
Gemini Deep Research Report: Building 
Lifecycle, Digital Twins, Lifecycle Cost Analysis 

 © 2025 Building Lifecycle Management Initiative. All Rights Reserved. 1 | P a g e  

Executive Summary 
The built environment is undergoing a profound transformation driven by the convergence of 
Building Lifecycle Management (BLM), Lifecycle Cost Analysis (LCA), and Digital Twin 
technologies. This transformation is revolutionizing how we design, construct, operate, and 
manage buildings and infrastructure, leading to significant improvements in efficiency, 
sustainability, and occupant well-being. Smart buildings augmented with digital twin 
technologies have shown a potential increase in property value by 7-20%1. 

This report provides a comprehensive analysis of recent research on these technologies, 
emphasizing the intersection of technology, human behavior, and cultural change in achieving a 
data-driven, lifecycle-oriented approach to the built environment. Key findings include: 
● Digital Twins are becoming increasingly sophisticated: Advancements in data 

integration, real-time monitoring, and predictive analytics are enabling the creation of highly 
accurate and dynamic digital replicas of buildings and infrastructure. This allows 
stakeholders to visualize, simulate, and optimize many aspects of the built environment, 
leading to better decision-making and improved outcomes2. 

● LCA is essential for long-term value creation: By considering the total cost of ownership 
over the entire lifespan of an asset, LCA helps organizations make informed decisions that 
balance initial costs with long-term operational savings and environmental benefits. This 
approach is crucial for achieving sustainability goals and maximizing the value of real estate 
and infrastructure investments. 

● Human-centric approaches are key to successful adoption: The transition to a data-
driven, lifecycle-oriented approach requires a shift in mindset and organizational culture. 
This includes fostering collaboration, upskilling the workforce, and addressing potential 
resistance to change. Organizations that prioritize human factors in their digital 
transformation strategies are more likely to achieve successful outcomes. 

This report also examines the challenges and best practices in data integration, interoperability, 
cybersecurity, and governance for BLM and LCA-driven decision-making. It provides actionable 
recommendations for policymakers, industry leaders, and organizations to align human-centric 
change management with technological progress in the built environment. 

Industry Trends and Insights 
The adoption of BLM, LCA, and Digital Twin technologies is accelerating across the built 
environment, driven by several key trends: 
● Growing awareness of sustainability: Increasing concerns about climate change and 

environmental impact are pushing the industry towards more sustainable practices. BLM 
and LCA provide frameworks for evaluating and minimizing the environmental footprint of 
buildings and infrastructure throughout their lifecycle. The use of sustainable materials like 
mass timber is gaining traction due to their lower environmental impact compared to 
conventional materials3. 

● Demand for greater efficiency: Organizations are seeking ways to optimize building 
performance, reduce operational costs, and enhance occupant comfort. Digital Twin 
technology, combined with data analytics, enables real-time monitoring, predictive 
maintenance, and data-driven decision-making, leading to significant efficiency gains. 
○ Traditional vs. Big Data Analytics: Traditional data analytics methods often struggle 

http://ifma.org
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to handle the volume, variety, and velocity of data generated in modern facilities 
management. Big data analytics, with its ability to process and analyze large, complex 
datasets, is enabling more advanced and comprehensive analysis, leading to deeper 
insights and more effective decision-making4. 

● Technological advancements: Rapid advancements in areas such as artificial 
intelligence, the Internet of Things, and cloud computing are making it easier and more 
cost-effective to implement and manage these technologies. The three phases of BIM 
engagement (core, core and design, and elective) are contributing to this digital 
transformation by providing a structured approach to BIM adoption and integration5. 

● Shifting regulatory landscape: Governments worldwide are introducing policies and 
regulations to promote sustainable building practices and reduce carbon emissions6. This is 
creating a supportive environment for the adoption of BLM, LCA, and Digital Twin 
technologies. Standardization efforts, such as the BS ISO/IEC 30173 standard for digital 
twins, are also playing a crucial role in driving adoption by providing a common framework 
for digital twin development and implementation7. 

BIM as a Foundation for Digital Transformation 
Building Information Modeling (BIM) is a digital representation of the physical and functional 
characteristics of a facility. It serves as a shared knowledge resource for information about a 
facility, forming a reliable basis for decisions during its life cycle. BIM extends beyond 3D 
modeling to incorporate information about time (4D BIM), cost (5D BIM), asset management, 
sustainability, and more8. 

BIM is essential for enabling digital twins and LCA by providing a structured framework for data 
management and information exchange. It allows for the creation of detailed digital models that 
can be used to simulate and analyze building performance, optimize designs, and support 
decision-making throughout the building lifecycle. 

The Built Environment as a System of Systems 
The built environment is not merely a collection of individual buildings and infrastructure assets; 
it is a complex "system of systems" where various components interact and influence each 
other. These systems include energy, transportation, water, waste management, and more9. 

Digital twins can facilitate a more integrated and holistic approach to managing these systems 
by providing a platform for data integration, real-time monitoring, and simulation. This allows 
stakeholders to understand the interdependencies between different systems, optimize their 
performance, and make more informed decisions that consider the broader impact on the built 
environment. 

In-Depth Analysis of Key Papers 
This section provides a detailed analysis of recent research papers and case studies on LCA 
and digital twins. 



 © 2025 Building Lifecycle Management Initiative. All Rights Reserved. 3 | P a g e  
 

Life Cycle Assessment (LCA) 
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A Review 
on Life 
Cycle Cost 
Analysis of 
Buildings 
Based on 
Building 
Information 
Modeling 

Mahiwal et 
al., 2023 

This review examines the 
integration of Life Cycle 
Cost Analysis (LCCA) with 
Building Information 
Modeling (BIM) for 
economic sustainability 
assessment in buildings. 
This review also mentions 
the cost-effectiveness of 
adobe buildings as a 
sustainable building 
material10. 

* BIM offers a valuable approach to 
fulfilling the requirements of LCCA by 
facilitating data exchange, automation, 
and accuracy control. <br> * Adobe 
construction minimizes expenses due to 
its simplicity and use of local materials10. 
<br> * Decreasing the discount rate can 
significantly increase total lifecycle costs, 
as demonstrated by the analysis of a 
100-year lifespan11. <br> * Pavement-
vehicle interaction is a significant 
contributor to the overall lifecycle cost of 
pavements and should be considered in 
LCA12. 

Training, 
user-
friendlines
s 

Different 
data 
process and 
exchange 
methods in 
calculating 
LCCA based 
on BIM 

Data 
accuracy, 
interoperab
ility issues, 
and the 
need for 
standardize
d 
procedures 

Developing 
standardized 
BIM-based 
LCCA 
workflows, 
improving data 
accuracy, and 
addressing 
interoperability 
challenges to 
enhance the 
economic 
sustainability 
assessment of 
buildings 

13 
https://www.re
searchgate.ne
t/publication/3
68715849_A_
Review_on_Lif
e_Cycle_Cost
_Analysis_of_
Buildings_Bas
ed_on_Buildin
g_Information
_Modeling 

https://www.researchgate.net/publication/368715849_A_Review_on_Life_Cycle_Cost_Analysis_of_Buildings_Based_on_Building_Information_Modeling
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https://www.researchgate.net/publication/368715849_A_Review_on_Life_Cycle_Cost_Analysis_of_Buildings_Based_on_Building_Information_Modeling
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Life cycle 
assessmen
t of 
packaging 
systems: A 
meta-
analysis to 
evaluate 
the root of 
consistenci
es and 
discrepanci
es 

Bher and 
Auras, 
2024 

This meta-analysis 
examines Life Cycle 
Assessment (LCA) studies 
on packaging systems to 
evaluate consistencies and 
discrepancies in their 
findings. 

* The study highlights the importance of 
adherence to ISO 14040/44:2006 
standards in LCA studies and identifies 
discrepancies in primary and secondary 
data used in these studies. <br> * A 
Whole Life Cycle Assessment (WLCA) 
methodology is critical to quantify both 
embodied and operational carbon 
emissions14. 

Packagin
g choices, 
waste 
managem
ent 
practices 

Environment
al footprint 
of different 
packaging 
formats, 
including 
bottles, 
cartons, 
bags, and 
cans 

Inconsisten
cies in ISO 
adherence, 
variations 
in data 
sources, 
and 
research 
gaps in 
LCA 
studies 

Improving ISO 
adherence, 
standardizing 
data collection 
methods, and 
addressing 
research gaps to 
enhance the 
robustness of 
LCA studies for 
informed 
decision-making 

15 
https://www.ca
nr.msu.edu/ne
ws/life-cycle-
assessment-
of-packaging-
systems-a-
meta-analysis-
to-evaluate-
the-root-of-
consistencies-
and-
discrepancies 
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Life cycle 
assessmen
t of 
polyethylen
e 
terephthala
te (PET) 
bottles: A 
meta-
analysis 

Mahpour 
and Auras, 
2024 

This meta-analysis 
examines LCA studies on 
polyethylene terephthalate 
(PET) bottles to assess 
their environmental impacts 
across their life cycle. 

The study highlights the environmental 
impacts of PET bottles across different 
life cycle stages, including raw material 
production, bottle production, distribution, 
collection, waste management, and 
environmental benefits. 

Consume
r choices, 
recycling 
practices 

Environment
al impacts of 
PET bottles 
across 
different 
studies; key 
factors 
influencing 
their 
environment
al 
performance 

Variations 
in LCA 
methodolog
ies, data 
sources, 
and 
functional 
units used 
in different 
studies 

Standardizing 
LCA 
methodologies, 
improving data 
quality, and 
considering the 
impact of 
consumer 
behavior and 
recycling 
practices to 
enhance the 
accuracy and 
comparability of 
LCA studies on 
PET bottles 

16 
https://www.m
dpi.com/2071-
1050/16/2/535 

Digital Twins 

Title Authors & 
Publication 
Year 

Summary Key Findings & Insights Human-
Centric 
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Industry 
Implications 

Citation & 
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Digital 
transformat

Elghaish et This study analyzes the 
challenges and benefits of 

Digital twins can facilitate real-time data 
gathering, data monitoring, data-based 

Organizat
ional 

Findings 
from a 

Organizatio
nal 

Fostering a 
data-driven 

18 
https://www.re

https://www.mdpi.com/2071-1050/16/2/535
https://www.mdpi.com/2071-1050/16/2/535
https://www.mdpi.com/2071-1050/16/2/535
https://www.researchgate.net/publication/370612731_Digital_transformation_in_facility_management_An_analysis_of_the_challenges_and_benefits_of_implementing_digital_twins_in_the_use_phase_of_a_building
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ion in 
facility 
manageme
nt: An 
analysis of 
the 
challenges 
and 
benefits of 
implementi
ng digital 
twins in the 
use phase 
of a 
building 

al., 2023 implementing digital twins 
in facility management 
(FM) during the use phase 
of a building. This analysis 
also mentions the 
ASHRAE service life and 
maintenance cost 
database as a resource for 
facility managers17. 

decision-making, and support predictive 
management in FM. 

culture, 
informati
on 
manage
ment 
framewor
ks 

literature 
review with 
insights from 
semi-
structured 
interviews 
with FM 
experts 

resistance 
to change, 
data 
security 
concerns, 
and the 
need for 
skilled 
personnel 

culture, 
establishing 
robust 
information 
management 
frameworks, and 
addressing data 
security 
concerns to 
realize the 
benefits of 
digital twins in 
FM 

searchgate.ne
t/publication/3
70612731_Dig
ital_transform
ation_in_facilit
y_manageme
nt_An_analysi
s_of_the_chall
enges_and_b
enefits_of_imp
lementing_digi
tal_twins_in_t
he_use_phase
_of_a_building 
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https://www.researchgate.net/publication/370612731_Digital_transformation_in_facility_management_An_analysis_of_the_challenges_and_benefits_of_implementing_digital_twins_in_the_use_phase_of_a_building
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https://www.researchgate.net/publication/370612731_Digital_transformation_in_facility_management_An_analysis_of_the_challenges_and_benefits_of_implementing_digital_twins_in_the_use_phase_of_a_building
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Comparative Findings and Recommendations 
A comparative analysis of the research reveals several key insights: 
● Data integration and interoperability are crucial: The success of BLM, LCA, and Digital 

Twin technologies hinges on the ability to integrate data from various sources and ensure 
seamless information exchange between different systems. This requires standardized data 
formats, protocols, and platforms. Industry initiatives, such as the RICS Whole Life Carbon 
Assessment standard, are promoting consistent carbon measurement and reporting, which 
is essential for data-driven decision-making21. "Buy Clean" policies can incentivize the use 
of sustainable materials, further supporting data integration efforts by promoting the use of 
materials with readily available environmental data22. 

● Cybersecurity and data governance are paramount: As the built environment becomes 
increasingly reliant on data, robust cybersecurity measures and data governance 
frameworks are essential to protect sensitive information and ensure data integrity. 

● Human factors are critical for successful adoption: Technology alone is not enough. 
Organizations need to invest in change management, workforce training, and 
communication to ensure that employees are equipped with the skills and knowledge to 
effectively utilize these technologies. 

● Collaboration is key: Achieving the full potential of these technologies requires 
collaboration between different stakeholders, including building owners, operators, 
designers, contractors, and technology providers. The MEP 2040 Challenge exemplifies 
this collaborative approach by bringing together industry stakeholders to advocate for net-
zero carbon in building systems6. 

Six Imperatives for Real Estate Players 

McKinsey highlights six imperatives for real estate players in the context of digital 
transformation: 23 

● Create solutions for clients, not just physical spaces. 
● Use developments to generate momentum, not merely to capture momentum. 
● Find value creation opportunities throughout a project's life cycle, not just at the end points. 
● Embrace sustainability as an opportunity, not a compliance process. 
● Embed digital solutions and advanced analytics in everything, not just by sporadically 

adopting individual solutions. 
● Focus on operating efficiency, not just on income. 

These imperatives align with the recommendations provided in this report by emphasizing the 
need for a holistic, lifecycle-oriented approach to real estate development and management, 
with a strong focus on sustainability, digital integration, and customer-centricity. 

Based on these findings, the following recommendations are offered: 
● Develop industry-wide data standards and protocols: Standardization efforts should 

focus on creating common data formats, exchange protocols, and interoperability 
frameworks to facilitate seamless data integration and information sharing across the built 
environment. 

● Invest in cybersecurity and data governance: Organizations should prioritize 
cybersecurity measures and data governance frameworks to protect sensitive building data 
and ensure data integrity. This includes implementing robust authentication protocols, data 
encryption, and access control mechanisms. 
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● Prioritize human-centric change management: Organizations should adopt a human-
centric approach to digital transformation, focusing on change management, workforce 
training, and communication to ensure successful adoption of BLM, LCA, and Digital Twin 
technologies. 

● Foster collaboration and knowledge sharing: Industry associations and organizations 
should facilitate collaboration and knowledge sharing between different stakeholders to 
promote best practices and accelerate the adoption of these technologies. 

Social Movements and Cultural Transformation in the Built Environment 
Social movements often play a crucial role in driving cultural change and challenging 
established norms. The Civil Rights Movement and the Black Lives Matter movement, for 
example, have significantly impacted societal attitudes and behaviors24. 

Similarly, the adoption of new technologies and approaches in the built environment often 
requires a shift in mindset and organizational culture. Overcoming resistance to change, 
fostering collaboration, and promoting digital literacy are essential for successful 
implementation. By understanding the dynamics of social movements and how they achieve 
cultural transformation, the built environment industry can learn valuable lessons for navigating 
the challenges of technological adoption and driving a more sustainable and human-centered 
future. 

Conclusion 
The convergence of BLM, LCA, and Digital Twin technologies is transforming the built 
environment, leading to significant improvements in efficiency, sustainability, and occupant well-
being. Studies have shown that companies that embrace digitalization have seen a rise of 2.5% 
in productivity per year over the last decade25. By embracing these technologies and prioritizing 
human-centric approaches to adoption, the industry can unlock the full potential of a data-
driven, lifecycle-oriented approach to building and infrastructure management. This will create a 
more sustainable, resilient, and human-centered built environment for future generations. 

The interconnectedness of BLM, LCA, and digital twins cannot be overstated. BLM provides the 
framework for managing building information throughout its lifecycle, LCA enables informed 
decision-making by considering long-term costs and benefits, and digital twins offer a dynamic 
platform for data integration, simulation, and optimization. Together, these technologies 
empower stakeholders to make better decisions, optimize building performance, and create a 
more sustainable and human-centered built environment. 

To fully realize this vision, the industry must actively address the challenges identified in this 
report. This includes promoting data integration and interoperability, ensuring cybersecurity and 
data governance, investing in workforce training and development, and fostering collaboration 
between all stakeholders. By embracing these challenges as opportunities for innovation, the 
built environment industry can drive progress towards a more sustainable, efficient, and human-
centered future. 
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