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Abstract

:

Modular construction (MC) is a promising concept with the potential to revolutionize the construction industry (CI). The sustainability aspects of MC, among its other encouraging facets, have garnered escalated interest and acclaim among the research community, especially in the context of climate change (CC) mitigation efforts. Despite numerous scholarly studies contributing to the understanding of MC, a holistic review of the prevailing literature that systematically documents the impact of utilizing MC on CC mitigation remains scarce. The study conducts a systematic literature review (SLR) of the pertinent literature retrieved from the Scopus repository to explore the relationship between MC and CC mitigation. Employing the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol, the SLR was conducted on 31 shortlisted articles published between 2010 and 2023. The findings of the study reveal that MC can mitigate the climate crisis by reducing GHG emissions, curtailing resource intensiveness by enabling a circular economy (CE), fomenting energy efficiency, and fostering resourceful land use and management in the CI. A conceptual framework based on the findings of the previous literature is proposed in this study, which outlines several strategies for CC mitigation that can be implemented by the adoption of MC in the CI. The current study is a humble effort to review various offerings of MC to help mitigate CC in the era of striving for global sustainability. For industry practitioners and policymakers, this study highlights the viability of leveraging MC for CC mitigation, aiming to inspire better decision making for sustainable development in the CI. Similarly, for researchers, it presents MC as a potential tool for CC mitigation that can be further explored in terms of its associated factors, and focused frameworks can be developed.
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1. Introduction


Climate change (CC) is a serious threat faced by humanity in the modern age. Taking place at a staggering rate, CC is accountable for the frequent occurrence of natural disasters and extreme weather events witnessed nowadays. Events like the Black Summer fires in Australia, which caused extensive damage to infrastructure and the natural landscape, have been linked to CC [1]. Extreme rainfalls caused by CC during the monsoon of 2022 resulted in a devastating flood that adversely affected one-third of Pakistan [2]. CC’s catastrophic tendencies, like frequent floods, cyclones, wildfires, and droughts, present a grave threat to communities and infrastructure around the globe [3,4]. Therefore, developing CC resilience lies at the heart of modern-day research owing to its profound significance and alarming implications. In the wake of these circumstances, researchers and practitioners, especially within the built environment, have taken up CC mitigation as an urgent priority since the construction industry (CI) has been declared a major contributor to CC [5]. “Build back better” is one such recent concept that highlights the importance of resilience against climate change and signifies the role of construction [6].



For context, the CI is attributed to 36% of total greenhouse gas (GHG) emissions measured across all industries annually [7]. The CI generates large amounts of construction and demolition waste (CDW), accounting for 35% of landfilling around the globe [8]. The CI is also a generous consumer of raw materials since 40% of raw stone, gravel, and sand are consumed in construction annually [9]. In addition, the construction and operation of buildings are responsible for 39% of global energy consumption, surpassing any other individual sector [10]. Moreover, the CI is expected to grow to accommodate the world’s increasing population; if left unchecked, it will continue instigating CC extensively through its hazardous environmental implications. To cope with the detrimental effects of CI activities inciting CC, industry professionals and researchers have come forward with several concepts, measures, and techniques that could help mitigate CC. These include using sustainable materials like geopolymers, carbon accounting, energy-efficient design and construction, lean construction, and circular economy (CE), to name a few [11]. In this perspective, one of the most promising concepts is that of modular construction (MC) owing to its sustainability considerations and environmental benefits [12]. It is essential to adapt the CE approach to the “build back better” strategy for modular buildings. Such adaptation will help reduce the risk of future catastrophes and the impacts on climate and natural resources. In this context, setting up clear guidelines for CE adoption is pivotal in helping the industry define and oversee its efforts towards these objectives, which are currently lacking [13].



MC, or volumetric or off-site construction, is a process that helps construct a building off-site, under controlled plant conditions, using the same materials and designed to the same codes and standards as conventionally built facilities but in about half the time [14]. Modular integrated construction (MiC) is the preferred form of MC used for tackling natural and man-made disasters [10]. In MC, buildings are produced in “modules” and, when put together on site, reflect the identical design intent and specifications of the most sophisticated traditionally built facility without compromise [15]. In MC, building components are fabricated in a remote factory or location and transported to the construction site for installation, unlike conventional or on-site construction, whereby entire structures are built from the ground up on the project site. Overall, MC enables up to 75% of buildings to be constructed off-site in a controlled environment, which fosters significant environmental benefits as opposed to on-site construction [15]. These benefits include substantially reducing construction waste, resource optimization, lowering GHG emissions, reducing noise, and minimizing environmental disruptions [12]. Improved indoor air quality, lower energy consumption, and higher reusability upon decommissioning of buildings are also appreciable aspects of MC’s ecology [16]. These environmental benefits of MC over traditional methods imply that MC is a useful tool for fostering sustainable development in the CI. Apart from its sustainable and green construction prospects, MC has several added merits over on-site construction, which are tabulated in Table 1.



MC can reduce project time by 50% through better planning and execution of its work packages [17]. The construction cost of MC projects is also reduced by 25% compared to conventional construction projects of the same scale [18]. MC also offers improved quality control over projects due to the factory setting and standardized processes [19]. Against its significance, numerous comprehensive review studies have been conducted to consolidate and expand upon MC’s current research advancements and industrial implementations. The structural performance and durability of modular buildings have been documented in multiple studies, each pointing out its potential to enable secure and resilient housing [23].



Despite numerous advantages, MC is not colossal and has certain disadvantages. It has received a fair share of criticism. For example, Kamali et al. [24] criticized the inconsistent environmental performance of MC and argued that MC is not the absolute option for environmentally friendly construction. Other concerns include complicated transportation of the modules, complex and demanding coordination of production and construction, lack of acceptance of this technology by industry professionals, and low public demand [25]. Infiltration between the building components is another concern [26]. While the discussed issues are acknowledged, these are addressable, and various mechanisms have been presented to cope with them. Further, in the case of MC, the benefits far outweigh the disadvantages; hence, many studies present it as a preferred construction method.



Comprehensive reviews have compiled numerous construction materials that are used in the preparation of prefabricated modules, such as wood, light gauge steel, and structural insulated panels, as opposed to traditional construction, which mainly relies on in situ concrete and heavy steel reinforcements for building components [27]. Similarly, regarding various management philosophies, Arashpour discussed employable management philosophies in MC projects since predictive project delivery methods, predominantly used in traditional construction, are not largely compatible with MC projects [28]. Risks associated with MC-based projects have also been reviewed to provide critical insights into the potential pitfalls of such projects for their effective planning and execution [29]. Detailed reviews addressing the integration of MC with digital technologies such as BIM, blockchain, and IoT have documented the potential benefits of the coalition between MC and such technologies for automating MC processes [30,31]. Other notable works have shed light on barriers impeding the widespread adoption and potential enablers of MC in the CI [32,33].



Despite the extensive scrutiny of MC and its various aspects, no study has holistically reviewed and documented the potential utility of MC for mitigating CC, reflecting a research gap. To date, little effort has been made to comprehend the intricacies of MC and how it can help to mitigate CC. Though some studies address the individual eco-friendly aspects of MC, such as its waste minimization and resource efficiency, a detailed review that comprehensively presents the merits of MC in the context of CC mitigation is missing, presenting a research gap [34]. To address this research gap, the current study delves into the existing literature to comprehend and illustrate the feasibility of using MC to enhance CC mitigation. Two research questions addressed by the current study, prevailing due to the literature gap, are as follows:




	
What are the implications of adopting MC on CC mitigation in the CI?



	
What strategies pertinent to MC could be implemented for mitigating CC?








The current study is a novel approach to reviewing the potential benefits and implications of MC adoption in the CI on CC. Unlike existing studies, it directly addresses the holistic impact of MC on CC instead of presenting a fragmented commentary on the individual environmental impacts of MC, which is often not linked to the larger implications on the built environment [34,35]. In addition, the current study outlines specific CC mitigation strategies that can be implemented by adopting MC, which previous studies have not reviewed. While previous studies have reported the environmental benefits and sustainability of MC, research gaps have prevailed regarding the understanding of links between CC and MC and its prospective role in fostering a climate-friendly construction, which the current study aims to address [36].



Accordingly, a systematic literature review (SLR) is conducted in this study to comprehensively identify, describe, and document the benefits, impacts, and strategies to implement MC for mitigating CC based on the available literature. The existing body of knowledge points out that the CI contributes to CC primarily through excessive GHG emissions, resource intensiveness, waste generation, inordinate energy consumption, and disruptive land use [7,37]. Therefore, the feasibility of employing MC for CC mitigation is explored through the lens of these contributing factors, and the study’s findings pertaining to the mentioned parameters are documented. Detailed insights concerning the utility of MC in the backdrop of CC are reported, and an in-depth discourse is provided on the implications of the study’s findings. Ultimately, a conceptual framework is formulated by drawing upon the findings of the prevailing literature. The framework is aimed to delineate a viable pathway for mitigating CC in the CI. The framework strategically outlines strategies pertinent to MC, which can foster CC mitigation upon their prospective implementation.



The current study aids policymakers and industrial stakeholders by highlighting the viability of MC to foster sustainability in the CI. It is aimed to direct future research endeavors toward exploring other facets of MC, which can facilitate its holistic adoption in the CI for addressing CC. It further provides insights into the potential of advancing sustainable development by leveraging MC. The remaining study is organized as follows: Section 2 discusses the methodology for conducting the current study. Section 3 presents the study’s findings obtained through an in-depth review of the available literature. Section 4 dissects the findings of the study and engages in a detailed discussion regarding the results. Finally, Section 5 concludes the study, mentions its limitations, and provides recommendations for future studies.




2. Methodology


The research methodology adopted to conduct this study is outlined in Figure 1.



In the first step of the review process, the literature was retrieved from the Scopus repository using a detailed search string based on predefined keywords, which entailed different combinations of MC, prefabrication, CC, and the CI, as listed in Section 2.2 of this study. The search timeline selected for the study spanned from 2010 to 2023 to retrieve recent articles. From the 130 retrieved articles, 31 pertinent studies were chosen based on the predefined criteria. These criteria involved selecting articles published in English and limiting the articles to engineering, energy, and environmental sciences fields and the article type to “articles” and “review papers”. Studies from sources other than scientific journal articles were excluded. Metadata regarding the shortlisted studies were extracted, and content was analyzed to bring forth insights from the literature regarding the impact of MC on CC. The effect of MC on the predominant instigators of CC in the CI, i.e., GHG emissions, resource intensiveness, excessive energy consumption, and inadequate land use, was explored and documented in the study. Finally, a conceptual framework is proposed in this study to mitigate CC and develop resilience in the CI through specific MC-related strategies.



2.1. Research Strategy


This study employed the SLR methodology to holistically gather insights from the prevailing literature regarding the impacts and implications of deploying MC for CC mitigation. The selection of the SLR approach for this study was driven by its comprehensive and systematic approach and its consistent utilization in multiple research endeavors to identify and characterize the body of knowledge regarding CC mitigation [32,38]. This study strictly adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocols to validate the process of SLR. Following the PRISMA guidelines, this study followed key considerations, as outlined by Ullah et al. [39]. For conducting a holistic SLR to scrutinize the literature addressing MC in the context of CC mitigation. These considerations are as follows:




	
The review process involved the assessment of articles retrieved based on keywords from the Scopus repository. These articles were published between 2010 to 2023. The specified timeframe was chosen as a massive influx of publications addressing MC was reported during this period [34].



	
Articles incorporating the specified keywords in their title, abstract, introduction, or keywords sections met the eligibility criteria defined for this study.



	
The information source or database used for the research is the Scopus repository, accessible at https://www.scopus.com/search/form.uri?display=basic#basic (accessed on 1 December 2023).



	
The search process utilized thorough search strings, as outlined in Section 2.2 of the study.



	
The article selection process involved searching and screening articles, focusing on original articles, and reviewing papers with a rigorous peer review to ensure that validated literature backed by scientific evidence was chosen for the study. Conference papers, book chapters, and data papers were excluded from consideration because of the limited peer backing attributed to them. The selection process further narrowed the study to articles published in English and excluded studies from unrelated disciplines such as business administration, gender studies, arts, etc. It also included a qualitative analysis involving the reading of titles and abstracts. Removing duplicated articles was unnecessary as the data were extracted from a single repository.



	
Meta-analysis was conducted on the shortlisted articles using the Scopus “Analyze Results” tool. Metadata related to the chosen research theme, including the frequency of publications per year, country of origin, and publication sources, were extracted accordingly. Detailed discourse regarding the implications of the retrieved metadata has been documented in Section 3.1 of the study.



	
A thorough screening of the extracted studies was carried out to eliminate irrelevant articles. This involved reviewing the extracted studies’ titles, abstracts, introductions, and conclusions. After this initial screening, content analysis of the eligible articles was performed by thoroughly reading the full texts of the shortlisted articles to identify the implications of MC on the environment and climate as documented in each study. Traditional construction was compared with MC, noting their effect on CC. Different strategies to address CC, which MC can facilitate, were identified in the shortlisted studies and recorded accordingly.



	
To mitigate the risk of bias in the study, all retrieved articles were circulated among all authors of this study. Each author independently analyzed the contents of the eligible articles. The findings of each author were then compared and subsequently combined. Triangulating the articles among authors scrutinized the selected studies for bias before presenting the research outcomes.



	
The summary measures include identifying the advantages of MC for mitigating CC and categorizing the identified benefits into relevant groups based on their intrinsic attributes.



	
The results of the present study were cross-referenced with the existing literature to ensure validity and consistency in the prevailing research outcomes.



	
An additional analysis was conducted to propose a conceptual framework based on the enablers of CC resistance facilitated through the utilization of MC.



The relevant steps are explained in the subsequent sections of this article.









2.2. Data Collection


The Scopus database was utilized to retrieve pertinent studies from the literature following PRISMA protocols, as shown in Figure 2. Other repositories, such as Web of Science, were excluded due to limited access. Google Scholar was not employed to avoid retrieving location-based results, as it utilizes Google’s location-based algorithms for article retrieval [40]. Scopus is acknowledged as a state-of-the-art literature indexation and management database in construction, engineering, and management (CEM), affirming its appropriateness for this study. Further, it is free to access in most, if not all, countries; hence, replicating the results is easier compared to other limited-access repositories. The search strings, encompassing inclusions, exclusions, and limits used for the literature retrieval, are detailed below:



Inclusions: TITLE-ABS-KEY ((“Modular construction” OR “Prefabricated Construction” OR “Offsite Construction” OR “Modular Building”) AND (“Climate” OR “Climate Change”) AND (“Mitigation” OR “Resistance” OR “Resilience” OR “Management”)).



Exclusions: (SUBJAREA, “COMP”) OR (SUBJAREA, “EART”) OR (SUBJAREA, “CENG”) OR (SUBJAREA, “ECON”) OR (SUBJAREA, “SOCI”) OR (SUBJAREA, “PHYS”) OR (SUBJAREA, “CHEM”) OR (SUBJAREA, “DECI”) OR (SUBJAREA, “AGRI”) OR (SUBJAREA, “ARTS”) OR (SUBJAREA, “MEDI”) OR (SUBJAREA, “PHAR”) OR (SUBJAREA, “MATH”) OR (SUBJAREA, “BIOC”) OR (SUBJAREA, “IMMU”) OR (SUBJAREA, “VETE”) OR (SUBJAREA, “PSYC”) OR (SUBJAREA, “DENT”).



Limits: (DOCTYPE, “ar”) OR (DOCTYPE, “re”) AND (LANGUAGE, “English”) AND (SRCTYPE, “j”) AND (SUBJAREA, “ENER”) AND (SUBJAREA, “ENGI”) AND (SUBJAREA, “ENVS”).



The search string employed without applying filters presented 130 relevant articles initially. For the initial screening of studies, several constraints and filters were applied to the search string as previously listed. We also excluded studies from trade journals and gray literature by limiting the search to academic journals only, given their higher credibility due to rigorous peer review. Sixty-six studies were excluded as they did not meet the specified criteria, leaving 64 filtered articles. Subsequently, the articles underwent a thorough screening based on predefined inclusion and exclusion standards derived from previous studies of relevant nature [38]. Articles were included if they met the following criteria:




	
Exclusively address the impact of MC on climate and its role in fostering environmentally friendly construction.



	
Complete texts are accessible to readers through standard Scopus access.



	
Mention MC or prefabricated or off-site construction and climate in their abstract, title, keywords, introduction, or conclusion.








The authors thoroughly read the retrieved articles’ Abstract, Introduction, and Conclusion sections to conduct a comprehensive screening based on the prespecified criteria. Studies whose research themes did not align with MC and CC were excluded from the retrieved list. Following the screening process, 42 articles that demonstrated strong relevance to the objectives of the current study were chosen for an in-depth review. Subsequently, the complete texts of the remaining articles underwent a thorough examination for another round. After validating their eligibility and ensuring a strong alignment with the research theme, 31 studies were finally shortlisted, listed in Table A1, Appendix A.




2.3. Data Analysis


A multifaceted approach was adopted to derive insightful outcomes from the retrieved data. Firstly, the metadata about the selected articles were acquired using the “Scopus Analyze” feature of Scopus database. MS Excel Version 2401 (Build 17231.20194) was used to visualize the acquired metadata to illustrate various trends related to MC and CC. Table 2 summarizes the different analyses employed in this study and the tools used to perform them.



A thorough content analysis of the selected articles was conducted to contextualize the findings of the relevant literature for understanding the impact of MC on CC mitigation. All selected articles were downloaded in portable document format (PDF) to accomplish this. Content analysis was then conducted manually by thoroughly reading the complete texts of the retrieved articles and documenting the findings of each study in an Excel sheet.



The content analysis revealed that MC could contribute to the mitigation of CC caused by the CI in four ways, i.e., reducing GHG emissions, efficient consumption of resources to curb resource depletion, hindering excessive energy consumption, and sustainable land use to conserve natural ecosystems. These parameters are the key instigators of CC, as reported by various studies. MC can help develop resistance to CC by alleviating the intensity of these aspects. A similar grouping has been used to document the effects of 3D printers on CC [41]. The content analysis also identified certain CC mitigation strategies pertinent to the CI, which can be implemented by employing MC. A conceptual framework was developed based on the identified strategies that can be implemented using MC to mitigate the global CC crisis.





3. Results


3.1. Meta-Analysis


The frequency analysis conducted in this study reveals that MC in the context of CC mitigation has gathered increased attention from the research community over recent years, as shown in Figure 3a. A steady exploration of the concerned research theme was observed from 2010 to 2018, indicating its novelty and emerging significance within the scientific and academic sphere. The literary contributions within this domain declined in 2019–2020, which can be attributed to the COVID-19 pandemic, which disrupted academic activities and research efforts globally, impeding extensive scholarly outputs during that period. A surge in scholarly works and publications addressing the impact of MC on CC was recorded in 2021. This surge in research activity can be credited to the heightened adoption of MC projects globally, which were undertaken to expedite the establishment of critical facilities like hospitals and quarantine camps to cope with the challenges raised by COVID-19 [42]. The rapid construction of the Huoshenshan and Leishenshan hospitals in China are examples of such endeavors enabled through MC [42]. The most publications were recorded in 2021, with ten literary outputs during the tenure. The mounting interest attained by MC and its potential benefits to the climate has persisted, with eight publications recorded during the year 2023. As the threats posed by the CC crisis become imminent and humanity’s efforts to curtail climate disruption intensify, research addressing the role of MC in resisting CC will also increase.



Sources of publications were also analyzed to present the number of scholarly contributions made by different journals to MC and CC. By outlining the contributions of esteemed journals on MC for CC resistance, the source analysis underlines the significance of this research theme within academia and the industry. The results of the publication source analysis are displayed in Figure 3b. The results show that Energy and Buildings has been the most ardent contributor to the research theme, with six articles addressing MC and its impacts on CC. It is closely followed by the Journal of Building Engineering, which boasts five publications in the concerned domain, making it the second major source of literary contributions. Both these journals are indexed as “Q1” by the Scimago Journal & Country Rank (SJR), which substantiates the significance of the research theme and the interest of esteemed journals in addressing this area.



The number of contributions to the literature by various countries was also examined to unveil the trajectory of research regarding the concerned topic across different nations. The analysis results illustrated in Figure 3c outline the countries actively adding to the body of knowledge encompassing MC and CC. Most publications regarding the research theme can be attributed to the UK and the USA, with seven contributions each. The elevated number of publications in the UK and the USA can be attributed to an upsurge in MC within these countries, driven by the imperative to address the escalating housing demands of their expanding populations [17]. The sound research infrastructure of the mentioned countries is another appreciable factor that can be credited to increased publications. China is the third prominent contributor to scholarly publications, with five articles. The success of MC projects observed during the COVID-19 pandemic in China has motivated researchers and industry practitioners of the nation, inciting them to explore this area actively [42].




3.2. Content Analysis


This section entails the content analysis findings conducted on the retrieved articles to outline and document the impact of MC on CC. Manual scrutiny of the shortlisted articles reveals that MC can facilitate CC mitigation through the following:




	(1)

	
Reducing GHG emissions;




	(2)

	
Curtailing resource intensiveness by enabling a CE;




	(3)

	
Enhancing energy efficiency;




	(4)

	
Fostering resourceful land use and management.









The literature review findings pertaining to the mentioned aspects and insightful discourse on the outcomes are subsequently documented.



3.2.1. Reducing GHG Emissions


MC creates avenues for reducing GHG emissions from the CI, which is highly beneficial for CC mitigation as these emissions are widely regarded as major contributors to CC. Multiple studies have reported lower emissions for MC than traditional construction methods. MC can induce a 46.9% reduction in GHG emissions when measured against the GHG emissions of on-site construction [43]. Figure 4 compares the lifecycle GHG emissions of modular and on-site construction. Pervez [43] and Quale [34] reported a 51% and 30% reduction in MC emissions, respectively, deeming it more sustainable than on-site construction. Kamali [44], however, in their study, argued that MC can render a 12% reduction in GHG emissions compared to on-site methods, emphasizing the lower carbon footprint of MC. Other relevant findings suggest that the most significant GHG sources in construction projects include embodied emissions, emissions during the transportation of materials (modules), emissions pertinent to construction processes, and emissions during deconstruction [45].



According to Pervez and other literary studies, the embodied GHG emissions of building materials are responsible for the highest number of emissions in both modular and on-site construction [43,46]. However, MC achieves a substantial 51.8% reduction in embodied emissions compared to traditional construction, owing to the materials employed in it [47]. On-site construction relies heavily on using concrete as a primary building material. Around 60% of conventionally built structures are comprised of concrete, notorious for its detrimental effects on the environment, especially its exaggerated GHG emissions, which incite CC [48,49]. Research has indicated that the concrete industry accounts for 8% of total GHG emissions worldwide [50]. Therefore, excessively using concrete in on-site construction is responsible for the high embodied GHG emissions [50].



On the other hand, MC utilizes comparatively eco-friendly materials like timber, steel, plywood, and gypsum boards in its building components [46]. Even when MC utilizes concrete for building components, the proportion of concrete used in preparing modules is much lower than in traditional methods [51]. The departure of MC from Portland cement concrete as its primary building material is the major reason for lower embodied GHG emissions [52].



Table 3 compares the carbon emissions of primary building materials used in MC (steel, timber) and on-site construction (concrete). It is evident from the table that the literature attributes lower embodied GHG emissions to steel and timber as compared to concrete, accounting for the reduced embodied emissions in MC. Tavares et al. [46] reported 27% and 48% lower embodied GHG emissions for steel and timber, respectively, when measured against concrete. Hart et al. [53] documented similar findings, with steel and timber showing 18% and 47% lower GHG emissions than reinforced concrete. The lowest difference in GHG emissions between steel and concrete was reported by De Wolf [54], who argued that steel has 7% lower emissions than concrete. However, De Wolf [54] documented 48% lower GHG emissions for timber.



While it is noteworthy that MC involves higher embodied carbon emissions in metal, steel, and gypsum boards compared to on-site construction, the definitive difference lies in the impact of ready-mixed concrete (RMC) on emissions. RMC emissions in traditional construction are nearly four times higher than MC. This disparity predominantly leads to on-site construction’s embodied carbon emissions being 1.6 times greater than MCs [44]. Moreover, MC is highly receptive to the use of novel and sustainable building materials such as cross-laminated timber (CLT) panels, recycled plastics, and fiber-reinforced polymers (FPR), unlike traditional construction, which creates opportunities for further reducing embodied GHG emissions in MC [55].





 





Table 3. Comparative analysis of embodied carbon emissions of primary building materials used in MC and onsite construction.






Table 3. Comparative analysis of embodied carbon emissions of primary building materials used in MC and onsite construction.





	
Author

	
Unit

	
On-Site Construction

	
Modular Construction

	
References




	
Concrete

	
Steel

	
Timber






	
De Wolf et al.

	
kg CO2e/m2

	
380

	
350

	
200

	
[54]




	
Hart et al.

	
kg CO2e/m2

	
228

	
185

	
119

	
[53]




	
Tavares et al.

	
kg CO2e

	
29,000

	
21,000

	
15,000

	
[46]




	
Roni et al.

	
kg CO2e

	
409,932

	
-

	
292,901

	
[56]




	
Alireza et al.

	
kg CO2e/m3

	
602

	
209

	
96

	
[57]









Emissions from transportation are usually reported to be on the higher end in MC. The reason is that transportation distances are increased in MC projects as raw materials are first delivered to the modular factory, where building modules are prepared, followed by hauling the fabricated modules to the construction site for assembly [58]. Conversely, on-site construction only involves transporting materials from distributors to the construction site, which are used for building different components [59]. As a result, more fuel is consumed during transportation in MC, accounting for its higher emissions. However, it is to be noted that these emissions are much lower than the embodied emissions of on-site construction materials, and the lifetime GHG emissions of MC are still lower than those of traditional construction despite having higher transportation emissions [43]. Another notable point in this regard is that many studies only assess the emissions during the transportation of materials or modules to the factory and construction sites while ignoring the reduced number of trips observed in the case of MC owing to its bulk delivery of prepared modules [46]. MC also minimizes the redundant tours of contractors and subcontractors to the construction site owing to better planning and scheduling; hence, sites are visited only when necessary, unlike in conventional construction [60]. Emissions due to the overheads of construction sites are also a significant contributor to GHG emissions that are cut down or largely mitigated in MC [61]. These aspects further advocate MC’s utility in lowering the CI’s GHG emissions.



The emissions incurred during the building phase owing to equipment use and construction operations are also lower in MC [62]. This is mainly due to optimized resource and equipment allocation in MC, which reduces unnecessary fuel use, resulting in lower emissions [63]. For instance, MC typically requires a smaller on-site workforce than traditional construction. This means fewer commuting workers, fewer idling vehicles, and less equipment at the construction site, reducing emissions [64]. Moreover, MC relies on off-site fabrication, resulting in less on-site equipment and machinery. For example, in MC, materials are often precisely cut off-site, reducing waste and the need for on-site machinery like saws and grinders. This minimizes the use of energy and emissions associated with operating these tools and reduces the transportation of waste materials to landfills, further reducing GHG emissions incurred during the process [63].



Similarly, the end-of-life (EoL) emissions in MC are also lower than in traditional construction, as prefabrication allows design for deconstruction (DfD), which is acclaimed for lower emissions than the deconstruction techniques observed for on-site construction [64]. DfD facilitates the decommissioning of buildings using less carbon-intensive equipment. In contrast, traditionally built structures are demolished using heavy machinery that consumes fuel generously and emits high amounts of GHGs [38]. Moreover, the resources salvaged at the EoL in MC are highly reusable, reducing the demand for raw material production, which is responsible for excessive GHG emissions [62]. These aspects of MC advocate its adoption for CC mitigation as it fosters chances for reducing GHG emissions in the CI.



High GHG emissions attributed to the CI are a key contributor to CC [45]. Curbing the GHG emissions from the built environment remains pivotal in effective CC mitigation [32]. MC paves avenues for CC mitigation by reducing GHG emissions compared to traditional and on-site methods of construction [38]. The controlled environment, factory setting, sustainable materials, and optimized equipment use are the key factors governing the lower GHG emissions of MC, which is instrumental to CC mitigation [65]. Recycling materials and resources in MC is another aspect of reducing embodied emissions in construction as it reduces raw material input [56]. Thus, in light of the existing literature, it can be concluded that MC offers a valuable opportunity for mitigating CC caused by the CI owing to its lower GHG emissions.



In addition to the significant reduction in embodied carbon, the thermal performance of integrated insulation materials in MC is superior to traditionally built structures [66,67,68,69]. Li et al. [66] highlighted that in addition to improving the design efficiency and quality of construction, MC also responds to a serious shortcoming of traditional systems, i.e., occupants’ comfort, energy savings needs, and design flexibility throughout the building lifecycle. The authors used high insulation panels and aerogel blankets as insulating materials to study integrated building envelopes of modular buildings. The aim was to check the feasibility of climate-responsive “reverse-install” techniques. The results highlighted that MC-based buildings show superior and sustainable thermal performance. Park et al. [67] investigated MC structures regarding energy independence for pertinent usage in disaster scenarios. The authors suggested using different combinations of modular units to achieve superior thermal and energy performance. Yu et al. [68] reviewed the pertinent literature on MC and concluded that such buildings have superior thermal performance when prefabricated facade elements are used for building retrofitting. Similarly, Liu et al. [70] investigated the impact of future climatic changes on modular buildings in Hong Kong. The authors argued that insulations such as thick (0.06–0.1 m) polyurethane foam used in MC provide superior thermal performance and energy efficiency. Further, glazing materials, horizontal shading projection factors, and window-to-wall ratio are immune to future climatic uncertainties.




3.2.2. Curtailing Resource Intensiveness by Enabling a Circular Economy


Enabling a CE in the CI can pave the way for resolving its resource intensiveness through optimized resource production and consumption of resources. A CE aims to cultivate a cradle-to-cradle system in the CI whereby resources are conserved, recycled, and reused to minimize the extraction of raw materials and waste generation. This offers a potential departure from the widely used “Take, Make, Use, Dispose” approach, which is accountable for the inefficient utilization of resources in the CI [41]. MC is regarded as an alluring prospect for implementing a CE in the CI. The synergy between MC and CE principles, as illustrated in Figure 5, has been substantially documented and acclaimed in the existing literature [71].



Switching from conventional reinforced concrete to prefabricated modules is projected to bring in a 78% reduction in material consumption. Depending upon the level of prefabrication, MC instigates 20–65% waste minimization through the backflow of resources [72]. Approximately 80% of prefabricated modules can be recycled or reused, underscoring the importance of MC in facilitating CE practices in the CI [72].



MC facilitates the integration of CE principles in construction by actively supporting three core strategies of a CE: (1) narrowing, (2) slowing, and (3) closing the loops. Narrowing the loop is a CE strategy emphasizing fewer resources per product to alleviate the excessive consumption of resources [72]. Reducing the use of natural reserves in the production and consumption of resources is a fundamental tenet of narrowing [7]. MC enables the narrowing of resources by implementing precision manufacturing in construction works. The meticulous fabrication of building components enabled by the factory setting of MC minimizes the generation of construction waste, which in turn lowers the demand for raw materials [73]. Computer numerical control (CNC) machines, 3D printing, and laser cutting are some technologies that are widely used in MC to cut, shape, and mill the construction materials precisely while strictly adhering to the design guidelines, which prevents the excessive use of resources during the fabrication of building components [74]. The standardization of modules produced in off-site construction facilitates the implementation of automated manufacturing systems in construction, effectively reducing variances in the final products and the redundant consumption of resources driven by such variances [73]. The controlled environment available in MC enhances quality control in construction processes, eradicating errors and omissions sustained during the production of modular units. The improved quality control in MC mitigates the need for rework and corrections to rectify errors, thereby fostering an optimized use of resources [74]. MC also contributes to the narrowing of resources by utilizing recycled materials in construction works, lowering the number of new resources used per product. Modular units usually constitute steel or timber as their primary building block instead of reinforced concrete, as in traditional methods. Steel and timber are recycled conveniently on a larger scale than concrete, with a heterogeneous composition calling for a complex recovery process that inhibits recycling [75]. As a result, MC allows the procurement of recycled steel and timber in large volumes to substitute raw materials in construction to narrow the flow of natural resources in CI [75].



Slowing down the resource loop is the CE strategy, which focuses on prolonging the functional lifespan of a product to decelerate the overall consumption of resources [76]. MC contributes to slowing resource consumption by promoting effective refurbishment and maintenance of modules, which helps extend their lifespan [77]. In refurbishment, buildings’ outdated and aged components are replaced or renewed through renovation, restoring their serviceability [16]. Refurbishing traditionally built structures is difficult as their components cannot be decommissioned without destructive disassembly [77]. However, different components of modular units are easily detachable owing to their adaptable design, which enables the disassembly of units [64].



Moreover, refurbishing timber and steel-based structures is easier than RC structures, which gives MC an advantage [78]. Resultantly, MC sustains the refurbishment and maintenance of modular units, more so than conventional construction, which extends their service life, slowing down the flow of resources. Another facet of MC that significantly contributes to the deceleration of resource loops is the adaptability inherent in prefabricated buildings. This adaptability allows them to serve various purposes throughout their lifespan [78]. For instance, upon decommissioning of modular structures, their components can be used elsewhere in new or existing modular units through reassembly, which reduces the disposal of construction materials. Similarly, when modular units become outdated and unfit to serve as residential apartments, they can be repurposed with minimal modifications to serve as temporary offices or retail spaces for accommodating businesses without having to construct new buildings [79]. Upon the dismantling of prefabricated units, the recovered materials, such as steel and timber, can be repurposed in diverse industries, including automobiles and furniture. Unlike concrete, which primarily serves the construction industry, steel and timber have diverse applications across various industries [79].



Closing the loops aims to create a regenerative system whereby the use of each resource is maximized by techniques like recycling, reusing, and remanufacturing, extending resources’ serviceability [76]. Developing closed-loop systems in the CI has proven to be an uphill task due to multiple barriers like deconstruction difficulty, deficient material traceability, poor reverse logistics of demolished materials, and inefficient management of CDW [80]. However, MC resolves these impediments by fostering the DfD technique that allows for the easy recovery of products, parts, and materials when a building is disassembled or renovated [81]. Construction elements and volumetric units in off-site construction are fabricated following DfD principles, which enables a convenient and efficient disassembly of modular buildings in the later stages of their lifecycle [81]. The efficient deconstruction of modular structures allows up to 70% of the building components to be recycled and reused through take-back mechanisms integral to CE-based business models [82]. The construction of buildings in the form of multiple modules increases material traceability, facilitating their recovery at EoL for renewal and reuse [46]. As a result, modular structures streamline the remanufacturing process, enabling the restoration of products at the end of their lifecycle. This results in a simplified and efficient procedure for reprocessing and renewing products, contributing to the circularity of the MC approach.



Similarly, functional modular products with enduring properties retrieved through nondestructive disassembly procedures are recycled immediately, allowing their repeated use across multiple projects [41]. The CDW generated during the fabrication of construction elements can be efficiently sorted and stored in off-site construction due to the controlled environment of modular factories. Therefore, in contrast to conventional construction practices whereby CDW is often relegated to landfills due to insufficient storage and reverse logistics, MC provides a systematic CDW management approach that facilitates the efficient handling of waste materials, thereby supporting recycling initiatives [73]. Therefore, adopting CE strategies facilitated by MC can alleviate the overconsumption of resources in the CI and contribute to the mitigation of CC.



The CI’s unwarranted natural resource consumption actively stimulates CC [83]. Adopting a CE in the CI is essential for alleviating the production of new resources, as the extraction of raw materials and the operations involved in the process are major instigators of CC [83]. MC can uphold CE principles such as narrowing, slowing, and closing the resource loops, making it an instrumental technology in fostering resource efficiency in the CI to reduce CC [82]. From the high recyclability of its building materials to compatibility with DfD, MC enables an efficient consumption of resources across different stages of the project lifecycle, paving the way for CC mitigation [63].




3.2.3. Fomenting Energy Efficiency in Construction


MC can curb excessive energy consumption within the CI to help mitigate CC. As discussed in the previous section, MC upholds a CE, which encourages the recycling and reuse of resources, significantly cutting down the need to produce new construction materials. The production of raw materials is attributed to intensive energy consumption within the CI [84]. According to Yewei and Jing [85], the energy consumption during the production phase of civil building materials constitutes over 80% of the total energy utilized in the construction phase and approximately 10–15% of the entire life cycle of the building. Therefore, by reducing the production of raw materials through CE practices, MC can conserve energy in the CI. Construction equipment operations are optimized in MC owing to the improved project planning. The streamlined use of equipment in MC results in lower fuel consumption and energy leakage in construction activities [86]. The optimization of construction activities is another appreciable aspect of MC, which mitigates redundant tasks in construction projects, thus saving the energy expended on unnecessary processes.



MC allows for a significant reduction, up to 60%, in the execution time of construction projects compared to conventional methods [72]. The swift completion of projects cuts down energy usage associated with overheads and the use of equipment for extended periods, thus encouraging energy efficiency in processes [72]. For example, the assembly time for prefabricated units at the construction site is lower than traditional construction, which trims the energy consumption of equipment such as cranes, rigging equipment, welding instruments, etc. [87]. On-site construction suffers from high variances in desired output during the execution of works, resulting in reworks. However, MC benefits from a controlled environment rendered by its factory setting, which fosters standardized production of building components, largely mitigating variances from the desired output [87]. Consequently, MC requires fewer reworks to omit errors and variances, eradicating energy loss acquired by such surplus activities.



MC can also promote energy efficiency during the operational stage of buildings by improving modular units’ insulation [76]. MC can sustain thermally efficient infill materials that significantly reduce the heating and cooling loads of prefabricated structures, accounting for lower energy consumption during the operational stage of buildings [36]. MC also allows for the use of optimized windows and doors for superior insulation on a large scale, owing to the standardization of modular units involved, which cannot be replicated in conventional construction due to the high variability in the design of traditionally built structures [35]. Integrating efficient insulation materials such as glass foam, plastic fiber, and expandable polystyrene into MC is easier than in traditionally built structures, improving thermal performance [77]. The quality control in MC garners tighter seals between building components, which prevents energy leakages, further adding to the energy efficiency of modular buildings [74].



Furthermore, MC sustains passive or alternate energy sources that create opportunities for alleviating the stress imposed on primary energy resources by the CI [78]. Prefabricated buildings are more akin to green roofs, which can decrease buildings’ heating, cooling, and ventilation (HVAC) requirements [88]. Solar energy can also be harvested efficiently in modular structures, reducing modular buildings’ dependence on conventional energy sources [89]. Cross ventilation designed into the modular units removes the demand for excessive artificial cooling and positively impacts energy consumption [89]. Lastly, the adaptive nature of MC allows for the optimized use of natural light, departing from overdependence on artificial lighting, which contributes to decreasing overall energy consumption [90].



The CI consumes high energy, which is responsible for instigating CC [90]. MC paves the way towards CC mitigation by lowering such energy consumption, which is enabled by the reduced production of raw materials, an acclaimed energy-intensive process [36]. Design optimization, reduced rework due to variances and errors, and integration of passive energy sources and sustainable materials are key contributors to energy-efficient buildings, which are upheld in MC [88]. Owing to the mentioned competencies, MC can effectively mitigate the excessive consumption of energy in the CI and contribute to developing CC resilience.




3.2.4. Fostering Resourceful Land Use and Management


Most of the work is performed on-site in the case of conventional buildings. Local ecosystems, vegetation, and natural habitats are adversely affected because of the intensive land-clearing and site preparation measures required to set up the site for traditional construction [91]. Owing to the expanded spatial requirements of traditional construction, it possesses a substantial horizontal footprint disrupting the adjacent land and environment [90]. On the other hand, MC requires less site clearing and preparation activities as building components are fabricated in a factory. Only prefabricated units are assembled at the site, which necessitates less space than traditional construction, rendering a reduced horizontal footprint for MC [91].



Moreover, with most of the work being performed in an off-site factory, the number of activities performed at the construction site is also significantly reduced in MC. Reducing the on-site activities minimizes the effects of construction works on the adjacent land and environment, leading to their preservation [92]. Landfills consume ample space and valuable land, which poses challenges to effectively utilizing available land, especially in the backdrop of an increasing global population. The CI is a major contributor to landfilling as up to 35% of global landfills constitute waste from the CI [8]. MC is attributed to minimal waste generation and efficient management of CDW owing to the fabrication of construction elements in a controlled factory setting. Therefore, the reduced waste generation observed for MC can also contribute to the depreciation of landfilling, thereby preserving the land for productive utilization [78].



Another factor instigating the inordinate land use by the CI is the unhindered expansion of urban landscapes, which is responsible for habitat loss, fragmentation of ecosystems, and the disruption of biodiversity [93]. Traditional construction adds to this problem because of multiple inherent constraints like a greater spatial footprint and limited vertical growth. While traditional RC structures support high-rise construction when designed to meet this purpose from the inception of a project, they do not offer sufficient options for vertical expansion of existing structures later in their lifecycle [65]. As a result, traditional buildings fail to create useable space later in life due to a lack of vertical expansion, leading to horizontal urban sprawl [94]. Conversely, MC facilitates the vertical expansion of existing structures, paving avenues for high-rise construction due to its adaptive building components [94]. The ability of MC to enable vertical expansion of modular buildings in the later stages of their lifecycle can foster compact and densely populated cities to mitigate the horizontal sprawl of urban areas [95].



Another issue that contributes to excessive land use by cities is the overcrowding of urban areas, causing cities’ outward expansion [95]. The deterioration of urban business hubs is strongly linked to factors such as the decentralization of economic activity and the lack of facilities [90]. The rehabilitation and repurposing of brownfields are considered pivotal in curbing the unchecked sprawl of suburbs [40]. MC can contribute to the rejuvenation of brownfields by facilitating infill development. Infill development involves the revitalization of vacant, abandoned, or underutilized land within established communities where infrastructure is already present, serving as a solution for filling gaps and contributing to community revitalization, land conservation, and alternatives to sprawling development [96].



MC enables development within established urban settings by using its reduced horizontal space requirements, which allows construction activities to be carried out in constrained spaces [95]. Moreover, MC’s compact design allows for the development of brownfield sites with limited or irregular dimensions. It efficiently utilizes constrained spaces within established urban areas, adding benefits for rejuvenating crumbling city sites [97]. Another aspect of MC that adds to the revitalization of neglected urban areas is its compatibility with adaptive reuse. Adaptive reuse extends the useful life of historic, old, obsolete, and derelict buildings. Adaptive reuse projects seek to maximize the reuse and retention of existing structures and fabrics and improve buildings’ economic, environmental, and social performance [98].



Modular structures are highly flexible, allowing for the reconfiguration of structures to meet different purposes. Modules can be amended with minimum renovation to change their functionality depending upon the socio-economic requirements to revitalize the deteriorating neighborhoods in urban areas, enabling effective land use [99]. The adaptive reusability of MC allows it to be utilized for mixed-use projects. Mixed-use projects are essential for optimizing urban space by integrating diverse functions within a single development, promoting efficient land use, and creating vibrant and sustainable cities and communities [100]. Meanwhile, the inflexibility of conventional construction limits the possibilities for adaptive reuse, compelling a linear approach that is not favorable for sustainable land utilization [99]. Therefore, by curbing the unrestrained expansion of cities through smart construction practices and revitalizing existing infrastructure, MC can mitigate inordinate land consumption, which adds to CC.



Unregulated consumption of natural land by the built environment is offsetting the climate. The CI will grow exponentially in the future to accommodate the world’s growing population [93]. The subsequent expansion of the built environment will lead to further deterioration of the natural environment, thereby adding to CC [94]. Strategies like infill development and adaptive reuse of existing structures are necessary to promote resourceful land used to repopulate the deteriorating parts of urban areas [96]. Mixed-use projects enabling the same facility to serve multiple purposes are pivotal to avoiding new land preservation construction [100]. MC can enable effective land use and management due to its versatility and reusability. MC’s advantages in fostering resourceful land use are summarized visually in Figure 6, which advocates for its importance in CC mitigation.




3.2.5. Conceptual Framework for Mitigating Climate Change through Modular Construction


Drawing from the literature review conducted in this study, a conceptual framework is proposed to address the CC induced by CI activities through adopting MC, as illustrated in Figure 7. The proposed framework underscores different MC-based strategies that can reduce GHG emissions, implement resource efficiency by enabling a CE, promote efficient energy consumption, and foster resourceful land use since addressing these parameters is pivotal in mitigating CC [37]. Reducing GHG emissions in the CI requires adopting sustainable construction materials, which the mainstream adoption of MC can enable. The embodied emissions of materials like cement and concrete are exponentially high, rendering traditional construction unsustainable [71]. MC uses concrete in much lower quantities as it predominantly relies on steel and timber for construction, making it much more sustainable in comparison [71].



Moreover, MC is highly compatible with novel materials like recycled plastics, geopolymers, and bamboo, which can further lower the embodied GHG emissions prevalent in the CI [55]. Recycling and reusing building materials is another aspect of MC that can reduce the demand to produce raw materials, substantially lowering embodied emissions. The flexibility of MC facilitates the adaptive reuse of existing modules, which can cut down the need to construct new buildings from the ground up. Curtailing the requirement for new construction can reduce GHG emissions incurred during various phases of construction endeavors [83].



The factory setting and standardized fabrication procedures in MC enable the streamlining of construction activities, which removes redundant exercises and cuts down emissions [38,101]. The fabrication of stackable volumetric units off-site can enable bulk delivery of the prepared modules to the construction site. As a result, the overall number of trips to the construction site can be reduced, lowering the associated emissions [46]. Through a culmination of these strategies enabled by MC, GHG emissions during constriction works can be significantly reduced to alleviate the massive GHG footprint of the CI.



The resource intensiveness of the CI is another instigator of CC, which can be dealt with by employing MC, as shown in Figure 7. MC fosters DfD due to the unique fabrication of its building components, which allow modular units to be detached, allowing for convenient disassembly of modules [102]. As a result, modules are recovered at the EoL, which can be reconfigured for use elsewhere, thereby conserving resources by mitigating the necessity of new construction [81]. DfD enabled by MC creates an opportunity for implementing a take-back or product as a service (PaaS) business model in the CI, which are also enablers of a CE. The building components in modular units are highly standardized in size and specifications. As a result, defective components can be refurbished or replaced conveniently with an element from a recycled module, which contributes to creating a closed-loop system that enables resource efficiency [103].



Precision manufacturing is another MC strategy that reduces CDW generation [104]. The fabrication of components in a controlled setting of a modular factory enables the precise cutting and shaping of materials, leading to minimal resource waste [18]. The controlled environment also enables the effective collection, sorting, and recycling of waste, which can be reconfigured for different purposes. The minimized waste generation, along with its improved recycling, further instates the resource efficiency of MC, emphasizing its allegiance with a CE.



MC can foster superior reverse logistics compared to traditional construction by utilizing technological advancements like artificial intelligence, digital twins, and the Internet of Things (IoT) [105,106,107]. MC favors material traceability due to labeling its components during production, digital documentation through IoT, or material passports, which aids the reverse logistics of building components at EoL [105]. Blockchain technology is another emerging concept that can be leveraged in MC [108,109]. Traditionally built structures do not favor reverse logistics owing to the highly heterogeneous composition of building materials like concrete, which impedes the traceability of materials for recovery.



MC offers multiple prospects to curb the excessive energy consumption in the CI. The recyclability of materials in MC alleviates the demand for raw material production, which is renowned for being an energy-intensive process [83]. Conserving energy by lowering the extraction and refinement of raw materials is an alluring prospect of MC. During the construction phase of projects, MC can curtail the unwarranted use of energy by eradicating redundant activities and variances due to its standardization of processes [29]. By abolishing unnecessary exercises, construction work is streamlined, eliminating energy leakage in redundant activities. Smart distribution of work packages in MC also enables the optimized use of construction machinery, curtailing equipment’s idle running time and lowering their energy consumption [29].



MC can foster energy efficiency during the operation phase of facilities as well. In this regard, a prominent feature of MC is its ability to seamlessly integrate passive energy systems that generate renewable energy, removing excessive dependency on primary energy sources [89]. Photovoltaic (PV) panels can be integrated with modular units conveniently, which can be used to power multiple appliances. Similarly, the modules can be enhanced with green roofs, which regulate temperature within the buildings, cutting down the HVAC requirements [88]. Maximizing sunlight can take away lighting load as well as heating requirements. Optimal choice of windows for specific modular units can mitigate heating and cooling loads by regulating room temperature [22]. By impeding the unwarranted use of energy in the CI, MC can contribute significantly to CC efforts, as enabling energy efficiency is key to sustainable development.



Resourceful land use for the built environment is critical for mitigating CC, and MC can facilitate it in multiple ways. MC is associated with minimized disruptions to the surroundings of a construction site. The horizontal footprint of MC is much less than that of traditional construction, as most of the fabrication is conducted off-site [95]. As a result, MC enables the preservation of the adjacent environment as minimal disruption is caused to surroundings. MC facilitates the vertical expansion of existing structures and new buildings, creating venues for densely populated and centralized urbanization [95]. Such centralization of cities hinders urban sprawl, which can reduce the horizontal expansion of the built environment, thereby preserving natural land, which is crucial for resisting CC.



Another strategy that can be implemented through MC is fostering infill development in neglected urban areas to address their socio-economic needs for revitalization [96]. This feature of MC has alluring implications for promoting effective land use, as the rejuvenation of brownfields can draw people to established areas of the cities, mitigating the need for new construction [94]. MC facilitates mixed-use, which enables modular units to serve different purposes and meet different requirements. MC also facilitates a phased development strategy, providing the flexibility to incrementally introduce new modules or functions. This approach is well-suited for dynamic mixed-use projects, allowing them to evolve, expand, or adapt to shifting demands over time [99]. MC further facilitates versatile and adaptable designs, incorporating diverse functions within a unified structure. For example, a modular building can seamlessly integrate commercial spaces on its lower floors while featuring residential units on the upper levels, emphasizing MC’s compatibility with mixed-use projects [99]. Due to this feature, the same buildings or facilities can serve multiple functionalities, thereby trimming down the requirements for new construction to conserve land.



The adaptive nature Inherent to MC allows for the reconfiguration of older modular buildings through refurbishment and renovation. Refurbishing modular buildings is easier as components are easily replaceable, extending the service life of units [85]. As a result, prefabricated units can serve for a longer time, which assists in preserving the natural environment by revitalizing established buildings.






4. Discussion


The findings of the SLR highlight the impact of using MC for CC mitigation in the CI. Studies pointed out that MC can mitigate CC by lowering GHG emissions, alleviating resource intensiveness, curbing inadequate energy consumption, and impeding unwarranted land use in construction.



GHGs are a primary source of CC as they elevate the temperature of Earth at an alarming rate, thereby instigating global warming, which is accountable for the shifting weather patterns and CC [110]. The literature addressing the GHG emissions of MC reports prefabricated construction emits fewer GHGs than on-site construction. In contrast to on-site construction, the lower embodied emissions of materials used in MC (wood, steel, gypsum boards) are the decisive factor that renders it more sustainable than on-site construction [111]. At the product level, very high emissions are reported in the CI, as cement and concrete produce exponentially higher emissions than other building materials. The reduced use of concrete in MC due to its dependence on structural steel and timber lowers GHG emissions [44]. During the construction phase of projects, MC reports lower emissions again due to optimized equipment use and standardized activities, which eradicate redundancies and eliminate emissions incurred in wasteful activities [18].



Streamlining processes and optimizing equipment use in MC contributes to curtailing inadequate energy consumption as well. Idle machinery working is minimized in MC due to the efficient allocation of resources observed in MC [112]. The assembly line approach in MC allows each station of labor and machinery to focus on specific tasks, which increases productivity, renders shorter completion times, and lowers the energy consumption associated with longer project durations of construction. The recyclability of materials and components in MC reduces the need to produce new materials, significantly lowering the CI’s embodied energy attributed to raw material production [63]. The compatibility of MC with passive energy systems and optimization of its design for lower energy consumption during the operational stage of buildings nurtures avenues for efficient energy consumption in the construction sector. However, some studies question the viability of using MC in reducing GHG emissions and conserving energy within the CI, implying it has some negative ramifications. For example, MC projects yield higher emissions during the transportation of materials and modules as compared to on-site construction. Research also indicates that MC can emit higher amounts of GHGs when modules are transported longer distances [21]. This aspect of MC can be counter-intuitive to reducing GHG emissions. It is also argued by some studies that life cycle assessments (LCAs) addressing the lower emissions of MC may not be accurate, as off-site emissions have not been effectively quantified for MC in current studies, which predominantly focus on emissions at the construction site [36]. Therefore, some researchers have deemed the existing literature insufficient for holistically capturing the sustainability of MC [111].



Excessive resource consumption by the CI is advancing CC, which can be hampered by promoting a CE as it enables a sustainable approach to resource usage and process efficiency. Studies have documented an improved synergy between MC and CE compared to traditional construction. The modular units and building components retrieved due to DfD can be recycled and reused, minimizing resource waste and upholding a CE. The interchangeable components of modular units allow for convenient refurbishment of defective parts with recycled ones to create a closed-loop system by intensifying the use of established structures [75]. Precision manufacturing enabled through the factory environment of MC facilitates the minimization of waste in fabrication. It also sparks the potential for the recovery of waste, which can be upcycled to serve elsewhere, mitigating the consumption of raw materials.



In comparison, traditional construction hampers the efficient disassembly of facilities at EoL due to the lack of DfD. Further, the heterogeneous composition of on-site construction materials impedes their recycling, leaving downcycling as the only resort for a CE, which is not considered favorable [80,113]. The narrowing, slowing, and closing of resource loops enabled by MC can alleviate the resource intensiveness of the CI by reducing its dependence on raw materials. A report commissioned by the SUN Institute posited that the adoption of a circular economy model could lead to a 32% reduction in primary material consumption by the year 2030 and a 53% reduction by 2050 as compared to the current linear economy paradigm, which reinstates the benefits of MC in this regard [7]. As Europe’s urbanization is projected to increase from the current 74% to an estimated 84% by 2050, even modest enhancements in the resource efficiency of the built environment through the promotion of circular economy practices—such as reuse, refurbishment, and material upcycling—can yield substantial environmental benefits [7]. These improvements are pivotal for effectively mitigating the impact of CC.



Inefficient land use practices in the CI, marked by deforestation, habitat disruption, and urban sprawl, result in higher carbon emissions, biodiversity loss, and ecosystem distortion, hastening the progression of CC [114]. Mega housing and construction projects will be undertaken to meet the needs of the growing population, which will further deplete the natural environment through excessive expansion of urban areas. The reviewed literature reports MC as a prospective solution for the problem. The ability of MC to foster vertical expansion of existing structures is critical in rendering efficient land use as it facilitates prospects of accommodating growing populations within established structures, mitigating the horizontal sprawl of cities [16]. The adaptive reuse of modules is also appreciable as the same buildings can be used to meet different needs across their lifecycle, mitigating the need to construct new facilities that conserve urban land. The adaptability of prefabricated units facilitates mixed-use projects, which efficiently use space to perform different functionalities [16,99]. Such projects allow different portions of the same structure to serve varying purposes, which optimizes land use by the built structures. Disruptions to the surroundings and environment, such as clearing trees and mass soil excavation, are reduced in MC due to most work being conducted off-site. Only the assembly of the fabricated units is carried out on-site, which necessitates less space than traditional construction, causing MC to have lower disruptions to the adjacent environment, enabling resourceful land use [115].



The adoption of MC for CC mitigation will contribute to the United Nations’ Sustainable Development Goals (UNSDGs) by upholding its multiple facets [116]. As SDG-13 of UNSDGs, i.e., “Climate Action”, targets the integration of CC mitigation measures into national policies and planning, MC poses an opportunity to reform the CI by enabling climate-friendly development [59]. The lower GHG emissions of MC can be instrumental in achieving the ambitious target of net zero emissions set by SDG-13, contributing effectively to CC mitigation. With carbon neutrality initiatives gaining momentum in recent years, MC can be a valuable addition to such initiatives as it can potentially offset the high carbon footprint of the CI [92]. Another goal of UNSDGs that MC can uphold is “Responsible Consumption and Production (SDG-12)”. The synergy between MC and CE principles is appreciable in the context of optimized consumption of resources. By closing the resource loops in the CI, MC can alleviate the imbalanced resource utilization, thereby contributing to the attainment of targets set by SDG-12 [79]. Moreover, MC has the potential to foster “Sustainable Cities and Communities (SDG-11)” owing to its versatility, adaptive reuse, and ability to sustain vertical expansion [21]. As SDG-11 aims to develop economically, environmentally, and socially sustainable dwellings for humankind, MC can assist by promoting resourceful land use in the CI.



Given the benefits of MC in the context of CC, the CI should aim to facilitate modularization. However, departing from the established norms of the CI, which promote traditional and on-site modes of construction, is an uphill task [43]. Emphasis on acquiring technically skilled professionals well versed in MC is necessary to shift from on-site methods [43]. Developing infrastructure such as modular factories in strategic locations is also pivotal in driving the industry towards MC by making modular products readily accessible to the masses [117]. Repurposing established factories to function as modular factories is another strategy that can be crucial in adopting MC in the CI [117]. Prioritizing vendors, consultants, and contractors with expertise in MC during procurement is highly beneficial for facilitating MC adoption in the CI [118]. At the government level, policies should be devised to incentivize the transition from on-site methods towards prefabrication, and strong legislation should be developed to encourage stakeholder compliance.




5. Conclusions


In the wake of the intensifying climate crisis and its alarming implications, the CI is searching for solutions to attain sustainability in its practices to mitigate CC successfully. This study aims to provide insights into the viability of using MC for developing CC resistance through a holistic literature review. The current study’s findings reinstate the sustainability of MC compared to traditional approaches, outlining its propriety in fostering CC mitigation in the CI. The study argues that MC can mitigate the climate crisis by (1) reducing GHG emissions, (2) promoting a CE for resource efficiency, (3) enhancing energy efficiency, and (4) encouraging efficient land use and management.



The study discusses these four aspects in detail, presenting the prevailing literature’s findings. The effect of MC on GHG emissions is explored, revealing that the lifecycle emissions of MC projects are much lower than those of traditional construction. This is due to the lower embodied emissions of wood and steel widely used in MC compared to RC concrete, the primary building material in on-site construction. Links between MC and CE are also explored, arguing that the CI’s resource intensiveness can be mitigated through MC. As the components of MC are highly reusable, waste is minimized, leading to resource efficiency. The convenience of refurbishment in MC is another aspect that emphasizes the feasibility of developing circular systems in the CI. Prefabrication was revealed to be more energy efficient than on-site methods due to the precision manufacturing, resource allocation, and optimized processes. MC also enables prospects for effective land use through infill development and vertical expansion of existing structures, which can curb the urban sprawl responsible for depleting ecosystems. The study also documents different strategies and measures enabled by MC, which can be implemented to mitigate CC caused by the CI. These include lowering embodied emissions and energy through sustainable materials, upholding DfD for closing resource loops through recycling, and promoting mixed-use projects facilitated by MC to meet the socio-economic necessities for fostering sustainable land use in the CI. A conceptual framework is presented that illustrates MC’s role in implementing these CC mitigation strategies.



This study humbly addresses industry practitioners, academic scholars, and policymakers and strives to accentuate the viability of solving the climate crisis caused by the CI through the widespread adoption of MC. The study offers insights into the prospects of fostering sustainable development through MC, which aligns with the UN-SDGs and is pivotal in attaining ambitious goals such as “net zero emissions” by 2050 for effective climate action.



The study has implications for research and practice as it aims to direct the CI’s attention toward leveraging MC for effective climate action. It encourages research in various facets of MC, such as using automated systems to further improve its efficiency in the context of Industry 4.0 initiatives, owing to its importance for CC mitigation. It also incites studies aimed at accessing innovative project delivery approaches for MC to facilitate its use in mega projects. This study advocates for MC to be employed to attain sustainable infrastructural development in the CI, thus aiding industry experts. Bringing forth the advantages of MC for CC mitigation can inspire investors to invest in MC, thus paving the way toward a sustainable CI.



The study’s limitations include using the Scopus repository only instead of utilizing multiple databases such as Web of Sciences and Google for the data extraction. The existing methods of LCA have been criticized for their inadequacy in comparing the sustainability of MC with on-site construction, which posed an inherent disparity to the literature review. Similarly, the study focuses solely on the viability of MC for enabling CC resistance without considering the financial, regional, technical, and organizational impediments that can be counter-productive to the attempts to facilitate sustainability in the CI. The study also does not differentiate between efforts needed in developing and developed countries and has a more generic approach.



Future studies can look into adding more strategies and ranking and prioritizing the current strategies presented in Figure 7 of this study. Such studies should look to illustrate the bottlenecks preventing the uptake of MC with an emphasis on devising solutions to such hindrances. Improved LCAs should be conducted to investigate the sustainability of MC along with its comparison to other construction techniques for unveiling sustainable techniques and practices to reform the CI. Key performance indicators should be established to indicate the environmental performance of MC projects for promoting climate-responsible development.







Author Contributions


Conceptualization, Z.W.S. and F.U.; methodology, Z.W.S. and F.U.; software, Z.W.S.; validation, Z.W.S., F.U., S.Q. and R.M.; formal analysis, Z.W.S.; investigation, Z.W.S.; resources, F.U., S.Q. and R.M.; data curation, Z.W.S., F.U., S.Q. and R.M.; writing—original draft preparation, Z.W.S. and F.U.; writing—review and editing, F.U., S.Q. and R.M.; visualization, Z.W.S. and F.U.; supervision, F.U., S.Q. and R.M.; project administration, F.U., S.Q. and R.M.; funding acquisition, R.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data are available with the first author and can be shared upon reasonable request.




Conflicts of Interest


The authors declare no conflicts of interest.





Appendix A




 





Table A1. Studies included in the current review article.






Table A1. Studies included in the current review article.





	ID
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	1
	Conventional versus modular construction methods: a comparative cradle-to-gate LCA for residential buildings
	M. Kamali, K. Hewage, R. Sadiq [24]
	2019
	Energy and Buildings



	2
	A quantitative assessment of greenhouse gas (GHG) emissions from conventional and modular construction: a case of developing country
	H. Pervez, Y. Ali, A. Pertillo [43]
	2021
	Journal of Cleaner Production



	3
	Innovative, modular building facades—as a tool to counteract the effects of and to prevent climate change
	P. Kaminska, H. Michalak [119]
	2023
	Civil and Environmental Engineering Reports



	4
	Assessment of modular construction system made with low environmental impact construction materials for achieving sustainable housing projects
	G. Romero, M. Javier, C. Rojas, K. Rodriguez [35]
	2023
	Sustainability



	5
	Embodied energy and greenhouse gas emissions analysis of a prefabricated modular house: the “moby” case study
	V. Tavares, N. Lacerda, F. Freire [46]
	2019
	Journal of Cleaner Production



	6
	Climate change and the energy performance of buildings in the future—a case study for prefabricated buildings in the UK
	F. Ismail, F. Haji, S. Donyavi, P. Boyd, D. Sohrab [120]
	2021
	Journal of Building Engineering



	7
	Circular economy strategies in modern timber construction as a potential response to climate change
	M. Ghobadi, S. Sepasgozar [121]
	2023
	Journal of Building Engineering



	8
	Is it a possibility to achieve energy plus prefabricated building worldwide?
	A. Alkhalidi, A. Abuothman, A. Aldweik, A. Al-Baaz [122]
	2021
	International Journal of Low-Carbon Technologies



	9
	Sustainability in modular design and construction: a case study of ‘the stack’
	Y. Ahn, K. Kim [123]
	2014
	International Journal of Sustainable Building Technology and Urban Development



	10
	Timber-based façades with different connections and claddings: assessing materials’ reusability, water use and global warming potential
	M. Juaristi, I. Sebastiani, S. Avesani [124]
	2022
	Journal of Facade Design and Engineering



	11
	New residential construction building and composite post and beam structure toward global warming mitigation
	A. Balasbaneh, A. Marsono [125]
	2018
	Environmental Progress and Sustainable Energy



	12
	Carbon emission reduction in prefabrication construction during materialization stage: a BIM-based life-cycle assessment approach
	J. Hao, B. Cheng, W. Lu, J. Xu, J. Wang, W. Bu, Z. Guo [126]
	2020
	Science of the Total Environment



	13
	Thirty years of climate mitigation: lessons from the 1989 options appraisal for the UK
	E. Lees, N. Eyre [127]
	2021
	Energy Efficiency



	14
	Comparative analysis of off-site precast concrete and cast-in-place concrete in low-carbon built environment
	C. Liu, F. Zhang, H. Zhang [128]
	2020
	Fresenius Environmental Bulletin



	15
	Numerical study on the thermal performance of lightweight temporary building integrated with phase change materials
	L. Zhu, Y. Yang, S. Chen, Y. Sun [129]
	2018
	Applied Thermal Engineering



	16
	Minimizing upfront carbon emissions of steel-framed modular housing: a case study
	S. Kechidi, N. Banks [130]
	2023
	Journal of Building Engineering



	17
	Design and prototyping of a FRCC modular and climate responsive affordable housing system for underserved people in the pacific island nations
	D. Rockwood, J. Silva, S. Olsen, I. Robertson, T. Tran [131]
	2015
	Journal of Building Engineering



	18
	Systematic review on the integration of building information modelling and prefabrication construction for low-carbon building delivery
	S. Yevu, E. Owusu, A. Chan, K. Sarpong [132]
	2023
	Building Research and Information



	19
	Air temperature cooling by extensive green roofs in Toronto Canada
	J. MacIvor, L. Margolis, M. Perotto, J. Drake [133]
	2016
	Ecological Engineering



	20
	The mediterranean smart adaptive wall. An experimental design of a smart and adaptive facade module for the mediterranean climate
	M. Iommi [134]
	2018
	Energy and Buildings



	21
	Finite element study of hyperstructure systems with modular light-frame construction in high-rise buildings
	N. Labrecque, S. Ménard M. Oudjene, P. Blanchet [135]
	2022
	Buildings



	22
	Analytical solutions for the dynamic analysis of a modular floating structure for urban expansion
	S. Wang [136]
	2022
	Ocean Engineering



	23
	The carbon emission assessment of a building with different prefabrication rates in the construction stage
	Q. Han, J. Chang, G. Liu, H. Zhang [137]
	2022
	International Journal of Environmental Research and Public Health



	24
	Rapid deployment modular building solutions and climatic adaptability: case based study of a novel approach to “thermal capacity on demand”
	B. Ceranic, J. Beardmore, A. Cox [138]
	2018
	Energy and Buildings



	25
	Carbon emission energy management analysis of LCA-based fabricated building construction
	L. Luo, Y. Chen [139]
	2020
	Sustainable Computing: Informatics and Systems



	26
	City regeneration through modular phase change materials (PCM) envelopes for climate neutral buildings
	J. Messana, V. Lopez, T. Pellicer [140]
	2022
	Sustainability (Switzerland)



	27
	A research methodology for mitigating climate change in the restoration of buildings: rehabilitation strategies and low-impact prefabrication in the “El Rodezno” water mill
	A. Carranza, R. Anon-Abajas, G. Lamela [141]
	2021
	Sustainability (Switzerland)



	28
	Design and climate-responsiveness performance evaluation of an integrated envelope for modular prefabricated buildings
	W. Wang., J. Huang, S. Lu, J. Li [66]
	2018
	Advances in Materials Science and Engineering



	29
	Exploring the potential of climate-adaptive container building design under future climates scenarios in three different climate zones
	J. Shen., B. Copertaro, X. Zhang, J. Koke [142]
	2020
	Sustainability (Switzerland)



	30
	BIM-based building geometric modeling and automatic generative design for sustainable off-site construction
	V. Gan [143]
	2022
	Journal of Construction Engineering and Management



	31
	Life cycle and energy performance assessment of three wall types in south-eastern Europe region
	N. Maodus, B. Agarski, I. Budak, M. Radeka [144]
	2016
	Energy and Buildings
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Figure 1. Methodology flowchart. 
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Figure 2. PRISMA flow diagram for literature review. 
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Figure 3. (a) Frequency analysis presenting publications per year, (b) top 10 journals with highest number of publications, and (c) number of publications per country (source: Scopus Analyze). 
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Figure 4. Comparison of lifetime GHG emissions of modular and onsite construction based on published studies [34,43,44]. 
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Figure 5. Links between MC and circular economy. 
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Figure 6. The potential of MC in fostering resourceful land use. 
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Figure 7. Conceptual framework for mitigating climate change through modular construction. 
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Table 1. Differentiating aspects of MC and on-site construction.
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Construction Method

	
Cost

Saving

	
Fast-

Tracking

	
Engaging

Local

Workforce

	
Quality Control

	
Fewer Size Limitations

	
Reusability

	
Design

Flexibility

	
Higher

Salvage Value

	
Energy

Conservation

	
Resource

Optimization

	
References






	
Modular

	
✓

	
✓

	
x

	
✓

	
x

	
✓

	
✓

	
✓

	
✓

	
✓

	
[17,18,19,20,21,22]




	
Traditional

	
x

	
x

	
✓

	
x

	
✓

	
x

	
x

	
x

	
x

	
x











 





Table 2. Types of metadata extracted from the retrieved articles.






Table 2. Types of metadata extracted from the retrieved articles.





	
Sr No.

	
Type of Analysis

	
Output

	
Tools






	
1

	
Frequency analysis

	
Number of papers published per year addressing MC and CC mitigation

	
Scopus Analyze

	
MS Excel




	
2

	
Journal source

	
Number of articles published by various journals pertaining to MC and its impact on CC

	
Scopus Analyze

	
MS Excel




	
3

	
Number of publications by country or region

	
Number of articles regarding MC and CC originating from different nations

	
Scopus Analyze

	
MS Excel
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