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Abstract

Transportation megaprojects represent a significant proportion of global infrastructure investment and are 
corresponding major contributors to global greenhouse gas emissions. Accurately predicting and managing 
carbon emissions throughout the lifecycle of these massive undertakings is critical for achieving international 
climate targets. However, traditional carbon accounting methods rely heavily on static lifecycle assessments 
that struggle to adapt to the dynamic and complex nature of megaproject delivery. This paper presents a 
comprehensive investigation into predicting carbon accounting by integrating Lifecycle Information Models 
with  advanced  process  modeling  techniques.  By  utilizing  process  modeling  to  map  out  the  intricate 
workflows of planning, construction, operation, and end-of-life phases, and dynamically linking these models 
to the rich data environments of Lifecycle Information Models, a continuous and adaptive carbon accounting 
mechanism is established. The research explores the theoretical underpinnings of this integration, details a 
robust  methodological  framework  for  practical  implementation,  and evaluates  the  expected outcomes 
through analytical  discussions.  The  findings  indicate  that  replacing  static  assessments  with  dynamic, 
process-oriented  data  integration  significantly  enhances  the  precision,  traceability,  and  optimization 
potential of carbon management in transportation infrastructure. This approach enables proactive decision-
making,  allowing  stakeholders  to  identify  emission  hotspots  early  and  implement  targeted  mitigation 
strategies.
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1. Introduction

1.1 Background and Context

The proliferation of transportation megaprojects globally is a defining characteristic of contemporary urban 
and regional development. These large-scale infrastructure initiatives, which include extensive high-speed 
rail  networks,  massive  highway  systems,  deep-sea  port  expansions,  and  intercontinental  airport 
developments, are essential for fostering economic growth and enhancing regional connectivity. However, 
the environmental implications of such projects are profound [1]. Transportation megaprojects consume 
vast quantities of raw materials, require immense energy inputs during construction, and have operational 
lifespans that can exceed a century, leading to substantial lifecycle greenhouse gas emissions. As global  
attention intensifies on mitigating climate change, as evidenced by international agreements aiming to limit 
global temperature rise, the infrastructure sector faces mounting pressure to decarbonize [2]. 

Carbon accounting has emerged as a fundamental practice within this context, providing a systematic 
approach to quantifying the greenhouse gas emissions associated with a project. Traditionally, carbon 
accounting in construction and infrastructure has relied on lifecycle assessment methodologies. These 
assessments attempt to capture emissions from the extraction of raw materials through to the end-of-life 
disposal or recycling of the infrastructure [3]. While the theoretical foundation of lifecycle assessment is  
robust,  its  practical  application  to  transportation  megaprojects  presents  significant  challenges  [4]. 
Megaprojects  are  characterized  by  extreme  complexity,  long  durations,  multiple  stakeholders,  and 
continuous design iterations. Traditional lifecycle assessments are typically conducted as static snapshots, 
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often retroactively or at a single point in the design phase. This static nature renders them inadequate for 
capturing the dynamic reality of megaproject execution, where changes in scheduling, material sourcing, 
and construction methodologies occur frequently and have profound impacts on the overall carbon footprint 
[5].

To address these limitations, the infrastructure sector is increasingly turning to digital technologies. Building 
Information Modeling has evolved significantly in recent years, expanding beyond the built environment of 
vertical  buildings  to  encompass  horizontal  infrastructure.  This  evolution  has  given  rise  to  Lifecycle 
Information Models, which serve as comprehensive digital repositories containing detailed geometric and 
non-geometric data about an asset throughout its entire lifespan [6]. Lifecycle Information Models offer the  
potential to provide the high-granularity data required for accurate carbon accounting [7]. Concurrently, 
process  modeling  techniques,  originally  developed  for  business  process  reengineering  and  software 
engineering,  are  being  recognized for  their  utility  in  mapping  the  complex  logistical  and construction 
workflows inherent in megaprojects. By formally defining the sequence of activities, resource allocations, 
and dependencies, process modeling provides a structured mechanism for understanding how and when 
emissions are generated [8].

1.2 Problem Statement and Research Objectives

Despite  the  individual  advancements  in  Lifecycle  Information  Modeling  and  process  modeling,  their 
synergistic integration for the specific purpose of dynamic carbon accounting in transportation megaprojects 
remains largely unexplored. Current practices often treat the digital model of the asset and the digital  
representation  of  the  construction  process  in  isolation  [9].  Consequently,  data  extraction  for  carbon 
calculations remains a cumbersome, manual, and error-prone activity. When design changes occur in the 
information  model,  updating  the  carbon  assessment  requires  significant  effort  to  realign  the  material  
quantities with the assumed construction processes [10]. This disconnect prevents project managers from 
utilizing carbon accounting as an active decision support tool. Instead of proactively optimizing workflows to 
minimize emissions, stakeholders are left reacting to outdated carbon reports.

The  primary  problem this  research  addresses  is  the  lack  of  a  formalized,  integrated  framework  that  
dynamically links the spatial and material data embedded within Lifecycle Information Models with the 
temporal and operational data defined by process models, to enable real-time, predictive carbon accounting. 
Without such a framework, transportation megaprojects will continue to struggle to accurately forecast their 
environmental impact and fail to implement timely carbon mitigation strategies [11].

Therefore,  the  main  objective  of  this  paper  is  to  develop  and  thoroughly  examine  a  theoretical  and 
methodological framework for predicting carbon accounting by integrating Lifecycle Information Models with 
process modeling. This objective is broken down into several specific aims. First, the research will critically 
review the current state of carbon accounting, information modeling, and process simulation in large-scale 
infrastructure [12]. Second, it will  propose a data integration strategy that maps the static attributes of 
infrastructure components to the dynamic activities of construction and operation workflows [13]. Third, the 
paper  will  discuss  the  implementation  of  this  framework,  evaluating  its  potential  to  enhance  carbon 
traceability, improve predictive accuracy, and facilitate proactive emission management. By achieving these 
objectives,  this  research intends to contribute  significantly  to  the domain of  sustainable  infrastructure 
development, providing a pathway for megaprojects to align with urgent global decarbonization goals.

2. Literature Review

2.1 Carbon Accounting in Transportation Infrastructure

The academic discourse surrounding carbon accounting in transportation infrastructure has expanded 
significantly over the past decade. Early efforts primarily focused on macroscopic estimates, utilizing input-
output  models  based  on  economic  expenditures  to  approximate  the  environmental  impact  of  large 
infrastructure investments [14]. While useful for national policy planning, these models lack the resolution 
necessary for project-level decision making. Consequently, the field transitioned toward process-based 
lifecycle assessments,  which rely  on compiling detailed inventories of  all  physical  inputs  and outputs 
associated with a project.

Current literature emphasizes the categorization of emissions into distinct scopes and lifecycle phases. In 
the context of transportation megaprojects, embodied carbon represents a major focal point. Embodied 
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carbon  encompasses  the  greenhouse  gases  emitted  during  the  extraction,  manufacturing,  and 
transportation of construction materials, as well as the energy consumed during the actual construction 
process [15]. Studies have consistently shown that materials such as Portland cement, structural steel, and 
asphalt dominate the embodied carbon profile of highway and railway projects [16]. The operational carbon, 
which includes the energy used for lighting, ventilation in tunnels, and the operation of the transportation 
vehicles themselves, also constitutes a massive portion of the lifecycle emissions [17].

A persistent theme in the literature is the challenge of data uncertainty and variability in carbon accounting. 
Standardized databases provide average emission factors for various materials and processes, but these 
factors can vary wildly depending on regional energy grids, manufacturing technologies, and transportation 
distances. Researchers have highlighted that relying on generic databases without adapting them to the 
specific context of the megaproject leads to substantial inaccuracies [18]. Furthermore, the temporal aspect 
of carbon emissions is often poorly addressed. Emitting a ton of carbon today has a different climate impact 
than emitting a ton of carbon fifty years from now, yet traditional lifecycle assessments often aggregate 
these emissions without temporal discounting or dynamic profiling [19]. This gap underscores the necessity 
for methodologies that can track and predict emissions across the actual timeline of project execution.

2.2 Lifecycle Information Modeling

Building Information Modeling has revolutionized the architectural and building construction sectors by 
providing a centralized digital representation of physical and functional characteristics. The adaptation of 
these technologies  for  horizontal  infrastructure,  such as roads,  railways,  and bridges,  has led to  the 
conceptualization of Civil Information Modeling and, more broadly, Lifecycle Information Models. Unlike 
traditional modeling, which often ceases to be useful after the construction phase, Lifecycle Information 
Models are designed to be continuously updated and utilized through the operations and maintenance 
phases, eventually informing end-of-life deconstruction [20].

The literature on Lifecycle Information Modeling emphasizes its role as a master data environment. These 
models encapsulate rich semantic information, ranging from precise geometric dimensions to material 
specifications, manufacturer details, and maintenance schedules [21]. Researchers have proposed various 
frameworks for extracting material quantities directly from these models to automate the lifecycle inventory 
phase of carbon assessments. This automated quantity takeoff significantly reduces the time and effort 
required to estimate embodied carbon during the design phases [22].

However, the static nature of information models presents a hurdle. While a Lifecycle Information Model 
dictates what is to be built and what it is made of, it does not inherently describe how it will be built. The 
sequence of construction activities, the temporary works required, the utilization of heavy machinery, and 
the logistics of material delivery are critical determinants of the actual carbon footprint, yet this information 
is typically absent from the geometric model [23]. Studies point out that to achieve a true digital twin capable 
of  comprehensive environmental  simulation,  the static  object  data must  be synthesized with dynamic 
process data [24]. This realization has directed recent academic inquiry toward integrating information 
models with external scheduling tools, though these integrations often remain superficial, lacking a deep 
semantic linkage between the material object and the construction activity.

3. Methodology

3.1 Process Modeling Framework

To bridge the gap between static asset data and dynamic carbon accounting, this research proposes a 
comprehensive process modeling framework. Process modeling, in this context, involves the systematic 
representation of all activities, resources, and workflows required to deliver and operate the transportation 
megaproject.  The  framework  utilizes  standard  process  mapping  conventions  to  create  a  hierarchical 
representation of the project lifecycle.

The highest level of the process model represents the macro-phases of the megaproject: planning and 
design, procurement, site preparation, construction of major elements, systems installation, commissioning, 
operations, maintenance, and eventual decommissioning. Each of these macro-phases is subsequently 
decomposed into detailed operational workflows. For example, the construction of a viaduct for a high-speed 
rail line is broken down into foundation piling, pier construction, segment casting, segment transportation, 
and segment erection.
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At the lowest level of the hierarchy, individual process nodes are defined. A process node represents a 
discrete,  measurable  activity  that  consumes  resources  and  generates  emissions.  Each  node  is 
parameterized with critical variables necessary for carbon calculation. These variables include the duration 
of the activity, the specific machinery required, the fuel or electricity consumption rates of that machinery, 
and the human resources involved. By explicitly modeling these processes, the framework transitions 
carbon accounting from an abstract  calculation of  material  volumes to a highly  specific  simulation of 
construction logistics.

The methodology dictates  that  process models  must  be developed iteratively  alongside the Lifecycle 
Information Model. As the design matures and the geometric model becomes more detailed, the process 
models  are  correspondingly  refined.  This  parallel  development  ensures that  the planned construction 
methods are accurately reflected in the carbon predictions. Furthermore, process modeling facilitates the 
simulation of alternative construction scenarios. Project managers can adjust the process flow, perhaps by 
substituting on-site casting with prefabrication, and instantly observe the projected impact on the total carbon 
footprint.

Table 1: Key Metadata Attributes for Process Nodes and Information Model Integration

Data Category
Information Model 

Attribute
Process Model Parameter

Output Metric for 
Prediction

Material Specification
Volume, Density, 
Composition

Delivery Distance, Handling 
Time

Embodied Material Carbon

Heavy Machinery Element Spatial Location
Equipment Type, Runtime, 
Load

Construction Energy 
Carbon

Site Logistics
Access Points, Laydown 
Areas

Transport Mode, Cycle 
Times

Transportation Carbon

Temporary Works Formwork Surface Area
Assembly Duration, Reuse 
Factor

Ancillary Process Carbon

The structured approach outlined in Table 1 demonstrates the necessary data linkages. The information 
model provides the physical constraints and material requirements, while the process model provides the 
temporal and operational context. The fusion of these data sets forms the basis of the predictive engine.

3.2 Data Integration Strategy

The  core  of  the  proposed  methodology  lies  in  the  robust  integration  strategy  between  the  Lifecycle 
Information Model and the process modeling environment. This integration is not merely a data export 
process but a semantic linking of object properties to process activities. The strategy relies on developing a 
specialized ontology that maps the data schemas of standard information models to the parameters of the 
process simulation engine.

The first step in the integration involves standardizing the classification systems used in both domains.  
Every geometric element within the Lifecycle Information Model is assigned a unique identifier  and a 
classification code that denotes its function and material composition. Simultaneously, every activity in the 
process model  is  tagged with  corresponding codes that  indicate which structural  elements  are being 
manipulated  during  that  activity.  This  shared  vocabulary  enables  automated  algorithms  to  query  the 
information model and extract the precise material quantities required for a specific construction task [25].

The predictive mechanism operates by calculating emissions at the intersection of the object and the 
process. The total carbon footprint for a given activity is calculated by taking the material quantity extracted 
from the information model, multiplying it by the specific emission factor of that material, and then adding 
the  operational  emissions  generated  by  the  machinery  executing  the  process  node.  The  machinery 
emissions  are  derived  from  the  runtime  defined  in  the  process  model  and  the  fuel  consumption 
characteristics of the equipment.



Engineering Informatics and Digital Transformation   |   https://eidtrans.org

Vol. 1, Issue 3 (2026) 97

Figure 1: Comprehensive System Architecture Diagram of Carbon Accounting Integration

The integration strategy also must account for dynamic updates. Transportation megaprojects are subject 
to continuous change orders and schedule revisions. The proposed architecture establishes a bidirectional 
data link. If a design change alters the dimensions of a tunnel segment in the information model, the system 
automatically recalculates the material volume, updates the associated delivery and installation process 
nodes in the process model, and recalculates the projected carbon emissions. Conversely, if a logistical  
delay extends the runtime of heavy machinery in the process model, the system updates the carbon forecast 
without requiring any modification to the geometric model [26].

Handling data uncertainty is a critical component of this methodology. Because predictions are made during 
the early stages of a megaproject, precise emission factors and machine efficiencies may not be known. 
The integration strategy employs stochastic modeling techniques, assigning probability distributions to 
uncertain variables rather than single deterministic values. The system runs multiple simulations, producing 
a range of probable carbon outcomes and providing project stakeholders with a confidence interval for their 
carbon accounting predictions.

4. Results and Discussion

4.1 Implementation Outcomes

Applying the integrated framework of Lifecycle Information Modeling and process modeling to the context 
of transportation megaprojects yields transformative outcomes for environmental management. Theoretical 
implementation  of  this  methodology  demonstrates  a  profound  shift  from  passive  reporting  to  active, 
predictive  carbon  management.  By  simulating  the  construction  and  operational  phases  through  the 
integrated engine, project teams can generate highly detailed temporal profiles of carbon emissions long 
before ground is broken.

One of the most significant outcomes is the ability to conduct precise hotspot analysis. Traditional lifecycle  
assessments often identify general materials, like concrete, as the primary source of emissions. However,  
the integrated process model provides much finer granularity. It can pinpoint exactly which construction 
activity, on which specific day, utilizing which piece of machinery, contributes most significantly to the carbon 
spike. For instance, the analysis might reveal that the idle time of specific earthmoving equipment during 
the  excavation of  a  deep tunnel  portal  generates disproportionate emissions compared to  the actual 
excavation  work.  Armed  with  this  highly  specific  insight,  project  managers  can  optimize  machinery 
scheduling, enforce anti-idling policies, or transition to electrified equipment for that specific task [27].

Furthermore, the predictive capability facilitates robust scenario planning. Project stakeholders can evaluate 
the carbon implications of major strategic decisions instantly. If the design team proposes switching from a 
steel truss bridge to a pre-stressed concrete box girder, the system recalculates not only the difference in 
embodied material carbon but also the secondary effects on the construction schedule, the required lifting 
capacities of cranes, and the transportation logistics. The ability to visualize these cascading environmental 
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impacts  empowers decision-makers  to  select  construction  methodologies  that  genuinely  minimize  the 
lifecycle carbon footprint.

Table 2: Projected Carbon Emission Reductions Based on Scenario Optimization

Megaproject Phase Baseline Static Prediction
Optimized Process 

Prediction
Variance Explanation

Substructure Works High Concrete Embodied Reduced via Lean Design
Just-in-time delivery 
reduced waste

Viaduct Erection High Machinery Fuel Lowered via Schedule Opt. Minimized crane idle times

Tunnel Excavation Standard Grid Power Green Energy Integration
Switched to renewable site 
power

Logistics & Transport Long-Haul Diesel Localized Sourcing
Supplier distance minimized 
in model

Table 2 illustrates the conceptual divergence between traditional static predictions and the optimized results 
achievable through dynamic process integration. The data highlights that optimizing the process, not just the physical 
materials, uncovers significant avenues for carbon reduction that are invisible to conventional accounting methods.

4.2 Comparative Analysis

A  critical  discussion  of  the  proposed  methodology  requires  comparing  it  against  prevailing  industry 
standards. The traditional approach to carbon accounting in megaprojects relies heavily on spreadsheet-
based calculations performed by environmental specialists operating separately from the core engineering 
and construction teams. These static spreadsheets are inherently fragile; they struggle to maintain data 
integrity when subjected to the hundreds of design revisions typical of a megaproject [28]. The integrated 
Lifecycle Information Model and process modeling framework resolves this fragility by establishing a single 
source  of  truth.  The  carbon  prediction  is  intrinsically  bound  to  the  project  data,  ensuring  that  the 
environmental assessment is always synchronized with the current state of the project design and execution 
plan.

Another profound advantage is the temporal dimension. Static lifecycle assessments produce a single, 
cumulative carbon metric  representing the entire project  life.  This aggregation obscures the timing of 
emissions. The proposed framework, however, generates carbon flow curves over time. This temporal 
resolution is crucial for modern carbon management strategies. It allows megaproject developers to align 
their  emission  profiles  with  regional  carbon  budgets  and  regulatory  reporting  cycles.  If  a  project  is 
constrained by annual emission caps, the process model can be adjusted to delay highly intensive activities 
to subsequent reporting periods or accelerate mitigation efforts to offset impending emission peaks.

Despite these advantages, the integration methodology introduces new complexities. The primary barrier is 
the demand for comprehensive and highly structured data. The system's accuracy is entirely dependent on 
the quality of the data within the Lifecycle Information Model and the fidelity of the process models. In many 
current  megaprojects,  information  models  are  developed  primarily  for  clash  detection  and  visual 
coordination,  lacking the rigorous semantic  property  data  required for  automated carbon calculations. 
Similarly, construction schedules are often developed at a high level of abstraction, lacking the detailed 
logistical resource mapping necessary for accurate process modeling [29]. Therefore, realizing the benefits 
of this predictive framework requires a fundamental cultural shift within the infrastructure industry, mandating 
stricter data governance and deeper collaboration between digital engineers, planners, and sustainability 
experts.

5. Conclusion

5.1 Summary of Findings

This research has thoroughly investigated the potential of integrating Lifecycle Information Models with 
process modeling to predict and manage carbon accounting in transportation megaprojects. The findings 
establish that traditional, static lifecycle assessment methodologies are insufficient for the dynamic and 
complex environment of large-scale infrastructure development. By developing a framework that formally 
maps the geometric and material data embedded in information models to the temporal and operational 
workflows defined in process models, a continuous and adaptive carbon accounting mechanism is achieved. 

The proposed integration strategy allows for the precise calculation of both embodied and operational 
carbon, tracking emissions at the granular level of individual construction activities. The results discussed 
demonstrate that this methodology significantly enhances carbon traceability, enabling project teams to 
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identify specific emission hotspots and conduct rapid scenario analysis. Ultimately, this proactive approach 
transforms carbon accounting from a retroactive reporting obligation into a dynamic decision-support tool, 
empowering stakeholders to optimize construction logistics, material sourcing, and operational planning to 
substantially reduce the overall carbon footprint of transportation megaprojects.

5.2 Limitations and Future Research

While  the  theoretical  framework  presents  a  significant  advancement,  several  limitations  must  be 
acknowledged. The primary challenge lies in the current maturity of digital infrastructure data. Widespread 
industry adoption requires information models to be populated with strictly standardized semantic data, a 
practice that is not yet universally mandated. Additionally, the software interoperability between complex 
Lifecycle Information Modeling environments and advanced process simulation engines remains a technical 
hurdle, often requiring bespoke middleware solutions. The accuracy of the predictions is also highly sensitive 
to the quality of the underlying lifecycle inventory databases, which often lack localized emission factors for 
specialized infrastructure materials and machinery.

Future  research  must  focus  on  empirical  validation  through  application  to  active  transportation 
megaprojects.  Case studies are required to quantify the actual  time saved and the volume of carbon 
mitigated through this integrated approach compared to traditional methods. Further investigations should 
explore the integration of artificial intelligence and machine learning algorithms to automate the generation 
of process models directly from the geometric data of the information model. Additionally, expanding the 
framework to incorporate real-time sensor data from construction sites, such as telematics from heavy 
machinery,  would  allow the  continuous calibration  of  the  predictive  model,  closing  the  loop  between 
estimated forecasts and actual measured emissions. Advancing these research trajectories will be critical 
in equipping the global infrastructure sector with the robust digital tools necessary to meet impending climate 
imperatives.
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