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Abstract
[bookmark: _Hlk108530517]Green buildings are designed, constructed, and operated to reduce the consumption of energy, electricity, water, materials, and natural resources over the whole lifecycle. However, the added sustainability objectives expose green building (GB) projects to additional uncertainties and unpredictable risks. This paper conducted a systematic literature review to identify, categorize, and theorize the chain reactions of various risks in GB projects. Results revealed ninety-six (96) critical risk factors (CRFs) for GB projects. The study derived nine (9) broad taxonomies of the CRFs, including financial, material and equipment, design, technical, stakeholder, management, environmental, legal, and regulatory risks. These taxonomies parade different levels of criticalities based on mean citation scores. The five most persistent taxonomies include design, regulatory, material and equipment, financial, and technical risks. A Pareto analysis revealed sixty (60) vital CRFs for green building projects. The study developed a hierarchical structural model explaining how the various risks influence each other in GB projects. Therefore, this study not only provides a comprehensive list of CRFs, as frame of reference, for researchers and practitioners, but also can inform more efficient resource allocation and introduce novel perspectives for managerial practices in GB projects. 
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Introduction
The design, construction, operation, and demolition of buildings significantly influence ecological balance parameters, social values, and economic objectives [1]. It is well-established that the lifecycle of conventional buildings interacts adversely with the natural environment, society, and economic growth [2]. Various negative impacts arising from buildings, such as extraction of non-renewable resources, energy consumption, embodied and operational CO2 emissions, climate change, water stress and solid waste generation are extensively documented in the literature [3,4]. 
Green buildings (GBs) are widely promoted  as a promising solution to minimizing the adverse environmental footprints of buildings over their lifecycles [5,6]. GBs emerged from the environmental movements in the 1970 – 80s to meet building demand while reducing energy consumption in the construction industry [2]. GBs are designed, constructed, and operated to reduce the consumption of energy, electricity, water, materials, and natural resources over the whole lifecycle [1,7]. GBs aim to achieve optimum energy efficiency with a priority on natural, reclaimed, and recycled materials during construction. 
There are several benefits of GBs, including operational cost savings [8], lower insurance cost, improved corporate image [9], reduced waste generation, improved wellbeing, and better productivity of occupants [10], natural resource conservation, reduced CO2 emissions, and climate change mitigation [11]. These benefits and performance improvements are documented in the promissory notes of GBs, culminating in a strong business case for incorporating green ideas into building projects [12]. 
However, GBs together with associated sustainability technologies constitute innovations, requiring process, organizational, industry, and policy level changes, entailing risks and unforeseen costs [13]. GB projects reinvent the decision-making phases, design strategies, procurement systems, tasks, actors, roles, team cultures, and competencies required to deliver building projects [14]. These changes and requirements expose adopters to complex organizational requirements and procedural difficulties associated with adopting new technologies, cultivating multidimensional risks that can thwart the objectives of GB projects [15,16]. The design, construction, and management of GB projects are more challenging due to the extra sustainability objectives needed to be achieved [17]. The additional sustainability objective of GB projects imposes the adoption of a new spectrum of construction technologies, design strategies, materials, and procurement systems, generating additional layers of considerable uncertainties and unpredictable risks [15]. 
Consequently, GB projects suffer more uncertainties and risks than traditional building projects [14]. The success of GB projects can hardly be decoupled from effective risk management. However, the critical risk factors (CRFs) for GB projects fragmented and scattered in the corpus of literature. Thus, industry practitioners, stakeholders, and policymakers have been deprived of a holistic understanding of various risks associated with GB projects. Despite studies, GB projects also continue to suffer unprecedented challenges and mixed outcomes, with some failing to achieve desired objectives [18]. This has been linked to the lack of in-depth understanding of the chain reactions, path dependencies, and hierarchical structure of risks in GB projects [19].  
Consequently, important questions such as what are the key dimensions of risks in GB projects and how are the various risks interlinked remain unanswered. Therefore, this study aims to review and theorize the multiple possible interactions among various dimensions of risks in GB projects. There are three concomitant objectives: (i) to identify and harmonize the CRFs for GB projects, (ii) to categorize the CRFs for GB projects, and (iii) to develop a hierarchical theoretical model explaining path dependencies, driving powers, and push effects of risks in GB projects. The novelty of this study lies in consolidating and developing an interpretive theoretical structural model that explain the interdependencies among risks in GB projects.  
[bookmark: _Hlk107829276]Methods and Material
Research strategy 
[bookmark: _Hlk124700527]The study implemented a systematic literature review (SLR) to identify, harmonize, and theorize the vital risks in GB projects. SLR as the best-known type of literature review, provides a sound methodological lens to synthesize and compare findings from existing studies and answer specific research questions [20]. It constitutes transparent, rigorous, and detailed methodology used to consolidate compatible information from several sources [21,22]. SLR can produce new knowledge through accumulating knowledge and evidence from a large corpus of comparable studies. The study implemented the SLR with a strict adherence to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement Protocol to minimize the risk of bias, ensure the necessary rigor, and guarantee the reliability of the findings. The SLR protocol comprised a formulation of a research question, selection of keywords, database selection and literature search, inclusion and exclusion of studies, evaluation of included studies, extraction of relevant metadata, and data analysis [23]. 
Literature search strategy
The literature search was conducted in Elsevier’s Scopus, which is considered the most comprehensive database indexing the widest range of articles on GBs [2]. Two sets of keywords were developed to search and retrieve studies specifically addressing CRFs for GB projects. The full Scopus search string is given below.
(TITLE ("green building"  OR  "sustainable building"  OR  "green construction"  OR  "sustainable construction"  OR  "sustainable projects"  OR  "green projects" OR  "high performance buildings"  OR  "energy-efficient buildings"  OR  "zero energy buildings"  OR  "sustainable housing"  OR  "green housing"  OR  "green retrofit"  OR  "building retrofit"  OR  "greening building"  OR  "building retrofitting"  OR  "green retrofitting")  AND  TITLE (risk))  AND  (LIMIT-TO (DOCTYPE,  "ar")  OR  LIMIT-TO (DOCTYPE,  "re"))  AND  (LIMIT-TO (LANGUAGE,  "English"))  AND  (LIMIT-TO (SRCTYPE,  "j"))

The search was limited to the titles of the articles to avoid retrieving studies that only mentioned relevant search terms in the abstract and keywords but failed to address the CRFs for GB projects. Three filters were applied, including document type (i.e., article and review only), language (i.e., English Language publications only), and source type (i.e., Journals only). The search string generated fifty-two (52) studies (As of 4 November 2022). However, the filtered results still contained irrelevant studies. Given the small number, the Titles/Abstract/Keywords of the retrieved studies were thoroughly screened. The rapid screening revealed forty-five (45) potentially relevant studies, which were downloaded for full-text evaluation. Fig. 1 shows the literature sampling procedure.


Fig. 1. A flowchart of the literature sampling procedure
The full-text evaluation revealed forty (40) articles, which specifically addressed the risks of GB projects. The study further conducted a snowballing search (chain referral method) to identify other relevant articles. The snowballing strategy comprised backward snowballing (searching the reference lists of the included studies) and forward snowballing (searching articles citing the included studies) to increase the sample size [24]. The additional articles identified became samples for a snowballing search, until no new articles were identified. The snowballing search revealed twenty (20) additional relevant studies, which were evaluated and included in the final sample. Thus, sixty (60) relevant articles were included in the study. Table 1 summarizes the references to the included studies.
Table 1. Reviewed articles
	ID
	Study
	ID
	Study

	1
	Zerkin [25]
	31
	Aktas and Ozorhon [9]

	2
	Pitt et al. [26]
	32
	Hwang et al.[15]

	3
	Ranaweera and Crawford [8]
	33
	An and Pivo [27]

	4
	Häkkinen and Belloni [13]
	34
	Guan et al. [19]

	5
	Hwang and Tan [28]
	35
	Qazi et al.[14] 

	6
	Zou and Couani [29]
	36
	El-Sayegh et al.[30]

	7
	Shi et al. [31]
	37
	Adabre et al.[32]

	8
	Kasai and Jabbour [33]
	38
	Liu et al.[34]

	9
	Hwang et al. [35]
	39
	Love et al.[36]

	10
	Gan et al.[37]
	40
	Dewlaney et al.[38] 

	11
	Yang et al. [39]
	41
	Del Puerto and Crowson [40]

	12
	Azeem et al.[41]
	42
	Hwang and Ng [42]

	13
	Nguyen et al.[43]
	43
	Shen et al.[44]

	14
	Hwang et al.[45]
	44
	Hwang et al.[46]

	15
	Chan et al.[47]
	45
	Polat et al.[48]

	16
	Ismael and Shealy [49]
	46
	Alamdari et al.[50]

	17
	Ranawaka and Mallawaarachchi [51]
	47
	Othman and Abdelwahab [52]

	18
	Javed et al.[53]
	48
	Zhang et al.[54] 

	19
	Andal and Juanzon [55]
	49
	Xiao et al. [56]

	20
	Zou et al.[57]
	50
	Assaad et al.[58]

	21
	Qin et al.[16]
	51
	Mohammadi and Birgonul [59]

	22
	Zhao et al.[17]
	52
	Tollin [60]

	23
	Ghazvini et al.[61]
	53
	Górecki and Díaz-Madroñero [62]

	24
	Alattyih et al. [63]
	54
	Wadu Mesthrige and Kwong [64]

	25
	Nguyen et al.[65]
	55
	Karakhan and Gambatese [66]

	26
	Mirhosseini et al. [67]
	56
	Fortunato et al.[68]

	27
	El-Sayegh [69]
	57
	Rosa et al.[70]

	28
	Winston [71]
	58
	Zhang and Mohandes [72]

	29
	Rafindadi et al. [73]
	59
	González-Gaya et al.[74]

	30
	Yang and Zou [75]
	60
	Mohandes and Zhang [76]



Metadata extraction and analysis
The included articles were critically reviewed to extract the relevant metadata. Each study was reviewed to extract the year of publication, journal, context (country), data collection method, data analysis technique, risk factors, and documented evidence of the interlinkages between various risk factors. As a thumb rule [77], A CRF was only included if at least two articles cited it. The number of times the various CRFs were cited in the included studies was recorded in a data summary sheet in Excel. The study further derived dimensions (i.e., taxonomies or categories) of the CRFs for GB projects. The mean citation scores of the taxonomies of the CRFs for GB projects were computed using equation (1).
                                                                                (1)
Where µj denotes the mean citation score of a taxonomy of the CRFs; CRFj represents the citation frequency of a CRF in each taxonomy, and n denotes the number of CRFs in a taxonomy. The mean citation scores were used as surrogate indicators to rank the taxonomies of the CRFs for GB projects. 
[bookmark: _Hlk103777557]The study also conducted a Pareto analysis to prioritize the vital few CRFs in various taxonomies. A Pareto analysis is a quality control technique conducted based on the heuristic of the “80/20” principle, which postulates that a small proportion (i.e., 20%) of the risks account for a large proportion (i.e., 80%) of the impact of a defined set of risks on the objectives of GB projects [78]. It is conducted based on frequency of occurrence and argues that the impact of risks can be minimized and control if project teams can identify and mitigate the “vital few” risks (i.e., 20%) accounting for a large proportion (i.e., 80%) of the impact of risks in GB projects. A Pareto analysis ranks data classifications, in descending order, from the highest to the lowest citation frequencies [79] based on the heuristic of the “80/20” rule. In a Pareto chart, the total (cumulative) frequency is equated to 100%, such that the “vital few” CRFs occupy a substantial amount (80%) of the cumulative citation frequencies and the “trivial many” occupy the remaining 20% of the cumulative citation frequencies. A Pareto analysis was appropriate for the study because the main data was a frequency of citations (i.e., occurrence) in the reviewed literature. The citation frequency was used as a proxy measure to prioritize the identified risks to inform resource allocation.  Pareto analyses have been used to prioritize benefits [78], barriers [80], and critical success factors [77] for circular construction based on citation frequencies. Based on precedents [77,78,80], this study used Pareto charts to prioritize the vital CRFs for GB projects. Finally, the study extracted and documented the relationships between the identified risks in the literature to build a theory to explain the interdependencies among the various risk constructs in GB projects. Based on the total interpretive structural modelling (TISM) framework [81], the study constructed a theoretical model explaining the relationships and hierarchies among the taxonomies of the risks in GB projects. 
TISM is a system-thinking technique that can decompose a complex problem and explain how the components are interlinked to explain the dynamic behavior of the system [81]. It can capture the causal relationships and transitive links among constructs of a complex system. TISM uses nodes to represent the constructs and lines to depict the links or relationship between two constructs in a hierarchical model based on driving powers and dependencies [81]. The typical procedures for constructing an accurate and reliable TISM model of risks for GB projects include: (i) identifying, defining, and verifying various risks, (ii) determining the relationships between the various risk constructs, (iii) generating interpretive logic of pairwise comparison, (iv) developing an agency matrix, (v) developing the final reachability matrix, (vi) developing a binary interaction matrix, (vii) hierarchical partitioning the reachability matrix intro different levels, (viii) drawing a directed graph (i.e., diagraph), (ix) developing a direct interaction matrix, and (x) constructing and interpreting a TISM model. A detailed description of the TISM techniques and these procedures would unnecessarily lengthen the paper and should be referred elsewhere [81]. The biggest challenge of constructing a TISM model is establishing the relationships between the risk constructs, which are already established in the literature. Wuni [77] leveraged the theoretical positions of established relationships in the literature to construct a TISM model of the critical success factors for circular construction. This study adopted a similar approach to develop a TISM model of the risks in GB projects. 

Results
Characteristics of the included studies
The study included sixty (60) relevant articles published in thirty-five (35) reputable journals between 2006 and November 2022. Fig. 2 shows the annual distribution of the included studies. The period between 2006 and 2009 witnessed an annual output of only one (1) article. It was the early stages when researchers started to focus on exploring the barriers and drivers of the GBs [2]. Interests in the CRFs for GB projects gained traction and sustained from 2012 and reached the highest annual output of 10 articles in 2021. The trend line shows a rising interest in the CRFs for GB projects, providing additional justification for consolidating and itemizing the vital CRFs for GB projects. 

Fig. 2. Temporal distribution of the included studies
The included studies used various data collection instruments to investigate the CRFs for GB projects, including questionnaire survey (39), case study (19), interviews (9), focused group workshops (3), project-based data (1), text mining (1), and plenary session (1). The included studies also used nineteen (19) analytical techniques to assess and quantify the CRFs for GB projects.
Fig. 3 summarizes the frequency distribution of the analytical techniques. It shows that deterministic, probabilistic, and network modelling techniques have been used to analyze the CRFs for GB projects. The top five most frequently used techniques, comprising thematic content analysis (n=17), mean score analysis (n=13), risk significance index (n=7), factor analysis (n=5), and relative importance index (n=4) are deterministic risk assessment tools [82]. While useful and acceptable, deterministic techniques have inherent limitations in risk prioritization and resource allocation, including inability to capture and retain the distributions and profiles of various risks, negligence of the significance of tail risks, inability to incorporate varied risk tolerance levels of decision-makers, and inability to proportionally allocate risk management resources based on the relative importance of various risks [14]. 

Fig. 3. Frequency distribution of analytical techniques in the included studies
While various network modeling techniques, including structural equation modelling (n=2), interpretive structural modeling (n=2), analytic hierarchy process (n=2), social network analysis (n=2), meta-network modeling (n=1), fuzzy analytic network process (n=1), and artificial neural network (n=1) can capture the interdependencies among various risk factors, they also suffer the limitations of the deterministic techniques in risk prioritization and resource allocation [14]. Probabilistic techniques such as Monte Carlo simulation (n=3) can address the inherent shortcomings of the deterministic techniques, but cannot capture the interdependences among various risks [82]. Though the probabilistic techniques are considered as the most advanced risk assessment and prioritization techniques, they have been rarely used in the included studies. Thus, the existing assessment and prioritization schemes for the CRFs for GB projects may have generated suboptimal outcomes to inform risk management. 
Ranking of the critical risk factors for green building projects
The metadata synthesis and analysis revealed ninety-six (96) CRFs for GB projects in the literature. Table 2 summarizes the citation frequencies and ranking of the identified CRFs for GB projects. It presents the identified risks, number of studies (i.e., Freq) in the reviewed literature citing each risk, and ranks each risk based on the citation frequency. The top five most-cited CRFs for GB projects include (i) shortage of funding and resources (FR1), (ii) unavailability and shortage of approved green materials and technologies (MER1), (iii) poor communication, cooperation, and information sharing between the project team members (SR1), (iv) inadequate professional knowledge and expertise in efficient green building methods, technologies, and eco-products (TR1), and (v) inflation and changes in prices of green construction materials (FR2). 
Table 2. Citation frequency ranking of the critical risk factors for green building projects
	ID
	Critical risk factor
	Freq
	Rank

	 
	Financial risks (FRs)
	 
	 

	FR1
	Shortage of funding and resources 
	28
	1

	FR2
	Inflation and changes in prices of green construction materials
	22
	4

	FR3
	Higher capital costs
	19
	9

	FR4
	Long and uncertain payback period
	14
	16

	FR5
	Uncertain market demand and value of green buildings
	13
	23

	FR6
	Additional design and construction costs of green buildings
	13
	23

	FR7
	Currency and interest rates fluctuation
	11
	33

	FR8
	Inaccurate estimate of the return on investment
	8
	45

	FR9
	Delayed payments to the specialist contractor
	7
	57

	FR10
	High cost of green material and equipment
	7
	57

	FR11
	Split incentives for developers
	6
	63

	FR12
	Extra cost of certification and re-testing of products and materials
	6
	63

	FR13
	Energy saving uncertainty
	6
	63

	FR14
	Prevalence of significant hidden, unknown, and soft costs of green buildings
	5
	72

	FR15
	Higher cost premium of green building projects
	3
	88

	 
	Material and Equipment Risks (MERs)
	 
	 

	MER1
	[bookmark: _Hlk107655604]Unavailability and shortage of approved green materials and technologies
	25
	2

	MER2
	Unproven quality of new green products, materials, equipment, and technologies
	17
	12

	MER3
	Inadequate information of green building products, materials, systems, and performance
	14
	16

	MER4
	Unclear information and uncertainty in the performance of green materials, products, and equipment
	11
	33

	MER5
	Inadequate pool of suppliers of green materials and products
	10
	37

	MER6
	Delay and late delivery of green building materials
	8
	45

	MER7
	Poor quality of green building materials and products
	8
	45

	MER8
	Unavailability and shortage of relevant equipment
	8
	45

	MER9
	Inadequate support of manufacturers and suppliers 
	3
	88

	 
	Design risks (DRs)
	 
	 

	DR1
	Poor detailed design with deficiencies in drawings and unclear specifications
	20
	6

	DR2
	Inaccurate specification of green construction materials and technologies
	20
	6

	DR3
	Frequent design changes and variations
	16
	13

	DR4
	Inadequate integration of sustainability into the design and supply chain of green buildings
	13
	23

	DR5
	Poor definition of design requirements, procurement criteria, and targets of the client
	7
	57

	DR6
	Inaccurate and insufficient design information
	6
	63

	 
	Technical risks (TRs)
	 
	 

	TR1
	Inadequate professional knowledge and expertise in efficient green building methods, technologies, and eco-products
	22
	4

	TR2
	[bookmark: _Hlk107655907]Lack of competent and experienced green building project team
	19
	9

	TR3
	Unavailability of skilled and experienced manpower 
	14
	16

	TR4
	Unfamiliarity with green building techniques and technologies 
	14
	16

	TR5
	Lack of quantitative tools and models to evaluate cost, benefits, and certification of green building
	13
	23

	TR6
	Longer planning, design and procurement time required to incorporate green objectives 
	12
	29

	TR7
	Long lead times for green products and materials
	11
	33

	TR8
	Improper feasibility, planning and scheduling for green buildings
	10
	37

	TR9
	Low labor and equipment productivity 
	8
	45

	TR10
	Incompetent design team with limited experience
	8
	45

	TR11
	Inadequate knowledge of green building options
	5
	72

	TR12
	Uncertainty over green building performance 
	4
	80

	TR13
	Technical complexity of design and construction of green buildings
	4
	80

	TR14
	Inadequate experience and expertise in integrated design, procurement, and construction methods
	4
	80

	TR15
	Unpredicted technical problems in green construction
	3
	88

	 
	Stakeholder risks (SRs)
	 
	 

	SR1
	Poor communication, cooperation, and information sharing between the project team members
	24
	3

	SR2
	Frequent change orders and intervention of client
	12
	29

	SR3
	Lack of a common understanding of sustainability and shared vision of green buildings
	11
	33

	SR4
	Injuries and accidents during construction
	8
	45

	SR5
	Delays in resolving contractual issues, problems, disputes, and conflicts in green buildings 
	8
	45

	SR6
	Lack of expressed interest from client and project team members
	7
	57

	SR7
	Poor interrelationships between the client, project team and supply chain partners
	7
	57

	SR8
	Poor commitment of the consultant
	7
	57

	SR9
	Resistance and inadequate commitment of the owner to green materials and technologies
	6
	63

	SR10
	Unavailability at the outset and late involvement of relevant actors in the green building projects
	4
	80

	SR11
	Complex stakeholder composition and requirements
	3
	88

	SR12
	Conflicting objectives and concerns of multiple stakeholders in green building projects
	3
	88

	 
	Management risks (MRs)
	 
	 

	MR1
	Inadequate supervision of a project manager with limited technical expertise and skills in green buildings 
	14
	16

	MR2
	Improper quality control, defective work, and reworks
	14
	16

	MR3
	Inaccurate cost estimation of green buildings
	13
	23

	MR4
	Inaccurate quotation, project budgeting, and poor management of the contractor
	13
	23

	MR5
	Unreasonably tight project schedule for green construction practices
	10
	37

	MR6
	Unclear assignment of roles to the project team members
	10
	37

	MR7
	Organizational and procedural difficulties
	9
	41

	MR8
	Lack of support from senior management
	9
	41

	MR9
	Strict health and safety regulations
	9
	41

	MR10
	Lack of proper project management framework and staff for green buildings
	8
	45

	MR11
	Inappropriate procurement systems discouraging supply chain integration
	6
	63

	MR12
	Frequent meetings with green specialists
	6
	63

	MR13
	Poorly defined scope of green building works
	5
	72

	MR14
	Failure to adopt integrated design methods in green buildings
	5
	72

	MR15
	Poor management of green information in the design, procurement, and construction
	5
	72

	MR16
	Inappropriate green construction products, materials, and technologies
	5
	72

	MR17
	Delayed issuance of drawings and documents
	4
	80

	MR18
	Delay in approving major changes in the scope of works
	4
	80

	MR19
	Additional testing and inspection in green construction
	3
	88

	MR20
	Disruptions in the supply chain of green buildings
	2
	94

	 
	Environmental risks (ERs)
	 
	 

	ER1
	Inadequate site information
	8
	45

	ER2
	Variation in adverse weather conditions
	8
	45

	ER3
	Insufficient construction site investigation and unforeseen adverse site conditions
	6
	63

	ER4
	Excessive pollution from green construction
	5
	72

	ER5
	War threats and political instability 
	2
	94

	 
	Legal risks (LRs)
	 
	 

	LR1
	Breach of contracts and disputes
	12
	29

	LR2
	Unclear contract clauses and conditions for green building 
	9
	41

	LR3
	Inadequate long-term warranties and insurances for green materials and equipment
	8
	45

	LR4
	Litigation, legal actions, and prosecutions during construction
	5
	72

	LR5
	Corruption and bribes
	4
	80

	 
	Regulatory risks (RRs)
	 
	 

	RR1
	Complex and complicated approval procedures, codes, and regulations for green buildings
	20
	6

	RR2
	Changes in government regulations, taxes, incentives, and policies
	19
	9

	RR3
	Difficulty in obtaining green certification and documentation upon completion
	16
	13

	RR4
	Lack of government support and incentives
	15
	15

	RR5
	Uncertainty and delays in obtaining approval and permitting for green buildings
	14
	16

	RR6
	Inadequate green building code and regulations 
	12
	29

	RR7
	Restrictive building codes and zoning regulations
	6
	63

	RR8
	Violation of existing building regulations
	4
	80

	RR9
	Unclear technical guidelines and standards for green buildings
	2
	94



These highly cited CRFs could reflect the adverse implications of financial requirements and constraints, stakeholder complexities, regulatory hurdles, extended design requirements, and technical complexities on the performance of GB projects. Table 2 offers the most comprehensive and consolidated frameworks of various risks and provides stakeholders with an all-inclusive understanding of the nature of risks in GB projects. Detailed description and implications of the various risks in Table 2 are provided in the next section.
Taxonomies of the critical risk factors for green building projects
Based on some existing classifications [14,17], the study derived nine taxonomies (i.e., categories) of the identified risks in GB projects, including financial, material and equipment, design, technical, stakeholder, management, environmental, legal, and regulatory risks. Table 2 shows that the number (n) of CRFs and total citation counts (Σ) of the taxonomies include financial risks (n=15, Σ=168), material and equipment risks (n= 9, Σ=104), design risks (n= 6, Σ= 82), technical risks (n= 15, Σ= 151), stakeholder risks (n= 12, Σ= 100), management risks (n= 20, Σ= 154), environmental risks (n= 5, Σ= 29), legal risks (n= 5, Σ= 38), and regulatory risks (n= 9, Σ= 108). The number (n) of CRFs and total citation counts (Σ) formed the basis for computing the mean scores and Pareto analysis of the taxonomies of the CRFs for GB projects. 
Mean scores of the taxonomies of critical risk factors for building projects
[bookmark: _Hlk107658837]Fig. 4 shows the number of CRFs, total citation counts, and mean scores of the taxonomies of the CRFs for GB projects. The mean scores indicate that the five most-cited taxonomies of the CRFs for GB projects include design (µ = 13.67), regulatory (µ = 12.00), material and equipment (µ = 11.56), financial (µ = 11.20), and technical (µ = 10.07) risks. 

Fig. 4. Number of critical risk factors, total citations, and mean scores of the taxonomies
The results underscore the need to identify, assess, prioritize, theorize, and develop robust strategies to manage various design, regulatory, material and equipment, financial, and technical risks associated with GB projects.

Pareto analysis of the critical risk factors for green building projects
Financial risks: Fig. 5 (a) shows fifteen (15) financial risks of GB projects. The vital critical financial risk factors include shortage of funding and resources (FR1), inflation and changes in prices of green construction materials (FR2), higher capital costs (FR3), long and uncertain payback period (FR4), uncertain market demand and value of green buildings (FR5), additional design and construction costs of green buildings (FR6), currency and interest rates fluctuation (FR7), inaccurate estimate of the return on investment (FR8), and delayed payments to the specialist contractor (FR9).
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(a) Financial risks of green building projects
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(b) Material - equipment risks of GB projects
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(c) Design risks of green building projects
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(d) Technical risks of green building projects


Fig. 5. Pareto charts of financial, material and equipment, design, and technical risks of GB projects

The financial capacity of the client or developer of GB projects is essential to avoid disruptions [57]. A shortage of funding and resources can halt the construction of GB projects at any point, resulting in extended schedules, disputes, and increased cost of capital [25]. GB projects can encounter funding shortages because of the initial higher capital investment required to accomplish the green objectives in the project [46].
The higher capital costs of GB projects result from complex design solutions, modeling costs required to integrate green practices into the project, and higher costs of green materials, technologies, equipment, processes, and decisions [42]. The funding shortages may also arise from financial incapacitation or a sudden bankruptcy of the owners [69]. While it is rare, clients and owners can cancel GB projects or breach their contracts due to bankruptcy. The funding challenges and disputes in GB projects may arise from the split incentive, where the developer or contractor bearing the higher design and construction costs do not benefit directly from the long-term benefits and operational cost savings, especially when cost-plus contracts are not used [13]. The split incentive problem arises because the stakeholder making the investment decisions is not a direct beneficiary of the long-term benefits [25].
Additionally, delayed payments to the specialist contractor due to project funding problems can result in dysfunctional disputes [57]. It places financial hardship on contractors, which could constrain their ability to pay subcontractors and labor, resulting in conflicts [69]. Contractors need to assess the financial capacity of clients and obtain relevant statements that guarantee the progress of payments. It is also essential for the specialist contractor to assign the responsibilities in strict adherence to the contractual agreements and establish a good working relationship with the client to avoid uncooperative attitudes [57].
Moreover, inflation and changes in prices of green construction materials can significantly influence the delivery of GB projects. The prices of green construction materials change in tandem with inflation and the relationships between supply and demand in the market. The volatilities of currency and interest rate may incur an increase in the price of imported green construction materials and equipment, translating into cost overruns in GB projects [15]. Inflation can also generate significant deviation in cost estimate for GB projects, especially where the bill of quantities and estimates are based on the rigid quotation method, without referring to the volatile market conditions [57]. Also, the inaccurate estimate of the long-term return on investment (ROI) is due to the unapparent short-term economic returns of GB projects [19]. Given the uncertainty compassing the market value of sustainability, an inaccurate estimate of the long-term ROI can result in suboptimal investment decision-making in GB projects [19].
Material and equipment risks: Fig. 5 (b) shows nine (9) material and equipment risks of GB projects. The vital critical material and equipment risk factors include unavailability and shortage of approved green materials and technologies (MER1), unproven quality of new green products, materials, equipment, and technologies (MER2), inadequate information of green building products, materials, systems, and performance (MER3), unclear information and uncertainty in the performance of green materials, products, and equipment (MER4), inadequate pool of suppliers of green materials and products (MER5), and delay and late delivery of green building materials (MER6).
Given the prevailing immaturity of the green market in some countries, unavailability and shortage of approved green materials, products, and technologies present serious risks in GB projects [13]. Green materials and products are sometimes only available at a cost premium unless they are specified and contracted in the early design process, and even then there may be delays in actually getting them delivered [25]. Shortages in the supply of green materials may arise from poor forecasting, planning, low inventory levels, poor communication of information, and dependence on a single supplier [15]. 
Despite the substantial progress in GBs, there exist inadequate information on green building products, materials, systems, and performance in some contexts. The quality of new green materials, products, equipment, and technologies does not have a proven track record [26,42]. The relevant project parties may lack awareness of, and access to information about, green materials, technologies, equipment, and options during the delivery of GB projects. Similarly, an inadequate pool of suppliers of green materials and products influences the availability and costs of high-performance materials and products. In a case where green materials and products have to be procured from overseas due to the inadequate pool of local suppliers, it can result in a long lead time, international transportation costs, complex logistical challenges, and longer supply cycles [57].
Design risks:  Fig. 5 (c) shows six (6) design risks of GB projects. The vital critical design risk factors include poor detailed design with deficiencies in drawings and unclear specifications (DR1), inaccurate specifications of green construction materials and technologies (DR2), frequent design changes and variations (DR3), and inadequate integration of sustainability into the design and supply chain of green buildings (DR4).
The design plays a key role in affecting the quality of a GB project. Poor detailed design with deficiencies in drawings and unclear specifications, arising from incomplete design, rushed design freezing, and excessive changes can compromise the objectives of GB projects [69]. The specification of appropriate green construction materials and products during the design stage has the greatest influence on the outcomes of GB projects [26]. Thus, inaccurate specifications of green construction materials and technologies can lead to poor financial, environmental, and social outcomes of GB projects [8]. 
Typically, frequent design changes and variations arise from defective designs and change orders of the client [57]. Defective designs result from a poor understanding of the client’s needs in the project brief, late involvement of specialist contractors, inadequate planning, poor site investigation to obtain reliable design data, and limited communication and information sharing among the design team members [69]. Frequent design variations can cause a significant delay in the project schedule, incurring extra costs in GB projects [30,83]. Green objectives must be explicitly specified and incorporated throughout the construction cycle to achieve desired outcomes in GB projects. Thus, inadequate integration of sustainability into the design and supply chain can lead to poor financial outcomes of GB projects [8]. 
Technical risks: Fig. 5 (d) shows fifteen (15) technical risks of GB projects. The vital critical technical risk factors include inadequate professional knowledge and expertise in efficient green building methods, technologies, and eco-products (TR1), lack of competent and experienced green building project team (TR2), unavailability of skilled and experienced manpower (TR3), unfamiliarity with green building techniques and technologies (TR4), lack of quantitative tools and models to evaluate cost, benefits, and certification of green building (TR5), longer planning, design and procurement time required to incorporate green objectives (TR6), long lead times for green products and materials (TR7), improper feasibility, planning and scheduling for green buildings (TR8), and low labor and equipment productivity (TR9).
The inadequate professional knowledge and expertise of the core project team members in GB tools, technologies, methods, and products can fail GB projects [84]. Designers with insufficient knowledge of and unfamiliarity with high-performance options, products, and design solutions to produce robust specifications for contractors can generate significant inefficiencies and compromise the objectives of GB projects [25]. The inexperienced designers may invest considerable time researching alternative sources of high-performance materials and equipment, resulting in a longer design time and extended project duration. Senior management and core project team members without considerable knowledge may fail to make optimal decisions that consider the impact of external and internal conditions, thus influencing the performance of GB projects [84].
Similarly, a lack of competent and experienced GB project team presents serious risks because successful installation and maintenance of high-performance systems depend on the availability of specialized knowledgeable players. For most countries, the special bespoke skills and system knowledge required for the design, construction, maintenance, and operation of GBs are in short supply, and training in relevant high-performance technologies and building practices is not readily accessible for the trades, contractors, operation staff and managers [25]. Government imposition of strict quotas for the importation of skilled manpower from specific nations generates an added risk of recruiting relevant skilled labor for GB projects [69]. The unavailability of skilled and experienced manpower presents serious risks because it can result in an acute shortage and a high cost of the limited skilled labor to deliver GB projects. Poor competency of the manpower can result in quality and safety problems in GB projects [57].
Despite the development of international and national GB rating and certification systems, there remain inaccessible quantitative tools and models to evaluate the cost, benefits, and certification of GB projects [13]. Additionally, most green materials and products are imported, resulting in uncertain and long lead times [69]. The uncertainties and custom complexities associated with importing green materials and products present additional layers of risks in GB projects. The prevailing constraints associated with green construction materials, building codes, supply chains, skilled labor, and management mean that GB projects are not usually physically supported, financially prudent, technically possible, and legally advised. As such, improper feasibility, planning and scheduling can result in unforeseeable challenges, complexities, and abortive costs in GB projects [8].
Stakeholder risks: Fig. 6 (a) shows twelve (12) stakeholder risks of GB projects. The vital critical stakeholder risk factors include poor communication, cooperation, and networking between the project team members (SR1), frequent change orders and intervention of client (SR2), lack of a common understanding of sustainability and shared vision of green buildings (SR3), injuries and accidents during construction (SR4), delays in resolving contractual issues, problems, disputes, and conflicts in green buildings (SR5), lack of expressed interest from client and project team members (SR6), poor interrelationships between the client, project team and supply chain partners (SR7), and poor commitment of the consultant (SR8).
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(a) Stakeholder risks of GB projects
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(b) Management risks of GB projects
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(c) Environmental risks of GB projects
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(d) Legal risks of green building projects
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(e) Regulatory risks of green building projects


Fig. 6. Pareto charts of stakeholder, management, environmental, legal, and regulatory risks of GB projects

GB projects are designed and constructed by multiple project participants, institutions, and organizations [85]. These various players have varied objectives, value systems, goals, understanding, and levels of knowledge of high-performance buildings [25]. The key decisions (e.g., specification and selection of building materials) significantly affecting the outcomes of GB projects are usually made early in the project lifecycle, without the involvement of key players such as contractors [26].
Yet, the decisions and roles of various stakeholders have a complementary and cumulative impact on the outcomes of GB projects. Thus, inconsistencies and discrepancies of decisions between downstream and upstream stages of the delivery chain can compromise the success of GB projects. Thus, poor communication, cooperation, and networking between the project team members can generate inefficiencies and complications in GB projects [86,87]. Similarly, a lack of a common understanding of sustainability and a shared vision of green buildings can compromise and defeat the collaborative commitment and effort required to achieve success in GB projects.
Additionally, the efficient use of all necessary information and the effective cooperation of all actors call for methods that enable the management and sharing of information among the client, project team, and supply chain partners in GB projects [13]. Thus, poor interrelationships between various stakeholders present acute risks of poor communication and information sharing to achieve the objectives of GB projects. Similarly, early commitment and interests of the client and project team members are required to achieve desired outcomes in GB projects. For instance, the interested client and project players would commit to green objectives early upfront, plan extensively, and adopt an integrated delivery method to integrate the key players at the outset of GB projects, where decisions about green objectives matter most [88]. Thus, a lack of expressed interest from client and project team members constitutes a recipe for poor commitment to and outcomes of GB projects [29]. Similarly, a poor commitment of consultants can result in poor decisions at early stages, limited access to reliable data and information on green solutions, inefficiencies during the construction phase, and risk of losing green certification or additional costs to correct products and systems with a lack of green standards [29,83].
Moreover, frequent change orders and the intervention of clients can significantly alter the time and cost of planning, design, and construction of GB projects [57]. While the client is responsible for changes due to change of mind and additional requirements, change orders arising from the misinterpretation of the client’s needs in the project brief can result in dysfunctional conflicts in GB projects. Lastly, labor injuries and accidents caused by overexertion, exposure to hazardous materials, malfunction of equipment, and electrical shocks can significantly result in decreased morale of workers, low productivity, and statutory claims in GB projects [19]. Injuries and accidents during construction have adverse implications on the objectives of GB projects, including cost overruns, delays, loss of productivity, and loss of morale. 
Management risks: Fig. 6 (b) shows twenty (20) management risks of GB projects. The vital critical management risk factors include inadequate supervision of a project manager with limited technical expertise and skills in green buildings (MR1), improper quality control, defective work, and reworks (MR2), inaccurate cost estimation of green buildings (MR3), inaccurate quotation, project budgeting, and poor management of the contractor (MR4), unreasonably tight project schedule for green construction practices (MR5), unclear assignment of roles to the project team members (MR6), organizational and procedural difficulties (MR7), lack of support from senior management (MR8), strict health and safety regulations (MR9), lack of proper project management framework and staff for green buildings (MR10), inappropriate procurement systems discouraging supply chain integration (MR11), and frequent meeting with green specialists (MR12).
The unreasonably tight project schedule for green construction practices puts project team members under pressure, resulting in detrimental mistakes and practices [57]. Excessively tight GB project schedules can be difficult and impractical to achieve [69]. Inaccurate cost estimates for GB projects can arise from several factors, including limited consultation of local subcontractors, fluctuation of market prices, rigid cost estimation methods, inexperienced cost estimator, and volatility of exchange rate, especially when green materials and products are imported [29]. Inaccurate cost estimation is a major cause of funding shortages and financial disputes between clients and contractors in GB projects [13]. 
A closely related risk factor is an inaccurate quotation, project budgeting, and poor management of the contractor. Most GB contractors are previously general contractors, lacking managerial skills to contract GB projects. Though contractors typically rely on specialist subcontractors to deliver GB projects, their limited specialist knowledge generates significant challenges and lapses in developing clear pro-GB contractual terms with subcontractors and overseeing the project delivery to achieve the green objectives [57].
Compared to conventional building projects, GB projects require additional design time, planning, approval procedures, and organizations. The organizational and procedural difficulties prolong the construction time and costs of GB projects. Typically, senior management approves and develops strategies to implement sustainable solutions in construction projects and organizations [13]. Thus, a lack of support from senior management can translate into inadequate funding allocation for, commitment to, and governance of GB projects [8]. It could fuel an improper project management framework and inadequate staffing of GB projects [19]. The stricter health and safety regulations in GB projects increase the investment and funding allocation to deploy safety programs and strategies. The use of inappropriate procurement systems discouraging supply chain integration can limit collaborative working relationships, frequent communication, and information sharing in GB projects.
Environmental risks: Fig. 6 (c) shows five (5) environmental risks of GB projects. The vital critical environmental risk factors for GB projects include inadequate site information (ER1), variation in adverse weather conditions (ER2), and insufficient construction site investigation and unforeseen adverse site conditions (ER3).
Inadequate site information resulting from inaccurate soil tests and surveys presents serious environmental risks in GB projects. Insufficient data and knowledge of site conditions can lead to uninformative design and detrimental cascading effect on the progress of excavation, foundation, and footing construction in GB projects [57]. Variations in weather conditions can also generate additional uncertainties, delays in schedule, and extra costs in GB projects [19]. Extreme weather events (e.g., typhoons, hurricanes, floods) in today’s rising climatic impacts can destroy and halt onsite green construction activities and potentially contaminate green materials and products with weather-driven pollutants.
[bookmark: _Hlk108438628]Legal risks:  Fig. 6 (d) shows five (5) legal risks of GB projects. The vital critical legal risk factors for GB projects include breach of contracts and disputes (LR1), unclear contract clauses and conditions for green building (LR2), inadequate long-term warranties and insurances for green materials and equipment (LR3), and litigation, legal actions, and prosecutions during construction (LR4).
Breach of contracts and disputes arising from the failure of relevant parties to discharge and fulfill contractual obligations can cause significant delay in the project schedule, generate dissatisfaction, additional legal costs of dispute resolutions, and even possible termination of the project [83]. While contractual breaches could arise from the bankruptcy of a client or other reasons, disputes usually arise from unclear contract clauses and conditions for GB projects. Contract documents for GB projects usually specify the roles, responsibilities, rights, and rewards of various parties to the contract, different types of materials and equipment to be used, minimize standards required, and necessary mechanisms to address potential disputes [83]. Thus, unclear contract clauses and conditions are sources of dysfunctional litigations and associated costs.
Inadequate long-term warranties and insurances for green materials and equipment fail to provide financial protection against the unproven quality of new green materials and equipment. Litigation, legal actions, and prosecutions during construction can halt progress and significantly extend the schedule of GB projects, thus incurring additional costs [15].
Regulatory risks: Fig. 6 (e) shows nine (9) regulatory risks in GB projects. The vital regulatory risk factors for GB projects include complex and complicated approval procedures, codes, and regulations for green buildings (RR1), changes in government regulations, taxes, incentives, and policies (RR2), difficulty in obtaining green certification and documentation upon completion (RR3), lack of government support and incentives (RR4), and uncertainty and delays in obtaining approval and permitting for green buildings (RR5).
While building regulations can be drivers of GB projects, they can also create significant disincentives, difficulties, and risks [25]. It is common for existing building codes to preclude high-performance materials and green technologies. Consequently, there are complex and complicated approval procedures, codes, and regulations for green buildings [29]. Local building authorities can be skeptical and resistant to the use of high-performance technologies and innovative design elements associated with GB projects. Typically, green technologies, materials, and products must undergo rigorous testing before being approved for high-rise GB projects. The lengthy approval processes for new green technologies and recycled materials require additional time and capital resources, leading to the overall higher costs and schedule of GB projects [42]. 
Similarly, changes in government regulations, taxes, incentives, and policies can adversely affect the requirements, continuity, and costs of GB projects as well [69]. For instance, laws that stop general construction works in the summer due to heat strokes can significantly affect the schedules of GB projects. There is no certain time required to obtain approval and permits for green buildings in some countries. These uncertainties arise from limited recognition of GBs in building codes and long-standing reluctance to approve some green materials due to unproven quality and unfamiliarity to relevant building authorities, limiting accurate scheduling of GB projects at early stages. There is also a difficulty in obtaining green certification and documentation upon completion in some contexts, depriving stakeholders of financial savings and added market value of GB projects [13]. 
Lastly, government commitment through appropriate steering mechanisms, such as normative regulatory instruments (e.g., GB building codes), informative regulatory instruments (e.g., mandatory labeling), economic and market-based instruments (e.g., certificate schemes), fiscal instruments, and incentives (e.g., tax relief and financial support) can improve the economic viability of GB projects [13]. A lack of government support and incentives creates additional layers of regulatory uncertainties, complexities, and challenges for GB projects. 
Conceptual map of the vital critical risk factors for green building projects
Fig. 7 shows a conceptual map of various vital CRFs subordinate to different categories for GB projects, providing a more structured framework to examine various risks in GB projects. The Pareto analysis has revealed sixty vital CRFs for GB projects, comprising 4 design, 6 material and equipment, 9 financial, 9 technical, 12 management, 8 stakeholder, 3 environmental, 4 legal, and 5 regulatory risks. The framework shows that material and equipment, management, stakeholder, financial, technical, and regulatory risks constitute the dominant categories of risks in GB projects.



Fig. 7. Conceptual map of the vital critical risk factors for green building projects
Theorizing the path dependencies of risks in green building projects 
The review studies established that probability of occurrence and severity of impact of the various risks are dynamic, dependent, and interlinked [19]. The theoretical positions of the chain reactions and path dependencies of various risks in GB projects have been well-established in the literature. For instance, Guan et al. [19] established that lack of competent and experienced GB project team (technical risk) can reinforce the probability and impact of management risks, such as inadequate supervision of a project manager with limited technical expertise and skills in GB. Mohammadi and Birgonul [59] showed that unclear contract clauses and conditions for GBs (legal risk) can reinforce the adverse impact of management risks, such as unclear assignment of roles to the project team members in GB projects. Also, the complex and complicated approval procedures, codes, and regulations for GBs (regulatory risk) can amplify probability and adverse impact of management risks, such as organizational and procedural difficulties in GB projects ([45].
Understanding these chain reactions and push effects of the various can form a basis for developing targeted response mechanisms and strategies to break the chain and minimize the systematic impact of various risks in GB projects. However, there is no successful attempt at theorizing the path dependencies, chain reactions and hierarchical structure of the various taxonomies of risks in GB projects. This study compiled the documented evidences of the various multiple reactions among the risk factors to generate an interpretive logic knowledge-base [81], providing adequate information to theorize the multidimensional risk factors in GB projects. Fig. 8 shows a theoretical model of the risks in GB projects.
The theoretical model has four levels. Level 1 comprises financial and material & equipment risks. Level 2 comprises stakeholder, design, and management risks. Level 3 includes legal risks. Level 4 comprises environmental, technical, and regulatory risks. The model contains two types of lines used to indicate the direction of influence between two dimensions of the risk factors. The regular line depicts the direction of influence of one risk factor on probability of occurrence and severity of impact of another risk factors at the same level or two successive levels (e.g., levels 1 and 2, levels 2 and 3). The dotted line depicts the direction of influence between two risk factors at extended levels (e.g., levels 1 and 3). 
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Fig. 8. Path dependencies and hierarchical structure of risks in green building projects
The text on each line explains how a dimension influences another dimension. In order, it explains the source of the influence. For instance, regulatory risks such as inadequate GB code and regulations can induce and influence the probability of occurrence and impact of design risks such as inadequate specification of green construction materials and technologies.
The constructs of the model at level 1 (financial and material & equipment risks) are considered dependent variables. These constructs have the highest dependencies and the lowest driving powers. The associated risks influence each other and dependent on other risks, but do not significant drive or influence the probability of occurrence of risks in the lower levels. They are most likely present in any GB project because several risks can trigger them. 
The constructs at levels 2 (stakeholder, design, and management risks) and 3 (legal risks) of the model are considered linkage variables. These constructs have both strong dependencies and strong driving powers. They influence each, influence other risks, and are influenced by other risks. They mediate the influence between the lowest (4) and highest (1) construct. The linkage risk constructs are extremely sensitive and can significantly influence the performance of GB projects.  
The constructs at level 4 (environmental, technical, and regulatory risks) of the model are considered independent variables, containing strong driving power but weak dependence power. Risk factors at this level influence each other and strongly influence other risks, but are not influenced by other risks. These constructs have extremely high reachability in the model because they can influence risks at all other levels, translating them into a major concern in risk management. Thus, project managers can regulate the cumulative probabilities and impacts of risks in GB projects, if they can control and mitigate the independent and linkage risk constructs.
Discussions 
The review established multidimensional risks in GB projects, including design, material and equipment, financial, technical, management, stakeholder, environmental, legal, and regulatory risks. This classification framework extends the risk constructs established in previous studies [17,30]. The findings reveal the inadequacy of relying on a single published study to spot the dimensions of risks in GB projects. For instance, the dimensions of GB risks in Zhao et al. [17] failed to acknowledge legal and regulatory risks. Though El-Sayegh et al. [30] and Qazi et al. [14] offer a comprehensive framework, these studies excluded environmental risks in GB projects. While the stakeholder-oriented classifications of GB risks in Zou and Couani [29] facilitates risk allocation, it discourages integrated risk management in GB projects. Thus, this study offers the most comprehensive dimensions of risks in GB projects. The clustering and labels of the risk dimensions can be treated as discrete categories instead of mere conceptual guides because they were informed by existing typologies.
Moreover, the review exposed the inadequacy of previous attempts to model the interdependencies among the various risks. The structural risk-path model for sustainable housing in Adabre et al.[32] attempted to explore the causal relationships of design, construction, financial, procurement, political, operational, and maintenance risks in sustainable housing. While relevant, the model was based on a small sample size and also failed to consider the hierarchical structure of risks in GB projects. The interpretive structural model of risks in GB projects in [19] addressed hierarchical limitations of the structural model of Adabre et al.[32], but considered fewer unit risks and failed to theorize the relationships at the construct level. The social network model of stakeholder risks in GB projects in Yang et al. [75] and Yang et al. [89] failed to capture the multidimensional risks in GB projects. The theoretical model developed in this study addressed the documented limitations of the existing studies. The theoretical model explaining the path dependencies, chain reactions, and hierarchical structure of the various risks in GB projects offers important theoretical, managerial, and policy implications. 
Theoretically, the study identified, harmonized, and consolidated the CRFs for GB projects. Thus, it contributes to the theoretical checklist of risk factors associated with green and sustainable construction projects. The study further developed and documented the chain reactions and push effects among the discrete taxonomies of the CRFs for GB projects. The developed theoretical model captures the “what”, “how”, and “why” aspects of theory building in terms of highlighting the interactions and influence among the various risks in GB projects. The hierarchical structure embodied in the theoretical model established the leading and lagging relationships between different constructs of risks in GB projects and provides a deeper theoretical understanding of the various risks. 
For project managers, the study established a more relevant checklists for a risk register in GB projects. The prioritized and vital CRFs can inform project managers of resource allocation for risk management in GB projects. The practical relevance of the hierarchical model for developing targeted risk management strategies cannot be overemphasized. Specifically, the model informs project managers that environmental, technical, regulatory, legal, stakeholder, management, and design risks have the greatest negative push effects on performance of GB projects. For instance, design risks can propagate throughout the delivery chain and compromise the success of subsequent lifecycle stages of GB projects. For example, a poor design can hatch expensive reworks, dysfunctional defects, and inefficiencies in the construction phase. Decisions and specifications at the design stage have the greatest influence on the lifecycle impacts of construction materials and products in GB projects. 
It is evident that vital CRFs can be allocated across various lifecycle stages of GB projects. Thus, more effective management of risks would be possible if the risks are managed from the perspective of a project lifecycle. Hence, identifying the possible occurrence of risks in each stage and making appropriate arrangements to cope with various significant risks are recommended. Noticeably, many identified risks may occur in more than one phase and hence they need to be considered at multiple phases.
For policy implications, the findings established consolidated the regulatory risks in GB projects. It demonstrates the roles of the government, building authorities, and regulation-making departments in mitigating the risks of GB projects. The study showed that government support and simplified approval procedures can minimize the regulatory risks of GB projects.
 
Conclusion
Green buildings reinvent the relationships between construction methods and associated risks. The added sustainability objectives expose GB projects to enormous risks, challenges, and requirements. Managing risks in GB projects has been recognized as a very important process to more feasibly achieve the objectives of GB projects in terms of energy efficiency, minimal environmental impact, time, cost, quality, productivity, and safety performance. This paper conducted a systematic literature review to identify, consolidate, prioritize, categorize and theorize the CRFs for GB projects. The analysis revealed a growing scholarly interest in the management risks in GB projects from 2006 to 2022. The review further established most of the existing studies largely favored deterministic and network techniques rather than probabilistic techniques in the assessment of risks in GB projects. This outcome suggests existing studies have mostly failed to consider the distributions and profiles of various risks and the significance of tail risks in GB projects, resulting in suboptimal decision support for risk management in GB projects. Of ninety-six (96) CRFs for GB projects extracted from the reviewed literature, the top five most-cited CRFs for GB projects are linked to shortage of funding and resources; unavailability and shortage of approved green materials and technologies; poor communication and information sharing between the project team members; inadequate professional knowledge and expertise in efficient green building methods, technologies, and eco-products; and inflation and changes in prices of green construction materials. The review derived nine (9) broad constructs of the identified risks for GB projects, including financial, material and equipment, design, technical, stakeholder, management, environmental, legal, and regulatory risks. Of these, the most persistent risk constructs for GB projects, in terms of citation frequencies include design, regulatory, material and equipment, financial, and technical risks. A Pareto analysis revealed a total of sixty (60) risk factors considered the “vital few” within the heuristic of the “80/20” principle. 
Therefore, this study developed the most comprehensive register of a diverse range of CRFs for GB projects. The prioritized checklist of the CRFs can inform more targeted resource allocation for risk management in GB projects. The study categorized and theorized the chain reactions of the CRFs, explaining the various relationships among the risks of GB projects. The findings further established that legal advice and government support can be of great help to reduce the impact of legal and regulatory risks of GB projects.
Despite the accomplishment of the objectives in the study, there are three noteworthy limitations, demanding further improvements in future studies. First, the review was limited to articles and reviews only. By excluding other document types, the study might have missed other relevant studies addressing the risks of GB projects. Consequently, the identified sets of CRFs for GB projects may not be exhaustive. Second, the CRFs for GB projects were prioritized and ranked using citation frequencies. Therefore, their criticalities may vary based on project contexts. Nonetheless, the identified CRFs offer a guiding frame for critical risk identification in GB projects in future research. Third, the taxonomies of the CRFs were derived intuitively using a cluster analysis. Consequently, there could be overlapping and inappropriate assignments of the CRFs in various taxonomies. Future studies would focus on developing risk management strategies and best practices for implementing GB projects.
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Technical Risks (TRs)

 

Inadequate professional knowledge and expertise in efficient green 

building methods, technologies, and eco-products (TR1)

 

Lack of competent and experienced green building project team (TR2)

 

Unavailability of skilled and experienced manpower (TR3)

 

Unfamiliarity with green building techniques and technologies (TR4)

 

Lack of quantitative tools and models to evaluate cost, benefits, and 

certification of green building (TR5)

 

Longer planning, design and procurement time required to incorporate 

green objectives (TR6)

 

Long lead times for green products and materials (TR7)

 

Improper feasibility, planning and scheduling for green buildings (TR8)

 

Low labour and equipment productivity (TR9)

Management Risks (MRs)

 

Inadequate supervision of a project manager with limited technical expertise and 

skills in green buildings (MR1)

 

Improper quality control, defective work, and reworks (MR2)

 

Inaccurate cost estimation of green buildings (MR3)

 

Inaccurate quotation, project budgeting, and poor management of the contractor 

(MR4)

 

Unreasonably tight project schedule for green construction practices (MR5)

 

Unclear assignment of roles to the project team members (MR6)

 

Organizational and procedural difficulties (MR7)

 

Lack of support from senior management (MR8)

 

Strict health and safety regulations (MR9)

 

Lack of proper project management framework and staff for green buildings (MR10)

 

Inappropriate procurement systems discouraging supply chain integration (MR11)

 

Frequent meeting with green specialists (MR12)

Stakeholder Risks (SRs)

 

Poor communication, cooperation, and networking 

between the project team members (SR1) 

 

Frequent change orders and intervention of client 

(SR2) 

 

Lack of a common understanding of sustainability 

and shared vision of green buildings (SR3)

 

Injuries and accidents during construction (SR4)

 

Delays in resolving contractual issues, problems, 

disputes, and conflicts in green buildings (SR5)

 

Lack of expressed interest from client and project 

team members (SR6)

 

Poor interrelationships between the client, project 

team and supply chain partners (SR7)

 

Poor commitment of the consultant (SR8)

Financial Risks (FRs)

 

Shortage of funding and resources (FR1)

 

Inflation and changes in prices of green construction 

materials (FR2)

 

Higher capital costs (FR3)

 

Long and uncertain payback period (FR4)

 

Uncertain market demand and value of green 

buildings (FR5)

 

Additional design and construction costs of green 

buildings (FR6)

 

Currency and interest rates fluctuation (FR7)

 

Inaccurate estimate of the return on investment 

(FR8)

 

Delayed payments to the specialist contractor (FR9)

Material and Equipment Risks (MERs)

 

Unavailability and shortage of approved green 

materials and technologies (MER1)

 

Unproven quality of new green products, materials, 

equipment, and technologies (MER2)

 

Inadequate information of green building products, 

materials, systems, and performance (MER3)

 

Unclear information and uncertainty in the 

performance of green materials, products, and 

equipment (MER4)

 

Inadequate pool of suppliers of green materials and 

products (MER5)

 

Delay and late delivery of green building materials 

(MER6)

Design Risks (DRs)

 

 

Poor detailed design with 

deficiencies in drawings 

and unclear specifications 

(DR1)

 

Inaccurate specification of 

green construction 

materials and technologies 

(DR2)

 

Frequent design changes 

and variations (DR3)

 

Inadequate integration of 

sustainability into the 

design and supply chain of 

green buildings (DR4)

Vital Critical Risk Factors for Green Building Projects

Environmental Risks 

(ERs)

 

Inadequate site 

information (ER1)

 

Variation in 

adverse weather 

conditions (ER2)

 

Insufficient 

construction site 

investigation and 

unforeseen 

adverse site 

conditions (ER3)

Legal Risks (LRs)

 

Breach of contracts and 

disputes (LR1)

 

Unclear contract clauses 

and conditions for green 

building (LR2)

 

Inadequate long-term 

warranties and insurances 

for green materials and 

equipment (LR3)

 

Litigation, legal actions, 

and prosecutions during 

construction (LR4)

Regulatory Risks (RRs)

 

Complex and complicated approval 

procedures, codes, and regulations for 

green buildings (RR1)

 

Changes in government regulations, 

taxes, incentives, and policies (RR2)

 

Difficulty in obtaining green 

certification and documentation upon 

completion (RR3)

 

Lack of government support and 

incentives (RR4)

 

Uncertainty and delays in obtaining 

approval and permitting for green 

buildings (RR5)
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Technical Risks (TRs)

Inadequate professional knowledge and expertise in efficient green building methods, technologies, and eco-products (TR1)
Lack of competent and experienced green building project team (TR2)
Unavailability of skilled and experienced manpower (TR3)
Unfamiliarity with green building techniques and technologies (TR4)
Lack of quantitative tools and models to evaluate cost, benefits, and certification of green building (TR5)
Longer planning, design and procurement time required to incorporate green objectives (TR6)
Long lead times for green products and materials (TR7)
Improper feasibility, planning and scheduling for green buildings (TR8)
Low labour and equipment productivity (TR9)
Management Risks (MRs)

Inadequate supervision of a project manager with limited technical expertise and skills in green buildings (MR1)
Improper quality control, defective work, and reworks (MR2)
Inaccurate cost estimation of green buildings (MR3)
Inaccurate quotation, project budgeting, and poor management of the contractor (MR4)
Unreasonably tight project schedule for green construction practices (MR5)
Unclear assignment of roles to the project team members (MR6)
Organizational and procedural difficulties (MR7)
Lack of support from senior management (MR8)
Strict health and safety regulations (MR9)
Lack of proper project management framework and staff for green buildings (MR10)
Inappropriate procurement systems discouraging supply chain integration (MR11)
Frequent meeting with green specialists (MR12)
Stakeholder Risks (SRs)

Poor communication, cooperation, and networking between the project team members (SR1) 
Frequent change orders and intervention of client (SR2) 
Lack of a common understanding of sustainability and shared vision of green buildings (SR3)
Injuries and accidents during construction (SR4)
Delays in resolving contractual issues, problems, disputes, and conflicts in green buildings (SR5)
Lack of expressed interest from client and project team members (SR6)
Poor interrelationships between the client, project team and supply chain partners (SR7)
Poor commitment of the consultant (SR8)
Financial Risks (FRs)

Shortage of funding and resources (FR1)
Inflation and changes in prices of green construction materials (FR2)
Higher capital costs (FR3)
Long and uncertain payback period (FR4)
Uncertain market demand and value of green buildings (FR5)
Additional design and construction costs of green buildings (FR6)
Currency and interest rates fluctuation (FR7)
Inaccurate estimate of the return on investment (FR8)
Delayed payments to the specialist contractor (FR9)
Material and Equipment Risks (MERs)

Unavailability and shortage of approved green materials and technologies (MER1)
Unproven quality of new green products, materials, equipment, and technologies (MER2)
Inadequate information of green building products, materials, systems, and performance (MER3)
Unclear information and uncertainty in the performance of green materials, products, and equipment (MER4)
Inadequate pool of suppliers of green materials and products (MER5)
Delay and late delivery of green building materials (MER6)
Design Risks (DRs)
 
Poor detailed design with deficiencies in drawings and unclear specifications (DR1)
Inaccurate specification of green construction materials and technologies (DR2)
Frequent design changes and variations (DR3)
Inadequate integration of sustainability into the design and supply chain of green buildings (DR4)
Vital Critical Risk Factors for Green Building Projects
Environmental Risks (ERs)

Inadequate site information (ER1)
Variation in adverse weather conditions (ER2)
Insufficient construction site investigation and unforeseen adverse site conditions (ER3)
Legal Risks (LRs)

Breach of contracts and disputes (LR1)
Unclear contract clauses and conditions for green building (LR2)
Inadequate long-term warranties and insurances for green materials and equipment (LR3)
Litigation, legal actions, and prosecutions during construction (LR4)
Regulatory Risks (RRs)

Complex and complicated approval procedures, codes, and regulations for green buildings (RR1)
Changes in government regulations, taxes, incentives, and policies (RR2)
Difficulty in obtaining green certification and documentation upon completion (RR3)
Lack of government support and incentives (RR4)
Uncertainty and delays in obtaining approval and permitting for green buildings (RR5)



image12.png
l

Financial risks

Frequen|
order
interve

Shortage of funding and resources

@aterial and equipment risks,

investigation and unforesee

adverse site condtion

Tmproper feasibility, planning,
and scheduling for green
buildings

Technical risks
Uncertainty over
building perforn

for green buildings

Delay and late delivery of green building materials \
.
A
Poor management of N
actiqns, and green inforpadtion in the \\
prosedytions equent design design, p Ocurement and '
during const(uction quds construction . \
B o nacdurate N
N budgetin variations vecificati ‘ f \
change +, managemen specificatipn of green +
and N contractor constructi matfenals \
tion of AN and technologies '
ient Resistance and inadequate Failure to adopt integrated L
- . .
ommitment af the owner design method '
. \
Design risks \
- - > '
of roles to the project Poor detailed design with . 1
team members ’ v v deficiencies in drawings . |
N ~ ’ » .Y, and unclear specification 1 1
s+ Unclear contracts + ¢ ! !
N AR 4 1 1
" clausgs and AR 4 [ 1
2 Y dit f LR S ] 1
s conditjons for a .
. . ildi Vi Inadequate site  Inadequate green !
+_green building Vs N - buildi de and
s uilding code an
Lack of competent and N L infopfiation PR B
oal PRRY . , regulations
experieneed green 4 VS L s K
iy N
building project team  # VoLt K B
\ ’ N
N ’ [IPASN Incompgtent "
. . .
A N R N design‘team '
N AN isk ! . with fimited !
Low.Jabor and (AN risks ' . ! ertad
N ’ \ Uncertajnty
3 t , . ] . cxperience 7
cquipmen N g o N and delgys in
ductivi 4 . A . UllfanIl]'lal‘lly . i
productivity ’ . . 3 v obtainin:
oL . with green AN ning
N N T
A . B building 7 Con\lplcx and appr(.»fy.al and
RN . .- Techhical  techfologies ,* complicated pcnn;btlr.llifm
, 1 r N /|
, S \(, complgxity of andllechmques' approval greenrburldings
1at1 M Q ~ ‘< a1 . \
Variation jh adverse NPt . desigh and K R proceduresy codes :’
L i N 3
weathep'conditions < + construgtion sz' . and regulations for K
)/ e Sel gg\een buildings green buildings ’
- ’
’ - ~ N ’ . AY ’
S LT Seo 4 Unclear technical Y
-~ Insufficient construction site S P guidelines and standards

Regulatory risks

green
nance




image1.emf
Articles retrieved from database(s) 

(n= 52 records)

Scopus database search

(n= 52 record)

Selection after screening T/A/K

 (n= 45 articles)

Articles downloaded for full text evaluation

 (n= 45 articles)

Full texts reviewed for eligibility 

(n= 45 articles)

Studies after full text evaluation 

(n= 40 articles)

Initial set for snowballing search

(n= 40 articles)

Studies recovered from snowballing

(n= 20 articles)

Are there new 

citing or cited 

articles from 

the new 

sample?

Valid articles included in the metadata extraction and analysis 

(n= 60 articles)

Yes

Snowball

Search

No


Microsoft_Visio_Drawing.vsdx
Articles retrieved from database(s) 
(n= 52 records)
Scopus database search
(n= 52 record)
Selection after screening T/A/K
 (n= 45 articles)
Articles downloaded for full text evaluation
 (n= 45 articles)
Full texts reviewed for eligibility 
(n= 45 articles)
Studies after full text evaluation 
(n= 40 articles)
Initial set for snowballing search
(n= 40 articles)
Studies recovered from snowballing
(n= 20 articles)
Are there new 
citing or cited 
articles from 
the new 
sample?
Valid articles included in the metadata extraction and analysis 
(n= 60 articles)
Yes
Snowball
Search
No



