables, there is a potential for integrating
Artificial Intelligence (Al) approaches to support users in dynamic assessments. For example,
there are several Al approaches to support the production scheduling problem (Hassanchokami
et al., 2022; Kundakc1 and Kulak, 2016; Mohan et al., 2019; Popper et al., 2021; Salido et al.,
2017; Wang and Chen, 2024). These Al approaches can have economic, environmental, and
social objectives defined by the users and enable real-time and dynamic analysis because they
can manage more variables and scenarios faster than humans (Calis & Bulkan, 2015; Jarrahi,
2018). Nonetheless, applying existing Al approaches from one industry to another is not
straightforward since domain- and problem-specific requirements exist (Hassija et al., 2024).

This research studies the potential for integrating VSM and Al approaches to enable
dynamic sustainability-aware assessments in housing manufacturing operations. However,
since different industries have specific requirements, this study aims to identify the state-of-
the-art and enablers of Al-driven VSM approaches to integrate sustainability variables in
manufacturing. The authors aim to gather insights from these approaches to develop and
implement an Al-driven VSM approach for housing manufacturing operations. Then, this
research addresses the following research question: What is the state-of-the-art Al-driven VSM
for sustainable manufacturing, and what enables Al-driven VSM dynamic assessments on
sustainable manufacturing?
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The following sections of this paper first explain the background of the relevant topics to
this research. The following sections present the research approach, findings, and discussion to
finalize the study with the conclusions and future research proposals.

LITERATURE REVIEW

This section presents the background of this research. First, the authors explore the concept of
sustainable manufacturing. Then, they present the definition of VSM and existing approaches
to support sustainability-aware operations. Finally, they present existing Al approaches to
support integrating sustainable practices in manufacturing.

SUSTAINABLE MANUFACTURING

Sustainable manufacturing is a manufacturing approach that adopts innovative technical and
organizational strategies to prevent resource scarcity and environmental concerns (Garetti et al.,
2012; Giret et al., 2015). Moreover, in 2015, the Environmental Protection Agency of the
United States (EPA) defined sustainable manufacturing as "the creation of manufactured
products through economically-sound processes that minimize negative environmental impacts
while conserving energy and natural resources" (US EPA, 2015). Then, sustainable
manufacturing integrates social, environmental, and economic sustainable practices within
manufacturing processes. This sustainable manufacturing concept aims to develop and
implement new manufacturing methods, practices, and technologies at strategic and operational
levels to reduce negative and maximize positive sustainability impacts (Garetti et al., 2012;
Giret et al., 2015; Rosen and Kishawy, 2012).

VALUE STREAM MAPPING TO SUPPORT SUSTAINABLE MANUFACTURING

As discussed, Value Stream Mapping is the Lean methodology most studied in research papers
about Lean between 1988 and 2011 (Jasti and Kodali, 2015). VSM is a visualization
methodology for process mapping that helps users to identify waste and the relationships
between tasks, people, information, and elements in the process (Biazzo, 2002). The VSM
methodology considers the complete system instead of a particular process in the manufacturing
process (Pereira Librelato et al., 2014). Thus, as a process mapping methodology, VSM allows
identifying how a particular organization executes a process (White and Cicmil, 2016).

Traditional VSM approaches focus on the seven wastes identified by Ohno in 1988
(Faulkner and Badurdeen, 2014) However, recent approaches in the literature aim to integrate
sustainable features into VSM. For example, by analyzing several manufacturing case studies
in Brazil, the Helleno et al. (2017) study aimed to integrate social and environmental
sustainability variables within VSM (Helleno et al., 2017). Another approach is the SUS-VSM
methodology developed in the Faulkner and Badurdeen (2014) study. As in traditional VSM,
the SUS-VSM approach integrates the makespan of the manufacturing process, but also
integrates the GHG emissions by assessing the energy consumption of the manufacturing
process (Faulkner & Badurdeen, 2014). The Faulkner and Badurdeen (2014) study also
integrated operator (or user) indexes for social assessment. Further studies have successfully
tested the methodology of SUS-VSM on a manufacturing process with product customization
requirements (Brown et al., 2014).

Al TO SUPPORT SUSTAINABLE MANUFACTURING

Al scheduling approaches can support users in managing manufacturing, mainly when many
tasks and variables must be analyzed to define a production schedule. There are precise and
approximate Al models where methodologies, such as Artificial Neural Networks, Genetic
Algorithms, and Ant Colony optimization, are identified within the approximate Al models
(Mohan et al., 2019). These approximate models cannot find the best-optimizing solution.
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Nevertheless, they are suitable for real-life optimization problems because they can propose a
solution in an acceptable time and with minimal machine resource consumption (Mohan et al.,
2019). In this study, Al algorithms to support sustainable manufacturing consider at least one
environmental variable in their objective function. The final environmental impacts of these Al
methodologies rely on the analyzed variable, such as energy savings, total process noise, and
carbon footprint. (Hassanchokami et al. 2022). For example, the Zhang et al. (2015) study
aimed to integrate energy and CO2 emission variables in the production scheduling
optimization process (Zhang et al., 2015). This study considered that manufacturing processes
can produce CO2 emissions through processes, auxiliary materials, tools, and internal transport
(Zhang et al., 2015). Based on this assumption, they apply a hybrid algorithm to estimate the
CO2 emissions of the processes through a relationship between energy consumption, material
removal rate, and specific machinery coefficients (Zhang et al., 2015).

Thus, Al methodologies can help users analyze more variables simultaneously and integrate
them into an analysis of sustainable manufacturing. On the other hand, VSM allows users to
represent sustainable variables within a process in static representations. Therefore, integrating
Al within VSM can move VSM from static to dynamic analysis. This AI+VSM integration can
allow the analysis and representation of sustainable variables to enable sustainability-aware
operations in manufacturing. The objective is to gather insights to further develop an Al-driven
VSM approach for housing manufacturing. Because an Al-driven VSM approach could support
decision-making towards a sustainability-aware operations framework for housing
manufacturing.

RESEARCH METHODOLOGY

To address this research, the researchers present a systematic literature classification and
synthesis of Value Stream Mapping with Al implementations. This literature review uses the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology,
a methodology from the healthcare field intended to guide, define inclusion criteria from
different domains, and report systematic reviews ("PRISMA 2020 flow diagram", 2024). Thus,
since there are several manufacturing domains, PRISMA is suitable to identify the state-of-the-
art and drivers of Al-driven VSM.

To identify the most relevant studies, the researchers used the Google Scholar database and
applied the PRISMA methodology to sort, filter, and identify the most relevant studies. The
authors performed the following initial query to identify the studies: ("value stream mapping"
OR "VSM") AND ("AI" or "Artificial Intelligence"). This search query presented 8,580 results,
and the researchers sorted the results using the Google Scholar relevance sorting option. The
researchers screened the first 40 most relevant records from this search, finding 36 research
articles to review. Then, the research team only selected literature in English and reviewed the
articles' abstracts. This initial article review excluded research papers where VSM stood for
Vehicle Scanning Methods and Virtual Shared Models or other meanings unrelated to Value
Stream Mapping. After applying this inclusion criterion, the research team selected 10 articles
eligible for this systematic review. The following sections present this systematic review's
analysis, findings, discussion, and conclusions.
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Figure 1: Systematic literature review methodology based on PRISMA methodology

RESULTS AND FINDINGS

This section summarizes the results and findings from the analyzed article. The 10 analyzed
articles ranged from 2019 to 2024, most from 2024 (4). Seven articles presented VSM
approaches, three articles are literature reviews (Table 1), nine articles are from the
manufacturing industry, and one is from education. Furthermore, several approaches exist to
integrate Al and VSM into manufacturing, but they require IoT approaches to support
simulation, monitoring, and controlling material flows and labor in manufacturing
environments.

Table 1: State-of-the-art Al-driven VSM literature from review studies

Article Literature review approach Identified Enablers

(Hansen To identify the application of IoT and Al Identified that loT and Al are enablers

& Bagh, approaches in Small and Medium of Dynamic Value Stream Mapping in
2021) Enterprises (SMEs) manufacturing. ldentified loT layers

definition: Sensors, communication
protocols, databases

(Shahin et To identify how Al can enhance Lean Identified the potential integration of loT
al., 2024) principles and methodologies (6S, VSM, for real-time data collection to enable
and Total Productive Maintenance) Al-assisted waste and loss analysis

(Endrigo To identify how Industry 4.0, Al, and Identified that Industry 4.0 approaches,

Sordanet  Augmented Reality (AR) approaches can such as loT, Al, simulation, and Virtual

al., 2024) support Lean and Six Sigma Reality, can leverage VSM capabilities
implementations towards digitalization and automation

The authors present a summary of the reviewed articles in Table 2. Based on the analysis of
these results, the authors identified six articles where IoT approaches are enablers of Al-driven
VSM. IoT enables real-time data collection to optimize VSM future state maps in these
approaches. However, the Busert & Fay (2019) study identified that practitioners must perform
an information quality assessment before implementing loT and Al approaches into VSM. This
information quality assessment can help users identify if the Al and IoT implementation is
suitable for solving the user’s identified problem. Also, two studies focused on Small and
Medium Enterprises (SMEs), specifically on analysing how Industry 4.0 and Al can leverage
their flexibility capabilities in the current manufacturing industry. Both studies identified that
companies must estimate, through simulation, how to address IoT layers for capabilities
improvement assessment of their current manufacturing scenario before investing in technology
implementation.
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Article

(Busert
and
Fay,

2019)

(Huang
et al.,,
2019)

(Ferreira
etal,
2022)

(Manim
uthu et
al.,
2022)

(Geistha
rdt et
al,,
2023)

(Batwar
aetal,
2024)

(Shatiry
etal,
2024)

Table 2: State-of-the-art Al-driven VSM approaches from specific studies

Research driver

Standardize the
information quality
from Industry 4.0 for
production planning
and control based on
VSM

Traditional VSM
cannot handle
dynamic
manufacturing
variables

VSM for assessing the
implementation of
Industry 4.0
approaches

To identify loT and
Machine Learning
approaches for real-
time monitoring with
volatility, uncertainty,
complexity, and
ambiguity

An Al-assisted
educational approach
to teach value stream

analysis

To identify technology,
approaches, and
metrics that can

enable Smart and
sustainable practices
in manufacturing

To monitor and track
productivity during
component
prefabrication with
digital video and Al

Research Al-approach

To standardize the
information flows
between the physical
environment, data
acquisition, and data
analysis to implement
VSM and supporting
technologies

Al's multi-agent system
approach with model
simulation and Radio

Frequency Identification

(RFID)

Discrete-event
simulation and Agent-
based modeling and
simulations to assist
Industry 4.0 approaches
embedded with VSM

loT for data collection
and Machine Learning
(ML) algorithms for
analysis

An Al-assisted game to
complete a given activity

To identify Al and loT
approaches to assist
and leverage Small and
Medium Enterprises
(SMEs) capabilities in
industrial environments,
enabling smart and
sustainable practices

To automate and track
labor occupancy times
with digital cameras

Al-approach
Enabler

Information
quality
requirements
from Industry
4.0

Simulation for
scenario
analysis and
RFID for data
acquisition

Simulation for
future state
scenario
analysis

loT sensors
available in the
manufacturing
area, and
Support Vector
Machine
Learning

CRISP
gamification
framework

Smart
technology and
loT for real-time

monitoring,
simulation, and
visualization

Digital images
from cameras

Proposed model or
finding

Extended VSM
methodology with
granularity,
frequency, and
accuracy
considerations for
information quality
assessment

Dynamic Value
Stream Mapping to
integrate real-time
data from materials

flows into VSM

Hybrid Simulation
(Discrete-event
simulation + Agent-
based modeling and
simulation) VSM
framework approach

Identified that loT
and Al approaches
can support Value
Mapping in Vehicle
Assembly factories

An Al-assisted
gamification model
with a graphical
interface to interact
with the user

Smart Sustainable
(SS-VSM) for SMEs
integrating
sustainable practices
with technological
tools, such as Al and
loT, with 11 indexes
and 20 approaches

Digital Value Stream
Mapping using loT
and Al to monitor
labor productivity and
safety

For sustainability integration in VSM, two studies identified that Al and IoT approaches can
support integrating sustainability variables in manufacturing. These studies identified that to
implement sustainability approaches successfully, practitioners must first define the
sustainability objectives. Then, they can define and implement a suitable IoT and/or Al-driven
VSM approach to support the identified problem. As the Batwara et al. (2024) study identified,
several sustainability approaches and indexes are available, and they aim to support different
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industry problems. Therefore, the Al and/or IoT implementation must integrate specific users
and the organization’s sustainability goals to select the most appropriate indexes and
approaches for the given manufacturing context (Busert & Fay, 2019).

DISCUSSION

The literature classification and synthesis identified that Al implementation in VSM is tied to
IoT approaches. This is because IoT enables real-time data collection for dynamic process
monitoring. Moreover, real-time data can support dynamic control and decision-making in the
manufacturing system. Thus, the researchers identified IoT as an enabler of Al-based VSM
approaches.

Additionally, the studies recognize that Industry 4.0 approaches can leverage the
capabilities of the manufacturing industry by integrating simulation, monitoring, and
controlling material flows and labor in manufacturing. However, Hansen & Bogh (2021) and
Batwara et al (2024) studies identify that SMEs must be aware of the implementation costs.
The leveraged capabilities may not match the investment and requirements. Thus, before
implementing Al and IoT approaches encompassed in Industry 4.0, the users must clearly
define requirements (data acquisition, communication layers), objectives, and investment.

The same principle applies to integrating sustainability variables with Al-based VSM.
Although they can provide real-time monitoring and dynamic decision-making capabilities,
users must clearly define their sustainability objectives before implementation. As identified,
current approaches aim at different objectives, and there is no one-size-fits-all Al-based VSM
approach.

Based on the findings and discussion, to deliver a suitable Al-based VSM approach for
supporting practitioners in reducing CO2 emissions in housing manufacturing, the following
steps must be taken:

e Define the implementation objectives for reducing CO2 emissions
e Identify IoT approaches that can support and enable CO2 real-time data collection

e Perform an information quality assessment to identify whether the IoT and Al-based
VSM approach can communicate adequately and produce reliable results to support the
user’s problem

e Assess the implementation costs

These steps can help practitioners define their Al-based VSM or Industry 4.0 implementation
objective. They can also help users define their implementation path according to their
requirements and investment capabilities.

CONCLUSIONS

The housing manufacturing industry faces the challenge of implementing sustainability
practices to reduce its negative environmental impact. Previous researchers have identified that
Al approaches and Lean methodologies, specifically VSM, can support users in implementing
sustainable manufacturing practices. Since housing manufacturing applies manufacturing
principles, this research explored manufacturing’s Al-based VSM to gather insights for housing
manufacturing.

To do so, the researchers performed a literature review to identify current Al-driven VSM
approaches. From this literature review, the authors identified that IoT is an enabler of
implementing Al-driven VSM approaches. Moreover, the authors identified that practitioners
must define their sustainability goals and indexes before developing and implementing Al or
Industry 4.0 approaches. Because several approaches exist, selected approaches may not
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support the users’ identified problem, despite their implementation and investment
requirements.

Further studies must work on defining specific sustainability practices and indexes to guide
practitioners' implementation. They also must study how practitioners understand Al
capabilities to enhance the VSM application. Additionally, and also focusing on practitioners,
future research must understand housing manufacturing-specific users and organizational
requirements to define the appropriate Al and IoT approaches. Moreover, researchers must
define a specific IoT to support users in integrating sustainability variables, such as CO2
emissions. Thus, researchers must identify specific workflows and information requirements to
support sustainability-aware operations in housing manufacturing.
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