urban science

Article

BIM-Enabled Lifecycle Governance for Urban Assets:
A Reproducible Methodology for Maintenance
and Renewal Planning

Daniel Macek

W) Check for updates ‘

Academic Editor: Laura Cirrincione

Received: 7 March 2026

Revised: 11 April 2026

Accepted: 22 April 2026

Published: 2 May 2026

Copyright: © 2026 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Construction Management and Economics, Faculty of Civil Engineering, Czech Technical
University in Prague, 166 29 Prague, Czech Republic; daniel. macek@fsv.cvut.cz; Tel.: +420-2-2435-4529

Abstract

Sustainable urban development depends not only on efficient design and construction but
also on the long-term governance of built assets during their operational phase. However,
Building Information Modeling (BIM) is still predominantly applied to design and delivery
processes, with limited integration into structured maintenance and renewal planning. This
study develops a BIM-enabled lifecycle governance methodology that integrates lifecycle
cost modeling, service-life estimation, and time-based renewal scheduling into a unified dig-
ital asset environment. Rather than proposing a new theoretical model, the study focuses on
the systematic integration and operationalization of these components into a reproducible
and auditable workflow. The methodology is validated through an anonymized multi-asset
industrial portfolio comprising buildings, technical infrastructure, and external works,
modeled over a 30-year planning horizon using structured maintenance and renewal data.
Comparative scenario analysis between reactive and planned lifecycle strategies evaluates
expenditure distribution, capital concentration, and intervention synchronization. The
results demonstrate that embedding structured lifecycle parameters within BIM improves
the predictability of annual expenditures, reduces cost concentration in peak renewal
years, and enhances transparency of long-term asset planning without significantly altering
cumulative lifecycle costs. These outcomes support more structured financial planning
and coordination of maintenance and renewal activities at the portfolio level. The study
does not quantify environmental or social sustainability impacts; its contribution lies in
providing a governance-oriented methodology that transforms BIM-based asset data into
decision-support outputs for long-term lifecycle planning.

Keywords: asset information modeling; asset management; building information modeling
(BIM); facility management; lifecycle costing (LCC); lifecycle governance; maintenance and
renewal planning

1. Introduction

Sustainable urban development requires more than energy-efficient design and low-
carbon construction; it depends fundamentally on how built assets are governed throughout
their operational life. Buildings and infrastructure account for a significant share of global
resource consumption and environmental impact, much of which is determined during
decades of use rather than at the point of completion [1,2]. Deferred maintenance, irreg-
ular renewal cycles, and fragmented asset information frequently result in cost volatility,

Urban Sci. 2026, 10, 246

https://doi.org/10.3390 /urbanscil0050246


https://crossmark.crossref.org/dialog?doi=10.3390/urbansci10050246&domain=pdf&date_stamp=2026-05-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/urbansci
https://www.mdpi.com
https://orcid.org/0000-0002-5535-3618
https://doi.org/10.3390/urbansci10050246

Urban Sci. 2026, 10, 246

2 of 20

premature replacement, and systemic risk in urban infrastructure portfolios [3]. Conse-
quently, the operational phase has emerged as a critical yet under-integrated dimension of
sustainability-oriented urban management.

Building information modeling (BIM) has become a central digital technology in
architecture, engineering, and construction, enabling coordination, visualization, and
data integration across project phases [4,5]. While BIM has matured in design and
construction management, its role in facility management and long-term asset gov-
ernance remains comparatively limited [6]. Existing studies emphasize BIM-enabled
facility management systems and digital twins for monitoring and real-time data ex-
change [7,8]. However, many implementations focus primarily on reactive maintenance
tracking rather than structured lifecycle planning supported by lifecycle costing (LCC)
and service-life modeling [9].

Lifecycle costing is widely recognized as a decision-support method for evaluating
total cost of ownership and informing sustainable investment strategies [10,11]. The
integration of LCC within BIM environments has been proposed as a pathway toward
more transparent and data-driven decision-making [12]. Nevertheless, methodological
gaps persist regarding the systematic embedding of maintenance intervals, renewal
cycles, and long-term expenditure forecasting directly into BIM-based asset information
models. A central debate in the field concerns whether real-time digital twin monitoring
will supersede forecast-based lifecycle planning [13], or whether structured predictive
modeling remains essential for strategic capital governance and long-term budgeting [14].
The latter perspective argues that even with advanced sensing technologies, urban
asset portfolios require forecast-based renewal planning to ensure fiscal stability and
infrastructure resilience.

In response to these challenges, this study introduces a BIM-enabled lifecycle gov-
ernance framework that integrates lifecycle cost modeling, service-life estimation, and
time-based renewal scheduling within a unified digital asset environment. The framework
is validated through an anonymized multi-asset industrial portfolio modeled over a 30-year
planning horizon. The main aim of the study is to demonstrate how embedding struc-
tured lifecycle parameters within BIM improves expenditure predictability, reduces capital
concentration peaks, and enhances transparency in operational-phase decision-making.
The results indicate that BIM-enabled lifecycle governance can transform digital models
into strategic instruments for sustainable urban asset management, supporting financial
stability and long-term infrastructure resilience.

Accordingly, the main research question of this study is: how can BIM-based asset
information be structured and operationalized to support long-term maintenance and
renewal governance across a multi-asset portfolio? A related question is whether em-
bedding lifecycle parameters, service-life assumptions, and expenditure scheduling into
a BIM-enabled environment improves the transparency and predictability of long-term
asset planning.

Rather than proposing a new theoretical model, this study develops a reproducible
implementation methodology that integrates existing concepts into a unified and auditable
lifecycle governance workflow. In this study, sustainability is addressed primarily through
improved lifecycle governance and resource planning, rather than through direct quantifi-
cation of environmental or social indicators.

2. State of the Art

Building information modeling has become a mainstream digital approach for coordi-
nating design and construction information, yet the operational phase—where most costs,
risks, and environmental impacts accumulate—still suffers from fragmented data and weak
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continuity from delivery to long-term management. Early BIM—facility management (FM)
research clarified that FM is inherently information-intensive and that BIM can support
FM only when models contain the operational attributes needed for maintenance work
processes (e.g., asset identifiers, locations, specifications, and maintainability data), rather
than relying on geometric detail alone [15].

2.1. BIM for Operations and Maintenance: From Models to Information Requirements

Subsequent research has repeatedly shown that the key bottleneck is not producing a
BIM model, but ensuring that asset information is structured, reliable, and maintainable
over time so that it remains usable for inspection, maintenance planning, and renewal
decisions. Knowledge-based approaches illustrate this shift by capturing maintenance
reasoning and feedback from interventions to support preventive and corrective decision-
making [16].

Systematic reviews of BIM in FM and operation and maintenance (O&M) describe
a persistent gap between research prototypes and repeatable operational practice, with
interoperability and information requirements recurring as limiting factors [17,18]. These
reviews also note that many studies target individual tasks (e.g., maintenance work or-
ders, emergency response, energy) rather than integrated, long-horizon governance of
maintenance and renewal decisions across multiple systems and assets [19].

2.2. Existing Assets and Urban Portfolios: The As-Is Challenge

The governance challenge becomes more pronounced for existing assets and portfolio-
scale contexts, which are central to sustainable urban development. Information is fre-
quently incomplete or uncertain due to undocumented changes, varying data quality, and
limited traceability of prior interventions. The literature on BIM for existing buildings
highlights high effort for generating and updating “as-is” semantic models and difficulties
in handling uncertain objects and relationships—factors that directly undermine reliable
maintenance and renewal planning [20].

Urban-scale management introduces additional complexity because decision-making
must span multiple facilities and surrounding urban elements. Ontology-based BIM-
GIS integration has therefore been proposed to reduce heterogeneity between building
and geographic representations and to enable multi-facility, context-aware facility /asset
management platforms [21]. While this improves multi-scale information integration, it
does not by itself specify how long-term renewal cycles, intervention timing, and budget
distribution should be governed and optimized.

2.3. Lifecycle Costing and Renewal Decision Support in BIM

Lifecycle costing is widely used to evaluate long-term economic implications of as-
set decisions, and BIM has been explored as a container for LCC data and calculations.
BIM-enabled LCC studies demonstrate the feasibility of embedding cost logic within BIM
toolchains and using model-based data to compare alternatives or assess investment impli-
cations [22]. However, much of the BIM-LCC literature remains design-stage oriented or
limited to specific subsystems, and fewer studies explicitly structure multi-system main-
tenance and renewal schedules across a long planning horizon and then evaluate the
governance value in terms of capital peak smoothing and reduced expenditure concentra-
tion. Recent studies also emphasize the importance of optimization and strategic lifecycle
planning in asset management, particularly in the context of infrastructure systems and
long-term maintenance decision-making [23-25].
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2.4. Digital Twins and Predictive Maintenance: Complement or Replacement?

A fast-growing research stream positions digital twins, IoT, and machine learning as
pathways to predictive maintenance. Data-driven predictive maintenance frameworks
linking BIM and IoT demonstrate how condition prediction can inform maintenance plan-
ning, particularly for MEP components [26]. Reviews on digital twin technologies identify
enabling technologies, architectures, and persistent integration barriers, especially around
data heterogeneity and interoperability [27]. These advances strengthen responsiveness
and condition-based decisions, but they do not eliminate the need for forecast-based
renewal governance because asset owners still must commit to multi-year renewal bud-
gets and coordinate interventions even when sensing is partial, uneven, or absent across
asset portfolios.

2.5. Portfolio Governance, Data Quality, and Controlled Information Environments

Recent work increasingly treats asset governance as an information quality problem.
Portfolio-based studies show that strategic asset management depends on consistent non-
geometric data structures, traceable information flows, and integration of heterogeneous
sources across assets [28]. Owner-oriented research similarly emphasizes formalizing and
evolving information requirements to ensure that BIM deliverables remain relevant for
asset management outcomes across the operational lifecycle [29,30]. Asset management
practices are also guided by international standards such as the ISO 55000 series, which
emphasize lifecycle thinking, value-based decision-making, and structured information
management [31,32].

In parallel, frameworks proposing controlled data environments for FM emphasize
validation, versioning, and information control as prerequisites for reliable O&M use
cases [33,34]. Methodological contributions that extract BIM data into databases for inte-
gration with asset management systems also reinforce that operational value depends on
well-defined model requirements and reliable data pipelines rather than model possession
alone [35-37].

2.6. Research Gap

The literature provides strong building blocks in BIM-FM integration, BIM for existing
assets, BIM-LCC workflows, and digital twin/predictive maintenance. However, it offers
limited consolidation around a governance-oriented, long-horizon renewal planning model
that embeds service-life assumptions, maintenance intervals, renewal cycles, and cost
attributes as structured object-level data, supports scenario comparison between reactive
and planned lifecycle strategies, and evaluates performance using governance-relevant in-
dicators such as expenditure concentration, intervention synchronization, and transparency
of assumptions at the portfolio scale. This study addresses that gap by proposing and
validating a BIM-enabled lifecycle governance framework designed explicitly to support
maintenance and renewal decision-making for sustainable urban assets.

2.7. Positioning of the Proposed Approach

Existing BIM-FM studies primarily focus on supporting individual operational tasks
such as maintenance work orders, inspection processes, or real-time monitoring. BIM-LCC
research typically addresses cost estimation at the design stage or evaluates specific invest-
ment scenarios. Digital twin approaches emphasize condition monitoring and predictive
maintenance based on sensor data.

In contrast, the approach presented in this study integrates structured asset data,
lifecycle cost parameters, and deterministic scheduling logic into a unified governance
framework. The primary contribution lies in transforming BIM from an information
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repository into an executable and auditable system for long-term maintenance and renewal
planning at the portfolio level.

3. Materials and Methods
3.1. Research Design

This study applies a design-science research approach combined with a structured case
study validation. The objective is to develop and test a BIM-enabled lifecycle governance
framework that integrates maintenance planning, renewal scheduling, and lifecycle cost
modeling within a unified digital asset environment. The research process consisted of
three stages:

1.  Development of a lifecycle parameter schema;
2. Integration of lifecycle attributes into a BIM-based asset information model;
3. Comparative scenario analysis between reactive and planned lifecycle strategies.

The methodological foundation for lifecycle cost modeling follows established
service-life planning and lifecycle costing principles [38,39] and aligns with asset
management principles defined in the ISO 55000 series [31,32], while BIM informa-
tion management aligns with widely recognized BIM standards and interoperability
practices [40,41].

3.2. Case Study Description

The framework was validated on an anonymized industrial asset portfolio, represent-
ing a 2025 expansion of a heavy-industrial manufacturing complex. The portfolio includes
six primary assets: internal roads, a production hall, a transformer station, a canopy with
an overhead crane, an open warehouse, and a waste disposal storage area.

The system boundary includes the following:

° Preventive maintenance activities;

° Minor repair interventions;

e  Scheduled renewals of structural and technical systems;
e  Associated labor and material costs.

Operational energy consumption, user behavior effects, demolition costs, and residual
asset values were excluded to maintain focus on maintenance and renewal governance.
The planning horizon was 30 years, divided into annual time steps.

The selected case study represents a heterogeneous multi-asset portfolio that includes
buildings, technical systems, and external infrastructure elements. This diversity allows
the proposed methodology to be tested across different asset categories, intervention types,
and lifecycle behaviors within a single controlled environment.

While the case study is limited to an industrial context, it captures key characteristics
common to urban asset portfolios, including mixed asset types, varying service-life cycles,
and interdependent maintenance activities. Therefore, the case is considered sufficiently
representative for validating the methodological framework, although not for generalizing
specific cost values or intervention parameters.

3.3. Data Sources and Preparation

Cost inputs were derived from structured mini-budget estimates based on 2025 re-
gional market prices and standard unit cost databases. These costs were cross-referenced
with bill-of-quantities data and typical contractor pricing structures to ensure consistency.
The values represent planning-level cost assumptions intended for lifecycle modeling
rather than exact tender prices. Unit cost data were compiled from standardized regional
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cost databases and processed using Microsoft Excel 365 (Microsoft Corporation, Redmond,
WA, USA).

The cost structure distinguishes between operational expenditure (maintenance and
minor repairs) and capital expenditure (renewals), enabling separate aggregation and
analysis within the lifecycle model.

Input data were derived from the following;:

As-built project documentation and bills of quantities;

Structured maintenance and renewal plans;
Unit cost databases based on 2025 regional market prices;

Service-life assumptions from standards and manufacturer documentation.
Each maintainable element was assigned the following attributes:

Unique element identifier;
Quantity (m?, m, pcs, or lump sum);

Maintenance interval (years);

Minor cycle repair (years);

e  Renewal cycle (years);

e  Unit maintenance cost;

e  Unit renewal cost;

e  Cost classification (operational expenditure or capital expenditure).

3.4. BIM Integration Framework

Lifecycle attributes were embedded within BIM objects as structured property sets.
Each asset element included service-life parameters, maintenance intervals, renewal cycles,
and cost attributes. Time (4D) and cost (5D) dimensions were linked to enable visualization
of intervention schedules and expenditure distribution.

Interoperability was ensured through open data structures compatible with Industry
Foundation Classes (IFC). The BIM model functioned as the following;:

e A persistent asset registry;
e A parameter container for lifecycle governance;
e  Avisualization interface for scenario comparison.

No proprietary automation scripts were required; the method can be replicated using
standard BIM authoring tools and cost-modeling spreadsheets.

The BIM model was developed using Autodesk Revit 2024 (Autodesk Inc., San Fran-
cisco, CA, USA). Data extraction, parameter structuring, and lifecycle cost calculations
were performed using Microsoft Excel 365 (Microsoft Corporation, Redmond, WA, USA).
Open data exchange was implemented via Industry Foundation Classes (IFC) schemas to
ensure interoperability across platforms.

3.5. Data Availability

All calculation procedures, parameter structures, and lifecycle modeling logic are
documented within the study. The structured dataset (anonymized building parameters,
cost matrices, and intervention schedules) and calculation templates are available from
the corresponding author upon reasonable request. No restrictions apply other than
anonymization of commercially sensitive cost information.

3.6. Sensitivity Analysis

To evaluate the robustness of the lifecycle model, a simplified sensitivity analysis was
conducted by varying unit cost inputs by +20%. The analysis examined the impact of cost
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variability on annual expenditure profiles, cumulative lifecycle costs, and the timing of
peak renewal years.

The results indicate that while absolute cost levels vary proportionally with input
changes, the overall structure of the lifecycle schedule—particularly the timing and concen-
tration of major renewal events—remains stable. This suggests that the governance value
of the model lies primarily in its scheduling logic and structural transparency rather than
in precise cost prediction.

The sensitivity analysis confirms that the proposed methodology is robust for strategic
planning purposes, even under moderate uncertainty in cost inputs.

Figure 1 BIM-enabled lifecycle governance workflow. The diagram illustrates the
transformation of BIM-based asset data into structured lifecycle information, deterministic
scheduling, and governance-oriented outputs including intervention registers, schedule

Governance Outputs

matrices, and cost projections.

Lifecycle Data Schema

‘Scheduling Logic

» Unit Cost (OPEX / CAPEX)

. J \ .

Decision-Making / Updates

Figure 1. BIM-enabled lifecycle governance workflow.

4. Data Standardization Implemented in the Study

This study begins by establishing a project data standard that makes the BIM envi-
ronment executable for lifecycle governance rather than a static repository. The standard
was defined before any lifecycle simulation to prevent the most common failure mode
reported in BIM-enabled operations: missing or inconsistent operational attributes that
cannot support maintenance planning, renewal scheduling, or cost aggregation. The defi-
nition also follows evidence that owner-led information requirements and portfolio data
quality management are decisive for achieving asset-management value from BIM over the
operational life of assets.

4.1. Portfolio Scope, Anonymization, and Granularity

The validation context is an anonymized multi-asset portfolio (Industrial Asset Portfo-
lio A, IAPA) consisting of six objects (O1-O6) representing buildings, technical facilities,
and external works. All organization- and site-specific identifiers were removed and
replaced by neutral codes. The data standard preserves technical structure needed for repli-
cation (element types, quantities, intervention cycles, and cost structure) while eliminating
identifying metadata.

The standard operates at the maintainable element level. A maintainable element is
defined as a unit that can be inspected, serviced, repaired, or renewed without ambiguity
(e.g., roof membrane system, heat pump unit, luminaire set, drainage separator, asphalt
wearing course). This granularity is consistent with BIM-FM studies that emphasize
actionable element-level information as the basis for maintenance decision support.
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4.2. Asset Breakdown Structure and the Coding System

A portfolio-wide Asset Breakdown Structure (ABS) was implemented to ensure stable
aggregation across time and across heterogeneous assets. The ABS is optimized for lifecycle
governance and scenario analysis rather than construction work packaging.

Hierarchy used in this study:

e  Portfolio: IAPA.

e  Object: O1-06.

e  System group: STR (structure), ENV (envelope), MEP (mechanical), ELE (electrical),
SAF (safety), EXT (external works).

e  Element: maintainable unit.

e Intervention type: INS (inspection), MNT (maintenance), REP (repair), RENEW (renewal).

Element identifier rule (primary key):

<object>-<system>-<elementtype>-<sequence>.

Example: O2-ENV-ROOF-001.

This rule enables every dataset record to be traced to a single BIM object and to a single
set of lifecycle parameters. Stable identifiers and structured information requirements are
repeatedly identified as prerequisites for reliable O&M use.

4.3. Lifecycle Governance Data Dictionary (Minimum Schema)

A data dictionary was defined as the authoritative source of field meanings, units,
allowed values, and data types. The minimum schema in Table 1 was implemented
for every maintainable element. The schema is intentionally compact: it contains the
smallest set of fields necessary to reproduce scheduling and lifecycle cost aggregation while
remaining realistic for asset owners to maintain over time.

Table 1. Minimum lifecycle governance schema implemented in study (element level).

Field Type Allowed/Unit Purpose in This Study
element_id string per coding rule Unique key for BIM—dataset linkage
object_id string 01-06 Portfolio aggregation
system_group enum STR/ENV/MEP/ELE/SAF/EXT  Cross-system scheduling and reporting
element_name string text Human-readable description
location_code string zone/level /grid Operational localization
qty number >0 Quantity basis for costing
qty_unit enum m?%/m/ pcs/set/lump Unit control
maint_interval_y integer >1 Preventive maintenance periodicity
repair_interval _y integer /null >1 or null Minor repair periodicity (optional)
renew_interval_y integer >1 Renewal periodicity
unit_cost_maint number or index per unit Maintenance cost basis
unit_cost_repair number/index/null per unit Repair cost basis (optional)
unit_cost_renew number or index per unit Renewal cost basis
cost_class enum opex/capex Budget classification
criticality enum low/med/high Prioritization support
downtime_class enum none/low/high Disruption sensitivity
data_source enum boq/as-built/assumption Auditability
revision_id string r01, r02. .. Change control
notes string text Assumptions and constraints
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4.4. Scheduling Logic Encoded by the Data Standard

The dataset produces intervention schedules deterministically using annual time steps.
For each element i and year t in the planning horizon, events are generated according to
the element’s interval parameters:

e A maintenance event occurs when t mod maint_interval_y = 0.
e A repair event occurs when repair_interval_y is defined and t mod repair_interval_y = 0.
e Arenewal event occurs when t mod renew_interval_y = 0.

Each event inherits element_id, object_id, system_group, and cost_class, enabling
portfolio-level aggregation and governance indicators (e.g., expenditure concentration,
synchronization of major renewals). This explicit encoding addresses a common gap
identified in reviews: many BIM-FM studies support operational task execution but do not
formalize long-horizon renewal scheduling as a computable, auditable layer.

4.5. BIM Linkage Implemented in the Study

In this study, the BIM model functions as an asset registry and a visualization interface.
Each BIM object represents a maintainable element store: at minimum, element_id, ob-
ject_id, system_group, and location_code. The lifecycle governance attributes in Table 1 are
stored as structured properties within the BIM environment and exported as a synchronized
dataset for simulation and scenario comparison. This approach is consistent with evidence
that BIM-enabled O&M benefits from controlled information environments and traceable
data pipelines rather than ad hoc handover files.

4.6. Validation Rules and Data Quality Controls

A validation protocol was executed before scenario modeling and repeated after each
revision. This was necessary because portfolio studies show that data quality issues scale
nonlinearly when interventions and costs are aggregated over time and across assets.

Acceptance criteria applied:

e  Completeness: 100% of elements contain all mandatory fields in Table 1.

e  Unit consistency: qty_unit must match the controlled vocabulary and the unit-cost
basis.

e Interval validity: interval fields must be integers > 1 (or null where allowed).

e  Referential integrity: every element_id maps to exactly one object and one system group.

e  Outlier checks: interval and unit-cost outliers are flagged and reviewed against source
assumptions.

e Change control: every edit increments revision_id and records data_source plus a
reason note.

These controls implement portfolio-level data governance practices emphasized in
strategic asset data quality research and support the owner-information requirement logic
identified as critical for operational BIM success.

5. BIM-Enabled Generation of the Maintenance and Renewal Plan
(Case-Study Implementation)

This study operationalizes lifecycle governance by converting an anonymized portfolio
BIM into a time-phased maintenance and renewal program with auditable quantities,
intervention cycles, and costs. The case-study portfolio consists of six urban-industrial
assets that represent typical municipal-scale “urban supporting infrastructure” (mobility
surfaces, production/utility buildings, and logistics/waste areas): internal roads (3972 m?),
a high-load production hall (1885 mz), a transformer station (225 mz), an overhead crane
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canopy (860 m?), an open warehouse platform (2000 m?), and a waste disposal storage area
(607 m?).

All cost inputs are expressed as current, non-indexed values in EUR (excluding VAT),
derived from market mini-budgets for the local 2025 context and intended to be replaced
by tendered or in-house rates when available.

5.1. BIM-to-Asset Register: Making the Model “Schedule-Ready”

The BIM model is first transformed into an asset register that is stable over time and
suitable for lifecycle scheduling. In practical terms, this means that each maintainable item
is represented as a uniquely identified asset record linked to its BIM element (or BIM proxy
for non-geometric assets). For the case study, the minimum schedule-ready record includes:

Asset identifier (object + system + element);

BIM link (e.g., IFC GUID or model element ID);
Measurable quantity (m?, m, unit count, or lump sum);
Intervention type (maintenance vs. renewal);
Intervention cycle (years);

Unit cost and computed cycle cost.

The BIM-to-asset mapping follows the logic of “maintainable scope,” not only
geometry. For example, the transformer station includes civil/architectural elements
(masonry facade, roof membrane, raised technical floor) and critical electrical systems
(MV/LV switchgear, busbars, breakers, sensors, and inspection access provisions). The
same principle is applied to external assets: the road system is modeled as surfaces
(area-based) but lifecycle scope also includes drainage points and lighting/electrical
zones (count-based).

5.2. Intervention Library: Encoding Maintain/Renew Logic as Reusable Templates

Once the register exists, the plan is generated from a library of intervention templates.
Each template is parameterized by quantity and unit cost, and it carries a cycle that reflects
expected degradation and service life. The study uses explicit, element-level interventions
(not generic “allowances”), such as the following;:

Roads: annual surface inspection, annual inlet cleaning, crack sealing every 5 years,
resurfacing every 15 years, lighting replacement every 25 years.

Production hall: annual floor maintenance, roof membrane cleaning every 2 years,
floor resurfacing every 15 years, roof membrane replacement at year 25, HVAC overhauls
at year 20 and 25.

Transformer station: thermography and cabinet tightening at 2-year cycles, breaker
tests at 3 years, roof membrane renewal at year 25, partial protection module upgrades at
year 30.

Canopy: crane inspections annually, control pendant renewal at year 15, drivetrain
refurbishment at year 20, lighting renewal at year 25, structural recoating at year 30.

Open warehouse and waste area: annual inspections and drain cleaning, expansion-
joint resealing at year 15, separator overhaul at year 25, surface sealing and partial slab
resurfacing at year 30.

This explicit encoding is the core “governance” mechanism: each planned activity can
be traced back to an asset record and justified through a quantity, a cost, and an interval.

5.3. Schedule Generation Rules and Outputs (30-Year Horizon)

The lifecycle schedule is generated deterministically from the intervention library. In
this study, preventive maintenance cycles are initialized from year 1 (because inspections
and routine servicing begin immediately after commissioning), while renewals are placed
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at their first expected end-of-life year (e.g., 15, 20, 25, or 30). The resulting plan is also
presented as two 15-year phases to support budgeting and operational planning.

5.4. Why This Is a Concrete BIM-Enabled Solution (Not Just a Schedule)

This chapter’s contribution is the executable linkage from BIM to lifecycle governance:
the BIM model supplies stable quantities (areas, lengths, counts) and a navigable asset
structure; the intervention library encodes maintain/renew logic with explicit cycles and
costs; and the generated work packages provide an auditable basis for annual planning,
procurement packaging, and long-term renewal strategy. The “governance” aspect is
that every euro in the plan is traceable to a maintainable asset and a transparent rule
(quantity x unit cost x scheduled year), enabling portfolio-level trade-offs (e.g., deferring a
resurfacing cycle versus increasing preventive sealing frequency) while keeping operational
risk visible.

6. Case Study Outputs: BIM-Linked Maintenance and Renewal Plan

The study produced a set of concrete, BIM-ready outputs that translate an asset
information model into an actionable maintenance and renewal program for an anonymized
industrial asset portfolio. The portfolio comprises six sub-objects (O1-O6): internal roads
(3972 m?2), a production hall (1885 m?), a transformer station (225 m?), a canopy with an
overhead crane (860 m?), an open warehouse platform (2000 m?), and a waste disposal
storage area (607 m?).

All cost outputs are expressed in EUR (excluding VAT) using 2025 market unit rates,
enabling direct OPEX forecasting and long-term budgeting.

6.1. Output A: Portfolio Intervention Register (BIM-Linked Task List)

For each object, the study generated a structured intervention register that can be
mapped to BIM elements (e.g., slabs, roofs, luminaires, HVAC units, crane components) as
planned tasks with attributes: task type (maintenance/renewal), quantity, unit cost, interval,
and planned execution year. Examples of task definitions include asphalt resurfacing for
O1 (3972 m? at EUR 20/m? every 15 years) and LED luminaire replacement for O1 (55 units
at EUR 400 every 25 years).

The same structure is applied across building systems in O2 (envelope, HVAC, plumb-
ing, electrical, fire safety, automation, grounding). A sample of the output is shown in
Figure 2.

6.2. Output B: Consolidated Schedule Matrices (Workload Planning)

The plan also produced consolidated schedule matrices where each maintenance
or renewal activity is marked by year (“X”), allowing facility teams to visualize concur-
rent interventions across objects and systems and to coordinate shutdown windows and
contractor packaging. An example is shown in Figure 3.

6.3. Output C: Portfolio Cash-Flow Curve (Annual and Cumulative Costs)

A key deliverable is the portfolio-level annual and cumulative cash-flow output,
reported in current prices and as inflation-adjusted scenarios (3% and 6%). The annual
costs are shown in Figure 4 and the cumulative costs in Figure 5.

6.4. Output D: Peak-Year Renewal Work Packages (What Drives the Spikes)

The BIM-enabled schedule makes cost concentrations explainable and “packageable”
into renewal bundles. The largest peaks align with major renewal intervals (15, 20, 25, and
30 years from the baseline year 2025), dominated by high-load surfaces, roof systems, and
critical equipment.

https://doi.org/10.3390 /urbanscil0050246


https://doi.org/10.3390/urbansci10050246

Urban Sci. 2026, 10, 246

12 of 20

object

o1
01
01
01
01
01
01
01
01
o2
o2

system / BIM element
example

pavement surface
drainage inlets
pavement joints/cracks
pavement surface
lighting poles
luminaires
electrical zones
pavement surface
luminaires
fagade panels

roof membrane

expansion/flashing joints

industrial floor slab
roof membrane
fagade panels
industrial floor slab
concrete slab

hvac (all units)
hvac pump

valve actuators
fans/motors

heat pump

roof units
circulation pump
hvac actuators
drainage stacks
boiler

grease trap/siphon
dhw boiler

roof drainage outlets
sanitary pipes

Iv cabinets
sockets/breakers
indoor luminaires
indoor luminaires
sockets/breakers
earthing grid
hydrants
extinguishers
extinguishers
hydrant reserve
control system
bms modules
webserver
grounding
lighfning protection
grounding strips

intervention (planned task)

visual inspection of road surface

drainage grate/inlet cleaning

preventive crack sealing

road sweeping / pressure cleaning

lighting pole and fixture inspection
cleaning of led fixtures

electrical zone inspection

asphalt resurfacing (4 cm overlay + milling)

replacement of lighting fixtures (led uminaires)

fagade panel cleaning

roof membrane cleaning and patching
resealing joints (expansion/flashing)

floor maintenance (cleaning, miner patch)
roof membrane replacement

fagade panel renewal (5% area)

floor resurfacing (grind & seal)

localized concrete repair (1%)

filter replacement (all units)

pump lubrication and seal inspection
valve actuator check & calibration

fan motor and bearing inspection

heat pump overhaul (bluebox)

roof unit replacement (hoval sc-9/d)
pump replacement (grundfos cr)

control actuator replacements

cleaning of vertical drain stacks

boiler descaling and valve check

grease trap and siphon cleaning

hot water boiler replacement

drainage outlet replacement (pluvia heads)
pvc sanitary pipe replacement (5% length)
cleaning & tightening in cabinets

socket and breaker testing

lighting fixture cleaning (indoor)
replacement of led lights

replacement of sockets & breakers
partial grounding grid replacement
hydrant lubrication/valve service
extinguisher servicing/refilling
extinguisher replacement

spare hydrant head (10% reserve)
functional test of bluebox webserver
software/firmware update (bms modules)
webserver controller replacement
grounding continuity test

lightning protection system inspection
partial grounding strip replacement (15%)

type

maintenance
maintenance
maintenance
maintenance
maintenance
maintenance
maintenance
renewal
renewal
maintenance
maintenance
maintenance
maintenance
renewal
renewal
renewal
renewal
maintenance
maintenance
maintenance
maintenance
renewal
renewal
renewal
renewal
maintenance
maintenance
maintenance
renewal
renewal
renewal
maintenance
maintenance
maintenance
renewal
renewal
renewal
maintenance
maintenance
renewal
renewal
maintenance
maintenance
renewal
maintenance
maintenance

renewal

unit qty unit cost (€) interval

round 1 180 i |
point 12 40 1
m 100 5 5
cycle 1 300 3
round 1 120 1
unit 55 4 3
zone 5 150 3
m? 3972 20 15
unit 55 400 25
m? 1 18 3
m? 1885 08 2
m 400 6 10
m? 1885 1 1
m? 1885 45 25
m? 95 %0 30
m? 1885 35 15
m? 19 120 20
set 6 100 1
service 1 300 1
unit 8 60 3
unit 6 200 2
unit 1 25 20
unit 3 75 25
unit 1 6.5 20
unit 8 300 30
stack 3 120 5
cycle 1 300 5
year 1 150 30
unit 1 15 20
unit 4 250 15
m 25 30 30
session 2 250 2
group 5 100 3
fixture 62 5 2
unit 62 100 30
unit 50 40 30
lump sum 1 = 30
hydrant 4 80 3
unit 15 25 5
unit 15 %0 15
unit 1 400 30
cycle 1 300 3
cycle 1 200 5
unit 1 2 30
round 1 250 1
round 1 200 3
m 30 30 30

Figure 2. Portfolio intervention register (BIM-linked task list).
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System / Year 20XX / Costs [EUR) for X {Current Prices) | 25| 26| 27| 28( 29| 30| 31| 32| 33| 34| 35| 36| 37| 38| 39|Costs
Roads
All Systems
Maintenance
Visual inspection of road surface K[| XX | X[ X[ X[ XXX | X[ X[ XXX 180
Drainage grate/inlet cleaning W M| XXMM [ XX XX X[ X[ XXX 480
Preventive crack sealing X X X 500
Road sweeping [ pressure cleaning X X X X X 300
Lighting pole and fixture inspection (XXX X[ X[ X[ XXX | X[ X[ ®]|X]|X 120
Cleaning of LED fixtures X X X X X 220
Electrical zone inspection X X X X X 750
Renewal
Asphalt resurfacing (4 cm overlay + milling) X [79,440
Replacement of lighting fixtures [LED luminaires) 22,000
Production Hall
Structural Elements
Maintenance
Fasade panel cleaning X X X X X | 1500
Roof membrane cleaning and patching X X X X X X X 1508
Resealing joints {expansion/flashing) X 2400
Floor maintenance (cleaning, minor patch) MR R M MMM MM XN X XX X]| 1885
Renewal
Roof membrane replacement 84,325
Facade panel renewal (5% area) 8550
Floor resurfacing (grind & seal) X |65,975
Localized concrete repair (1%) 2280
HVAC System
Maintenance
Filter replacement (all units) 600
Pump lubrication and seal inspection 300
Valve actuator check & calibration X X X X X 480
Fan motor and bearing inspection X X X X X X X 1200
Renewal
Heat pump overhaul (BlueBox) 25,000
Roof unit replacement (Hoval SC-3/D) 22,500
Pump replacement (Grundfos CR) 6500
Control actuator replacements 2400
Plumbing and Drainage
Maintenance
Cleaning of vertical drain stacks X X X 360
Boiler descaling and valve check X X X 300
Grease trap and siphon cleaning 150
Renewal
Hot water boiler replacement 1500
Drainage outlet replacement (Pluvia heads) X | 1000
PVC sanitary pipe replacement (5% length) 750
Electrical System
Maintenance
Cleaning & tightening in cabinets X X k4 k4 k4 k4 X 500
Socket and breaker testing X X X X X 500
Lighting fixture cleaning (indoor) X X X X X X X 310

Figure 3. Consolidated schedule matrices (workload planning).
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Figure 4. Annual maintenance and renewal costs.

Cumulative Costs (thousand EUR)

)
B mr
& g
v F'S}h"?hm J-Eﬁ

] 0
Ly ]

B Current Prices  WInflaion Index 3% W Inflaion Index & %

Figure 5. Cumulative maintenance and renewal costs.

6.4.1. Package 1: Year 15 Peak (2039, Annual Total EUR 166,945)
Main renewal drivers generated by the plan include:

e Ol roads: asphalt resurfacing 3972 m? x EUR 20/m? = EUR 79,440 (15-year cycle).

e 02 production hall: floor resurfacing 1885 m? x EUR 35/m? = EUR 65,975 (15-year cycle).

e  O2 production hall: roof drainage outlet replacement 4 x EUR 250 = EUR 1000 (15-year
cycle).

e  O4 canopy crane: control pendant replacement 1 x EUR 800 = EUR 800 (15-year cycle).
These renewals are complemented by the recurring preventive tasks scheduled for the

same year (inspections, cleaning, tests) across all objects.

6.4.2. Package 2: Year 20 Peak (2044, Annual Total EUR 63,756)
Key drivers include:

e  O2production hall HVAC: heat pump overhaul 1 x EUR 25,000 and pump replacement
1 x EUR 6500 (20-year cycle).
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e  O4 canopy crane: travel motors/gearbox refurbishment 2 x EUR 2500 = EUR 5000
(20-year cycle).

e 06 waste area: surface repairs (5% spalling) 30 m? x EUR 50/m? = EUR 1500 (20-year
cycle).

6.4.3. Package 3: Year 25 Peak (2049, Annual Total EUR 158,820)
This peak is dominated by roof and lighting renewals plus selective equipment overhauls:

02 production hall: roof membrane replacement 1885 m? x EUR 45/m? = EUR 84,825.

02 production hall HVAC: roof unit replacement 3 x EUR 7500 = EUR 22,500.

O1 roads: replacement of LED luminaires 55 x EUR 400 = EUR 22,000.

O3 transformer station: roof membrane renewal 225 m? x EUR 45/m? = EUR 10,125,

plus lighting fixture renewal 20 x EUR 100 = EUR 2000.

o 4 canopy crane: safety sensor replacement 1 x EUR 600 and luminaire replacement
9 x EUR 180 = EUR 1620.

e  O5 open warehouse: luminaire replacement 12 x EUR 180 = EUR 2160.

e  O6 waste area: wastewater separator overhaul 1 x EUR 1200 and luminaire replace-
ment 6 x EUR 180 = EUR 1080.

6.4.4. Package 4: Year 30 Peak (2054, Annual Total EUR 251,695)

The year-30 package is a multi-object “restoration wave” combining large surface
renewals with broad electrical and structural refresh actions:

e Ol roads: asphalt resurfacing again EUR 79,440 (15-year cycle repeated).

e  O2 production hall: floor resurfacing again EUR 65,975 and fagade renewal (5%)
95 m? x EUR 90/m? = EUR 8550.

e  O2 production hall: electrical partial refresh (LED lighting 62 x EUR 100, sock-
ets/breakers 50 x EUR 40, grounding grid EUR 4000) and automation controller
renewal (EUR 2000).

e  O4 canopy: roof sheet replacement (25%) 215 m? x EUR 40/m? = EUR 8600, steel
recoating 150 m? x EUR 25/m? = EUR 3750, and crane rail partial replacement
10 m x EUR 120/m = 1200 EUR.

e  O5 open warehouse: slab resurfacing (10%) 200 m? x EUR 45/m? = EUR 9000 and
expansion joint resealing (15-year cycle repeated) 100 m x EUR 8/m = EUR 800.

e 06 waste area: surface sealant renewal 607 m? x EUR 12/m? = EUR 7284 and fence
panel renewal (25%) 45 m? x EUR 90/m? = EUR 4050.

As with earlier peaks, the remaining portion of the year-30 annual total is attributed to
coincident preventive maintenance tasks (annual/biannual inspections, cleaning, ground-
ing continuity tests) that remain scheduled alongside renewals to protect performance
during and after restoration works.

Practical implication for BIM-enabled lifecycle governance. These outputs demonstrate
how the BIM-linked intervention register and schedule matrices can be elevated into a
portfolio cash-flow forecast that is both auditable (traceable to element quantities and unit
costs) and operationally actionable (convertible into annual work packages). The result is a
governance-ready maintenance and renewal plan that supports budget stability through
resource leveling while preserving the reliability and serviceability of high-criticality assets
such as heavy-duty surfaces, roofs, HVAC equipment, and lifting technology.

7. Discussion

Interpreted against prior BIM-FM studies, the contribution is the conversion of “in-
formation availability” into “decision usability.” Previous research has shown that BIM
adoption in FM is limited by inconsistent asset data, unclear information requirements, and
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weak data validation, which often reduces BIM to documentation rather than operational
decision support. The case study demonstrates that a minimal, enforced lifecycle schema
(element ID, quantity, interval, unit cost, and cost class) is sufficient to generate auditable
outputs: schedule matrices, annual and cumulative cost curves, and peak-year renewal
work packages.

This directly aligns with earlier findings that operational benefit depends on structured
information requirements and controlled information environments rather than additional
geometric detail.

From a broader urban sustainability perspective, the plan outputs demonstrate three
implications that extend beyond a single industrial site. First, peak visibility enables
resource leveling and coordinated renewal packaging, reducing repeated mobilization and
limiting operational disruption. In practice, this means that envelope access cycles (e.g.,
roof membrane renewal) can be aligned with rooftop HVAC replacement and drainage
interventions to avoid multiple scaffoldings or shutdown windows. Second, the plan makes
“low-cost but high-criticality” maintenance visible, such as grounding continuity testing
and periodic electrical inspections, which are commonly underfunded when budgets focus
only on capital renewals. Third, the portfolio cash flow output provides a governance-ready
argument for proactive planning: inflation scenarios show that the same renewal structure
can impose substantially different long-term financial burdens under macroeconomic
uncertainty, reinforcing the value of early, structured renewal scheduling.

However, the results also highlight limitations that are consistent with open challenges
in the literature. The lifecycle schedule is deterministic and interval-based; it does not
model for stochastic failures, uncertain degradation, or changing operational intensity. Unit
costs are derived from a market-based baseline and therefore remain sensitive to regional
procurement conditions and future supply-chain volatility. Environmental impacts are
addressed indirectly through the logic that preventive maintenance reduces premature
replacements, but the study does not yet quantify embodied carbon or material flows per
renewal event. Finally, although the portfolio contains multiple asset types, transfer to
broader urban portfolios (schools, hospitals, civic buildings, roads) requires calibration of
intervention libraries and cost structures to different typologies.

Future research should extend the presented governance framework in four directions.
First, inspection results and defect logs should be integrated to adjust intervals dynamically,
enabling a hybrid approach where BIM-based planning is updated by condition feedback.
Second, renewal events should be coupled with environmental impact factors so that the
same event table yields both LCC and LCA indicators, supporting sustainability trade-offs.
Third, portfolio optimization methods should be applied to smooth renewal peaks under
annual budget caps while respecting criticality constraints and operational downtime
classes. Fourth, interoperability studies should test how reliably the lifecycle parameter set
can be exchanged and maintained across heterogeneous BIM, FM, and asset management
platforms over long operational periods.

The transferability of the framework to other asset types requires adaptation of in-
put parameters and intervention logic. While the underlying structure—comprising the
lifecycle data schema, BIM linkage, and deterministic scheduling model—is generic and
transferable, key inputs such as unit costs, service-life assumptions, and intervention
libraries are context-specific.

For example, application to public infrastructure such as schools, hospitals, or trans-
portation systems would require calibration to different regulatory environments, usage
patterns, and criticality classifications. Therefore, the framework should be understood as
a transferable methodology rather than a directly transferable dataset.
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In this study, financial stability is not interpreted as a macroeconomic or organizational
performance indicator, but as a property of lifecycle expenditure distribution. Specifically,
it refers to the predictability and temporal distribution of maintenance and renewal costs,
including the reduction of cost concentration in peak years and improved transparency of
long-term financial commitments. These aspects are directly observable in the generated
cash-flow curves and peak-year renewal packages.

Applying the framework to other asset categories would require the development of
asset-specific intervention libraries, recalibration of service-life assumptions, and alignment
with sector-specific regulatory and operational constraints. These adaptations represent a
non-trivial effort and highlight that the framework provides a transferable structure, but
not a universally applicable parameter set.

The contribution of this study is therefore best understood as a methodology blueprint
that translates conceptual BIM-FM approaches into an executable governance model. Envi-
ronmental and social dimensions of sustainability are not explicitly modeled or quantified
within the current framework.

8. Conclusions

This study proposed and validated a BIM-enabled lifecycle governance methodology
that generates auditable maintenance and renewal plan from structured asset data. The
results demonstrate that embedding lifecycle parameters within a BIM environment im-
proves the predictability of annual expenditures, enables identification and structuring of
renewal peaks, and increases the transparency of long-term cost distribution. These effects
contribute to improved financial planning at the portfolio level.

The findings support the central hypothesis that BIM can serve sustainable urban asset
management only when complemented by early data standardization, validation routines,
and a computable scheduling model that transforms asset information into lifecycle gov-
ernance outputs. While the current implementation is deterministic and cost-focused, it
provides a robust baseline for future extensions that incorporate condition-based updating,
environmental indicators, and portfolio-scale optimization.

The study does not demonstrate environmental performance improvements, stochastic
modeling of asset degradation, or optimization of maintenance strategies under budget
constraints. It also does not validate predictive maintenance approaches based on real-time
data. These aspects remain outside the scope of the current work and represent directions
for future research.
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Abbreviations

The following abbreviations are used in this manuscript:

4D four-dimensional (time/scheduling integration in BIM)
5D five-dimensional (cost integration in BIM)
ABS asset breakdown structure

BIM building information modeling

ELE electrical (system group code)

ENV envelope (system group code)

EUR euro

EXT external works (system group code)

™M facilities management

GIS geographic information system

GUID globally unique identifier

HVAC heating, ventilation, and air conditioning
TIAPA industrial asset portfolio a (anonymized portfolio identifier)
ID identifier

IFC industry foundation classes

INS inspection (intervention type)

10T internet of things

LCA life cycle assessment

LCC life cycle costing

LED light-emitting diode

LV low voltage

MEP mechanical, electrical, and plumbing
MNT maintenance (intervention type)

MV medium voltage

O&M operation and maintenance

01-06 anonymized object identifiers within the portfolio
OPEX operational expenditure
RENEW  renewal (intervention type)

REP repair (intervention type)
SAF safety (system group code)
STR structure (system group code)
VAT value-added tax
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