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ABSTRACT 

This systematic review of the literature examines how early-stage building 

performance evaluation can assist designers while they are still able to make 

alterations to their designs. The literature covered in this review comprised all peer-

reviewed publications in English from 2013-2025. The review has synthesized the 

literature into four separate themes: (1) Performance Evaluation and Performance 

Assessment; (2) Simulation-based Design; (3) Collaborative and Sustainable 

Workflow Processes; and (4) Early-Stage Simulation Practices. The results show that 

the evaluation approach now emphasizes performance early in the design process 

rather than compliance at the final stage. Initial simulations target the building's 

massing and envelop in relation to climate considerations; later stages will focus on 

technical enhancements, verification, and ensuring adherence to building codes. 

The effectiveness of these procedures depends on the ability to establish decision-

phase milestones, integrate design tools with performance analysis software, and 

openly discuss uncertainties throughout the design journey. Effective early-stage 

performance evaluation is restricted by a number of factors, including inconsistent 

conversion of Building Information Models (BIMs) to Building Energy Models (BEMs); 

a lack of verification/validation techniques; and several situations in which the 

building's actual performance differs from its anticipated energy performance. To 

improve the integration of performance evaluation into architectural design 

practice, these obstacles necessitate significant improvements in interoperability, 

systematic uncertainty reporting, and workflow-oriented methodologies for 

buildings and building codes. 

 

 

*Corresponding Author 

Email: sniknia@ttu.edu 

Tel: +(1) 8066205769 
 

©2026 Niknia and Rashed-Ali. Published by Avanti Publishers. This is an open access article licensed under the terms of the Creative Commons 

Attribution Non-Commercial License which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided 

the work is properly cited. (http://creativecommons.org/licenses/by-nc/4.0/) 

https://www.avantipublishers.com/
https://doi.org/10.15377/2409-9821.2026.13.8
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-4763-8741
https://orcid.org/0000-0001-7974-3154
https://orcid.org/0000-0001-5626-3617


Niknia and Rashed-Ali International Journal of Architectural Engineering Technology, 13(2), 2026 

 

138 

1. Introduction 

Performance assessment is increasingly regarded as a strategic aspect of delivery rather than a one-time task. 

Research encourages continuous verification and validation throughout the project cycle, with recommendations 

for reporting that acknowledge the uncertainties associated with project predictions, as the outcome measures 

often do not align with them [1]. At the more integrated portfolio scale, the extreme variability in energy 

consumption observed in so-called high-performance buildings underscores the importance of establishing 

performance assessment criteria that account not only for regulatory requirements and models, but also for 

weather, operating, and behavioral attributes [2]. Compared analyses of early- and late-stage evaluations indicate 

that early-stage evaluations promote climate-responsive design choices in massing, whereas subsequent 

evaluations focus more on pursuing certificate requirements [3]. Different workshops documented performance 

evaluations with practice that included short training, a modeling checklist, and an early sensitivity analysis to 

allow for more concrete changes to orientation, shading, glazing, insulation, and solar sizing while recognizing the 

need for more clarity to present results at project gates [4]. Technically, in early stages, there is an opportunity to 

have a streaming, two-way interaction with the authoring tool, which allows the team to evaluate many options in 

the sketch space, while the project evaluation raises fidelity as inputs become better established; central file 

exchanges can rarely match this pace [5]. Sustainable, collaborative workflows provide repeatable procedures. 

Team quality is defined by integration frameworks into measurable benchmarks and indicators that leaders can 

utilize going forward [6]. In accordance with established requirements for energy, ventilation, and comfort, quality 

frameworks also assign model accuracy by phase, ranging from basic whole-building models at the schematic 

stage to hourly and compliance models [7].  

Several researchers support engine-neutral data schemas and scenario-aware approaches because measured 

results vary, even within a clearly defined building type. As a result, targets are set based on ranges and levels of 

certainty rather than single numbers [1, 8-10]. Early-stage simulation must also account for uncertainty, reviews 

suggest replacing deterministic runs with statistical workflows that assign distributions to essential inputs, 

sampled systematically, and rank drivers using global sensitivity methods; eliminating uncertainty in decisions but 

not uncertainty in the performance thresholds [10, 11]. 

In this regard, the remainder of the manuscript will examine collaborative processes, simulation strategies, and 

assessment approaches to evaluate early-stage building performance to support decision-making in high-

performance building design. The present article adds value to the field with its proposed decision support 

typology that links (i) decision support objectives (risk bounding, screening, comparative trade-offs, and 

optimization), (ii) modeling maturity (massing, zoning, and early systems), and (iii) delivery approaches (in-house, 

consultant-led, and hybrid). This typology clarifies why building performance evaluation may be viewed as a 

verification process in some cases and a design driver in others. 

In this manner, with the use of a PRISMA-based search methodology, the project will initially examine peer-

reviewed English literature within the time frame of 2013 to 2024, being divided into four different thematic areas, 

specifically including ‘performance evaluation & assessment,’ ‘simulation-based design,’ ‘collaborative & 

sustainable design environments,’ as well as ‘Early stage simulation practices.’. The review process addressed 

three research questions: (RQ1) How is “early design” defined and operationalized across the literature, and what 

input conditions are associated with this design phase? (RQ2) What types of evaluations and simulations are used 

to support decision objectives during early design, and what types of outputs do they provide? (RQ3) What types 

of workflows and tool integrations enable performance feedback for design decisions? These research questions 

will also inform the search strategy, screening, and synthesis process. 

2. Methodology 

RQ1–RQ3 were addressed by the design of the search technique and screening criteria. Early design words 

were combined with phrases related to simulation, decision support, workflow, collaboration, and building 

performance evaluation. Instead of publishing performance results without choice context, studies that directly 

linked modelling outcomes to design decisions or decision processes were included. This research employed a 

systematic literature review (SLR) approach, i.e., a method for identifying, evaluating, and synthesizing previously 
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published research on a specific topic that is structured, transparent, and replicable. Pati and Lorusso [12] 

provided the following definition of SLR, which helps distinguish SLR from standard narrative reviews. SLR follows 

a clear protocol and objective that helps reduce bias and enhance the reliability of findings. This is achieved by 

starting with a clear research question, developing a rigorous search strategy, defining inclusion and exclusion 

criteria, and assessing the validity of the published studies. SLR can systematically organize and analyze evidence, 

deepen understanding of the existing body of knowledge, and identify gaps in the literature to inform future 

research directions. This literature review analyses how building performance research has evolved over the past 

decade and identifies methods that can inform decision-making at the point of engagement (e.g., in building 

performance projects).  

These questions were developed through a structured matrix of potential key terms, crossover terms, and 

specific terms to ensure a systematic and consistent approach to examining the field. Four themes that organize 

the paper: (1) Building Performance Evaluation and Assessment; (2) Simulation-Based Building Design; (3) 

Collaborative and Sustainable Design Workflows; and (4) Early-Stage Design and Building Performance Simulation. 

The review was developed to specifically track how all the building performance research developed over the last 

decade, regarding approaches, frameworks, and simulation-based approaches to sustainability and energy 

efficiency in the built environment. 

2.1. Search Strategy  

The literature search involved four main academic databases: Google Scholar, ResearchGate, and Scopus. 

Search terms were derived from the matrix defined in Table 1, focusing on higher-order concepts: Building 

Performance Evaluation, Simulation-based Approach, Collaborative Workflows, and Building Energy Modeling, and 

their related cross terms: Building Energy Benchmarking, Workflow Comparison, Integrated Building Simulation, and 

Energy Modeling Tools. In some cases, specific phrase expressions such as "Accuracy in energy predictions" and 

"Integrated design process" were used to limit search outputs and create a stronger link with this study's goals 

(Table 1). To improve reproducibility, the search strategy was operationalized through database-specific Boolean 

strings combining the four main thematic concepts with cross terms. Example search strings included: (“building 

performance evaluation” OR “building performance assessment”) AND (“energy benchmarking” OR “building 

energy performance”); (“simulation-based design” OR “building performance simulation”) AND (“early design” OR 

“concept design” OR “schematic design”); (“sustainable design workflow” OR “collaborative workflow”) AND 

(“building energy performance” OR “integrated design process”); and (“BIM” OR “building information modeling”) 

AND (“BEM” OR “building energy modeling” OR “energy simulation”). Searches were limited to English-language 

publications from 2013 to 2024 and were refined through title, abstract, and full-text screening. In this time, terms 

related to areas outside construction and architecture were removed during the initial screening to improve focus 

on the built environment. 

Table 1: Search terms and Boolean strings used for literature collection.  

Category Core Search String Extended Search String 

Building Performance 

Evaluation and Assessment 

(“building performance evaluation” OR 

“building performance assessment”) 

(“building performance evaluation” OR “energy 

benchmarking”) AND (“building energy performance” OR “EUI”) 

Simulation-Based Building 

Design 

(“simulation-based design” OR “building 

performance simulation”) 

(“building performance simulation” OR “energy modeling”) 

AND (“design process” OR “workflow comparison”) 

Collaborative and Sustainable 

Design Workflows 

(“collaborative design” OR “sustainable 

design workflow”) 

(“integrated design process” OR “collaborative workflow”) AND 

(“building energy performance” OR “sustainability”) 

Early-Stage Design and 

Building Simulation 

(“early design” OR “concept design” OR 

“schematic design”) 

(“early-stage simulation” OR “energy modeling tools”) AND 

(“decision-making” OR “design stage”) 

 

The search process began with a broad, scripted screening of articles, then narrowed the selection based on 

titles and abstracts, and finally excluded articles that were not focused or relevant to the literature review. The 

next step was to conduct a full-text review, where only unsuitable articles were removed. This was particularly 
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useful for reviewing other studies based on case studies in countries that deviated from the norm in terms of 

sustainability draft laws or sustainable resources. To expand the database, a snowball sampling approach was 

used by reviewing the references of the selected articles to identify additional publications that underwent the 

same review process. Different databases were searched due to the large number of indexed journals and 

conference proceedings available, which ultimately made the literature collected more diverse and credible. 

2.2. Inclusion and Exclusion Criteria 

The inclusion of only research published between 2013 and 2024 assured that the results were indicative of 

current trends in sustainable design and building practices and performance. This limitation was based on the 

expectation that substantial change would occur during that period. To be included in our review, studies must 

focus directly on one or more of the following five areas: evaluation or assessment of building(s) performance, 

simulation of building(s) performance, early design decisions related to building(s), workflow for simulation-based 

design, and BIM-to-BEM transfer. Studies that are not buildings, architecture, construction, or building science; 

only consider non-building infrastructure; do not have full-text access; are not written in English; or do not provide 

sufficient or relevant methodological and/or conceptual information required by the reviewed themes were 

excluded. 

2.3. Selection and Documentation Process 

The entire selection process was conducted in accordance with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) guidelines [13]. The PRISMA flow diagram (Fig. 1) visually summarizes the 

stages of identification, screening, eligibility assessment, and final inclusion, ensuring transparency and 

replicability of the review process. The synthesis was carried out thematically. Once all studies had been screened 

via full texts, they were coded based on their primary contribution, the design/phase of construction applicable to 

them, the methodology used, focus on performance, and impact on workflows. These codes were grouped into 

the four thematic categories established for this review: Building Performance Evaluation and Assessment; 

Simulation-based Building Design; Collaborative/Sustainable Design Workflows; Early-Stage Design & Building 

Performance Simulation. Through this coding process, it was possible to compare studies based on both decision 

context and workflow function, not just on the tools used or the recorded metrics.  

 

Figure 1: PRISMA flow diagram. 
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3. Bibliometric Results 

The contextual reporting across the included studies is not comparable in all respects, particularly with respect 

to assumptions and uncertainties. Some studies have emphasized the dependence of performance prediction on 

weather, operations, and human behavior, although these factors are not consistently represented or validated 

across studies. Therefore, the magnitudes of performance should be considered context dependent. The 

synthesis highlights the patterns in the method and workflow, but the claims of improvement and generalization 

are the main limitations. 

Regarding the development of building performance evaluation within the design process and collaboration 

workflow, Table 2 provides an distributions of the publication on each theme. In-depth discussions of these are 

given in the following sections. The thematic analysis developed four main themes: Evaluation and Assessment of 

Building Performance; (2) Simulation-Based Building Design; (3) Sustainable and Collaborative Design Processes; 

and (4) Early-Stage Design and the Significance of Building Simulation. Furthermore, the articles reviewed are 

categorized as follows: 33% discussed Building Performance Evaluation and Assessment, 35% discussed 

Simulation-Based Building Design, and 28% discussed Early-Stage Design (Fig. 2). The significance of Building 

Simulation and Sustainable Design Workflows was discussed in 24% of the articles.  

 

Figure 2: Distribution of articles in the four theme categories. 

The creation of Fig. (3) was facilitated by applying a co-occurrence mapping method with respect to a set of 

studies that were part of the systematic review. Keywords came from four sources within the study (title, abstract, 

keywords provided by authors, and other words that frequently recur during thematic coding). It shows that 

‘performance evaluation,’ ‘simulation-based design,’ ‘collaborative workflow,’ and ‘early design decisions’ are 

interlinked concepts, as opposed to being discrete areas of concern. Overlap terms such as ‘uncertainty,’ 

‘benchmarking,’ ‘sensitivity analysis’ and ‘data exchange’ suggest that all four areas of concern are impacted. ‘Early 

design’ simulation clearly represents the increasing expectation that modeling will provide guidance on massing, 

envelopes, or other early design considerations. As described in this study "early design" has been operationalized 

to incorporate activity conducted prior to design (Pre-design) and during both the Concept and Schematic Design 

stages of a project where major decisions regarding the massing, orientation, zoning of a building, and envelope 

strategy, lighting/daylighting levels (indirect lighting) through the use of passive design strategies and assumed 

performances of mechanical systems (HVAC and other building systems) can still being developed. This definition 

supports recent studies [30, 81-83]. Since the studies reviewed used several different terminologies (massing stage, 

zoning stage, concept design, schematic design), they were categorized as "early design" if they were describing 

the types of decisions made prior to issuing a detailed document to make the final system specification or to 

conduct compliance modeling. 

At the same time, the fact that ‘collaborative workflow’ terms appear in both simulation design and 

performance evaluation circles would suggest that technological innovation requires shared sets of data, as well 

as enhanced collaboration. As used in this review, the term "collaborative workflow" describes the processes 

0 5 10 15 20 25 30

Building Performance Evaluation and Assessment

Simulation-Based Building Design

Collaborative and Sustainable Design Workflows

Early-Stage Design and Importance of Building

Simulation

Distribution of Article in the Four Theme Categories.
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Table 2: Contents identified from publications and papers for four categories. 

Publication Publication Title 
Theme of Review 

BPEA SBBD CSDW EDIBS 

Aksamija [14] 
A strategy for energy performance analysis at the early design stage: 

predicted vs. Actual building energy performance” 
   * 

Ali, Jayaraman [15] 

A comparative analysis of machine learning and statistical methods for 

evaluating building performance: A systematic review and future 

benchmarking framework 

*    

An, Li [16] 
From building information modeling to building energy modeling: 

Optimization study for efficient transformation 
   * 

Asl, Stoupine [17] 
Optimo: A BIM-based multi-objective optimization tool utilizing visual 

programming for high performance building design 
 *   

Ashuri, Wang [18] A data envelopment analysis (DEA) model for building energy benchmarking *    

Attia, Gratia [4] 
Early decision support for net zero energy buildings design using building 

performance simulation 
   * 

Augenbroe [19] The role of simulation in performance-based building  *   

Azari and Kim [6] 
Integration evaluation framework for integrated design teams of green 

buildings: Development and validation 
* * *  

Beetge,  

De Canha [20] 

Managing the design and development of high-performance buildings 

through integrated design 
  *  

Berawi, Kim [21] 
Designing a smart integrated workspace to improve building energy 

efficiency: an Indonesian case study 
  *  

Bjørnskov, Jradi 

[22] 

Automated model generation and parameter estimation of building energy 

models using an ontology-based framework 
 *   

Botchway, 

Agyekum [23] 

Utilization of simulation tools for building performance assessment among 

design professionals 
*    

Brown,  

Rajkovich [24] 

The future of weather files for building performance simulation in New York 

State 
 *   

Christine Sotsek, 

Sanchez Leitner [25] 
A systematic review of Building Performance Evaluation criterias (BPE)   *  

De Wilde [26] 
The gap between predicted and measured energy performance of buildings: A 

framework for investigation 
*  * * 

Delgarm, Sajadi 

[27] 

Sensitivity analysis of building energy performance: A simulation-based 

approach using OFAT and variance-based sensitivity analysis methods 
 *   

Gerber and Lin 

[28] 

Designing in complexity: Simulation, integration, and multidisciplinary design 

optimization for architecture 
   * 

Han [29] 
A New Interoperability Framework for Data-Driven Building Performance 

Simulation 
 *   

Han, Huang [30] 
Simulation-based decision support tools in the early design stages of a green 

building—A review 
   * 

Hasan, Palonen 

[31] 
Simulation-based optimization for energy and buildings * *   

Heidarinejad, 

Dahlhausen [32] 

Building classification based on simulated annual results: towards realistic 

building performance expectations 
 *   

Hemsath [33] 
Conceptual energy modeling for architecture, planning and design: Impact of 

using building performance simulation in early design stages 
 *   

Hensen and 

Lamberts [34] 
Building performance simulation–challenges and opportunities  *   
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Table 2 (contd….) 

Publication Publication Title 
Theme of Review 

BPEA SBBD CSDW EDIBS 

Hong, Li [9] Integrated Design for High Performance Buildings   *  

Hopfe and  

Hensen [11] 
Uncertainty analysis in building performance simulation for design support  *  * 

Hu [35] 
Optimized Renovation Strategies of Education Building–a novel BIM/BPM/BEM 

framework 
 *   

Isley [36] 
Examining Integrated Design Workflows that Support Building Performance 

Integration in Small Architectural Firms 
    

J Hopfe,  

Soebarto [37] 

Understanding the differences of integrating building performance simulation 

in the architectural education system 
  *  

Jaganathan, 

Mohammed [38] 
Descriptive Review of energy performance evaluation approaches *    

Jia, Srinivasan [39] Descriptive Review of energy performance evaluation approaches    * 

Kamari,  

Corrao [40] 

Sustainable renovation framework: introducing three levels of integrated 

design process implementation and evaluation 
  *  

Kono,  

McNulty [41] 
Raising the Bar: Comparing Building Energy Benchmarking Methods *    

Krstić and  

Teni [42] 
Review of methods for buildings energy performance modelling    * 

Lamberts and 

Hensen [43] 
Building performance simulation for design and operation    * 

Lee [44] The integrated design process from the facilitator's perspective   *  

Li, Iulo [45] 
A review of the energy performance gap between predicted and actual use in 

buildings 
 *   

Li, Hong [46] System-level key performance indicators for building performance evaluation *    

Li, Liu [47] 
A review of performance-oriented architectural design and optimization in the 

context of sustainability: Dividends and challenges 
  *  

Lin and Gerber 

[48] 

Evolutionary energy performance feedback for design: Multidisciplinary 

design optimization and performance boundaries for design decision support 
   * 

Lin, Chen [49] 
MOOSAS–A systematic solution for multiple objective building performance 

optimization in the early design stage 
*    

Lu, Sood [50] 
Factors impacting integrated design process of net zero energy buildings: an 

integrated framework 
  *  

Mahmoud, 

Kamara [51] 

Opportunities and Limitations of Building Energy Performance Simulation 

Tools in the Early Stages of Building Design in the UK 
*  * * 

Nazeer, 

Kamardeen [52] 
Research needs for enhancing pre-occupancy evaluation of buildings *    

Nguyen,  

Reiter [53] 

A review on simulation-based optimization methods applied to building 

performance analysis 
* *  * 

O'Brien, 

Tahmasebi [54] 

An international review of occupant-related aspects of building energy codes 

and standards 
* *   

Østergård,  

Jensen [10] 
Building simulations supporting decision making in early design–A review   * * 

Pan, Zhu [55] 
Building energy simulation and its application for building performance 

optimization: A review of methods, tools, and case studies 
* *   
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Table 2 (contd….) 

Publication Publication Title 
Theme of Review 

BPEA SBBD CSDW EDIBS 

Purup and 

Petersen [56] 

Research framework for development of building performance simulation 

tools for early design stages 
*   * 

Rahman Azari  

and Kim [57] 
Evaluating Integrated Design Process of High-Performance Green Buildings   *  

Raouf and Al-

Ghamdi [7] 

Framework to evaluate quality performance of green building delivery: project 

brief and design stage 
  *  

Rezaee, Brown 

[58] 

Building energy performance estimation in early design decisions: 

quantification of uncertainty and assessment of confidence 
  *  

Ribeiro [59] 
Developments in local energy efficiency policy: A review of recent progress 

and research 
*    

Roger Chang PE 

and Crawley [60] 
A Metric to Characterize Commercial Building Process Loads, Energy Use *    

Rosenberg and 

Eley [61] 
A Stable Whole Building Performance Method For Standard 90.1, Part 2  *   

Sayın and  

Çelebi [62] 

A practical approach to performance-based building design in architectural 

project 
 *   

Shen, Singhvi [63] 
Evaluating the multi-objective optimization methodology for performance-

based building design in professional practice 
 *   

Soebarto,  

Hopfe [64] 

Capturing the views of architects about building performance simulation to be 

used during design processes 
 *  * 

Sohn and  

Dunn [65] 

Exploratory analysis of energy use across building types and geographic 

regions in the United States 
*    

Stevenson [66] 
Embedding building performance evaluation in UK architectural practice and 

beyond 
*    

Stavrakantonaki 

[67] 

A Framework for Input Data Processing During Building Energy Model 

Calibration 
*    

Taylor, Liu [68] Towards a framework to evaluate the ‘total’performance of buildings *    

Terim Cavka, 

Cavka [69] 

An investigation of the design process’s effect on a high-performance 

building’s actual energy system performance 
  *  

Tian, Heo [70] A review of uncertainty analysis in building energy assessment  * * * 

Tian, Zhang [71] 
A review of data-driven building performance analysis and design on big on-

site building performance data 
  *  

Utkucu and  

Sözer [72] 

Interoperability and data exchange within BIM platform to evaluate building 

energy performance and indoor comfort 
  *  

Van Dronkelaar, 

Dowson [73] 

A review of the energy performance gap and its underlying causes in non-

domestic buildings 
*    

Vojdani,  

Rahbar [74] 

Comparative study of optimization methods for building energy consumption 

and daylighting performance 
 *   

Wang [75] 
Workflow for applying optimization-based design exploration to early-stage 

architectural design–Case study based on EvoMass 
  *  

Wang, Janssen [76] 
Comparing design strategies: a system for optimization-based design 

exploration 
 *   

Webb and 

McConnell [77] 
Evaluating the feasibility of achieving building performance standards targets *    
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Table 2 (contd….) 

Publication Publication Title 
Theme of Review 

BPEA SBBD CSDW EDIBS 

Wortmann, 

Cichocka [78] 

Simulation-based optimization in architecture and building engineering—

Results from an international user survey in practice and research 
 *   

Xie and Gou [3] 

Building performance simulation as an early intervention or late verification in 

architectural design: same performance outcome but different design 

solutions 

   * 

Yigit and  

Ozorhon [79] 

A simulation-based optimization method for designing energy efficient 

buildings 
 *   

Yin, Liu [80] 
Comparing simulated demand flexibility against actual performance in 

commercial office buildings 
*    

BPEA: Building Performance Evaluation and Assessment, SBD: Simulation-Based Building Design, CSDW: Collaborative and Sustainable Design Workflows,  

EDIBS: Early-Stage Design and Importance of Building Simulation. 

associated with coordination among different disciplines involved in architecture, engineering, consulting and 

sustainability, in terms of exchanging performance data, exchanging models and making design decisions through 

analysis and feedback through an integration of disciplines over multiple phases during the design process [84-86]. 

Finally, the broad distribution of terms associated with ‘uncertainty’ clearly reflects rising interest in scenario-

based analyses that statistically account for design variables. Collectively, this figure emphasizes a more 

integrated approach to ‘performance evaluation,’ whereby ‘collaboration,’ ‘uncertainty,’ and ‘early design simulation’ 

must all take place as elements of a seamless, interconnected design process.  

 

Figure 3: Keywords: co-occurrence network for the four categories and connections. 
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4. Finding & Discussion 

Architects need to develop high-performance buildings or sites in response to the sustainability challenges in 

the world, such as climate change, building users’ needs and comfort, increasing understanding of the link 

between the indoor environment and the health and well-being of the occupants, and reducing the building's 

environmental impact [87]. To meet this requirement, architects need models and technologies that enable them 

to consider interdomain systems, such as transportation and large-scale energy networks. Moreover, to design 

high-performance buildings, researchers have developed a wide range of tools and technologies for building 

energy simulation. Research reveals that an early-stage performance evaluation framework is best organized 

within a typology based on the three relevant areas: the design phase, the purpose of the decision-making 

process, and the type of performance feedback. The review's primary contribution is a typology of decision 

support that views early-stage performance evaluation as a series of recurrent decision-making situations rather 

than a single "early simulation" activity. Based on the analysis operator, available inputs, and conclusions drawn, 

methods are selected from the dataset. This lens highlights several issues, including sensitivity to presumptions, 

poor model interchangeability, and ambiguous accountability for outcome interpretation. To understand how the 

Four Themes relate to decisions made during the Design Phase, Table 3 presents the Four Themes and the major 

Decisions normally made during each of the Pre-design through Detailed Design Phases. The decision-support 

typology provides an invaluable resource for developing future research studies by offering a comprehensive 

representation that links the literature in an organized manner, from early-stage performance methods to 

decisions made at any design stage, through a systematic framework. This matrix of Phases, based on current 

research, supports the notion that early-stage simulation is of greatest value when supporting Flexible Decisions 

such as: Massing, Orientation, Envelope, Glazing, Daylighting, and Uncertainty Management; whereas the use of 

Simulation or Analysis at later phases is more closely aligned with Technical Refinement, Code Compliance, 

Verification, and Base Building Performance Feedback [30, 82, 83, 88]. 

Table 3: Decision matrix linking review themes to design-phase decisions. 

Typology Dimension (Theme) 
Early-Stage Exploration 

(Concept / Schematic) 

Mid-Stage Comparison (Design 

Development) 

Late-Stage Verification 

(Detailed / Compliance) 

Building Performance 

Evaluation (BPE) 

Goals, benchmarks, comfort 

criteria 

Target checking, assumption 

refinement 

Calibration, verification, POE 

planning 

Simulation-Based Design 
Massing, orientation, glazing, 

shading 

Envelope, daylight, system 

comparisons 

Compliance, technical model 

refinement 

Collaborative Workflows Roles, targets, decision gates 
Energy, comfort, cost, carbon 

trade-offs 

Documentation, handoff, 

commissioning 

Early-Stage Building 

Performance Simulation (BPS) 

Uncertainty framing, climate 

context, model scope 

Sensitivity analysis, robust 

alternatives 

Validated or code-based 

simulation 

 

According to this typology, performance evaluation plays a supportive function throughout different types of 

design decision-making, including preliminary design exploration (early), mid-stage development 

comparison/trade-off analysis, and final design verification and compliance (late). These results were discussed in 

the order of the research questions rather than as isolated themes, thereby enhancing the analytical clarity of the 

findings. The results for RQ1 describe how performance evaluation and simulation tools have been used at each 

stage of the design process. This is revealed by comparing late-stage compliance evaluations with tools that 

support decision-making during the conceptual and schematic phases of design. The results for RQ2 relate to 

integrating performance tools into the building design process. Barriers that limit the integration of performance 

tools include input uncertainty, difficulties translating data between BIM and BEM, limited in-house expertise with 

performance tools, a lack of collaborative design, and misaligned timing of performance assessments with design. 

RQ3 discusses collaborative workflows related to the use of performance information and describes the 

conditions surrounding the use of decision gates, coordination of performance analysis among multiple 

disciplines, and the communication of performance feedback. Overall, while there seems to be consensus in the 

current literature that early-stage simulations can assist in making decisions about site massing, orientation, 
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envelope design, and daylighting, there is no consensus on how these simulations will be integrated into design 

practice. Specifically, while tool-based research demonstrates an overwhelming level of technical potential for 

iterative simulation in integrated design, practice-based research continues to document the late-stage use, 

outsourcing, lack of expertise, and weak feedback mechanisms associated with performance tools in architectural 

design workflows [5, 51, 88, 89]. 

4.1. Building Performance Evaluation and Assessment 

The issue of building performance evaluation has evolved from an intermittent review to a strategic design 

process incorporating occupant satisfaction, functionality, environmental issues, and compliance [1]. Among the 

defining trends in building performance evaluation is the rise in the application of data-driven methods. Though 

basic transparent methods in statistics like linear regression analyses are applicable and important in instances 

where the availability of data and time is a concern, studies comparing the two suggest the application of machine 

learning techniques to improve the predictive capability in more complex and non-linear problems (High-

resolution data through sensor networks has enhanced benchmarking and evaluation), and a comparison shows 

how the two methods can be combined and applied in flexible evaluation strategies in the form of the free 

benchmarking framework Bahari described in [15]. 

While benchmarking practices were once solely for ranking buildings or companies, they have evolved into 

tools for making informed decisions. The development of gradient-boosting trees and multilinear regression 

models with interaction terms has provided improved predictive ability and interpretability for large office building 

datasets used for the ENERGY STAR benchmarking program [90]. In addition to the traditional EUI for an entire 

building, the use of more targeted process-energy indices and system-level KPIs for HVAC, lighting, water heating, 

and plug loads helps to expose inefficiencies and allows for more effective retrofits [46, 60]. Data Envelopment 

Analysis (DEA) has also gained popularity as a method to diagnose both technical and scale inefficiencies, to 

identify peer groups and to help prioritize retrofit strategies [18]. Similarly, recent developments in calibration 

efforts, such as the use of blackboard-AI systems to reduce the number of simulation runs required to conform to 

ASHRAE accuracy criteria, illustrate the growing emphasis on streamlining workflows when dealing with common 

limitations of data [67].  

The consistent discrepancy between anticipated and actual energy consumption is one of the most prevalent 

issues in literature, often exceeding 30%. The research indicates that this discrepancy is attributable to multiple 

factors rather than a single cause. Because schedules, plug loads, infiltration, internal gains, and operational 

assumptions are often unclear or oversimplified, the early design phase entails considerable input uncertainty [26, 

73]. Behavioral and operational factors also influence building performance; for example, window openings can 

significantly affect heat loads and comfort levels. Coupled modelling techniques can be used to address such 

changes [91]. Overall, the research indicates that individual deterministic predictions can be used to generate 

accurate forecasts when incorporating feedback loops and when calibration-oriented learning and interpreting 

early-stage results are used within risk-bounded ranges. 

Recent research suggests a more adaptive, flexible approach to performance assessment that accounts for the 

variable demands of operational environments. Specifically, several studies directly compare simulated demand-

response behaviors with real-world results and suggest that modelled flexibility is generally ±17% (on average) 

accurate when comparing with actual flexible results; however, the extent to which a particular model provides an 

accurate match is dependent upon the type of system being examined [80]. At the same time, the collection of 

Portfolio-level standards for Building Performance reveals that many buildings currently do not meet the 

requirements set forth by the latest building performance standards and will require extensive improvements or 

retrofits in order to keep pace with changing technology and integrate into metrics that will calculate total building 

emissions, as well as provide accurate calculations on a portfolio-wide basis [77]. Further evidence of this trend 

toward earlier evaluation includes systems like MOOSAS that automatically link 3D model files to simulation 

engines and offer simultaneous, multi-objective analysis in real-time during the design phase of projects [49]. 

A growing body of scholarly work has supported a shift from rule-based retrospective evaluations to 

continuous and data-driven processes that involve monitoring data, calibrated simulation tools, machine learning 
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algorithms, and occupant feedback. Unfortunately, many gaps remain in performance evaluation practices today. 

One of the greatest challenges has been to develop standard verification and validation processes. The 

vulnerability of both the BIM-to-BEM translation and the approach to uncertainty is another example of a gap in 

the field. Furthermore, the wide gap between predicted and actual building performance indicates that new 

methods of performance evaluation are needed to assess the behavior of buildings as they are used daily, rather 

than on idealized assumptions used in building design. In closing, performance evaluation methods have 

advanced rapidly; however, integrating these assessments into the design process, especially before completion of 

preliminary design documents, has progressed slowly. Therefore, understanding how simulation is used in the 

design of high-performance buildings will help identify ways current practices can support or constrain decision-

making during the design phase. Also, Several core areas of literature agree that a single factor is not responsible 

for the performance gap; instead, multiple factors work together, combined with the environmental conditions 

present within the building, such as uncertainty surrounding interactions amongst the elements of the building 

(assumptions, behavior of the occupants, operational schedule, weather data, simplifications of models, poor 

feedback) contribute to making performance gaps [92, 93]. 

4.2. Simulation-Based Building Design 

Simulation-based building design involves treating performance analysis as a proactive participant in design 

decisions, rather than merely a validation check-off point. The current literature suggests that simulation offers a 

utility for supporting comparative analysis of design alternatives, understanding evidence in design decisions, and 

aligning architectural and mechanical designs with functional goals. This common line of thought raises a key 

question of how simulation can play a practical role in early design decisions, where impact has a proportionally 

greater role. The subsections below describe the two research paths related to high-performance design 

simulation workflows. 

4.2.1. High-performance Building Design 

Design scholarship recommends a structured, performance-driven analysis, rather than a trial-and-error 

decision-making process. Aided by software such as Optimo, multi-objective optimization techniques are 

integrated directly into Building Information Modeling (BIM), providing designers with a means to analyze various 

options comparatively and concurrently [17]. Multi-criteria analysis, including considerations of daylight, acoustics, 

and energy, extends design options and encourages direct analysis of design objectives. Nevertheless, several 

studies (Coleman & Robinson, 2018; De Wilde, 2018; Zou et al., 2018) suggest that a disconnect between 

optimization and reality can occur unless nominal inputs, behavioral simulation, and physics-based modeling are 

accounted for. Without these, optimization runs the risk of overstating benefits and being misled in performance. 

There appears to be evidence that simulation integrity, with feed-forward simulation enhanced by model 

behaviour, maintains validity while illustrating design-related decisions focused on energy savings and carbon 

reduction [45]. 

Significant gains in multi-objective optimization problems are often reported; however, they are typically 

dependent on the assumptions made. There is naturally high uncertainty in the early stages of design. The ranking 

of options and the trade-off between objective values can vary significantly with even small changes in input 

conditions. Therefore, the best practice for using optimization at these stages is to explore robust regions of the 

design space and to provide information on assumptions and sensitivity/performance ranges, rather than an 

“optimal” solution.  

Early parametric modeling, in conjunction with design analysis simulation in terms of daylight, energy 

simulation, and optimization, provides a means of illustrating simulation analysis as developing design, rather 

than mere minimum compliance with various codes, in support of daylight access, energy performance, and 

system simulation methodologies combined with simulation, shading, and glare analysis alternatives [63]. 

4.2.2. Simulation-based Approach in Design 

Evidence from educational practice indicates that performance tools are used as individual checks rather than 

within a continuous cycle when used independently. Students can test and connect massing, daylighting, and 
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ventilation strategies and relate form-making with performance targets in integrated-studio structures that 

include Sefaira, DIVA, and Coolvent at every stage [37, 94]. In contrast to post-design validation workflow 

techniques, the early use of daylight-factor studies and solar-insolation mapping in the early stages of schematic 

design also connects architectural choices with energy targets [33]. 

However, the use of simulation in practice varies widely, and many firms still struggle to apply it consistently 

throughout the design process. Many firms still rely on external assistance for modeling, or resort to it only when 

certifying, due to time constraints, skill gaps, and contracts that do not fully account for analysis. When they resort 

to simulation, it typically occurs during the concept phase to refine the design, verify daylight availability, and 

evaluate energy consumption. Optimization in practice often invokes general genetic algorithms, despite more 

specific techniques potentially providing greater accuracy and efficacy [64, 78]. Rules mandated by regulations are 

making the guidelines less ambiguous: the ASHRAE 90.1 Appendix G fixed baseline facilitates fair comparisons 

across various phases and schemes, such as LEED. Nevertheless, code assumptions of occupancy, schedule, and 

load differences can still lead to different predictions, which indicates that inputs ought to be normalized if 

resorting to simulation in demonstrating compliance [54, 61, 95]. 

One of the most emphasized themes in literature is the need to improve the connection between assumptions 

used in simulation and reality. By linking simulations to monitoring data, designers can create envelopes and 

systems that are adaptive to observed occupant usage rather than based on assumed usage [96]. Co-simulation 

methods, which combine energy engines and behavioral components, provide a means to incorporate occupancy- 

and comfort-related behavioral effects into actual performance simulations [91]. The latest ontology systems in 

simulation development further reduce manual effort in updating simulations by dynamically generating content 

based on the evolving nature of design changes, which may help mitigate sensitivities associated with simple 

BIM/BEM transfer methods [22]. Sensitivity analysis can further improve simulation outcomes by identifying the 

parameters that most affect the output, thereby enabling a systematic approach to designing simulation inputs 

with clearer objectives [27, 32]. 

Recent technological developments have expanded opportunities for how simulation integrates into 

continuous design feedback loops. Hybrid parametric/optimization strategies, based on cloud technology and 

evolutionary algorithms, enable simultaneous assessment of massing and system designs, allowing designers to 

make informed decisions early in the design stage [76]. Integrated simulation/optimization environments reduce 

the cost of coupling and speed up investigations of envelope and system designs [79]. Simulation/optimization 

research using physics engines in combination with metaheuristic algorithms extends design exploration to other 

model parameters and combinations of geometric and/or envelope designs, with machine learning models 

shortening computation time and improving forecast accuracy [53, 55, 71]. Such simulation/optimization 

workflows demonstrate how simulation can resolve performance trade-offs, such as visual comfort and 

overheating in highly glazed buildings, by investigating color schemes, façade proportions, and space-planning 

solutions for these design tasks [62]. Retrofits are also aided by the interoperability of simulation models with BIM, 

aligning environmental, economic, and energy parameters to support evidence-based decision-making [35]. One 

area where caution is generally advised in the literature is the impact of climate assumptions. Research shows that 

simulation outcomes are highly sensitive to the assumptions used to select the simulation weather files; thus, 

caution is necessary in this area [19, 24, 34]. 

A pattern consistently observed across these studies is the effectiveness of simulation when it is continuous, 

integrated, and grounded in actual building behavior. Most current workflows use simulations only at very late 

stages, which may lead to a lack of feedback on a design's real-world performance and to the use of inappropriate 

assumptions that diminish a simulation's predictive ability. There is a lack of integration between modelling 

systems, which creates inconsistencies between simulations and designs; moreover, the absence of systems to 

incorporate simulations into the design process introduces additional uncertainty and fragmentation. The above 

points provide direct support for the subsequent exploration of collaborative, sustainable workflows, with a focus 

on organizational factors, communication patterns, and collective work processes that determine whether 

simulation is a strategic tool for design or merely a separate technical activity. 
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4.3. Collaborative and Sustainable Design Workflows 

The collaborative and sustainable design processes are multispecialty, early-stage, performance-informative 

co-design processes based on shared BIM/BPS models, simultaneous option testing, and explicit decision gates. 

Within this family, sustainable design processes use parametric studies, sensitivity/uncertainty analysis, and 

benchmarking to compare with code or prototype baselines to achieve energy, carbon, and comfort outcomes [37, 

53, 62, 71, 94, 97]. This workflow is best understood not as a compilation of individual practices, but as a repetitive 

process of steps designed to reduce information density. In such an understanding, a team might develop a set of 

assumptions, a clear intent for performance, multiple options developed in parallel, analyses performed at a 

speed consistent with the maturity of the information, an evaluation of the outcome relative to a standard or 

target, and finally, the implementation of design changes before continuing to the next step. The literature 

suggests that errors occur at specific points: data loss arises from transferring models between Building 

Information Modeling (BIM) software and analysis tools, assumptions change over time, and authority is unclear 

when consultants or other disciplinary groups generate outcome data (Fig. 4).  

 

Figure 4: Collaborative performance workflow with failure points. 

Fig. (4) portrays an example of a collaborative performance workflow along with five repeatable failure points. 

Failure Point 1 (FP1) indicates data loss when translating Building Information Models (BIM) to Building Energy 

Models (BEM), such as geometric and zoning inconsistencies that must be corrected manually after translation. 

Failure Point 2 (FP2) represents the concept of "assumption drift", where input items such as construction 

schedules and system parameter values change between iterations of the model without being tracked in a 

consistent manner. Failure Point 3 (FP3) considers the inability to carry forward uncertainty into subsequent 

iterations of the model, resulting in an overreliance on deterministic output. Failure Point 4 (FP4) relates to unclear 

decision rights across numerous discipline teams, resulting in an inability to interpret and act on received 

information. Failure Point 5 (FP5) relates to discrepancies in the timing of when simulation output is received, 

creating an inability to influence design decisions due to the time lag. Failure Points 1, 2, 3, 4, and 5 demonstrate 

common challenges documented in the literature, such as interoperability issues, fragmented communication, 

and misalignment between analysis and design workflows. For these reasons, a performance-oriented process 

might remain a technical exercise in parallel with the development of tools for benchmarking, sensitivity analysis, 

and parametric analysis [37, 53, 62, 71, 94, 97]. In addition to the previous information, IFC and gbXML, which are 

examples of neutral built environment data exchange schemas, represent two of the primary forms of transferring 
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BIM models into energy simulation software, however there are often Geometry related errors, missing envelope 

components, zoning inconsistencies, and material transfer problems that can cause additional work and therefore 

are not addressed in this review, which will focus on decision making, not technical benchmarking. These errors 

will be addressed as workflow limitations affecting the reliability and timeliness of early-stage performance 

feedback [98-100]. 

Green-building targets are pushing toward a hybrid-driven process in which architects and engineers pass 

analysis and design back and forth, employ interoperable tools connecting BIM and parametric modeling and 

simulation, and iterate targets in parallel option testing; bracketing and mockup at the design stage close the loop 

on forecasted vs. actual energy use [47].  

4.3.1. Integrated Design Building Performance Framework 

Functional and durable design workflows are within reach when teams participate in early, interdisciplinary co-

design, using specific checkpoints and a shared decision-making vernacular. Two evaluation matrices validate the 

approach. The first uses the Context, Input, Process, and Product model to describe how teams plan, collaborate, 

and measure results during the implementation stage; it recommends a weighted set of criteria for an Integration 

Maturity Index, thereby facilitating incremental evaluation and improvement of projects [57]. The second converts 

the quality of collaboration into measurable terms. It details twenty integration factors and sixty-five indicators, 

rates them on a five-point scale, and places them into indices that predict project success, providing leaders with 

clear thresholds for decisions to proceed or hold back [6]. 

Evidence from practice demonstrates the importance of governance levels. For instance, "building 

performance" remains amorphously defined in small firms, so targets set early on remain tenuous; a three-firm 

case study presented thirty-three daily complications and abstracted eight integrated design themes that assist 

teams in acting on early-design performance [36]. Collaboration guarantees accountability only if there is a 

specific structure to the facilitation. A facilitator model provides preparatory phases for the establishment of a 

common purpose and structured reviews for decision gates; the standard criteria for assessment made the gates 

auditable and provided feedback across disciplines [44]. 

The net-zero energy building framework by Lu, Sood [50] systematically classifies different factors and their 

critical interconnections under the banners of Context, Input, Process, and Product. It then verifies these aspects 

in a live university project. The research team undertook eight design workshops that considered different 

alternatives through an "energy story" eye on the overall building energy budget, gathered occupant-use data on a 

room-by-room basis to support load specifications, and utilized mock-ups with user trials to ratify an innovative 

hybrid heat, ventilation, and air-conditioning system—converting checkpoints into decisions supported by 

measurable energy and comfort results [50]. Across the brief and design stages, a quality framework outlines the 

participants, scheduling, and deliverables at each stage: including cross-disciplinary charrettes, early decisions on 

risks and delivery, and a first-in first-out commissioning brief; followed by a simplified whole-building energy 

model in the scheme design, hourly energy modeling alongside initial indoor-environmental evaluations in the 

preliminary design, and a compliance energy model with integrated reviews of durability and building 

management in the final design stage, all tied into established standards in the field of energy, ventilation, and 

comfort [7]. Data and uncertainty management form the foundation of performance-informed gates. An engine-

neutral protocol guides choices across scenarios for maintenance and operational quality, weather data selection, 

and user activity, so targets are established as distributions and confidence levels rather than a point. An engine-

independent performance-data schema is paired with it and connects results and inputs, remaining up to date 

with code changes to reduce rework during handoffs. Measurement portfolio evidence of results (e.g., broad 

distributions in energy use intensity among "high-performance" offices) points out why these checks need to 

reside on the inside of early design and not after the fact [9]. 

In conclusion, two lenses are used to complement this section. According to a management study, 

comprehensive building optimization requires goal setting during the pre-design stage, cross-disciplinary co-

design from the outset, life-cycle economic considerations, and deliberate commissioning. It also identifies 

practical barriers, like current contracts and procurement models that do not currently support integrated 
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teamwork [20]. Additionally, a three-stage development framework for renovation links multi-stakeholder 

workshops with a foundation in Building Information Modeling, allowing for staged assessments that let teams 

modify integrated design to suit particular situations while keeping an eye on energy and comfort goals at every 

turn [40]. 

4.4. Building Performance Simulation at Early-Stage Design  

Early use of Building Performance Simulation encourages climate-responsive massing and envelope decisions, 

whereas late use is associated with "point chasing" (optimizing for certification points rather than real 

performance). As a result, projects that use it to guide design perform better than those that only use it for end-

stage verification [3]. Therefore, Building Performance Simulation is appropriate for concept and schematic stages. 

Groups in workshops used this configuration to orient adjustment, external shading, glazing, insulation, and solar 

sizing; however, a more precise presentation of results was still needed. Informative early procedures include brief 

training and a checklist for modeling with DesignBuilder or ZEBO, followed by sensitivity runs and a climate study 

[4]. Architects typically avoid complex, expert-only software that impedes sketching or compromises form.  

Furthermore, early analysis is frequently limited by costs and time restrictions. Many offices outsource 

modeling, resulting in static reports. This might hinder two-way communication and budgetary analysis 

throughout the conceptual and planning stages [56, 64]. According to Negendahl [5], a live link between the 

design tool and the solver allows for quick, in-context parametric tests. It also prefers runtime connections over 

slow file exchanges, requires careful scripting and validation when using distributed setups, and starts light and 

gets more precise as inputs mature. According to Østergård, Jensen [10] the method selection should account for 

early uncertainty, proactive parametric runs, sensitivity and uncertainty analyses with knowledge-based defaults, 

and allow teams to explore a wide range of options before deciding with a declared level of confidence. Simple 

behavior scenarios or a light co-simulation loop can capture how window, door, and blind actions affect total 

energy and the end-use mix. People's effects should be included from the beginning [39]. Since engine differences 

and typical 10–30 percent gaps to observed data are common in idea investigations, phase-appropriate methods 

and specific error limitations are necessary [14]. Effective transfers from Building Information Modeling to 

Building Energy Modeling allow for the use of early studies. For example, an Industry Foundation Classes-based 

repair and zoning pipeline reduces export losses from Green Building eXtensible Markup Language, producing 

reliable energy models for confident gates and speedy option testing [16]. 

4.4.1. Challenges and Developments of Building Performance Simulation  

In the early stages, small inputs, rapidly changing geometry, and large option spaces make single deterministic 

runs unreliable guides. Instead of focusing on one variable at a time, Østergård, Jensen [10] suggests exploring the 

design space globally and considering key inputs as uncertain from the beginning. At the same time, the field is 

moving toward evaluating simulations based on their performance throughout the entire building life cycle. 

However, quality control remains uneven, as validation and verification should commence at the problem 

formulation stage, and confidence intervals must be reported; however, this is frequently not the case [1]. Recent 

research in the UK indicates that most users apply simulation for validation late, rather than at the concept stage. 

Non-users report insufficient knowledge, time, or money to use software. Interest is growing in plug-ins, cloud 

runs, and parametric add-ons that fit sketch-speed workflows [51]. 

Three advancements treat these early design issues. The first action employs uncertainty and sensitivity 

analyses, including ranking drivers using global sensitivity analysis, conducting multiple runs, using distributions 

for uncertain inputs, and employing sampling. Second, decisions are made that communicate certainty rather 

than merely relying on numerical and scenario factors, such as weather or occupancy, which are treated directly 

[10, 11]. Third, live coupling and automation: the Evolutionary Energy Performance Feedback for Design 

framework takes Excel, Green Building Studio, and Revit, and automatically translates, evaluates many options, 

and shows side-by-side energy, cost, and program views; using this, users made better Pareto solutions in the 

same session, and after running just a few generations of genetic algorithms, helpful "performance boundaries" 

emerged that were amazing for fast gates [48]. Lastly, experts prioritize simple data processing and clear graphics 

over maximal concept precision; cloud-based systems and plug-ins reduce latency, so that feedback can keep pace 
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with design. Ultimately, the latest advances in software engineering are facilitating the exchange of BIM data with 

simulations [51]. 

Despite these developments, important gaps remain. Many methods are validated in controlled or tool-specific 

environments, across different design settings, and on various software platforms. The incorporation of methods 

for handling uncertainty is uncommon in practical applications, whereas live coupling is always a technical 

challenge or a tool-specific solution. Again, few studies in this area analyze adoption in practical applications, 

design decision-making, or the role of workflow design in effectiveness. The current literature provides robust 

technical solutions. However, there is a gap in understanding their practical applications in simulation-based 

performance evaluation tools, techniques, or workflows for addressing design-related uncertainties or challenges 

across various applications and design fields. Table 4 summarizes recurring evidence patterns from the literature 

review by listing matching key or main claims and their associated consistent findings. This synthesis 

demonstrates a correlation between the primary claims of the reviewed studies and the consistent findings in the 

literature, and illustrates where there is consensus and inconsistency among the reviewed studies with regard to 

the claims made. 

Table 4: Structured evidence supporting key review claims. 

Key Claim Evidence Pattern in Literature Implication for Practice 

Early-stage simulation 

supports design decisions 

Studies consistently show use in massing, orientation, 

envelope, and daylight analysis 

Simulation is most valuable 

before design decisions are fixed 

Performance gap  

remains significant 

Reported differences between predicted and actual 

performance linked to assumptions, behavior, and operations 

Results should be communicated 

with uncertainty, not single values 

Simulation adoption is 

inconsistent 

Practice-based studies report late-stage use,  

outsourcing, and limited expertise 

Integration depends on workflow 

and organizational capacity 

Collaborative workflows 

improve outcomes 

Studies highlight decision gates, shared models, and 

interdisciplinary coordination 

Workflow structure determines 

impact of simulation on design 

BIM–BEM interoperability 

is a barrier 
Studies report geometry, zoning, and data-transfer issues 

Model exchange affects reliability 

and timing of feedback 

 

Beyond the emphasis on uncertainty analysis, the literature offers limited guidance on method selection under 

time constraints and with limited information about the model in the early stages of development. Therefore, in 

practice, method selection is generally determined by available computational resources, time constraints, and 

model maturity. As a result, it is often more practical to use screening methods during rapid early-stage 

exploration (i.e. Morris) and to depend on variance-based methods (i.e. Sobol) as the model becomes more stable 

and detailed [101, 102]. The implication of a staged approach is that low-cost, early-stage sensitivity screening 

supports early-stage decision-making, while subsequent analyses are conducted with greater detail as the design 

nears resolution. 

5. Conclusion  

There is broad consensus on the need for performance work to move into concept and schematic design, on 

reporting uncertainty rather than a single number, and on the need for decision gates to guide decision-making. 

What is not evident in the literature is how architecture firms accomplish this during the brief periods when early 

decisions occur. There is little practical evidence of how teams conduct verification, validation, and confidence 

reporting with real deadlines and fee constraints. The significant variations in measured energy use for buildings 

of the same type also indicate a need for protocols and benchmarking related to weather, operations, and 

occupants, which are integral to daily delivery rather than merely compliance models. 

Comparative accounts of who performs which analyses, how the analysis connects to design gates, how 

feedback is conveyed to the design team while geometry remains variable, and how client goals and ownership 
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models affect decision-making remain crucial practice topics. Many places encourage early investigation of close 

ties, which are two-way or more frequently one-way links from design tools to solutions. However, there is little 

proof of adoption or practical effects. Some frameworks outline gate policies and define the required model 

accuracy for each phase. Still, examples of how they are used across project types and company sizes have not 

been consistently shown. Existing interoperability challenges compound the difficulty of the early evaluation 

process. Although the existing literature addresses the translation between BIM and BEM, information on the 

representation of the number of failures in terms of the approach used under time constraints is scarce. Adoption 

studies often view simulation as a late or outsourced process, acknowledging the limited in-house skills for this 

purpose (Fig. 4). However, few studies examine how realized performance or specific in-house gate policies 

influence this process. Fig. (5) synthesizes the consensus in the literature, documented practice gaps, and the 

resulting motivation for this study.  

 

Figure 5: Conceptual synthesis of literature consensus, gaps, and study motivation. 

This review identified a gap in the literature and proposed a clear direction for future research: investigating 

and charting performance evaluation in the early stages of the workflow in architectural practices. The aim is not 

to define an optimal approach, but to clarify how simulation is integrated in the project workflow, how 

performance information is propagated in the design process, and how this influences the decision-making 

process. Taking a workflow-centered approach can help to generate practice-based evidence and to reveal 

patterns that explain the discrepancies between predicted and actual performance. 

Future Research 

To clarify, this section of paper outlines future research directions and identifies additional testing areas and 

relevant questions related to the use of simulation to support decision-making in construction projects. In 

NEED FOR THIS STUDY 

Map and compare early-stage workflows across firms; document timing, decision gates, constraints, and feedback  

pathways; identify workflow patterns linked to prediction-operation gaps 
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particular, in order to begin to explore the questions raised above about how simulation is being used, 

researchers will need to answer the following questions: (1) How do the procurement model or contract structure 

affect the integration of simulation into different firms size?; (2) How does the timing of events or the 

establishment of design freeze points diminish the usefulness of simulation as a source of feedback for early 

design stages?; (3) How does the existence of in-house skills and the characteristics of the firm’s organizational 

structure affect the use of simulation as a design tool versus a means of compliance?; and (4) How do various 

decision gate systems affect the transfer of performance information and/or uncertainty from one design stage to 

another? 

Limitation 

The conditions and assumptions governing modeling practices are not clearly specified in the literature 

reviewed with respect to uncertainty, verification, and validation. Consistent with the literature, there is evidence 

that discrepancies between predicted and measured results can be substantial due to differences in weather 

patterns, operating conditions, and human behavior. Based on these considerations, this review emphasizes 

patterns in methods and workflows rather than actual improvements and generalization limitations. 

Conflict of Interest 

The authors declare that they have no known competing financial interests or personal relationships that could 

have appeared to influence the work reported in this paper. 

Funding  

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-

profit sectors. 

Declaration of Generative AI Use 

The author acknowledges the use of ChatGPT (OpenAI, https://chat.openai.com) and Grammarly to assist with 

manuscript preparation. AI was used to help refine grammar, enhance clarity, and rephrase certain technical 

explanations for improved readability. After using this tool, the author reviewed and edited the content as needed 

and takes full responsibility for the content of the published article. 

References 

[1] De Wilde P. Building performance analysis. John Wiley & Sons; 2018. https://doi.org/10.1002/9781119341901 

[2] Hong T, Langevin J, Sun K, Eds. Building simulation: ten challenges. Build Simul. 2018; 11: 871-98. https://doi.org/10.1007/s12273-018-

0444-x 

[3] Xie X, Gou Z. Building performance simulation as an early intervention or late verification in architectural design: same performance 

outcome but different design solutions. J Green Build. 2017; 12(1): 45-61. https://doi.org/10.3992/1552-6100.12.1.45 

[4] Attia S, Gratia E, De Herde A, Hensen J. Early decision support for net zero energy buildings design using building performance 

simulation. In: Proceedings of the International Conference on Cleantech for Smart Cities and Buildings (CISBAT 2013); 2013 Sep 4-6; 

Lausanne, Switzerland. p. 921-6. 

[5] Negendahl K. Building performance simulation in the early design stage: an introduction to integrated dynamic models. Autom Constr. 

2015; 54: 39-53. https://doi.org/10.1016/j.autcon.2015.03.002 

[6] Azari R, Kim Y-W. Integration evaluation framework for integrated design teams of green buildings: development and validation. J 

Manage Eng. 2016; 32(3): 04015053. https://doi.org/10.1061/(ASCE)ME.1943-5479.0000416 

[7] Raouf AM, Al-Ghamdi SG. Framework to evaluate quality performance of green building delivery: project brief and design stage. 

Buildings. 2021; 11(10): 473. https://doi.org/10.3390/buildings11100473 

[8] Feng X, Yan D, Hong T. Simulation of occupancy in buildings. Energy Build. 2015; 87: 348-59. 

https://doi.org/10.1016/j.enbuild.2014.11.067 

 

https://chat.openai.com/


Niknia and Rashed-Ali International Journal of Architectural Engineering Technology, 13(2), 2026 

 

156 

[9] Hong T, Li C, Diamond R, Yan D, Zhang Q, Zhou X, et al. Integrated design for high performance buildings. Berkeley (CA): Lawrence 

Berkeley National Laboratory; 2014 Jul. Report No.: LBNL-6991E. 

[10] Østergård T, Jensen RL, Maagaard SE. Building simulations supporting decision making in early design-a review. Renew Sustain Energy 

Rev. 2016; 61: 187-201. https://doi.org/10.1016/j.rser.2016.03.045 

[11] Hopfe CJ, Hensen JLM. Uncertainty analysis in building performance simulation for design support. Energy Build. 2011; 43(10): 2798-805. 

https://doi.org/10.1016/j.enbuild.2011.06.034 

[12] Pati D, Lorusso LN. How to write a systematic review of the literature. HERD. 2018; 11(1): 15-30. 

https://doi.org/10.1177/1937586717747384 

[13] Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. 

BMJ. 2009; 339: b2535. https://doi.org/10.1136/bmj.b2535 

[14] Aksamija A. A strategy for energy performance analysis at the early design stage: predicted vs actual building energy performance. J 

Green Build. 2015; 10(3): 161-76. https://doi.org/10.3992/jgb.10.3.161 

[15] Ali A, Jayaraman R, Azar E, Maalouf M. A comparative analysis of machine learning and statistical methods for evaluating building 

performance: a systematic review and future benchmarking framework. Build Environ. 2024; 252: 111268. 

https://doi.org/10.1016/j.buildenv.2024.111268 

[16] An N, Li X, Yang H, Pang X, Gao G, Ding D. From building information modeling to building energy modeling: optimization study for 

efficient transformation. Buildings. 2024; 14(8): 2444. https://doi.org/10.3390/buildings14082444 

[17] Asl MR, Stoupine A, Zarrinmehr S, Yan W. Optimo: a BIM-based multi-objective optimization tool utilizing visual programming for high 

performance building design. In: Proceedings of the 33rd eCAADe Conference; 2015; Vienna, Austria. p. 673-82. 

https://doi.org/10.52842/conf.ecaade.2015.1.673 

[18] Ashuri B, Wang J, Shahandashti M, Baek M. A data envelopment analysis (DEA) model for building energy benchmarking. J Eng Des 

Technol. 2019; 17(4): 747-68. https://doi.org/10.1108/JEDT-08-2018-0127 

[19] Augenbroe G. The role of simulation in performance-based building. In: Building performance simulation for design and operation. 2nd 

ed. Routledge; 2019. p. 343-73. https://doi.org/10.1201/9780429402296-10 

[20] Beetge WG, De Canha D, Pretorius J. Managing the design and development of high-performance buildings through integrated design. 

In: IEEE Innovative Smart Grid Technologies-Asia (ISGT-Asia). IEEE; 2017. p. 1-6. https://doi.org/10.1109/ISGT-Asia.2017.8378400 

[21] Berawi MA, Kim AA, Naomi F, Basten V, Miraj P, Medal LA, et al. Designing a smart integrated workspace to improve building energy 

efficiency: an Indonesian case study. Int J Constr Manage. 2023; 23(3): 410-22. https://doi.org/10.1080/15623599.2021.1882747 

[22] Bjørnskov J, Jradi M, Wetter M. Automated model generation and parameter estimation of building energy models using an ontology-

based framework. Energy Build. 2025; 329: 115228. https://doi.org/10.1016/j.enbuild.2024.115228 

[23] Botchway EA, Agyekum K, Kotei-Martin JN, Afram SO. Utilization of simulation tools for building performance assessment among design 

professionals. Int J Build Pathol Adapt. 2025; 43(5): 1140-60. https://doi.org/10.1108/IJBPA-01-2023-0006 

[24] Brown C, Rajkovich N, Gilman E, LaRue A, Keast J, Eds. The future of weather files for building performance simulation in New York State. 

In: Proceedings of Building Simulation 2023: 18th Conference of IBPSA; 2023; Shanghai, China. p. 1748-55. 

https://doi.org/10.26868/25222708.2023.1384 

[25] Christine Sotsek N, Sanchez Leitner D, Lacerda Santos AdP. A systematic review of Building Performance Evaluation criterias (BPE). Rev 

ALCONPAT. 2019; 9(1): 1-14. https://doi.org/10.21041/ra.v9i1.260 

[26] De Wilde P. The gap between predicted and measured energy performance of buildings: a framework for investigation. Autom Constr. 

2014; 41: 40-9. https://doi.org/10.1016/j.autcon.2014.02.009 

[27] Delgarm N, Sajadi B, Azarbad K, Delgarm S. Sensitivity analysis of building energy performance: a simulation-based approach using 

OFAT and variance-based sensitivity analysis methods. J Build Eng. 2018; 15: 181-93. https://doi.org/10.1016/j.jobe.2017.11.020 

[28] Gerber DJ, Lin S-HE. Designing in complexity: simulation, integration, and multidisciplinary design optimization for architecture. 

Simulation. 2014; 90(8): 936-59. https://doi.org/10.1177/0037549713482027 

[29] Han JM. A new interoperability framework for data-driven building performance simulation [doctoral dissertation]. Cambridge (MA): 

Harvard Graduate School of Design, Harvard University; 2022. 

[30] Han T, Huang Q, Zhang A, Zhang Q. Simulation-based decision support tools in the early design stages of a green building-a review. 

Sustainability. 2018; 10(10): 3696. https://doi.org/10.3390/su10103696 

[31] Hasan A, Palonen M, Eds. Simulation-based optimization for energy and buildings. In: Renewable energy in the service of mankind. Vol I. 

Selected topics from the World Renewable Energy Congress WREC 2014; 2015 Sep 10; Cham: Springer International Publishing. p. 503-

13. https://doi.org/10.1007/978-3-319-17777-9_45 

[32] Heidarinejad M, Dahlhausen M, McMahon S, Pyke C, Srebric J. Building classification based on simulated annual results: towards 

realistic building performance expectations. In: Proceedings of BS2013: 13th Conference of International Building Performance 

Simulation Association; 2013 Aug 26-28; Chambéry, France. p. 1706-13. https://doi.org/10.26868/25222708.2013.2516 

[33] Hemsath TL. Conceptual energy modeling for architecture, planning and design: impact of using building performance simulation in 

early design stages. In: Proceedings of BS2013: 13th Conference of International Building Performance Simulation Association; 2013 

Aug 26-28; Chambéry, France. p. 376-84. https://doi.org/10.26868/25222708.2013.2015 



Early-Stage Building Performance Simulation Review Niknia and Rashed-Ali 

 

157 

[34] Hensen JLM, Lamberts R. Building performance simulation-challenges and opportunities. 2nd ed. Routledge; 2019. p. 1-10. 

https://doi.org/10.1201/9780429402296-1 

[35] Hu M, Ed. Optimized renovation strategies of education building-a novel BIM/BPM/BEM framework. In: Proceedings of Building 

Simulation 2019: 16th Conference of IBPSA; 2019; Rome, Italy. p. 106-12. https://doi.org/10.26868/25222708.2019.210333 

[36] Isley CG. Examining integrated design workflows that support building performance integration in small architectural firms [doctoral 

dissertation]. North Carolina State University; 2021. 

[37] Hopfe CJ, Soebarto V, Crawley D, Rawal R, Eds. Understanding the differences of integrating building performance simulation in the 

architectural education system. In: Proceedings of Building Simulation 2017: 15th Conference of IBPSA; 2017; San Francisco, CA, USA. p. 

1249-56. https://doi.org/10.26868/25222708.2017.319 

[38] Jaganathan S, Mohammed AH, Rahman MSA. Descriptive review of energy performance evaluation approaches. Sains Humanika. 2016; 

8(4-3): 59-63. https://doi.org/10.11113/sh.v8n4-3.1082 

[39] Jia M, Srinivasan R, Ries RJ, Bharathy G, Weyer N. Investigating the impact of actual and modeled occupant behavior information input 

to building performance simulation. Buildings. 2021; 11(1): 32. https://doi.org/10.3390/buildings11010032 

[40] Kamari A, Corrao R, Petersen S, Kirkegaard PH, Eds. Sustainable renovation framework: introducing three levels of integrated design 

process implementation and evaluation. In: Proceedings of the 33rd PLEA International Conference: Design to Thrive; 2017 Jul 2-5; 

Edinburgh, UK. p. 748-55. 

[41] Kono J, McNulty MK, Abramson B. Raising the bar: comparing building energy benchmarking methods. ASHRAE Trans. 2020; 126(1): 

300-7. 

[42] Krstić H, Teni M, Eds. Review of methods for buildings energy performance modelling. IOP Conf Ser Mater Sci Eng. 2017. 

https://doi.org/10.1088/1757-899X/245/4/042049 

[43] Lamberts R, Hensen JLM. Building performance simulation for design and operation. Spoon Press; 2011. 

[44] Lee J. The integrated design process from the facilitator's perspective. Int J Art Des Educ. 2014; 33(1): 141-56. 

https://doi.org/10.1111/j.1476-8070.2014.12000.x 

[45] Li J, Iulo LD, Poerschke U. A review of the energy performance gap between predicted and actual use in buildings. Build Simul Conf Proc. 

2023; 18: 3406-13. https://doi.org/10.26868/25222708.2023.1430 

[46] Li H, Hong T, Lee SH, Sofos M. System-level key performance indicators for building performance evaluation. Energy Build. 2020; 209: 

109703. https://doi.org/10.1016/j.enbuild.2019.109703 

[47] Li S, Liu L, Peng C. A review of performance-oriented architectural design and optimization in the context of sustainability: dividends 

and challenges. Sustainability. 2020; 12(4): 1427. https://doi.org/10.3390/su12041427 

[48] Lin S-H, Gerber DJ. Evolutionary energy performance feedback for design: multidisciplinary design optimization and performance 

boundaries for design decision support. Energy Build. 2014; 84: 426-41. https://doi.org/10.1016/j.enbuild.2014.08.034 

[49] Lin B, Chen H, Yu Q, Zhou X, Lv S, He Q, et al. MOOSAS-a systematic solution for multiple objective building performance optimization in 

the early design stage. Build Environ. 2021; 200: 107929. https://doi.org/10.1016/j.buildenv.2021.107929 

[50] Lu Y, Sood T, Chang R, Liao L. Factors impacting integrated design process of net zero energy buildings: an integrated framework. Int J 

Constr Manage. 2022; 22(9): 1700-12. https://doi.org/10.1080/15623599.2020.1742625 

[51] Mahmoud R, Kamara JM, Burford N. Opportunities and limitations of building energy performance simulation tools in the early stages 

of building design in the UK. Sustainability. 2020; 12(22): 9702. https://doi.org/10.3390/su12229702 

[52] Nazeer FS, Kamardeen I, Hasan A. Research needs for enhancing pre-occupancy evaluation of buildings. Built Environ Proj Asset Manag. 

2024; 14(4): 529-46. https://doi.org/10.1108/BEPAM-11-2023-0190 

[53] Nguyen A-T, Reiter S, Rigo P. A review on simulation-based optimization methods applied to building performance analysis. Appl Energy. 

2014; 113: 1043-58. https://doi.org/10.1016/j.apenergy.2013.08.061 

[54] O'Brien W, Tahmasebi F, Andersen RK, Azar E, Barthelmes V, Belafi ZD, et al. An international review of occupant-related aspects of 

building energy codes and standards. Build Environ. 2020; 179: 106906. https://doi.org/10.1016/j.buildenv.2020.106906 

[55] Pan Y, Zhu M, Lv Y, Yang Y, Liang Y, Yin R, et al. Building energy simulation and its application for building performance optimization: a 

review of methods, tools, and case studies. Adv Appl Energy. 2023; 10: 100135. https://doi.org/10.1016/j.adapen.2023.100135 

[56] Purup PB, Petersen S. Research framework for development of building performance simulation tools for early design stages. Autom 

Constr. 2020; 109: 102966. https://doi.org/10.1016/j.autcon.2019.102966 

[57] Rahman Azari PC, Kim Y-W. Evaluating integrated design process of high-performance green buildings. In: 49th ASC Annual 

International Conference Proceedings; 2013 Apr 10-13; San Luis Obispo, CA, USA. 

[58] Rezaee R, Brown J, Augenbroe G. Building energy performance estimation in early design decisions: quantification of uncertainty and 

assessment of confidence. In: Construction Research Congress 2014: Construction in a Global Network; 2014 May 19-21; Atlanta, GA, 

USA. p. 2195-204. https://doi.org/10.1061/9780784413517.223 

[59] Ribeiro D. Developments in local energy efficiency policy: a review of recent progress and research. Curr Sustain Renew Energy Rep. 

2018; 5: 109-15. https://doi.org/10.1007/s40518-018-0105-9 

[60] Roger Chang PE, B, Crawley DB. A metric to characterize commercial building process loads, energy use. ASHRAE J. 2019;61(11):12-22. 

[61] Rosenberg M, Eley C. A stable whole building performance method for Standard 90.1, part 2. ASHRAE J. 2016;58(6):28-42. 



Niknia and Rashed-Ali International Journal of Architectural Engineering Technology, 13(2), 2026 

 

158 

[62] Sayın S, Çelebi G. A practical approach to performance-based building design in architectural project. Build Res Inf. 2020; 48(4): 446-68. 

https://doi.org/10.1080/09613218.2019.1669008 

[63] Shen X, Singhvi A, Mengual A, Spastri M, Watson V. Evaluating the multi-objective optimization methodology for performance-based 

building design in professional practice. In: 2018 Building Performance Analysis Conference and SimBuild co-organized by ASHRAE and 

IBPSA-USA; 2018; Chicago, IL. p. 646-53. 

[64] Soebarto V, Hopfe C, Crawley D, Rawal R, Eds. Capturing the views of architects about building performance simulation to be used 

during design processes. In: Proceedings of the BS2015: 14th Conference of International Building Performance Simulation Association; 

2015; Hyderabad, India. https://doi.org/10.26868/25222708.2015.2790 

[65] Sohn MD, Dunn LN. Exploratory analysis of energy use across building types and geographic regions in the United States. Front Built 

Environ. 2019; 5: 105. https://doi.org/10.3389/fbuil.2019.00105 

[66] Stevenson F. Embedding building performance evaluation in UK architectural practice and beyond. Build Res Inf. 2019; 47(3): 305-17. 

https://doi.org/10.1080/09613218.2018.1467542 

[67] Stavrakantonaki M. A framework for input data processing during building energy model calibration, a case study. In: Proceedings of 

the 33rd eCAADe Conference; 2015 Sep 16-18; Vienna, Austria. p. 625-32. https://doi.org/10.52842/conf.ecaade.2015.1.625 

[68] Taylor J, Liu Y, Lin B, Burman E, Hong S-M, Yu J, et al. Towards a framework to evaluate the ‘total’ performance of buildings. Build Serv 

Eng Res Technol. 2018; 39(5): 609-31. https://doi.org/10.1177/0143624418762662 

[69] Terim Cavka B, Cavka HB, Salehi MM. An investigation of the design process's effect on a high-performance building's actual energy 

system performance. J Integr Des Process Sci. 2023; 26(1): 85-100. https://doi.org/10.3233/JID-220002 

[70] Tian W, Heo Y, De Wilde P, Li Z, Yan D, Park CS, et al. A review of uncertainty analysis in building energy assessment. Renew Sustain 

Energy Rev. 2018; 93: 285-301. https://doi.org/10.1016/j.rser.2018.05.029 

[71] Tian Z, Zhang X, Wei S, Du S, Shi X. A review of data-driven building performance analysis and design on big on-site building 

performance data. J Build Eng. 2021; 41: 102706. https://doi.org/10.1016/j.jobe.2021.102706 

[72] Utkucu D, Sözer H. Interoperability and data exchange within BIM platform to evaluate building energy performance and indoor 

comfort. Autom Constr. 2020; 116: 103225. https://doi.org/10.1016/j.autcon.2020.103225 

[73] Van Dronkelaar C, Dowson M, Burman E, Spataru C, Mumovic D. A review of the energy performance gap and its underlying causes in 

non-domestic buildings. Front Mech Eng. 2016; 1: 17. https://doi.org/10.3389/fmech.2015.00017 

[74] Vojdani B, Rahbar M, Fazeli M, Hakimazari M, Samuelson HW. Comparative study of optimization methods for building energy 

consumption and daylighting performance. Energy Build. 2024; 323: 114753. https://doi.org/10.1016/j.enbuild.2024.114753 

[75] Wang L. Workflow for applying optimization-based design exploration to early-stage architectural design-case study based on EvoMass. 

Int J Archit Comput. 2022; 20(1): 41-60. https://doi.org/10.1177/14780771221082254 

[76] Wang L, Janssen P, Bui TDP, Chen KW. Comparing design strategies: a system for optimization-based design exploration. In: 28th 

International Conference on Computer-Aided Architectural Design Research in Asia, CAADRIA 2023. The Association for Computer-

Aided Architectural Design Research in Asia; 2023. p. 221-30. https://doi.org/10.52842/conf.caadria.2023.1.221 

[77] Webb AL, McConnell C. Evaluating the feasibility of achieving building performance standards targets. Energy Build. 2023; 288: 112989. 

https://doi.org/10.1016/j.enbuild.2023.112989 

[78] Wortmann T, Cichocka J, Waibel C. Simulation-based optimization in architecture and building engineering-results from an international 

user survey in practice and research. Energy Build. 2022; 259: 111863. https://doi.org/10.1016/j.enbuild.2022.111863 

[79] Yigit S, Ozorhon B. A simulation-based optimization method for designing energy efficient buildings. Energy Build. 2018; 178: 216-27. 

https://doi.org/10.1016/j.enbuild.2018.08.045 

[80] Yin R, Liu J, Piette MA, Xie J, Pritoni M, Casillas A, et al. Comparing simulated demand flexibility against actual performance in 

commercial office buildings. Build Environ. 2023; 243: 110663. https://doi.org/10.1016/j.buildenv.2023.110663 

[81] Agarwal M, Pastore L, Andersen M. Risk of incorrect choices due to uncertainty in BPS evaluations of conceptual-stage neighbourhood-

scale building designs. J Build Perform Simul. 2024; 17(2): 234-52. https://doi.org/10.1080/19401493.2023.2253458 

[82] Alsaadani S, Bleil De Souza C. Performer, consumer or expert? A critical review of building performance simulation training paradigms 

for building design decision-making. J Build Perform Simul. 2019; 12(3): 289-307. https://doi.org/10.1080/19401493.2018.1447602 

[83] İşeri OK, Dursun O. The impacts of early architectural design decisions on building performance. Int J Digit Innov Built Environ. 2022; 

11(2): 1-21. https://doi.org/10.4018/IJDIBE.301245 

[84] Asl MR, Zarrinmehr S, Bergin M, Yan W. BPOpt: a framework for BIM-based performance optimization. Energy Build. 2015; 108: 401-12. 

https://doi.org/10.1016/j.enbuild.2015.09.011 

[85] Attia S, Bilir S, Safy T, Struck C, Loonen R, Goia F. Current trends and future challenges in the performance assessment of adaptive 

façade systems. Energy Build. 2018; 179: 165-82. https://doi.org/10.1016/j.enbuild.2018.09.017 

[86] Azhar S. Building information modeling (BIM): trends, benefits, risks, and challenges for the AEC industry. Leadersh Manage Eng. 2011; 

11(3): 241-52. https://doi.org/10.1061/(ASCE)LM.1943-5630.0000127 

[87] Hensen JLM, Lamberts R. Building performance simulation for design and operation. London: Routledge; 2012, pp. 1-536. 

https://doi.org/10.4324/9780203891612 

 



Early-Stage Building Performance Simulation Review Niknia and Rashed-Ali 

 

159 

[88] Li Z, Tian M, Zhu X, Xie S, He X. A review of integrated design process for building climate responsiveness. Energies. 2022; 15(19): 7133. 

https://doi.org/10.3390/en15197133 

[89] Donn M. Simulation and the building performance gap. Build Cities. 2025; 6(1): 713-28. https://doi.org/10.5334/bc.688 

[90] Arjunan P, Poolla K, Miller C. EnergyStar++: towards more accurate and explanatory building energy benchmarking. Appl Energy. 2020; 

276: 115413. https://doi.org/10.1016/j.apenergy.2020.115413 

[91] Jia M, Srinivasan R. Building performance evaluation using coupled simulation of EnergyPlus™ and an occupant behavior model. 

Sustainability. 2020; 12(10): 4086. https://doi.org/10.3390/su12104086 

[92] Ahmed O, Sezer N, Ouf M, Wang LL, Hassan IG. State-of-the-art review of occupant behavior modeling and implementation in building 

performance simulation. Renew Sustain Energy Rev. 2023; 185: 113558. https://doi.org/10.1016/j.rser.2023.113558 

[93] Bahadori-Jahromi A, Salem R, Mylona A, Hasan AU, Zhang H. The effect of occupants' behaviour on the building performance gap: UK 

residential case studies. Sustainability. 2022; 14(3): 1362. https://doi.org/10.3390/su14031362 

[94] Passe U. A design workflow for integrating performance into architectural education. Build Cities. 2020; 1(1): 565-78. 

https://doi.org/10.5334/bc.48 

[95] Rosenberg M, Eley C, PE F. A stable whole building performance method for Standard 90.1. ASHRAE J. 2013; 55(5): 33. 

[96] Cloudt CL, Gomez JD, Nishimoto TK, Shephard LE, Eds. Coupling simulation tools and real-time data to improve building energy 

performance. In: 2013 IEEE Green Technologies Conference (GreenTech); 2013. IEEE. https://doi.org/10.1109/GreenTech.2013.64 

[97] Hu M. Optimal renovation strategies for education buildings-a novel BIM-BPM-BEM framework. Sustainability. 2018; 10(9): 3287. 

https://doi.org/10.3390/su10093287 

[98] Asdrubali F, Manzo M, Grazieschi G, Eds. Interoperability between BIM and building energy modelling-a case study. In: Building 

Simulation 2021; 2021. IBPSA. https://doi.org/10.26868/25222708.2021.30849 

[99] Ciccozzi A, de Rubeis T, Paoletti D, Ambrosini D. BIM to BEM for building energy analysis: a review of interoperability strategies. Energies. 

2023; 16(23): 7845. https://doi.org/10.3390/en16237845 

[100] Elnabawi MH. Building information modeling-based building energy modeling: investigation of interoperability and simulation results. 

Front Built Environ. 2020; 6: 573971. https://doi.org/10.3389/fbuil.2020.573971 

[101] Nouri A, van Treeck C, Frisch J. Sensitivity assessment of building energy performance simulations using MARS meta-modeling in 

combination with Sobol' method. Energies. 2024; 17(3): 695. https://doi.org/10.3390/en17030695 

[102] Menberg K, Heo Y, Choudhary R. Sensitivity analysis methods for building energy models: comparing computational costs and 

extractable information. Energy Build. 2016; 133: 433-45. https://doi.org/10.1016/j.enbuild.2016.10.005 

 


