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A B S T R A C T   

The construction industry contributes to approximately 30% of global energy consumption and 
carbon dioxide emissions, necessitating urgent measures to mitigate carbon emissions and address 
climate problems. This study focuses on the underexplored realm of Non-domestic Building Stock 
(NDBS), which constitutes 8% of global energy consumption and 11% of worldwide carbon 
emissions. Due to the long lifecycle of buildings, a comprehensive assessment of the NDBS is 
imperative to achieve the goal of net-zero carbon buildings by 2050. The current NDBS studies 
can be categorised into two groups based on the geographic location and type of building being 
studied. Each of these two different building stocks demonstrates different research and analysis 
tools, but specific comparisons have not yet been made between them. In addition, existing 
literature reviews of NDBS have mainly emphasised the technical aspects and neglected their 
social aspects. This study aims to critically review the energy and carbon footprint related efforts 
in NDBS research, assess the current state of research, and propose potential research trends. 
Based on inclusion and exclusion criteria, 99 out of 906 articles are fully reviewed. Utilising and 
adapting the Social-Technical Systems (STS) approach, this study analyses the data requirements, 
research methods, and research objectives of NDBS studies concerning energy consumption and 
carbon footprint from five perspectives, namely infrastructure, technology, processes, goals, and 
people. Results demonstrate that geo-stock and type-stock approaches, while focusing on different 
aspects of building stock, can share data and analysis methods to improve research efficiency and 
model accuracy. Additionally, findings highlight that incorporating socio-economic factors into 
technical models can enhance model robustness and output reliability, thereby supporting 
effective policy-making and energy management strategies. This study provides a new multidi
mensional approach to evaluate the development of NDBS energy and carbon footprint research, 
and helps to incorporate socio-economic analysis into NDBS physics-based models to improve the 
efficiency and reliability of such models for future research and practice.  
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Nomenclature 

BIM Building Information Modelling 
DBS Domestic Building Stock 
GIS Geographic Information System 
HVAC Heating, Ventilation and Air-conditioning 
MPC Model Predictive Control 
NDBS Non-domestic Building Stocks 
SLR Systematic Literature Review 
SQL Structured Query Language 
STS Socio-technical System 
TBL Triple Bottom Lines  

1. Introduction 

The scarcity of resources and global warming are widely recognised issues that require urgent solutions, necessitating proactive 
measures across various industries. The global building industry, which accounts for 30 % of energy consumption and directly and 
indirectly contributes to 26 % of carbon dioxide emissions [1], demands in-depth research and the formulation of corresponding 
strategies to facilitate energy efficiency and emission reduction on a substantial scale. Developing the existing building stock 
physics-based models and conducting comprehensive performance analyses is one of the evidence-based approaches that can support 
the development of effective strategies. Based on the physics-based models, it is possible to estimate the energy consumption, carbon 
emissions, cost-effectiveness retrofit and other important information about the building stock, providing solid evidence to support 
policy decisions 

Existing buildings can be broadly classified into two categories based on usage scenarios and primary functions, namely domestic 
building stock (DBS) and non-domestic building stock (NDBS). Domestic buildings exhibit relative homogeneity in physical features 
and usage purposes, with a lower degree of complexity in information gathering compared to non-domestic buildings. In contrast to 
DBS, NDBS encompasses a broader spectrum of economic and social activities, leading to the collection of more extensive data for in- 
depth analysis. However, the diversity of data poses challenges and complexities to the study of NDBS. Therefore, among the existing 
building stock studies, NDBS research has not been carried out extensively, and the building stock models established are still mainly 
focused on DBS [2]. The contribution of NDBS to global energy consumption and carbon emissions underscores the significant 
omission in its research. Given that NDBS constitutes an energy-intensive subset within the field of construction, it significantly 
contributes to energy consumption and emissions, harbouring substantial energy-saving potential [3]. For instance, NDBS constitutes 
approximately 8% of global energy consumption, contributing both directly and indirectly to around 11% of worldwide carbon 
emissions [4]. Within Europe, NDBS commands a substantial portion, accounting for 25% of the total energy consumption within the 
building sector [5]. Similarly, in the United States, NDBS encompasses approximately 19% of the total energy consumption within the 
entire construction landscape [6]. To achieve the efficient and net-zero carbon building stock envisaged by the Paris Agreement by 
2050 [7], a thorough analysis of the existing NDBS is imperative, considering that a significant portion of the current building stock 
will continue to be in use until 2050 [8]. 

It is necessary to review the current research on NDBS to understand the latest developments in the field. The review of building 
stock research has covered several aspects to date, encompassing summaries of modelling techniques [8,9], applications in retrofitting 
[10], the impact of energy regulations on buildings [11] and more. In the case of NDBS, the current reviews have already covered 
several aspects. Fu et al. [12] reviewed statistical models aimed at predicting energy consumption in non-domestic buildings, pointing 
out significant gaps in current whole-building energy modelling methods. Ruparathna et al. [13] critically examined energy efficiency 
retrofitting practices in commercial buildings, stressing the importance of adopting more systematic decision-making processes. 
Bischof and Duffy [2] conducted a meta-analysis of life-cycle assessment models, underscoring the importance of comprehensive 
life-cycle coverage for non-domestic buildings. Borgsteina et al. [14] reviewed end-use energy consumption patterns, discussing 
benchmarking methodologies and the challenges associated with data collection in this sector. Rockett and Hathway [15] provided a 
critical review of model predictive control (MPC) applications in non-domestic buildings, identifying current challenges and outlining 
future research directions to enhance the effectiveness of MPC in optimising energy use and indoor environmental quality. These 
reviews on NDBS research predominantly focus on modelling methods and the technical aspects of the research subjects. Meanwhile, 
current stock studies have long been based on standardised input for building performance simulations to establish models [16], which 
has resulted in insufficient consideration of social elements such as culture and people in the research. Evaluating the outcomes and 
significance of NDBS studies solely from a technical perspective is limited and lacks a comprehensive understanding when viewed from 
a social standpoint. This derives the first research gap of this study, which is the lack of evaluation of NDBS research from a social 
perspective. In this context, the social perspective pertains to analysing the human components that play a role in the development, 
execution, and utilisation of NDBS. The emergence of such research gaps primarily stems from the lack of consideration for the 
compliance of the data involved in NDBS models, the impact of the social attributes on the NDBS physics-based models, as well as the 
rationality of utilising research findings for resource allocation and policy formulation purposes. 
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In terms of the research objects, NDBS studies can be broadly clustered into two categories. Heterogeneous building assemblages 
constituted by geographical boundaries are classified as geo-building stock, hereafter referred to as geo-stock, and homogenous 
building assemblages categorised by similar usage but located in different areas are classified as type-building stock, hereafter referred 
to as type-stock [17]. Geo-stock allows the exploration of interdependencies among neighbouring buildings, facilitating regional-level 
policy formulation. Conversely, type-stock assists in benchmark testing and operational optimisation of buildings with similar func
tions. Both geo-stock and type-stock research involve profound investigations into NDBS performance. Due to their distinct boundary 
conditions, their modelling processes and methods differ. The absence of a comparison of the two research objects underlies the second 
research gap of this study, which is the lack of a comprehensive comparison of the differences between type-stock and geo-stock 
studies. This research gap exists because previous research has not delineated studies based on the definitions of these two diverse 
objects, and the differences between the two have not been discussed in detail. 

To address the two research gaps mentioned above, this work aims to review NDBS research from a societal perspective based on 
two research objects, type-stock and geo-stock, with a focus on studies related to reducing energy consumption or carbon emission. 
Since research on NDBS can be viewed as a complex system that involves abstract interactions between people, processes, and 
technology [18], conducting a relevant review requires a framework that incorporates social elements and is capable of handling 
complex relationships. Due to the technical nature of NDBS research, socio-technical systems (STS) have been introduced to consider 
the synergies between social and technological elements and to improve the relevance and applicability of the model to real-world 
problems [19]. STS represent a system composed of independent yet interdependent technological and social subsystems, including 
a technological subsystem comprising hardware, software, and other technical components, as well as a social subsystem consisting of 
individuals, work environments, and organisations involved in the system [20]. Using an integrated STS framework at the social and 
technological levels, a comprehensive review of NDBS research is undertaken to investigate the intricacies of modelling techniques, 
data content, and the complex relationships among various stakeholders. To address the identified two research gaps, and assist in the 
development of NDBS-related research, three research questions are developed accordingly.  

• How can energy and carbon footprint related NDBS studies be evaluated with different STS dimensions?  
• What are the differences between geo-stock and type-stock NDBS objects in different STS dimensions?  
• What are the potential ways in which NDBS studies could enhance the robustness of the physics-based models and the reliability of 

the model outputs? 

By addressing these research questions, this paper could provide insights into the means and trends of the current NDBS research. 
The rest of the paper is structured as follows. Section 2 introduces the primary modelling approaches for NDBS and the development of 
the STS framework used for NDBS reviews. Section 3 outlines the criteria for the literature included in this paper. Section 4 provides a 
technical and societal analysis of NDBS type-stock and geo-stock research from the infrastructure, technology, process, goal, and 
people perspective of the STS framework. Section 5 details the societal considerations of the existing non-domestic stock, the current 
state of the research on energy efficiency and conservation, and the future challenges of the NDBS studies. Section 6 summarises the 
current status of NDBS studies and proposes the potential technological means to improve the reliability of the NDBS models. 

2. Preliminary 

2.1. NDBS modelling approaches 

The analysis of the energy consumption and carbon emissions of NDBS is mainly done through physics-based modelling methods. 
Depending on the specific research objectives, physics-based modelling methods can be further delineated into top-down and bottom- 
up approaches [21]. The top-down modelling approach operates at an aggregated level, assessing energy consumption by buildings 
based on the relationship between their energy use and macro-level variables such as aggregated economic data or generalised climatic 
conditions. The top-down approach avoids complex technical requirements, enabling the modelling of diverse socio-economic 
cost-benefit impacts of energy and emission policies; nevertheless, its reliance on historical energy-economic interactions for pre
dicting future trends lacks technical granularity and is less adept at assessing specific technology effects on the entire stock [22]. 
Especially when unprecedented phenomena occur, such as significant technological changes, the top-down approach fails to simulate 
their specific impacts on the stock. Conversely, the bottom-up approach operates at a disaggregated level, encompassing methods 
based on statistical analysis utilising empirical or measured data, or physics calculations and simulations estimating individual 
building energy consumption, and then aggregating the outputs to the stock level. 

Within the realm of the bottom-up approach, based on the granularity of the model, the physics-based modelling can be further 
refined to archetype-based modelling or building-by-building modelling approaches. Due to the individual heterogeneity of buildings, 
archetype-based methods considerably alleviate modelling efforts and find extensive application for stock-level studies. This approach 
can be defined as taking a representative set of buildings, each of the buildings is given a different weighting to collectively represent 
the entire stock, analysing the performance of each representative building and then weighting and aggregating to the stock level. 
Currently, there are several widely adopted building archetype frameworks available for stock-level analysis, for example, TABULA, a 
building typology database covering European countries [23], or ComStock, using archetypes to represent the entire US non-domestic 
building stock [24]. Building-by-building modelling approach has gained prominence in recent years, largely driven by significant 
advancements in geographic information system (GIS) and computational capabilities [25]. This approach can be defined as a method 
of physics-based modelling of individual buildings on a large scale based on the respective characteristics of each building in the 
stockpile, such as geometry, structure, occupancy and detailed data on equipment. Building-by-building modelling enables more 
precise stock analysis, facilitating targeted investigations of individual buildings while still aggregating their impacts to the stock level. 
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Compared with archetypal modelling, the building-by-building approach enables a more sophisticated per-building modelling analysis 
of the stock. A few example projects of building-by-building modelling are here. In the US, Chen et al. [26] developed a web-based 
platform, the City Building Energy Saver (CityBES), to automatically generate separate office and retail building models at the 
regional level. Similarly, an urban energy simulation platform, SimStadt, was applied to the city of Rotterdam, Netherlands, to 
automatically model individual buildings at several scales [27]. Table 1 below shows some released projects on bottom-up stock 
modelling so far and their cross-sectional comparisons. These urban energy modelling tools excel in large-scale energy analysis, 
ranging from individual buildings to entire cities. They offer powerful, customisable, and often open-source capabilities but generally 
require high-quality data, complex setups, and significant computational resources. While these tools are versatile, they often present 
steep learning curves and may have limited applicability across different regions. 

For the bottom-up approach, its advantage lies in the capability to determine end-use energy consumption at an individual level, 
thereby enhancing the precision of energy policy formulation. Nonetheless, a drawback lies in the extensive data requirements, 
particularly for the granular bottom-up building-by-building physics-based analysis, alongside the necessity for advanced expertise. To 
wrap up, both top-down and bottom-up approaches possess their own merits and limitations, offering diverse insights into stock-level 
building modelling. However, since this study is more concerned with exploration at the disaggregated level of building stock, only 
bottom-up studies are reviewed. 

2.2. Development of socio-technical theory framework for NDBS studies 

The origins of STS thinking can be traced back to research on coal mining operations at the Tavistock Institute in the United 
Kingdom, which conceptualised it as a complex interaction between people (the social component), machines (the technological 
component), and the environmental context [32]. Based on this core thinking, Leavitt [33] proposed a socio-technical model, which 
initially encompassed four interacting and coordinating dimensions, namely people, tasks, structure, and technology, as vital com
ponents of organisational work systems. This four-dimensional model was subsequently evolved by Davis et al. [34] into a hexagonal 
interconnected structure, encompassing people, buildings/infrastructure, technology, culture, processes, and goals, embedded within 
an external environment constituted by various stakeholders, economic contexts, and regulatory frameworks. Regardless of the 
evolution of the model, the key insight in the STS system is that the system’s effectiveness is enhanced only when the social and 
technical dimensions are integrated and seen as interdependent facets within a broader system [35]. Following this insight, the 
application scenarios of the STS systems have evolved, spanning from the initial focus on heavy industry [32] to the exploration of 
advanced manufacturing technologies [36], extending to office work and services [37], and even the design and operation of future 
open data cities [38]. STS framework could also be applied to building-related studies. 

Numerous endeavours have been undertaken to assess building performance through the STS framework. For instance, Lachhab 
et al. [39] treated energy-efficient buildings as complex socio-technical systems, integrated technologies such as intelligent event 
processing, predictive analytics, and information and communication technologies tools to optimise energy efficiency, occupant 
comfort, and building performance. This approach can be extrapolated to a cohort of buildings within a stock, where technological 
integration and optimisation can lead to collective enhancement in energy efficiency. Lowe et al. [40] employed a socio-technical 
approach to investigate building performance evaluation, revealing buildings as complex socio-technical systems and emphasising 
the significance of comprehending the interplay between social and technical elements for effective performance assessment, aiding in 
dynamic modelling of energy consumption and efficiency within building stock. Savvidou and Nykvist [41] utilised a socio-technical 

Table 1 
Summaries of physics-based bottom-up NDBS studies.  

Project 
Name 

Model 
Granularity 

Project Objective Advantages Disadvantages Developer Reference 

TABULA Archetype Provides typical building 
energy consumption models 

Easily extensible, 
detailed building 
classification 

Primarily applicable in 
Europe, limited non- 
domestic application 

TABULA Project [23] 

ComStock Archetype Simulates US non-domestic 
building energy consumption, 
supports national policy- 
making 

Detailed classification, 
applicable across the US 

Limited international use National Renewable 
Energy Laboratory 
(NREL) 

[24] 

CityBES Building-by- 
building 

Supports urban building energy 
simulation and energy-saving 
strategy assessment 

Utilises EnergyPlus, 3D 
city models, suitable for 
detailed analysis 

High data requirements, 
primarily for US cities 

Lawrence Berkeley 
National Laboratory 
(LBNL) 

[26] 

SimStadt Building-by- 
building 

Urban energy simulation, 
assessing energy demand and 
saving potential 

Suitable for large-scale 
urban analysis 

Complex initial setup 
and high data 
requirements 

HFT Stuttgart [28] 

SimStock Building-by- 
building 

Large-scale building energy 
consumption analysis 

Emphasises building 
interaction, suitable for 
large-scale analysis 

High data requirements University College 
London (UCL) 

[29] 

UMI Building-by- 
building 

Comprehensive building 
performance analysis for urban 
planning and design 

Multi-domain integrated 
analysis and ideal for the 
design stage 

Primarily used for design Massachusetts 
Institute of 
Technology (MIT) 

[30] 

UrbanOPT Building-by- 
building 

Urban-scale energy system 
optimisation for distributed 
energy resources 

Open-source and highly 
customisable 

Requires technical 
expertise 

National Renewable 
Energy Laboratory 
(NREL) 

[31]  
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systems approach, integrating behavioural, structural, and technological driving factors, to analyse and estimate the potential for 
reducing the heat energy demand of Swedish domestic building stock, thus assessing barriers and driving factors for enhancing energy 
efficiency, aiming towards a comprehensive stock modelling endeavour to elevate energy efficiency across the board. 

Reviewing NDBS research as a form of STS allows for a comprehensive understanding from both social and technical perspectives, 
considering behavioural aspects in technology development and implementation [42]. Here the concept of the "social perspective" is 
broadly construed as the inclusion of factors such as users, businesses, cognitive categories, etc., in causal analysis [43]. The social 
perspective analysis of NDBS research could be defined in this context as an examination of the human factors involved in the design, 
implementation, and utilisation of stock-level analysis systems. This examination includes scrutinising the social relationships, be
haviours, motivations, and expectations of all relevant stakeholders. The exploration of the social aspect aims to ensure that NDBS 
analysis aligns with human and societal needs, as well as the goals of organisations and their environments. 

Based on the hexagonal STS model proposed by Davis et al. [34], this study tailored a new quintuple STS framework for reviewing 
NDBS research. This is done by excluding the external environmental factors and simplifying one corner of the hexagonal inter
connected structure namely culture. Using this STS framework, a systematic literature review (SLR) of NDBS studies from a 
socio-technical perspective is conducted to understand the simultaneous effects of NDBS research in assessing energy consumption and 
carbon emissions across the five selected dimensions, which are infrastructure, technology, process, goal and people. The innovations 
of this study’s new quintuple framework compared to previous frameworks are fourfold. Firstly, the new framework demonstrates a 
more focused approach, particularly in adapting to the specific characteristics of building stock models. Geels [44] underscored the 
importance of STS being specifically tailored to the distinct attributes of the sectors they encompass, thus justifying the redefinition of 
dimensions to better accommodate building stock models. In light of this, the cultural dimension is excluded, considering the inherent 
physics properties pertinent to building stock research. Secondly, this study places emphasis on the adaptability of technology, a 
concept also elaborated upon by Foxon et al. [45], in relation to how technological innovations can be effectively integrated and 
utilised within existing buildings. This adjustment is crucial for addressing challenges such as technological compatibility that arise 

Fig. 1. Reviewing NDBS studies from five dimensions under STS framework.  
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during the upgrading processes of building stock. Furthermore, the goal dimension within the new framework is reoriented to 
concurrently address both short-term efficiency gains and the achievement of long-term sustainability objectives. This dual focus is 
particularly relevant in the context of building stock, where the integration of technological and societal factors is essential for sus
taining improvements in energy efficiency and carbon emissions reduction, as supported by the findings of Verbong and Geels [46]. 
Finally, the framework broadens the definition of relevant stakeholders, incorporating a wider array of social groups that are directly 
or indirectly associated with building stock, such as business stakeholders, academic researchers, and local governmental bodies. This 
expansion is in alignment with the perspective offered by Baxter and Sommerville [20], who advocate for the inclusion of a diverse 
range of stakeholders within socio-technical systems to enhance their effectiveness. Through these innovations, the new framework 
not only preserves the interdependence of societal and technical dimensions inherent in the STS system but also better aligns with the 
unique requirements of NDBS models. This alignment provides a more precise and systematic analytical tool for the application of 
NDBS research in the assessment of energy consumption and carbon emissions. The overall STS framework adapted for NDBS studies in 
this paper is shown in Fig. 1 below. Detailed contents are elaborated upon in subsequent sections. 

3. Literature scanning methodology 

This study mostly employs the SLR methodology, following the latest 2020 PRISMA guidelines [47], to comprehensively review 
engineering-related research on NDBS modelling published in mainstream journals, including all type-stock NDBS studies as well as 
geo-stock studies involving NDBS, with particular attention to energy and carbon aspects. Scoups database is selected as it provides 
good coverage of NDBS literature. As the focus of this study is on NDBS research within two distinct stock classifications, the search 
keywords have been selected accordingly to align with these two categorisations, as shown in Table 2. For the type-stock subcategory, 
the initial four keywords "Retail", "Office", "Industry" and "Warehouse" correspond to the four categories of NDBS defined by the 
Valuation Office Agency of the United Kingdom [48], while the selection of the remaining keywords under the type-stock subcategory 
includes other NDBS types known to all the authors for which relevant studies have been conducted. Within each category or between 
subcategories, use the OR operator to search for keywords. And between categories, use the AND operator to concatenate search 
queries. 

The SLR of this paper is conducted in two phases, the first phase being the selection of articles and the second phase being the 
content analysis. During the article selection stage, considering the varying quality of research related to building stock, all authors 
jointly decided to focus on peer-reviewed journals and conference proceedings within the field to ensure the validity and credibility of 
the findings, excluding book chapters and other sources. The reason conference proceedings are addressed here is because they often 
precede or complement journal publications, allowing the review to capture the latest state of the field. The literature included in the 
study covers research up to 2024. Following this approach for the initial selection, a total of 906 papers are included for the pre
liminary review. The title and abstract sections of these articles are initially screened with the help of Rayyan [49], a web-based SLR 
software using machine learning algorithms such as Support Vector Machine classifiers to simplify the process of literature selection. 
After the initial screening phase, duplicate articles and those unrelated to the topic of NDBS research are further excluded. Then, a 
full-text review is conducted on the remaining articles to filter out further studies that focused on the effectiveness of a particular 
technology at the stock level unrelated to building stock modelling, studies that focused on individual buildings, studies on domestic 
building stock, studies related to stock-related policies, and articles where the full text could not be located. The workflow of the 
selection process is shown in Fig. 2. Information on the peer-reviewed journals and conference proceedings selected and the number of 
research articles that are included in this review are summarised in Fig. 3. Overall, the papers reviewed in this paper focus on the 
application of engineering methods to the modelling of the building stock and their use in analysing the performance of building stocks 
in terms of energy consumption and carbon emissions. During the content analysis phase, after identifying and selecting relevant 
articles, the existing research on NDBS in the engineering aspect is examined from the perspectives of the five different dimensions of 
the STS. Subsequently, a summary of the mutual influence between the two stock classifications, type-stock and geo-stock models, as 
well as the trends and challenges in existing NDBS research, is provided. It is hoped that this study can offer diverse perspectives for 
researchers and policymakers to assess and utilise insights generated by NDBS models. 

The latitudinal analysis results are shown in Figs. 4 and 5, indicating that research in the energy and carbon aspect of NDBS is 
generally on an upward trajectory. The United Kingdom and the United States have the highest number of NDBS research studies, 
indicating that researchers in these countries have a clear understanding of the importance of NDBS in energy conservation and 
emissions reduction in the construction industry. Overall, European countries hold six out of the top ten positions in terms of relevant 
research quantity, suggesting that compared to other continents, NDBS research has received relatively more attention in Europe. Also, 
based on the findings from papers and research outcomes, several institutions are at the forefront of relevant studies worldwide. These 

Table 2 
Keywords searched for in the SLR.  

Category Sub-category Keywords 

Objective / “Building Stock” OR “Existing Stock” OR “Current Stock” OR “Stock Model” 
AND 

Classification 
Overall 
Classification 

“Non-domestic” OR “Non-residential” OR” Commercial” 

Type-stock “Retail” OR “Office” OR “Industry” OR “Warehouse” OR “Hotel” OR “Public Buildings” OR “Shop” OR “School” OR 
“Factory” 

Geo-Stock “City” OR “Urban” OR “National” OR “Regional”  
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include the Massachusetts Institute of Technology and Lawrence Berkeley National Laboratory in the United States, University College 
London in the United Kingdom, the ETH Zurich in Switzerland, RWTH Aachen University in Germany, and Tsinghua University and 
Hunan University in mainland China, among others. The choice to base the summary on research institutions, rather than individuals, 
is intended to avoid a focus on personal contributions. This approach provides a more comprehensive representation of the academic 
strength and contributions of research teams within the field, offering a broader and more representative perspective. 

A summary of information for all reviewed papers is presented in Table 3. For the classification of building stock, if a study 
mentions a specific type of building while also discussing geographic regions, it is still categorised as type-stock. Here the spatial scales 

Fig. 2. Workflow of the literature selection process.  
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are divided into four categories, district, city, regional, and national. City and national are levels according to administrative division, 
and scales in between are classified as regional. Studies with a scale smaller than city level, but beyond the single-building analysis, are 
classified as the district level. From the collected literature as a whole, it appears that researchers have a higher interest in geo-type 
models, and their studies often culminate at the national level. A potential reason for this could be that many studies rely on data 
sources derived from national-level statistics, which provide comprehensive coverage of an entire country. Therefore, focusing 
research at this level undoubtedly maximises the utilisation of information sources. 

Clarification of what is covered in each section of the STS is necessary prior to the review. First is the examination of buildings and 
infrastructure, wherein a summary of databases across various nations is presented. This encompasses the summary of digitalised 
infrastructure databases which could support stock-level modelling. The second dimension, technology, involves a thorough explo
ration of the preliminary preparations and auxiliary tools employed in establishing physics-based models within the NDBS framework. 
The third dimension, process, delves into the specifics of modelling through physics-based methods, elucidating the concrete pa
rameters involved. Moving on to the fourth dimension, goals, the focus shifts to the immediate objectives of the research and their 
corresponding policy implications. Lastly, the fifth dimension, people, examines the research outcomes and their direct benefits to 

Fig. 3. Summary of sources and the number of studies reviewed in this study.  

Fig. 4. Summary of the year of selected articles published.  
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diverse stakeholder groups. This analysis employs the Triple Bottom Line (TBL) approach, evaluating the social, economic, and 
environmental impacts of the research beneficiaries, thereby providing a comprehensive perspective on the NDBS research within the 
broader context of science, technology, and society. The following provides an example to illustrate how this framework performs in 
practice. Consider a modelling project aimed at reducing the energy consumption and carbon emissions of the existing NDBS. In this 
scenario, detailed information about the building stock, including age, type, and energy performance, is provided from building and 
infrastructure databases. Relevant tools are then selected from the technology perspective to model the current state of the building 
stock and the potential impact of various retrofit scenarios, taking into account factors such as energy efficiency improvements and the 
integration of renewable energy. The process perspective involves specific steps in modelling, careful selection of parameters, and 
detailed application of the model to simulate outcomes under different conditions. The goal perspective is to achieve specific re
ductions in energy use and carbon emissions, aligning with national climate targets. Finally, the people dimension assesses the broader 
impacts, ensuring the project achieves economic savings, enhances social equity by providing energy-efficient retrofits to all income 
groups, and contributes to environmental sustainability. A comprehensive analysis of each dimension would ensure that in practice the 
project is not only successfully implemented and meets its established objectives but also ensures the economic and social benefits of 
the project, demonstrating the practical utility of the STS framework in real-world applications. 

Fig. 5. Top 10 countries/regions with the highest number of relevant studies in selected articles.  

Table 3 
Overview of selected article research content.  

Stock Category Detailed Stock Spatial Scale Reference 

Type-Stock School Building Stock City [50,51] 
Regional [52–54] 
National [55–62] 

Office Building Stock District [63,64] 
Regional [65] 
National [66–75] 

Hotel Building Stock City [76] 
National [77] 

Bank Building Stock City [78] 
Retail Building Stock City [79] 

Geo-Stock Entire Stock District [80–88] 
City [89–112] 
Regional [113–119] 
National [120–141] 

Non-domestic Building Stock City [111] 
National [142–147] 

Public Service Building Stock National [148]  
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4. Assessments of non-domestic stock studies under socio-technical theory frameworks 

4.1. Digitalised infrastructure supported NDBS research 

NDBS STS framework’s infrastructure dimension is about examining the public digital databases supporting the physics-based 
modelling of NDBS in city and national infrastructures. Based on existing literature, the scale of digital formats supporting NDBS 
research in infrastructure mainly falls into two categories: national-scale building information datasets and city-level building surveys 
supported by municipal governments. The data sources pertaining to these two categories reviewed in the literature are summarised in 
the Table 4 below. 

Stock-level analysis of buildings through physics-based means relies heavily on extensive input data， such as building geometry 
and location, internal systems, enclosure information, and indoor occupancy schedules [163]. The demand for complex input data 
makes the openness and availability of data a primary challenge that researchers worldwide must confront. In the reviewed literature, 
research utilising open national-level big data predominates. Databases with broader geographical coverage tend to be favoured by 
researchers, as they can offer higher generalisation performance based on the same modelling methodology and assess the perfor
mance of more buildings. Two attributes, which appear with high frequency in these national-level databases, are building con
struction year [149,152,155,157] and building type [151,153,154,156,157]. While all national-level databases in the papers reviewed 
are listed, some regularly updated statistical databases are still not covered in this study. These databases also hold potential for NDBS 
modelling and analysis. Examples include the Commercial Buildings Energy Consumption Survey (CBECS) in the USA [164] and the 
Commercial and Industrial Consumption of Energy Survey (CICES) in Canada [165]. Moreover, the UK government’s Valuation Office 
Agency (VOA) dataset [166], while primarily intended for taxation statistics related to building area and purpose, still holds relevance 
for NDBS research and has already been utilised in stock level studies [167]. For the current national-level databases, the object of 
geo-stock is still more targeted. Compared to type-stock, geo-stock databases would be more involved in building energy efficient 
attributes, such as energy consumption in Refs. [154,158,159]. Type-stock databases are not widely used in NDBS studies, and the few 
that are still available are mostly used in service-oriented social infrastructures such as schools. Research on school buildings is popular 
due to their unique occupancy patterns, which often feature high intermittent use leading to elevated internal heat peaks, increased 
carbon dioxide levels, odours, and other indoor pollutants, making their design more complex and challenging compared to other 
building types [168]. However, regardless of the objects of the national datasets, inconsistencies in building statistical data, high data 
loss rates, and limited coverage are evident due to the heterogeneous nature of NDBS buildings [169]. In massive national-level da
tabases, these issues manifest as data gaps, mismatches, and outliers. 

In comparison to national-level databases, city-level databases can introduce new parameters for NDBS modelling, such as urban 
infrastructure and territorial information [161]. Broader coverage of input data increases the robustness of NDBS models. In terms of 
database objects, there is no type-stock city-level database. One potential explanation for this phenomenon lies in the relatively modest 
scale of urban centres in comparison to the national-level stock, rendering it economically unfeasible to exclusively undertake a 
specific category of NDBS survey within them. Whether at the national or city level, although these publicly available databases 
facilitate more detailed stages of NDBS research, enabling the construction of performance analysis models, it must be acknowledged 
that the primary purposes of most of these databases are not research-oriented. The data quality of non-research-orientated databases 
is typically low, mostly static snapshot data from a certain period of time, which requires significant time and effort for data cleaning 
and preprocessing. Care should be taken to ensure the alignment of disparate databases in preprocessing, maintaining consistent 
timestamps for snapshot data, such as ensuring consumption and geometric data correspond to the same period, thereby mitigating 
potential biases in results. In any case, the databases used for NDBS research require significant time and manpower, as well as 
economic costs, to obtain data streams that are sufficiently representative and have adequate sample sizes, with the result that building 
stock databases of sufficient volume are usually only available in developed countries. These current aggregated big data building 
repositories facilitate the assessment of the value of existing building assets [166], aid in achieving energy efficiency improvements 
[154,158,164], and serve various other functions. The advent of big data methodologies has spurred a transformation in how building 
stock is understood and managed through data streams [170]. However, an ideal and comprehensive building stock information 
database should not only encompass the mentioned functionalities but also enable targeted maintenance and management of build
ings, identification of safety risks both within and outside structures, and ultimately contribute to sustainable development goals. 

From the paper reviewed, type-stock analysis typically relies on national statistics data, such as school data from the education 
sector [149,151], while geo-stock analysis utilises more extensive databases. Therefore, type-stock studies can benefit by extracting 
relevant information about specific populations from general databases to supplement or validate the building information used in 
typical population NDBS research. Similarly, geo-stock NDBS research can enhance the accuracy of specific types of buildings by 
utilising data from specific building stocks. Additionally, privately owned data, such as commercially valuable data on bar and hotel 
occupancy rates, or data held by large real estate or facility management agencies, constitute potential data sources for both type-stock 
and geo-stock analyses. However, striking a balance between model accuracy and input time is crucial, as continually increasing the 
number of input parameters in NDBS models may lead to model convergence, where the ongoing addition of input parameters may not 
significantly contribute to the robustness of the model. In summary, the diversity and complexity of NDBS buildings, coupled with 
limited data availability, pose significant challenges to modelling this building category [2]. 

4.2. Technologies facilitating NDBS modelling 

Due to the complexity of NDBS research, it’s challenging to meet research needs using a single technology. Based on the application 
conditions and purposes of different technologies, they are categorised into four sections: Generic programming, Building Energy 
Modelling, Information statistics, and Auxiliary Hardware, as shown in Table 5. 
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Table 4 
Summary of digitalised infrastructure supporting NDBS research.  

Dataset Type Dataset Name Dataset Objectives Country/City Main Data Attributes Public 
Availability 

Stock 
Category 

Detail Stock Dataset 
Source 

National Survey National Register of School 
Buildings (SNAES) 

Survey of the situation of school buildings and 
facilitate the implementation of school 
reconstruction projects 

Italy  • Building Identification Key  
• Geographical Locations  
• Construction Years 

Yes Type- 
Stock 

National School 
Building Stock 

[149] 

National Survey Operational Energy 
Performance 

Monitoring and optimising energy usage in 
operational building 

Brazil  • Benchmark Values Yes Type- 
Stock 

National Non-domestic 
Building 

[150] 

National Survey Property Data Survey 
Programme 

Gather accurate and up-to-date information on 
the building condition of the educational estate 

UK  • Building Fabric  
• Building Type 

Yes Type- 
Stock 

National School 
Building Stock 

[151] 

National Survey Federal Building Registry 
(GWR) 

Use for planning, research, and statistical reasons 
as well as for carrying out legal duties at the 
federal, cantonal, and commune levels 

Switzerland  • Building Type  
• Construction year  
• Floor Level 

Yes Geo-Stock National Building Stock [152] 

National Survey Statistik der 
Unternehmensstruktur 
(STATENT) 

Provide core information on the structure of the 
Swiss economy, thus providing an overview of 
the Swiss economic landscape 

Switzerland  • Building Type Yes Geo-Stock National Business 
Building Stock 

[153] 

National Survey META Project Enhance market efficiency in the Brazilian 
energy and mining sectors, taking into account 
climate adaptation, to strengthen institutional 
capacity 

Brazil  • Energy consumptions  
• Building Type  
• Floor Plan  
• Weekly Operation 

Yes Geo-Stock National Non-domestic 
Building Stock 

[154] 

National Survey Ein Blick auf die Gemeinde Provide an overview of the community as well as 
regional information and respond to the ongoing 
development of the municipality in relation to its 
political district or federal state 

Austria  • Construction Year  
• Building Area  
• Main Occupants 

Yes Geo-Stock National Building Stock [155] 

National Survey The Swiss Federal Register of 
Buildings and Dwellings 
(RegBL) 

Give an overview of Switzerland’s present stock 
of structures and homes. 

Switzerland •Building Location  
• Building Dimensions  
• Heating system  
• Building Type 

Yes Geo-Stock National Building Stock [156] 

National Survey Le Certificat énergétique 
cantonal des bâtiments (CECB) 

Focuses on energy certifications for buildings Switzerland  • Construction Year  
• Heating system  
• Building Type 

Yes Geo-Stock National Building Stock [157] 

National Survey Energy Management System 
Open data 

Monitor energy usage and indoor environment to 
help building operations managers use energy 
wisely and realise a sustainable society 

Japan  • InfrastructureElectricity 
Consumptions 

Yes Geo-Stock National Buildings with 
Building Energy 
Management System 
Stock 

[158] 

National Survey Display energy certificate 
(DEC) 

Reflect the energy performance of public 
buildings 

UK  • HVAC systems  
• Main Heating Fuel  
• Occupancy levels  
• Energy consumptions 

Yes Geo-Stock National Public 
Building Stock 

[159] 

National Survey Energy Performance of 
Buildings Data: 
England and Wales (EPC) 

Rating schemes to summarise the energy 
efficiency of buildings 

UK  • Floor Area  
• HVAC System  
• Building Fabric 

Yes Geo-Stock National Building Stock [159] 

National Survey URBAN3R Conduct urban analysis through remote sensing 
and social data 

Spain  • Building Indicators  
• Building Current State  
• Building Energy Demands 

after Renovation 

Yes Geo-Stock National Building Stock [160] 

Local Survey SITG: Le système 
d’information du territoire à 
Genève 

Coordinate, centralise and widely disseminate 
data relating to the territory of Geneva 

Geneve, 
Switzerland  

• Geographical Locations  
• Urban Infrastructure and 

Territorial Information 

Yes Geo-Stock City Building Stock [161] 

Local Survey San Francisco’s open data 
portal 

Public database to provide a comprehensive 
picture of the current situation in the city 

San 
Francisco, 
USA  

• Building Footprints  
• The Land Use 

Yes Geo-Stock City Building Stock [162]  
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Table 5 
Summary of model breakdown functions and the implementation technologies in the paper reviewed.  

Purpose of the 
Applied Technology 

Stock 
Category 

Model Breakdown Functions Implementation Technologies Requirements for Utilisation Related Paper Reviewed 

Generic 
programming 

Both  • Retrieve and manipulate data from 
databases 

Database Programming Language 
(PostgreSQL, Oracle)  

• Ability to perform database 
administration tasks  

• Understanding of database 
architecture and optimisation  

• Proficiency in writing complex 
SQL queries 

[65,86,90,107] 

Both  • Preprocess data, including removing 
outliers, completing missing values  

• Support for customised data 
processing, analysis and visualisation  

• Assist in building large-scale models 
and simulations 

General-propose Programming Language 
(Python, R, MATLAB)  

• Experience in building scalable 
and efficient code  

• Advanced knowledge of 
algorithms and data 
manipulation  

• Proficiency in utilising 
advanced data structures 

[59,63,96,109,111,120,121,127,142] 

Geo-Stock  • Obtain geometric and typological 
data on building stocks  

• Link information from different 
databases based on building location 

GIS (QGIS, ArcGIS, GrassGIS)  • Proficiency in spatial analysis 
and geospatial modelling  

• Integration of spatial data from 
various sources 

[52,81,83,85,86,93,95,97,107,113,139] 

Building Energy 
Modelling 

Both  • Model and design complex 
architectural structures 

Model Establishment (Revit, Sketchup, 
Grasshopper)  

• Advanced understanding of 
architectural design principles  

• Proficiency in parametric 
modelling and scripting 

[54,63,79,81,88,95,105,121,125] 

Both  • Obtain detailed energy performance 
and environmental comfort metrics of 
buildings  

• Conduct sensitivity analysis and 
optimisation 

Dynamic Simulation (OpenStudio, 
EnergyPlus, DesignBuilder, TRNSYS, IDA- 
ICE, ESP-r, Dymola/Modelica)  

• Advanced understanding of 
thermodynamics and heat 
transfer  

• Ability to handle complex 
simulation scenarios 

[50,53,55–57,59,62,63,67,69]– [72,74,76,77,79]– 
[84,86,87,92,95,96,103]– [105,110,111,114,119, 
121,124,125,137,138,140,143,145,147] 

Information 
statistics 

Type-stock  • Collect and process survey data 
effectively 

Microsoft Forms  • Proficiency in designing and 
deploying surveys  

• Familiarity with data validation 
and integrity checks 

[56] 

Type-stock  • Analyse complex building-related 
data sets  

• Generate comprehensive statistical 
reports and insights 

SPSS  • Advanced statistical modelling 
and analysis skills  

• Knowledge of advanced 
features and functionalities 

[65] 

Geo-Stock  • Process and integrate diverse spatial 
and attribute data sets 

Microsoft Excel  • Proficiency in data 
manipulation and analysis  

• Experience in building complex 
formulas and macros 

[94,97,134] 

Auxiliary Hardware Both  • Process large-scale data sets and 
computational models efficiently 

High-Performance Computer  • Access to parallel processing 
and distributed computing  

• Familiarity with cluster 
management and job 
scheduling  

• Ability to optimise algorithms 
for performance 

[55,96,114]  
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The technologies in the generic programming category can broadly be classified into three main types: database programming 
language, general-propose programming language, and GIS. Database programming language primarily serves the purpose of data 
manipulation, especially when dealing with extensive datasets, enabling efficient data retrieval and consolidation from different 
databases within the NDBS framework. SQL and similar technologies are crucial for performing complex data operations, ensuring 
data integrity and accessibility. The general-propose programming language offers versatile capabilities within the NDBS research 
context, including data preprocessing, handling outliers and missing values, data analysis (e.g., clustering based on building attributes 
[120] or utilising machine learning algorithms [96]), and batch modelling (e.g., utilising the eppy package in Python for dynamic 
building model establishment [63]). GIS adds a spatial dimension to NDBS analysis, which is primarily used in the context of geo-stock 
analysis, allowing for the examination of the geographical distribution of buildings within a specific region and facilitating [85,97, 
113] the integration of disparate geographic databases [83,84,100]. Tools such as QGIS and ArcGIS enable researchers to map and 
analyse the geographical distribution of buildings, identifying regional trends and supporting spatial decision-making. 

Building modelling tools play a crucial role in assessing NDBS performance. Tools like Revit, Sketchup and Grasshopper are utilised 
for creating 3D building models. Computational software such as OpenStudio, EnergyPlus, DesignBuilder, TRNSYS, IDA-ICE, and ESP-r 
is essential for dynamic thermal simulation, a common technique for evaluating NDBS energy usage. Notably, Dymola/Modelica is also 
utilised in NDBS energy performance analysis to accurately represent energy systems and control requirements [86], enabling 
co-simulations of buildings. Co-simulation involves the simultaneous operation of different simulation tools, data exchange during 
runtime, and has been applied in various research tasks, including optimising ventilation strategies, analysing control strategies, and 
evaluating building systems [171]. Employing co-simulation can enhance the detail and reliability of NDBS models. 

Information statistics software aids in data collection and analysis for NDBS research. Microsoft Forms is a valuable tool for col
lecting survey-based NDBS information, while Microsoft Excel serves for data consolidation and computation. SPSS software enables 
in-depth statistical analysis of NDBS attribute performance patterns. Finally, hardware components such as high-performance com
puters can significantly increase efficiency and reduce the time costs associated with large-scale building model simulations. 
Collectively, their use accelerates the processing of complex NDBS simulations, thereby facilitating comprehensive analysis and 
informed decision-making in the field of building stock management and optimisation. 

In summary, the technologies utilised in NDBS analysis encompass generic programming, building energy modelling, information 
statistics, and auxiliary hardware. Some technologies are currently employed exclusively for the single building stock category; for 
instance, GIS is mainly used for geo-stock in the reviewed literature, leaving untapped potential for its application in type-stock 
analysis. Moreover, there is a growing need for the development of a multifunctional, cross-platform framework tailored for NDBS 
energy performance analysis. Such a framework should encompass data preprocessing, dynamic building energy performance 
simulation, and statistical analysis of results, and ideally be an open-source platform. 

4.3. Processes of NDBS modelling 

As mentioned in the previous section, this paper focuses on the NDBS physics-based modelling at the disaggregation level. Two 
modelling approaches are classified under this scope, which are archetype-based and building-by-building modelling. Both of them are 
discussed in detail below. 

4.3.1. Archetype-based modelling 
NDBS buildings exhibit a high degree of heterogeneity, resulting in a very tedious modelling effort. The most popular method of 

reducing modelling work is to use archetype-based techniques, which choose sample structures to represent the complete building 
stock. There are two main points to discuss in the archetype-based approach, which are the selection of model attributes and the 
mechanism by which the model is built. 

The input attributes of the model are the cornerstone for subsequent physics-based modelling. A basic set of building complex 
attributes includes geometric data (e.g., shape, orientation, height and footprint), structural data, and system data [172]. Developing 
and representing building representatives based on different input attributes is the most crucial part of the archetype-based approach. 
In this process, the initial step involves introducing the target NDBS into a standardised framework and categorising the buildings into 
several classes [173]. Additionally, the weights of each archetype within the building stock range are determined based on real-world 
conditions, which is a key aspect of archetype development. From the literature review, it can be seen that for both type-stock and 
geo-stock studies, the most commonly considered attributes are building year and HVAC system. Whereas building size parameters are 
more often considered in the categorisation criteria for type-stocks. Geo-stocks explore more the influence of building type parameters 
in building archetypes. Although the classification of building groups based on building attributes is crucial for NDBS analysis, the 
selection process is still mostly based on the determination of researchers based on their expertise and is considered arbitrary [174]. In 
recent years, with the development of machine learning techniques, some studies have started to use clustering technology for seg
menting NDBS from a statistical perspective. Cluster analysis is an unsupervised machine learning technique employed to identify 
groups of similar data points within a given dataset [175]. In the context of NDBS, it is used to uncover hidden structures within the 
building attribute dataset based on similarity and representative elements for analysis [176]. The use of clustering technology can 
make the selection of archetype buildings more reliable and convincing. 

The mechanism of modelling is a key point to be discussed. Based on the input attributes, archetype-building methods can be 
further divided into two subcategories: sample archetypes and theoretical archetypes. Sample archetypes are generally derived from 
real buildings and are based on statistical analysis, such as clustering methods, to determine the average geometric and structural 
characteristics of each specific category of building stock [177]. The issue with this approach is that it may not be able to consider 
buildings with outlier attribute values, as they may not fit into relevant clusters. Additionally, this approach requires relatively 
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high-quality information about real buildings [176] and may have limited generalisability. The second approach, theoretical arche
types, involves creating a series of virtual building archetypes to represent NDBS stock. The attributes of virtual archetypes can be 
derived from collected building-related information or can be based on local building design manuals, standards, and regulations. In 

Table 6 
Summary of archetype-based NDBS studies.  

Stock 
Category 

Main Attributes Minor Attributes Related Paper Reviewed 

Type-stock Energy Modelling Approach Dynamic modelling [50,53–60,63,66,69–74,79] 
Qusai-steady modelling [51,52,64,65,68,75,78] 

Approach for Selecting 
Archetypes 

Sample archetypes [50–52,54,65,68] 
Theoretical archetypes [53,55,57–59,63,66,69–75,78] 

Calibration and Validation of 
Model Outputs 

Compare with the relevant standard [50,71] 
Compare the energy consumption of similar 
buildings with each other 

[54] 

Compare with benchmark models [53] 
Compare with other relevant literature [52] 
Compare with real consumption data [57,58] 
Compare with relevant government data [55,59,66] 

Criteria for Defining 
Archetypes 

Building size [50,57,65,68,69,71] 
Building shape [50,57,58,63,65] 
Construction year [52,55,58,59,64,66,69,75,78,79] 
Surface-to-volume ratio [52] 
Number of rooms [53] 
Window-to-wall ratio [53,56,64] 
Construction characteristics [53,57,59,63,72,73] 
Building types [54,55,74,78,79] 
Number of floors [51,54,63,64,68] 
External wall area [51] 
Geographical information [55,66] 
Energy Consumption [57] 
Climate region [59,69,71] 
Building fabric [54,65,72] 
Urban settings [57] 
HVAC system [55,59,65,66,69–72] 

Geo-stock Energy Modelling Approach Dynamic modelling [81,87,88,95,103–105,110,111,114,119,121,124,125,127, 
128,130,132,133,137–141,143,145,147] 

Qusai-steady modelling [90,93,101,113,120,144,146,148] 
Approach for Selecting 
Archetypes 

Sample archetypes [101,148] 
Theoretical archetypes [81,90,93,95,103–105,111,113,114,120,121,124,125,127, 

128,130,132,133,143–147] 
Calibration and Validation of 
Model Outputs 

Compare with benchmark models [101,148] 
Horizontal comparison of consumption data 
with other countries 

[127] 

Compare with other relevant literature [119,121] 
Compare with real consumption data [105,120,130,143,147] 
Compare with relevant government data [93,111,137,146] 
Compare with validated simulation results [104] 
Empirically validated [114] 

Criteria for Defining 
Archetypes 

Building footprint [93,101,146] 
Building fabric [95,121,130] 
Number of floors [101,104,127] 
Geographical information [93,133,144] 
Building type [81,90,95,105,110,111,113,120,124,125,128,130,132,133, 

137–139,141,144,145,147,148] 
Building structure [125] 
Thermal condition [81] 
Construction year [90,95,105,110,111,113,119,120,124,128,132,133,141, 

144,145,147,148] 
Building shape [93] 
Energy consumption [93,101,139,146] 
Carbon emissions [93] 
Occupancy schedule [95,114] 
HVAC system [95,114,121,124,128,130,132,143,145] 
Building zoning [101,104,127] 
Urban settings [113,138] 
Internal loads [114,120] 
Climate condition [119,120,132,145] 
Building size [125,130,138,144] 
Construction characteristics [143] 
Energy saving measurements [111,143]  
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the context of highly heterogeneous NDBS, local building-related design manuals and regulations serve as primary data supplements 
for stock-level modelling when data is lacking. These virtual archetypes resemble parametric modelling, where the model’s attributes 
are divided into several categories and then combined to cover the entire stock. Whether type-stock or geo-stock, though, most are still 
utility theoretical archetypes to conduct stock-level studies. However, corresponding issues may arise, such as virtual archetypes 
created by combining extreme values of different attributes may not be representative or may even not exist. Therefore, secondary 
screening is necessary to exclude non-representative archetypes and reduce the computational workload for subsequent analyses after 
the initial virtual archetype construction. The computational methods for model performance can be classified into two categories: 
quasi-steady state calculation methods using thermal balance models and dynamic thermal simulation methods using the simulation 
software previously mentioned in section 4.2. Based on the review of the literature, archetype-based research employing dynamic 
models predominates. Summaries could be found in the Table 6 below. 

4.3.2. Building-by-building modelling 
In recent years, with the iterative advancements in technology and expanded computational capacity, it has become feasible to 

model individual buildings on a large scale, known as building-by-building modelling. This modelling approach is primarily based on 
GIS technology and is typically used in NDBS models for geo-stock. All types of datasets are integrated into a unified format, which 
includes geometric information for real-world environmental 3D spatial visualisation and additional semantic and attribute data in 3D 
standardised formats such as CityGML, Shapefile, and GeoJSON, with CityGML being widely utilised [176]. For example, the afore
mentioned CityBES uses CityGML format files to represent and exchange 3D city models for subsequent EnergyPlus calculations [26]. 
The integration of data from different sources is a crucial factor that needs to be considered in building-by-building modelling. 
Generally, this can be achieved either by using GIS technology to integrate all information about a building into its corresponding 2D 
or 3D model or by utilising unique identifiers, akin to a building’s ID card. For instance, in the case of 3Dstock modelling in the UK, the 
unique property reference number is employed to link various pieces of information together [98]. Based on the reviewed literature, 
research on building-by-building modelling is still in its infancy, with only a few scattered papers available. Detailed information on 
this is summarised in Table 7 below. 

Compared to the archetype method, the building-by-building approach has the potential to consider coupling effects between 
buildings, taking into account the impact of urban microenvironments on building stocks. Although this method demands higher data 
precision, there is no doubt that improving simulation accuracy and level of detail can be the direction of improvement for researchers 
in stock modelling. In summary, the process of NDBS modelling primarily relies on bottom-up physics-based methods, especially 
archetype simulation methods. This is not to say that other methods are not valuable but given the current limitations in available data 
and computational capacity, archetype-based methods unquestionably dominate stock analysis at present. 

4.4. Goals of NDBS studies 

Research objectives in NDBS studies can be categorised based on their goals and the type of building stock under investigation. Four 
research objectives are identified, namely methodology development and proof, analysis of the present situation, impact of measures, 
and future performance forecast, which are shown in the Table 8. Policies related to building stock can be categorised into four 
categories, which are improvements to energy efficiency, increases in renewable energy increase, low carbon material uptake and 
climate change adaptation and resilience [178]. These four areas of policy echo the abovementioned four applications. 

Methodology development and proof focus on assessing the feasibility of the methodology developed due to possible limitations in 
data sources and geographical constraints. As for NDBS, this application involves the development and testing of new methods, tools 
and models for measuring, monitoring and assessing the energy performance and environmental impacts of non-domestic buildings. A 
greater proportion of geo-stocks for such purposes are studied than type-stocks. The most common approach is the use of building 
energy modelling methods to assess the energy use, carbon emissions and environmental costs of non-domestic buildings [45,46,49,60, 
70,71,81,88], which can help to identify the potential for and barriers to improving energy efficiency, increasing renewable energy, 
reducing carbon footprints and enhancing climate resilience in non-domestic buildings. An example of a policy that supports this goal 
is the EU’s Energy Performance of Buildings Directive, which requires member states to develop energy efficiency certificates, in
spection programmes and long-term retrofit strategies for buildings. 

Analysing the present situation involves evaluating various energy usage intensity indicators within the building stock. This 
application includes collecting and analysing current data on the energy efficiency and environmental impacts of non-domestic 

Table 7 
Summary of building-by-building NDBS studies.  

Stock Category Energy Modelling Approach Integration among diverse data sources Calibrated or Validated Model Outputs Reference 

Geo-stock Dynamic modelling Based on the GIS system No [83] 
Dynamic modelling Based on the GIS system Yes [84] 
Dynamic modelling Based on building identification keys No [85] 
Dynamic modelling Based on the GIS system No [86] 
Dynamic modelling Based on the GIS system No [87] 
Dynamic modelling Based on building identification keys No [98] 
Dynamic modelling Based on building identification keys No [99] 
Dynamic modelling Based on the GIS system No [100] 
Dynamic modelling Based on building identification keys No [102]  
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buildings, as well as the factors that influence these data. For example, several studies have investigated and analysed the energy 
consumption, carbon emissions and energy efficiency of non-domestic buildings in different countries, regions, sectors and types [58, 
103,120,127,143]. These analyses help to understand the baseline, trends and drivers of energy performance and environmental 
impacts of non-domestic buildings and benchmark them against policy targets and best practices. However, this application may not 
precisely capture individual building energy needs and is bound by the current geographic delineation. A relevant policy example is 
China’s Green Building Action Plan, which aims to increase the share of green buildings in total floor area to 50 % by 2020. 

The impact of measures objective quantifies the effects of energy-saving measures, though challenges exist in ensuring granularity 
and model simplification. This application involves assessing and quantifying the energy efficiency and environmental impacts of 
various measures on non-domestic buildings, such as technologies, policies, and behaviours. A number of studies have estimated and 
compared the impact of energy efficiency measures, renewable energy systems, low-carbon materials and climate change adaptation 
strategies on energy use, carbon emissions and environmental benefits of non-domestic buildings [111,122,144]. These assessments 
help to identify and prioritise the most efficient and cost-effective measures to improve the energy performance and environmental 
impacts of non-domestic buildings and assess their feasibility and acceptability. A relevant policy example is the new target set by the 
UK Government to achieve high energy efficiency, low carbon heating and zero carbon standards in all new buildings by 2025. 

For future performance forecasting, this application refers to predicting and forecasting future energy performance and environ
mental impacts of NDBS under different scenarios, such as technological developments, policy interventions and climate change. For 
instance, some studies have used scenario analysis, optimisation models and system dynamics to predict the energy demand, carbon 

Table 8 
Summary of the NDBS research goals.  

Stock 
Category 

Breakdown of 
applications 

Expected Model Outputs Limitation of Outputs Related Studies 

Geo-stock Methodology 
development and 
proof  

• Evaluation of the feasibility of developed 
methodologies, typically measured using 
parametric indicators such as energy 
efficiency and carbon intensity metrics 
relevant to specific geographic areas  

• The accuracy and reliability of the 
methodology may be constrained by the 
quality and availability of data sources, 
potentially leading to errors  

• Results may only be applicable within the 
current geographic boundaries of the 
stock, limiting broader generalisation 

[57,82,83,85,86,88,90,91, 
96,98,99,101,106, 
108–110,112,115–119, 
121,130,131,134,135, 
137–141] 

Analysis of the 
present situation  

• Detailed analysis of energy usage intensity 
across building stocks, including metrics 
like heating and cooling demands, specific 
energy consumption, material stock levels, 
fuel use, and carbon emissions, offering a 
comprehensive overview of the energy 
status quo  

• Inability to precisely capture the unique 
energy needs of individual buildings 
within a diverse stock  

• Findings may only be relevant to the 
specific geographic area studied, which 
limits the applicability of results to other 
regions 

[58,84,93–95,100,103, 
105,113,120,127,129, 
132,143] 

Impact of 
measures  

• Quantification of the impact of energy- 
saving or retrofit measures on the overall 
energy performance and carbon footprint of 
building stock, providing insights into po
tential energy savings and reductions in 
emissions  

• Transparency and accuracy at the building 
granularity level cannot be ensured  

• Simplifications within the models may 
introduce bias, leading to potential 
inaccuracies in assessing the impact of 
measures 

[72,80,81,87,97,102,104, 
107,111,114,122,124, 
128,133,136,144,145, 
147,148] 

Future 
performance 
forecast  

• Projections of future energy consumption 
and carbon emissions for building stock, 
considering factors such as technology 
trends, policy changes, and demographic 
shifts  

• Uncertainties in future data, such as 
unexpected changes in technology or 
policy, may affect the reliability of the 
forecasted results 

[92,125,127,146] 

Type- 
stock 

Methodology 
development and 
proof  

• Validation of methodologies developed for 
specific building types, assessing feasibility 
through indicators tailored to NDBS or 
other defined categories  

• The applicability of these methodologies 
may be limited to specific building types, 
reducing the potential for generalisation to 
other categories 

[65,73,75] 

Analysis of the 
present situation 

•In-depth analysis of current energy usage 
intensity, focusing on specific building types 
to identify patterns in energy consumption 
and potential efficiency improvements  

• Results may only be valid for the current 
specific stock  

• Data sources may introduce systematic 
errors  

• The process may require significant 
resources and effort, limiting the scope of 
the analysis 

[50,53,59,60,63,66,76, 
78] 

Impact of 
measures  

• Quantification of the impact of energy- 
saving or retrofit measures on energy con
sumption or indoor comfort indicators  

• Oversimplification in modelling complex 
building dynamics might lead to 
incomplete or inaccurate assessments  

• Uncertainties in the models may influence 
the reliability of decision-making outputs  

• Limitations in data availability can restrict 
the depth and scope of research 

[51,54–56,61,62,64, 
67–71,74,79] 

Future 
performance 
forecast  

• Future energy consumption or carbon 
emissions of building stock  

• Uncertainties in future data may impact 
the results 

[72,77]  
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emissions and environmental impacts of non-domestic buildings in the short or long term [92,125,127,146]. These forecasts help to 
anticipate and plan for future challenges and opportunities to improve the energy performance and environmental impacts of NDBS, 
and to assess the potential and trade-offs of different policy options and pathways. One example of a policy that supports this goal is the 
Paris Agreement, which aims to reduce greenhouse gas emissions and limit the increase in global average temperature to 1.5 ◦C above 
pre-industrial levels. 

Whilst all applications are designed to support relevant policies, there are several NDSB studies that have directly articulated their 
support for policies aimed at improving the design, implementation and evaluation of policies on energy efficiency and environmental 
impacts of non-domestic buildings. For example, some studies have contributed to the development and revision of building codes, 
standards, and regulations, as well as the provision of incentives, information, and guidance to owners, managers, and users of non- 
domestic buildings [72,104,147,148]. Such support has helped to promote and accelerate the adoption of and compliance with energy 
efficiency, renewable energy, low-carbon materials and climate change policies in NDBS as well as to monitor and verify their out
comes and impacts. The provision of financial subsidies, tax incentives, and preferential loans by the Chinese government to facilitate 
green building projects exemplifies policy measures aimed at fostering this objective. 

In summary, the multifaceted approach of NDBS research objectives, encompassing both geo-stock and type-stock studies, provides 
a solid foundation for improving energy efficiency and informing policies related to increasing renewable energy, low-carbon ma
terials, and climate change adaptation and resilience. These contributions are critical to achieving sustainable and resilient energy 
systems. While geo-stock studies aim to understand the present situation and measure impacts within certain geographical boundaries, 
type-stock studies focus on specific building types. Both types of research encounter challenges related to data quality, model sim
plifications, and policy trend assessments, which necessitate careful consideration when interpreting their results and implications for 
future energy systems and policies. 

4.5. Beneficiaries of NDBS research 

Reviewing NDBS research from the perspective of STS with a focus on the people allows for a detailed analysis of the beneficiaries 
of such research. The audiences for this research can be categorised into three main groups: researchers, commercial stakeholders, and 
policymakers. See the Table 9 below for details. Analysing the societal value of NDBS from the perspective of beneficiaries, the TBL 
analysis undoubtedly proves to be a highly appropriate approach. TBL is a sustainable development framework that assesses three 
crucial dimensions: economic, social, and environmental. It emphasises a comprehensive business approach, considering not only 
financial performance but also social and environmental impacts. Based on TBL allows for a more comprehensive review of NDBS 
research from an STS people perspective. 

Table 9 
Summary of the NDBS research beneficiaries.  

Stock 
Category 

Audiences General Benefits of Target Audiences General Limitations on Target 
Audiences 

Related Studies 

Geo-stock Researchers  • Charting specific pathways to aid NDBS in 
achieving carbon neutrality and reducing 
energy consumption  

• The consideration of socio- 
economic factors alongside 
achieving the objectives is 
necessary 

[111,118,122,126]  

• Inspiring researchers with new 
perspectives on Geo-stock NDBS research  

• The quality of data sources needs 
thorough exploration 

[84,91,101,121,142,146] 

Commercial 
Stakeholders  

• Assisting building owners in energy cost 
savings and creating more responsible, 
sustainable building environments  

• Profitability may be low [114,148] 

Policymakers/ 
City planners  

• Crafting relevant policies/measures to aid 
geo-stock NDBS in achieving carbon 
neutrality and reducing energy 
consumption  

• Socio-economic factors need to be 
considered while achieving the 
objectives  

• The impacts of policies/measures 
may take a long time to manifest  

• Research results are often confined 
to specific regions and are 
challenging to generalise 

[79,81–83,87–89,92–96,100–102, 
104–108,111,113,116,117,119, 
124,125,127,135,137,140,143, 
144,147] 

Type- 
stock 

Researchers  • Using research outputs to support the 
formulation of relevant policies  

• Quantifying the general impact of 
different measures on specific type-stock 
NDBS  

• Research methods and expected 
outcomes differ for policies 
targeting NDBS of different scopes 

[53,59]  

• Inspiring researchers with new 
perspectives on type-stock in NDBS 
research  

• Heterogeneity within the type-stock 
building on the results should be 
considered 

[90] 

Commercial 
Stakeholders  

• Assisting building owners in optimising 
building renovations to save energy and 
reduce expenditure 

/ [51,57,64] 

Policymakers/ 
City planners  

• Crafting relevant policies to aid type-stock 
NDBS in achieving carbon neutrality and 
reducing energy consumption  

• Different criteria should be 
considered for multi-objective 
optimisation for making decisions 

[55,63,67,76,79]  
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Researchers could undoubtedly be inspired by the research of their peers on NDBS. In the geo-stock, researchers play a pivotal role 
in developing pathways to promote non-domestic stock towards carbon neutrality and reduced energy consumption. This helps us to 
understand the socio-economic factors that are intertwined with these goals. It also provides researchers with new perspectives, 
despite the challenges associated with the quality of data sources. Type-stock studies enable researchers to support policy development 
and quantify the impact of measures on specific non-residential stock types. However, it is important to recognise that research 
methodologies and expected outcomes can vary considerably depending on the scope of non-domestic stock policies. Researchers can 
gain new insights from this, although attention should be paid to the inherent heterogeneity within the non-domestic stock of buildings 
in the type-stock to ensure the validity of the results. Incentivise researchers to gain new perspectives and knowledge on the geographic 
stock and type stock aspects of non-domestic stock research, thereby enhancing the intellectual capital within the community. 
Assisting homeowners in optimising building retrofits to save energy and reduce expenses has a direct economic impact on stake
holders, reflecting the profitability of TBL. 

Commercial stakeholders have rarely been discussed as separate beneficiaries in previous studies. Geo-stock research can benefit 
from insights that help building owners save on energy costs and promote a sustainable environment. However, potentially lower 
profitability is also a limiting factor. Commercial stakeholders in type-stocks can benefit from studies that help optimise building 
retrofits, save energy and reduce expenses. Yet, the limitations of non-domestic stock studies for commercial stakeholders have not 
been articulated. Reviewing the TBL methodology, non-domestic stock contributes directly to the economic side of the equation by 
implementing specific measures to achieve carbon neutrality and reduce energy consumption, resulting in cost savings for building 
owners. 

Policymakers and urban planners can benefit from NDBS research that contributes to the development of relevant policies. For geo- 
stocks, it is important that these decision-makers understand the complexity of socio-economic factors and recognise that policy 
impacts can take considerable time to realise. In addition, the limited generalisability of research results to specific areas is a note
worthy constraint. Using the results of the type-stock study, policymakers and urban planners can develop policies to achieve carbon 
neutrality and reduce energy consumption. However, they must consider different criteria for multi-objective optimisation in their 
decision-making. The development of policies and measures related to non-domestic stock is consistent with the environmental aspects 
of TBL, quantifying the overall impact of various measures on non-domestic stock for specific types of stock. This not only helps to 
improve the economic efficiency of buildings but also stimulates researchers to explore new perspectives on non-domestic stock 
research and contributes to social progress through knowledge sharing. 

NDBS research offers numerous benefits to researchers, commercial stakeholders, and policymakers in the pursuit of carbon 
neutrality and reduced energy consumption. Using the TBL framework, the interconnections between economic prosperity, social well- 
being and environmental sustainability are highlighted, demonstrating how non-domestic stock research can contribute holistically 
across these dimensions by providing energy-saving or decarbonisation pathways, inspiring new perspectives, supporting policy 
formulation, and quantifying policy impacts. However, limitations encompass data quality concerns, potential lower profitability, 
socio-economic complexities, delayed policy impacts, and regional-specific research results. Overall, NDBS research is a valuable 
endeavour, although stakeholders must remain aware of these benefits and limitations as they engage in this field. 

5. Discussion 

This section provides reflections and conversations on a few of the societal concerns that have been addressed during the literature 
review. Additionally, a summary of the state of NDBS research is provided, and possible approaches to improve the robustness and 
reliabilities of NDBS physics-based models are explored. 

5.1. Societal concerns associated with NDBS studies 

The societal implications of the physics-based models in NDBS are often overlooked due to their technical nature. This encompasses 
aspects such as data politics involved in the process of NDBS physics-based modelling supported by digitalised infrastructure, and the 
societal significance of the parameters during the modelling process. In-depth discussions regarding these aspects can facilitate 
decision-making and resource optimisation within NDBS, while ensuring the economic and social benefits of NDBS research. 

5.1.1. Data politics in digitalised infrastructure 
The emergence of big data has undoubtedly facilitated research related to non-domestic stock, especially the digitalised infra

structure. However, it simultaneously raises concerns about digital justice, with the potential for instances where individual and 
collective interests may be sacrificed for the sake of data [179]. For instance, databases involving information about building users 
[154,155] must consider the specific means of data acquisition. In the process of collecting data on building stock, it is essential to 
study how data is generated, metabolised, and collected, as well as the motivations behind data collection, the identity of collectors, 
the voluntariness of participants in the digitalisation process, and the impact on data sources post-collection. The term “data politics” 
has emerged in this context. In the realm of digitalised building stock, data politics can be defined as the power relations and 
decision-making processes regarding the collection, processing, transmission, and use of architectural data in the digital age. This 
includes power struggles, conflicts, and cooperation among governments, businesses, organisations, and individuals in the manage
ment and use of data. For the NDBS, decisions about data inevitably become a political process, granting privileges to some while 
offending others. Owners or users of buildings, when providing information such as building usage, energy consumption, building 
footprint, or architectural system details, should be mindful of their privacy to avoid surveillance by “smart” systems [180]. Data 
politics not only addresses the political struggles related to data production and deployment but also examines how data creates new 
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power relations and politics at different and interconnected scales [181]. These dynamics have significant implications for democratic 
norms and ideals, social fairness, and NDBS-related studies, which furthermore have a significant impact on the living conditions of 
building users [170]. Therefore, a careful examination of how data flows shape today’s cities and architectural stock is necessary, to 
rethink and reshape data flows to simultaneously accommodate democratic norms and social fairness while achieving the goals of the 
digitalised building stock. 

5.1.2. Social parameters within NDBS studies 
In the establishment of NDBS physics-based models, different parameters used for model construction can be approached from 

various perspectives in building the social context of the model. Indicators in the physics-based models of architecture used to describe 
and analyse quantifiable or qualitative attributes related to social factors can be defined as social parameters of architectural models. 
Commonly utilised social parameters frequently found in reviews include building type, geographical information, building footprint, 
and energy consumption. Building type can reflect social functions, cultural influences, and considerations for environmental sus
tainability. The diversity of building types, such as schools, hospitals, industrial structures, and retail centres, serves different social 
purposes, closely tied to the social nature and purposes of the city, reflecting societal needs and development trends, particularly in 
geo-stock NDBS. Understanding building types as social parameters and employing them in NDBS modelling contributes to a 
comprehensive assessment of their roles and impacts in society, aiding sustainable social development and planning. Geographical 
information becomes another crucial social parameter by providing a nuanced understanding of spatial backgrounds and their social 
impacts. Barnes and Wilson [182] emphasise the historical antecedents of geographical information in the field of social physics, 
tracing its roots back to the scientific revolution. Liu et al. [183] underscore the importance of integrating Building Information 
Modelling (BIM) and GIS for comprehensive spatial analysis, revealing complex relationships between physical structures and 
geographical environments. Geographical information contributes to social parameters by modelling multi-scale building data based 
on GIS, addressing complex information challenges, and promoting a bottom-up approach. Bill et al. [184] further highlight the 
expertise of geographic information science in data collection, interpretation, and management, positioning it as a valuable resource 
for understanding dynamic social and environmental trends. The integration of geographical information as a social parameter pro
vides a solid foundation for spatial analysis and modelling in NDBS, allowing for a more comprehensive examination of social in
teractions and environmental factors. Building footprint, observed as the physical outline of structures from above, also holds the 
potential of being a social parameter, reflecting societal values and contributing to a broader cultural narrative. In the context of 
environmental sustainability, building footprints showcase how architectural design and density influence social behaviour and 
resource consumption. Unique features of building footprints, including size, shape, and layout, contribute to enhancing the aesthetic 
and functionality of urban spaces, impacting residents’ quality of life. Viewing building footprints as social parameters in NDBS 
provides a valuable perspective for analysing and enhancing the social-cultural structure of communities. Energy consumption 
emerges as a key parameter in archetype modelling, surpassing its technical implications and embodying essential social dimensions 
within the community. Liu and Qian [185] emphasise the interconnectivity between energy usage and social sustainability, high
lighting the need to consider the societal impacts of energy consumption patterns. This understanding prompts a paradigm shift in 
energy modelling, urging researchers and planners to delve into the societal aspects supporting and influenced by energy consumption 
behaviour. Additionally, research by Heidelberger and Rakha [16] advocates for a comprehensive approach in urban building energy 
modelling, emphasising the importance of integrating population and socio-economic factors to capture the societal complexity related 
to energy usage. By considering energy consumption as a social parameter, the modelling process gains depth, enabling a more 
comprehensive understanding of the societal impacts of energy-related decisions. Incorporating energy consumption as a social 
parameter into NDBS archetype models provides a nuanced perspective, aligning with the growing recognition of the intertwined 
nature of energy dynamics and social structures. Defining and refining these social parameters allows for a more comprehensive and 
in-depth analysis of the societal impact of building systems in the context of NDBS. Considering the societal angle in the analysis of 
social parameters supports sustainable development and social responsibility. 

5.2. Current conditions of NDBS studies 

The proposed comprehensive approach in this paper for non-domestic stock research within the STS framework emphasises its 
social significance, highlighting the symbiotic relationship between infrastructure, process, technology, goals, and people from start to 
finish. As the STS-based overview of non-domestic stock research shown in Fig. 1 above, the infrastructure component provides data 
support for the NDBS. The technology component aids in the modelling of the NDBS. The process reflects the modelling imple
mentation of the NDBS. Goals present a mutually reinforcing/improving relationship with NDBS studies. And the people perspective, 
supervise and guide the orientation of the NDBS research. The detailed analysis from these perspectives is as follows. 

Analysing the development of NDBS physics-based modelling from five perspectives within the STS framework allows for evalu
ating the latest modelling technologies while exploring the research’s societal value. Current NDBS-related studies have made sig
nificant progress in data sourcing, technological means, and application scenarios. From the infrastructure perspective, the digitisation 
of infrastructure and building stock databases has garnered attention in many countries, as shown in Table 4. Without these databases, 
subsequent stock physics-based models cannot be established [186]. The openness and accessibility of data shape the technological 
landscape by influencing the choice of data sources and stock modelling methods. Cities’ openness in publicly disclosing their in
ventory data through open portals has gradually become a trend [187]. However, more cities and countries need to collect and disclose 
their building data to help advance local building stock modelling and energy analysis. The data collection process often requires 
integrating various sensitive information, such as building usage data. Attention must be paid to protecting the interests of building 
stakeholders and maintaining digital justice [179]. The inherent diversity of global building structures rooted in culture demands the 
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adoption of various technologies, thus impacting the tools used for data processing, simulation, and analysis. From the technology 
perspective, the integration demand of various building big data information flows has led to database management approaches being 
introduced into NDBS research [65,86,90]. Meanwhile, EnergyPlus remains the mainstream physics-based simulation engine. The 
main challenges in technology are establishing seamless workflows, and the coupling between different tools needs further optimi
sation. Technological means shape the process of non-domestic stock modelling by providing analysis and simulation tools. From a 
process perspective, archetype modelling is still the mainstream research method, but the building-by-building method is also 
increasingly prevalent. The classification of archetypes is gradually introducing more data, not limited to the field of architecture, such 
as urban condition [66,113] that can reflect the interaction between buildings, used to form more comprehensive representative NDBS 
archetypes. At the same time, the introduction of social parameters allows for the consideration of the complexity of population and 
socio-economic factors in developing NDBS archetypes and subsequent evaluation of energy use [16]. More parameters can be 
introduced fundamentally due to the strengthening of simulation computing capabilities. However, the classification of building ar
chetypes still needs to strike a balance between the number and representativeness of archetypes and try to describe the building 
groups as completely as possible with as few models as possible, reducing wasted computing power [176]. With the advancement of 
computing power and the iteration of geographic information systems [25], the use of building-by-building modelling methods makes 
it possible to create physics-based substitutes for each building on a large scale and visualise their information on maps. However, 
attempting to simulate all buildings in a city requires a large amount of computing resources [187]. At the same time, the reliability of 
building-by-building analysis models also needs to be strengthened. However, since there is still no single database that can inde
pendently support NDBS modelling, the different granularity of different databases may potentially lead to additional uncertainty 
during integration. A verification method suggests calibrating models based on actual building consumption data [6]. In terms of NDBS 
objective, there is a slight imbalance between geo-stock and type-stock studies. For geo-stock, especially at the regional or city level, 
research has advanced to the point of being able to produce results on an hourly basis with the assistance of GIS [83,84,86,98,100]. 
However, type-stock models often rely on archetypes for an approximate analysis of stock energy consumption. Therefore, it is 
advocated that type-stocks adopt a more granular analytical approach to dig deeper into the unique building attributes of a specific 
category of NDBS to provide more robust energy efficiency recommendations to relevant commercial stakeholders. From the goal 
perspective, the most studied goal is still methodology development and validation. Overall, all modelling is more or less aimed at 
assisting policy decisions. Various studies covering multiple scenarios can provide insights into enhancing climate change adaptation 
and resilience goals [178]. However, if non-technical considerations such as psychological, social, and economic barriers are not 
adequately addressed, pushing policy implementation may encounter strong resistance [188]. For formulating comprehensive 
multi-objective policies, there are inevitably trade-offs between different objectives, so understanding the complex and dynamic in
teractions between technical and social aspects that affect policy decisions is crucial. As stakeholders, people promote goal-oriented 
practices by influencing policy outcomes and cultivating a culture of responsible and sustainable building practices. From the people 
perspective, researchers and policymakers have always been the primary audience for NDBS research, and relevant studies by com
mercial stakeholders have not been widely promoted. It is suggested to include cost-benefit assessments in retrofit analysis, as in
vestment costs and payback periods drive the efficiency of energy measures implemented by local authorities and building owners in 
NDBS research [176]. 

5.3. Challenges of developing robust and reliable NDBS physics-based models 

The challenges of NDBS research primarily stem from two aspects, data availability and model accuracy. The data availability 
challenge can be further decomposed into two smaller adversities, namely data scarcity and data quality issues. Data scarcity has long 
been a problem in the NDBS field. Due to the nature of stock-level studies, without the support of big data, it is impossible to conduct 
corresponding physics-based modelling. Non-research datasets are one potential solution, such as estimating the internal facility 
consumption by using service descriptions from hotel booking pages. Alternatively, attempting to couple NDBS models, especially geo- 
stock models, with other urban systems such as urban atmosphere, urban transportation and mobility, and regional-scale energy 
systems, is used to establish high-fidelity models [187]. Data quality is also a challenge that must be addressed in NDBS research. 
Inferring and completing missing data based on existing data are the primary data augmentation techniques for addressing data gaps. 
Traditional statistical methods, regression models, and deep learning methods have all been attempted for data imputation in the 
building domain and have demonstrated their effectiveness [189]. 

Model accuracy has been a persistent pain point in NDBS research. Research on NDBS calibration is limited. Broad-scale stock 
analyses require making certain assumptions about input data, leading to systemic errors in stock analysis. Annual building con
sumption data is often used for calibrating building stock energy models [187]. Obtaining more granular energy consumption data is 
generally difficult. Furthermore, for studies on stock building energy measures, the performance of specific energy measures is 
compared based on their absolute performance without quantifying uncertainty [190]. The difficulty in obtaining historical building 
energy consumption data and the challenge of quantifying building energy measures collectively contribute to the challenging veri
fication of NDBS research results. Therefore, the validation of NDBS research results is crucial. It is recommended to use 
non-user-driven, mathematics-based automatic calibration, such as Bayesian validation which can explain uncertainty and risks in the 
modelling process [190]. 

5.4. Future research directions of NDBS 

In the current global environmental context, advancing research on NDBS has become increasingly urgent. These research efforts 
are driven not only by the need to enhance building performance to meet increasingly stringent energy use standards and sustainability 
requirements, but also by goals related to environmental protection and carbon neutrality. In the face of climate change, reducing 
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carbon emissions from buildings has become a critical measure for countries aiming to achieve their climate targets. Therefore, it is 
essential to improve NDBS models to provide policymakers with more accurate data support, effectively facilitating the achievement of 
carbon reduction objectives. 

Simultaneously, with the rapid development of technology and the accelerated pace of urbanisation, the complexity and diversity 
of buildings continue to increase. The ultimate ideal state of future research is to develop a comprehensive, real-time digital twin 
model, which is a dynamic system capable of reflecting building performance in real-time and predicting future changes. However, due 
to technological limitations and ethical concerns, this ideal state can currently only be simulated through models to assess the potential 
of different scenarios. These models not only require continuous improvements in accuracy but also need the capability to handle 
complex dynamic data to ensure that they fully reflect the operational state of buildings in practical applications. 

Given these drivers, four key areas of future research could advance the understanding and modelling of NDBS. One crucial di
rection is the integration of socio-economic factors, as discussed in this paper, into existing physics-based NDBS models. Incorporating 
parameters such as occupant behaviour, cultural influences, and economic incentives would provide a more holistic understanding of 
energy use in non-domestic buildings, thereby enhancing the accuracy and effectiveness of these models. Secondly, advancements in 
data acquisition technologies, including Internet of Things devices and AI-driven analytics, offer opportunities to enhance the real-time 
data collection and processing capabilities of NDBS models, making them more dynamic and responsive to changes in building use and 
environmental conditions. Thirdly, an important area is the long-term impact of energy-saving measures and policy implementations. 
Conducting longitudinal studies that track the performance of NDBS over extended periods could provide valuable insights into the 
sustainability of interventions and their effectiveness in achieving long-term carbon reduction goals. Finally, the development of open- 
source modelling platforms that integrate various techniques and data sources is critical, as such platforms would encourage greater 
collaboration among researchers and practitioners, fostering innovation and improving the accessibility of advanced NDBS modelling 
tools. 

6. Conclusion 

This study systematically reviewed previous achievements in NDBS research related to energy and carbon footprint and addressed 
three research questions in the NDBS research domain. To address the first and second research questions, five perspectives of socio- 
technical systems are examined, including infrastructure, technology, processes, goals, and people. In response to the first research 
question, i.e. how can energy and carbon footprint-related NDBS studies be evaluated across different STS dimensions, key findings can 
be summarised as follows: (1) Findings revealed that from the infrastructure perspective, digitalised infrastructure supports the 
establishment of physics-based models for NDBS but faces challenges of data gaps and inconsistencies. Uneven development is also a 
current issue, with digitalised infrastructures more common in developed countries. Compliance with data collection processes also 
requires attention. (2) Regarding technology, tools for NDBS encompass general programming, information statistics, model building, 
and auxiliary hardware to facilitate dynamic thermal simulation, statistical analysis, and data collection. However, integrating GIS into 
type-stock analysis and developing comprehensive cross-platform frameworks for NDBS energy performance assessment still holds 
potential. (3) From the process perspective, bottom-up archetype modelling relying on attributes and clustering techniques dominates 
NDBS, while building-by-building models integrating GIS data for spatial visualisation remain in the early stages compared to 
archetype-based methods. (4) In terms of purpose, NDBS research objectives include method development, present situation analysis, 
measures impact assessment, and future performance prediction, aiming to support policies related to energy efficiency, renewable 
energy, low-carbon materials, and climate adaptation. (5) From the people perspective, NDBS research benefits researchers, com
mercial stakeholders, and policymakers economically, socially, and environmentally by providing energy-saving pathways, inspiring 
new viewpoints, supporting policy formulation, and quantifying policy impacts. 

Regarding the second research question, the differences between geo-stock and type-stock NDBS objects when viewed through 
different STS dimensions, while geo-stock and type-stock research focus on different subjects, they offer cross-fertilised opportunities. 
They can share data and analysis methods to enhance research efficiency and accuracy. Building energy models can be improved and 
applied across both types of research to enhance model reliability and applicability. Furthermore, policymakers can obtain compre
hensive data support from both types of research to develop energy management policies and measures tailored to different 
geographical regions and building types. Through collaboration and cross-fertilisation, geo-stock and type-stock research can 
collectively drive the construction industry towards sustainability and efficiency. 

For the third research question, the potential strategies for strengthening the robustness of physics-based models and the reliability 
of the outputs in NDBS studies, challenges in NDBS research primarily revolve around data availability, encompassing data scarcity, 
quality issues, and model accuracy concerns. Overcoming these challenges involves leveraging non-research datasets, coupling NDBS 
models with urban systems, and employing techniques like data augmentation and advanced statistical methods for data imputation. 
Enhancing model accuracy requires calibration efforts and result validation through rigorous methods like Bayesian validation to 
mitigate uncertainties in the modelling process. 

This study provides a new multidimensional approach to evaluate the development of NDBS energy and carbon footprint research 
and helps to incorporate socio-economic analysis into NDBS physics-based models to improve the efficiency and reliability of such 
models for future research and practice. 
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[65] M. Gangolells, M. Casals, J. Ferré-Bigorra, N. Forcada, M. Macarulla, K. Gaspar, et al., Office representatives for cost-optimal energy retrofitting analysis: a 
novel approach using cluster analysis of energy performance certificate databases, Energy Build. 206 (2020) 109557, https://doi.org/10.1016/J. 
ENBUILD.2019.109557. 

[66] F. Sasso, J. Chambers, M.K. Patel, Space heating demand in the office building stock: element-based bottom-up archetype model, Energy Build. 295 (2023) 
113264, https://doi.org/10.1016/J.ENBUILD.2023.113264. 

[67] A. Ghose, S.J. McLaren, D. Dowdell, Upgrading New Zealand’s existing office buildings – an assessment of life cycle impacts and its influence on 2050 climate 
change mitigation target, Sustain. Cities Soc. 57 (2020) 102134, https://doi.org/10.1016/j.scs.2020.102134. 

[68] J. Chambers, P. Hollmuller, O. Bouvard, A. Schueler, J.-L. Scartezzini, E. Azar, et al., Evaluating the electricity saving potential of electrochromic glazing for 
cooling and lighting at the scale of the Swiss non-residential national building stock using a Monte Carlo model, Energy 185 (2019) 136–147, https://doi.org/ 
10.1016/j.energy.2019.07.037. 

[69] G. Luddeni, M. Krarti, G. Pernigotto, A. Gasparella, An analysis methodology for large-scale deep energy retrofits of existing building stocks: case study of the 
Italian office building, Sustain. Cities Soc. 41 (2018) 296–311, https://doi.org/10.1016/J.SCS.2018.05.038. 

[70] M. Bhatnagar, J. Mathur, V. Garg, Development of reference building models for India, J. Build. Eng. 21 (2019) 267–277, https://doi.org/10.1016/J. 
JOBE.2018.10.027. 

J. Zhou et al.                                                                                                                                                                                                           

http://refhub.elsevier.com/S2352-7102(24)02441-0/sref33
http://refhub.elsevier.com/S2352-7102(24)02441-0/sref33
https://doi.org/10.1016/j.apergo.2013.02.009
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000829
https://doi.org/10.1177/001872679705000505
https://doi.org/10.1177/001872679705000505
https://doi.org/10.1177/0261018310367675
https://doi.org/10.1061/JMENEA.MEENG-5008
https://doi.org/10.1007/978-3-319-46164-9_12
https://doi.org/10.1080/09613218.2017.1361275
https://doi.org/10.1080/09613218.2017.1361275
https://doi.org/10.1016/J.ENPOL.2020.111679
https://doi.org/10.1016/J.TECHFORE.2021.121361
https://doi.org/10.1016/J.ERSS.2020.101462
https://doi.org/10.1016/J.RESPOL.2004.01.015
https://doi.org/10.1016/J.TECHFORE.2010.04.002
https://doi.org/10.1016/J.ENPOL.2006.02.010
https://doi.org/10.1186/s13643-021-01626-4
https://www.gov.uk/government/organisations/valuation-office-agency
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1016/J.BUILDENV.2021.108058
https://doi.org/10.1016/j.jclepro.2020.122993
https://doi.org/10.1016/J.ENBUILD.2023.113187
https://doi.org/10.1016/j.scs.2021.103639
https://doi.org/10.1016/J.ENBUILD.2017.03.058
https://doi.org/10.1016/J.JOBE.2022.105536
https://doi.org/10.1016/J.ENBUILD.2023.113293
https://doi.org/10.1016/J.ENBUILD.2023.113293
https://doi.org/10.1016/J.JOBE.2021.103142
https://doi.org/10.26868/25222708.2021.30391
https://doi.org/10.1016/J.ENBUILD.2021.111249
https://doi.org/10.1016/j.enbuild.2020.110209
https://doi.org/10.1016/j.enbuild.2020.110209
https://doi.org/10.3390/SU14074074
https://doi.org/10.1016/J.SCITOTENV.2023.166109
https://doi.org/10.1016/J.SCS.2022.104267
https://doi.org/10.1016/J.BUILDENV.2021.107849
https://doi.org/10.1016/J.ENBUILD.2019.109557
https://doi.org/10.1016/J.ENBUILD.2019.109557
https://doi.org/10.1016/J.ENBUILD.2023.113264
https://doi.org/10.1016/j.scs.2020.102134
https://doi.org/10.1016/j.energy.2019.07.037
https://doi.org/10.1016/j.energy.2019.07.037
https://doi.org/10.1016/J.SCS.2018.05.038
https://doi.org/10.1016/J.JOBE.2018.10.027
https://doi.org/10.1016/J.JOBE.2018.10.027


Journal of Building Engineering 97 (2024) 110873

24

[71] B. Kim, Y. Yamaguchi, S. Kimura, Y. Ko, K. Ikeda, Y. Shimoda, Urban building energy modeling considering the heterogeneity of HVAC system stock: a case 
study on Japanese office building stock, Energy Build. 199 (2019) 547–561, https://doi.org/10.1016/J.ENBUILD.2019.07.022. 

[72] I. Korolija, Y. Zhang, L. Marjanovic-Halburd, V.I. Hanby, Regression models for predicting UK office building energy consumption from heating and cooling 
demands, Energy Build. 59 (2013) 214–227, https://doi.org/10.1016/J.ENBUILD.2012.12.005. 

[73] I. Korolija, L. Marjanovic-Halburd, Y. Zhang, V.I. Hanby, UK office buildings archetypal model as methodological approach in development of regression 
models for predicting building energy consumption from heating and cooling demands, Energy Build. 60 (2013) 152–162, https://doi.org/10.1016/J. 
ENBUILD.2012.12.032. 

[74] S.E. Chidiac, E.J.C. Catania, E. Morofsky, S. Foo, A screening methodology for implementing cost effective energy retrofit measures in Canadian office 
buildings, Energy Build. 43 (2011) 614–620, https://doi.org/10.1016/j.enbuild.2010.11.002. 

[75] L. Carnieletto, M. Ferrando, L. Teso, K. Sun, W. Zhang, F. Causone, et al., Italian prototype building models for urban scale building performance simulation, 
Build. Environ. 192 (2021) 107590, https://doi.org/10.1016/J.BUILDENV.2021.107590. 

[76] U. Bin Perwez, Y. Yamaguchi, Y. Shimoda, Cross-over analysis of building-stock modelling approaches for bottom-up engineering model. Building Simulation 
Conference Proceedings, 2021, https://doi.org/10.26868/25222708.2021.30586. 

[77] S. Taylor, A. Peacock, P. Banfill, L. Shao, Reduction of greenhouse gas emissions from UK hotels in 2030, Build. Environ. 45 (2010) 1389–1400, https://doi. 
org/10.1016/J.BUILDENV.2009.12.001. 

[78] I.L. Wong, E. Krüger, A.C.M. Loper, F.K. Mori, Classification and energy analysis of bank building stock: a case study in Curitiba, Brazil, J. Build. Eng. 23 (2019) 
259–269, https://doi.org/10.1016/J.JOBE.2019.02.003. 

[79] M.U. Hossain, I. Cicco, M.M. Bilec, Advancing urban building energy modeling: building energy simulations for three commercial building stocks through 
archetype development, Buildings 14 (2024) 1241, https://doi.org/10.3390/BUILDINGS14051241/S1. 

[80] T. Hong, S.H. Lee, W. Zhang, K. Sun, B. Hooper, J. Kim, Nexus of electrification and energy efficiency retrofit of commercial buildings at the district scale, 
Sustain. Cities Soc. 95 (2023) 104608, https://doi.org/10.1016/j.scs.2023.104608. 

[81] P. Zhu, O. Mumm, R. Zeringue, E. Endres, Carlow V. Miriam, Building-related resource use in Chinese eastern cities – qingdao building stock as a case study, 
Appl. Energy 313 (2022) 118697, https://doi.org/10.1016/J.APENERGY.2022.118697. 

[82] X. Li, R. Yao, Modelling heating and cooling energy demand for building stock using a hybrid approach, Energy Build. 235 (2021) 110740, https://doi.org/ 
10.1016/j.enbuild.2021.110740. 

[83] Y.Q. Ang, Z.M. Berzolla, S. Letellier-Duchesne, V. Jusiega, C. Reinhart, UBEM.io: a web-based framework to rapidly generate urban building energy models for 
carbon reduction technology pathways, Sustain. Cities Soc. 77 (2022) 103534, https://doi.org/10.1016/J.SCS.2021.103534. 

[84] Y. Chen, T. Hong, Impacts of building geometry modeling methods on the simulation results of urban building energy models, Appl. Energy 215 (2018) 
717–735, https://doi.org/10.1016/J.APENERGY.2018.02.073. 

[85] Y. Chen, T. Hong, X. Luo, B. Hooper, Development of city buildings dataset for urban building energy modeling, Energy Build. 183 (2019) 252–265, https:// 
doi.org/10.1016/J.ENBUILD.2018.11.008. 

[86] P. Nageler, G. Schweiger, H. Schranzhofer, T. Mach, R. Heimrath, C. Hochenauer, Novel method to simulate large-scale thermal city models, Energy 157 
(2018) 633–646, https://doi.org/10.1016/J.ENERGY.2018.05.190. 

[87] F. Calise, Q. Wang, P.A. Østergaard, M. Vicidomini, M. Da, G. Carvalho, et al., A parametric modelling approach for energy retrofitting heritage buildings: the 
case of Amsterdam city centre, Energies 17 (2024) 994, https://doi.org/10.3390/EN17050994, 994 2024;17. 

[88] Q. Ji, Y. Bi, M. Makvandi, Q. Deng, X. Zhou, C. Li, Modelling building stock energy consumption at the urban level from an empirical study, Buildings 12 
(2022) 385, https://doi.org/10.3390/BUILDINGS12030385, 2022;12:385. 

[89] C.P. Mouraz, R.M.S.F. Almeida, Silva J. Mendes, Combining cluster analysis and GIS maps to characterise building stock: case study in the historical city centre 
of Viseu, Portugal, J. Build. Eng. 58 (2022) 104949, https://doi.org/10.1016/j.jobe.2022.104949. 

[90] P. Borges, O. Travesset-Baro, A. Pages-Ramon, Hybrid approach to representative building archetypes development for urban models – a case study in Andorra, 
Build. Environ. 215 (2022) 108958, https://doi.org/10.1016/J.BUILDENV.2022.108958. 

[91] A. Benz, C. Voelker, S. Daubert, V. Rodehorst, Towards an automated image-based estimation of building age as input for Building Energy Modeling (BEM), 
Energy Build. 292 (2023) 113166, https://doi.org/10.1016/J.ENBUILD.2023.113166. 

[92] J. Yang, Z. Deng, S. Guo, Y. Chen, Development of bottom-up model to estimate dynamic carbon emission for city-scale buildings, Appl. Energy 331 (2023) 
120410, https://doi.org/10.1016/J.APENERGY.2022.120410. 

[93] N. Zhang, Z. Luo, Y. Liu, W. Feng, N. Zhou, L. Yang, Towards low-carbon cities through building-stock-level carbon emission analysis: a calculating and 
mapping method, Sustain. Cities Soc. 78 (2022) 103633, https://doi.org/10.1016/J.SCS.2021.103633. 

[94] A. Mollaei, N. Ibrahim, K. Habib, Estimating the construction material stocks in two Canadian cities: a case study of Kitchener and Waterloo, J. Clean. Prod. 
280 (2021) 124501, https://doi.org/10.1016/J.JCLEPRO.2020.124501. 

[95] R. Mohammadiziazi, S. Copeland, M.M. Bilec, Urban building energy model: database development, validation, and application for commercial building stock, 
Energy Build. 248 (2021) 111175, https://doi.org/10.1016/J.ENBUILD.2021.111175. 

[96] L. Zhang, S. Plathottam, J. Reyna, N. Merket, K. Sayers, X. Yang, et al., High-resolution hourly surrogate modeling framework for physics-based large-scale 
building stock modeling, Sustain. Cities Soc. 75 (2021) 103292, https://doi.org/10.1016/j.scs.2021.103292. 

[97] D. Meha, B. Dragusha, J. Thakur, T. Novosel, N. Duić, A novel spatial based approach for estimation of space heating demand saving potential and CO2 
emissions reduction in urban areas, Energy 225 (2021) 120251, https://doi.org/10.1016/j.energy.2021.120251. 

[98] P. Steadman, S. Evans, R. Liddiard, D. Godoy-Shimizu, P. Ruyssevelt, D. Humphrey, Building stock energy modelling in the UK: the 3DStock method and the 
London Building Stock Model, Buildings and Cities 1 (2020) 100–119, https://doi.org/10.5334/bc.52. 

[99] S. Evans, R. Liddiard, P. Steadman, Modelling a whole building stock: domestic, non-domestic and mixed use, Build. Res. Inf. 47 (2019) 156–172, https://doi. 
org/10.1080/09613218.2017.1410424/SUPPL_FILE/RBRI_A_1410424_SM7887.PDF. 

[100] U. Eicker, M. Zirak, N. Bartke, L. Romero Rodríguez, V. Coors, New 3D model based urban energy simulation for climate protection concepts, Energy Build. 
163 (2018) 79–91, https://doi.org/10.1016/J.ENBUILD.2017.12.019. 

[101] G. Tardioli, R. Kerrigan, M. Oates, J. O’Donnell, D.P. Finn, Identification of representative buildings and building groups in urban datasets using a novel pre- 
processing, classification, clustering and predictive modelling approach, Build. Environ. 140 (2018) 90–106, https://doi.org/10.1016/j.buildenv.2018.05.035. 

[102] Y. Chen, T. Hong, M. Ann Piette, City-scale building retrofit analysis: a case study using CityBES, Building Simulation Conference Proceedings 1 (2017), 
https://doi.org/10.26868/25222708.2017.071. 

[103] T. Alves, L. Machado, R.G. de Souza, P. de Wilde, A methodology for estimating office building energy use baselines by means of land use legislation and 
reference buildings, Energy Build. 143 (2017) 100–113, https://doi.org/10.1016/J.ENBUILD.2017.03.017. 
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