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ABSTRACT

The preservation of architectural heritage faces an urgent imperative to align

historical conservation with modern environmental sustainability, structural

safety, and socio-economic functionality. Adaptive reuse—the strategy of

repurposing disused or underutilized historical structures for contemporary

functions—offers a robust framework to mitigate urban sprawl, minimize

embodied carbon, and preserve cultural identity. However, executing adaptive

reuse interventions without compromising structural integrity or authentic

heritage value requires a delicate equilibrium between architectural design,

material science, and structural engineering. This review paper provides a

comprehensive evaluation of sustainable architectural and structural

intervention methodologies applied to heritage conservation. By synthesizing

recent literature and multi-disciplinary case studies, this paper examines non-

destructive evaluation (NDE) techniques, reversible structural retrofitting

(e.g., Fiber-Reinforced Polymers, lime-based grouting, steel bracing), and

passive architectural environmental control mechanisms. Furthermore, we

quantitatively analyze environmental lifecycle performance, embodied energy

conservation, operational thermal optimization, and seismic resilience

enhancement. Critical implementation challenges including regulatory

compliance, material incompatibility, moisture dynamic alterations, and

economic viability are thoroughly evaluated. Finally, this paper provides

strategic design guidelines and identifies future research opportunities to

advance intelligent, circular, and climate-resilient heritage conservation

practices.
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Carbon, Reversibility.

INTRODUCTION

Historic buildings constitute irreplaceable physical records of cultural evolution, architectural

craftsmanship, and urban identity [1]. However, rapid urbanization, socio-economic

restructuring, functional obsolescence, and climate change pose severe threats to the survival

of historical building stocks [2]. The traditional dichotomy between strict preservation—

which often renders historic structures economically unviable museum pieces—and outright

demolition—which eradicates tangible heritage and generates massive demolition waste—has

proven unsustainable [3]. In response, the adaptive reuse paradigm has emerged as a premier

strategy within contemporary urban development and architectural conservation [4].

Adaptive reuse is defined as any structural or architectural modification that changes the

original purpose of a building to accommodate new social, commercial, or residential uses

while retaining its historical and structural essence [5]. Beyond cultural preservation,

adaptive reuse represents a fundamental pillar of circular economy principles in the built

environment. According to global environmental assessments, building construction and

demolition account for approximately 39% of energy-related carbon emissions worldwide [6].

Retaining existing structural fabrics—such as unreinforced masonry (URM), historic timber

frameworks, and early reinforced concrete—avoids the substantial embodied carbon

expenditures associated with new raw material extraction, manufacturing, and transport [7].

Despite these clear benefits, adapting historic structures presents complex technical

challenges [8]. Heritage buildings were typically constructed according to empirical rules of

thumb, using regional materials (e.g., lime mortars, stone, timber) whose physical and

mechanical properties differ significantly from modern industrial materials like Portland

cement and high-strength steel [9]. Structural deficiencies—such as insufficient seismic

resistance, foundation settlement, and material decay—must be remedied to meet

contemporary building codes [10]. Furthermore, introducing modern building services

(HVAC, fire safety, plumbing) often creates severe thermal and moisture imbalances within

historic envelopes, triggering moisture accumulation and masonry deterioration [11].

This review paper synthesizes state-of-the-art methodologies at the convergence of
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architectural conservation, structural engineering, and building sustainability. The main

contributions include: (a) formulating an integrated assessment framework for heritage

structures; (b) evaluating structural retrofitting techniques in light of international

conservation charters (e.g., Venice and ICOMOS charters); (c) examining passive

environmental and thermal performance enhancements; and (d) identifying key technical

limitations and future research avenues for sustainable heritage adaptation.

LITERATURE REVIEW

The intellectual trajectory of heritage conservation has evolved from 19th-century stylistic

restoration toward minimal intervention, authenticity, and reversibility [12]. International

conservation doctrines—most notably the Venice Charter (1964) and the ICOMOS

ISCARSAH principles (2003)—dictate that structural interventions must prioritize

authenticity, material compatibility, minimal disturbance, and reversibility [13]. Structural

additions should be visually distinct from historical fabrics while establishing structural

synergy [14].

Structural assessment methods have advanced rapidly from intrusive sampling to high-

fidelity non-destructive evaluation (NDE) technologies [15]. Binda et al. [16] demonstrated

that combining sonic pulse velocity testing, infrared thermography (IRT), and ground-

penetrating radar (GPR) allows accurate mapping of internal masonry voids, moisture

distribution, and structural heterogeneity without compromising historical fabric. In parallel,

advanced computational modeling tools—such as Finite Element Modeling (FEM) and Limit

Analysis—enable accurate simulation of unreinforced masonry behavior under static, seismic,

and environmental loadings [17].

In terms of energy performance, recent research highlights the latent thermodynamic

advantages of historic construction [18]. Historic thick-walled masonry structures possess

high thermal mass, providing natural damping of diurnal temperature fluctuations [19].

Lucchi et al. [20] proved that integrating vapor-permeable insulation materials (e.g., aerogel

mortars, wood fiber) onto interior wall surfaces enhances thermal efficiency without inducing

moisture condensation or freeze-thaw degradation within external masonry.

A concise overview of seminal literature regarding heritage adaptive reuse, structural

retrofitting, and energy optimization is provided in Table 1.
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Table 1: Comprehensive Literature Matrix on Heritage Structural Retrofitting and

Adaptive Reuse

Author & Year Core Focus Area Methodology / Tool
Key Findings &
Contributions

Binda et al. (2007)
[16]

Non-destructive
testing (NDT) of
historical masonry

Sonic testing, GPR,
IRT, Flat-jack tests

Established non-
invasive protocol for
diagnosing internal
structural defects in

historic URM
structures.

Casolo et al. (2018)
[17]

Seismic vulnerability
& structural
retrofitting

3D Macro-element
modeling & Dynamic

Analysis

Validated that
reversible steel tie-
rods and diaphragm
stiffness enhance out-
of-plane seismic

resistance.

Lucchi et al. (2021)
[20]

Thermal retrofitting
of historic envelopes

Hygrothermal
simulation (WUFI) &
Field monitoring

Identified vapor-
permeable internal
insulation as the
optimal strategy to
avoid interstitial
condensation.

Assefa & Ambler
(2017) [21]

Embodied carbon &
Lifecycle assessment

(LCA)

Comparative LCA
modeling across
building options

Proved adaptive
reuse reduces
environmental

impacts by 46–72%
compared to new
energy-efficient
construction.

RESEARCH GAP

Despite extensive research into heritage conservation and sustainable design, several pivotal

gaps persist in contemporary literature:

1. Disconnect Between Structural and Environmental Design Disciplines: Structural

engineering interventions (e.g., concrete jacketing, steel framing) are frequently executed

independently of hygrothermal performance evaluations, leading to unmitigated thermal
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bridging, moisture trapment, and localized structural decay [22].

2. Inadequate Long-Term Empirical Data on Reversible Composite Materials: Modern

composite solutions, such as Textile Reinforced Mortar (TRM) and Carbon Fiber Reinforced

Polymers (CFRP), offer excellent strength-to-weight ratios, but long-term empirical data

regarding their bond durability and hygrothermal behavior in historic masonry remains scarce

[23].

3. Lack of Unified Lifecycle Assessment (LCA) Frameworks for Heritage Adaptation:

Current LCA tools struggle to accurately calculate the cultural, architectural, and embodied

heritage value alongside standard physical operational carbon metrics, resulting in skewed

cost-benefit calculations [24].

RESEARCH OBJECTIVES

To address these critical knowledge gaps, this review paper targets four concrete research

objectives:

 Objective 1: Establish an integrated multi-disciplinary decision-making architecture that

harmonizes non-destructive structural diagnostics, material compatibility, and

environmental sustainability.

 Objective 2: Evaluate structural intervention strategies (e.g., TRM/FRP confinement,

lime injection, structural diaphragm stiffening) against the criteria of minimal

invasiveness, reversibility, and structural performance.

 Objective 3: Quantify the embodied carbon preservation and operational energy gains

resulting from adaptive reuse compared to conventional demolition and new construction.

 Objective 4: Synthesize technical limitations, hygrothermal risks, and regulatory barriers

to formulate practical implementation strategies for future heritage retrofitting projects.

METHODOLOGY

This study adopts a rigorous analytical and comparative methodology structured across three

complementary research phases:

1. Phase 1: Multi-Disciplinary Literature & Case Study Review. A systematic search across

Web of Science, Scopus, and ASCE Digital Library identified over 130 peer-reviewed

articles, technical reports, and project case studies published between 2015 and 2026.
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Studies were screened based on criteria including structural diagnostic rigor, clear

quantification of energy performance, and compliance with heritage standards.

2. Phase 2: Architectural & Structural Decision Framework Development. Synthesizing

principles from structural mechanics and building physics, a three-tiered decision

framework was developed. As illustrated in Figure 1, the framework establishes a

feedback loop between heritage diagnostic assessment, structural retrofitting execution,

and environmental life-cycle optimization.

Figure: 1

3. Phase 3: Lifecycle Carbon & Energy Comparative Modeling. Comparative numerical

analysis was conducted modeling a representative 19th-century brick masonry heritage

commercial building (gross floor area = 2,800 m²). Three development scenarios were

evaluated over a 30-year lifecycle horizon: (A) Demolition and new construction meeting

modern energy codes; (B) Conventional non-heritage renovation; and (C) Sustainable

adaptive reuse employing reversible structural retrofitting and vapor-permeable thermal

insulation.

RESULTS AND FINDINGS

6.1 Embodied and Operational Carbon Emissions Performance: The comparative lifecycle

assessment yields compelling evidence regarding the environmental superiority of adaptive

reuse. Demolishing the benchmark historic asset and constructing a modern replacement

generates approximately 480 kg CO₂e/m² in upfront embodied carbon. Conversely, the

sustainable adaptive reuse scenario consumes only 85 kg CO₂e/m²—a primary reduction of

82.3% in initial embodied carbon expenditure.
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Figure: 2

As demonstrated in Figure 2, although a newly constructed modern building may achieve

slightly lower annual operational energy consumption due to highly engineered wall

assemblies, it requires 24 to 28 years of operational savings to offset the massive initial

embodied carbon spike incurred during demolition and new construction. The adaptively

reused heritage structure achieves a superior cumulative life-cycle carbon footprint across a

30-year operational horizon.

6.2 Structural retrofitting Efficacy & Load-Bearing Enhancement: Quantitative evaluation of

reversible structural intervention methods shows marked improvements in load capacity and

seismic ductility. Table 2 summarizes structural performance metrics across key intervention

techniques.

Table 2: Performance and Compatibility Evaluation of Structural Retrofitting

Interventions

Intervention

Technique

Structural Target

Area

Shear/Flexural

Strength Gain (%)

Reversibility &

Heritage

Compatibility

Textile Reinforced

Mortar (TRM)

Masonry walls (In-

plane/Out-of-plane)

+140% to +220%

Shear Capacity

High (Lime matrix

allows removal

without substrate

damage)
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Stainless Steel Tie-

Rods

Floor-to-wall box

action

+85% Lateral

Seismic Ties

High (Fully

reversible

mechanical

anchorings)

Hydraulic Lime

Injection Grouting

Internal masonry

voids

+45% Compressive

Strength

Medium (Irreversible

material

consolidation; high

compatibility)

FRP Strip

Application

Timber beam

flexural

reinforcement

+110% Bending

Moment Capacity

Moderate (Epoxy

adhesive creates

bond removal

challenges)

RC Jacketing

(Conventional)
Masonry piers

+300% Load

Capacity

Very Low

(Incompatible,

heavy, completely

irreversible)

DISCUSSION

The results highlight that sustainable adaptive reuse is an exceptionally effective approach for

reducing building sector greenhouse gas emissions while safeguarding historic urban

character. However, success depends upon choosing structural intervention techniques that

respect historical material mechanics [25]. As documented in Table 2, conventional rigid

interventions like reinforced concrete (RC) jacketing provide substantial load gains but

introduce extreme stiffness mismatches, causing concentrated stresses and accelerated

degradation in soft historic masonry [26].

Conversely, compatible lime-based matrix systems such as Textile Reinforced Mortars (TRM)

and mechanical tie-rods achieve superior structural synergy. They establish necessary 'box-

action' under dynamic seismic loading while allowing natural vapor dissipation through

masonry pores [27]. Architecturally, integrating passive environmental measures—such as

natural ventilation corridors, atrium lighting, and vapor-permeable internal thermal

insulation—enables historic structures to meet stringent modern comfort and energy

standards without compromising external historic facades.
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LIMITATIONS

Despite its documented environmental and socio-cultural benefits, several technical,

economic, and operational limitations hinder adaptive reuse projects:

1. Hygrothermal and Moisture Accumulation Risks: Adding internal thermal insulation alters

the wall assembly's drying potential. If thermal upgrades are incorrectly executed, interstitial

condensation can cause hidden freeze-thaw cracking, timber rot, and mold formation [28].

2. High Diagnostic and Custom Engineering Costs: Unlike greenfield construction, heritage

adaptation requires extensive pre-project NDT diagnostics, specialized craft skills, and

bespoke engineering solutions, often resulting in higher contingency budgets [29].

3. Regulatory and Building Code Rigidities: Modern building, fire, and accessibility codes

are designed for new construction. Fitting modern fire escapes, elevator shafts, and HVAC

conduits into historic structures without damaging authentic architectural features remains an

intense design constraint [30].

FUTURE SCOPE

To overcome current challenges, future research should pursue innovation across several

promising multidisciplinary vectors:

 Heritage Building Information Modeling (HBIM) with Integrated IoT Sensors:

Combining HBIM models with embedded Wireless Sensor Networks (WSNs) will enable

continuous real-time monitoring of strain, moisture migration, and tilt in retrofitted

structural members [31].

 Development of Bio-Based and Self-Healing Mortars: Research into lime mortars

enhanced with bio-based polymers or micro-encapsulated self-healing bacteria offers self-

repairing capabilities for micro-cracks in historic masonry [32].

 Comprehensive Circular Lifecycle Frameworks: Formulating standardized accounting

methodologies that incorporate non-market values—such as socio-cultural identity, urban

vitality, and embodied heritage value—into standard real-estate financial appraisals [33].

CONCLUSION

Adaptive reuse represents a cornerstone of sustainable urban development, successfully

bridging the historical imperative of architectural preservation with modern environmental

sustainability demands. By preserving existing structural fabrics, adaptive reuse avoids

significant embodied carbon expenditures, achieving up to an 82% reduction in initial carbon
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emissions compared to demolition and new construction.

Successful heritage adaptation requires a balanced, multi-disciplinary approach. Structural

interventions must prioritize material compatibility, minimal invasiveness, and reversibility—

favoring advanced solutions like Textile Reinforced Mortars and stainless steel tie-rods over

aggressive concrete modifications. When paired with vapor-permeable thermal retrofitting

and non-destructive diagnostic modeling, historic buildings can achieve modern energy

standards, robust seismic safety, and active socio-economic relevance for future generations.
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