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Abstract 

The pursuit of a promising way to reduce the impact of energy-positive buildings on the built 

environment is defined as reduced energy consumption. On the other hand, sustainability 

cannot be based solely on operational energy performance, as it is significantly influenced by 

material-related factors. This study is a comprehensive review of the chemical and material 

foundations of energy-positive buildings and a compilation of the long-term performance of 

material properties and degradation mechanisms. Data synthesis and literature selection were 

carried out using the PRISMA method. In light of the information obtained, parameters 

related to energy-intensive production, material stability, and life cycle impacts were 

addressed by considering key material groups, including cement-based systems, polymers, 

and bio-based materials. The findings show that degradation processes and limited 

circularity remain critical challenges. Therefore, achieving sustainable energy-positive 

buildings requires an integrated approach that simultaneously considers material chemistry, 

energy system performance, and life cycle assessment.    
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1.  Introduction 

Energy-positive buildings, that produce more energy than they consume, are key 

solution for sustainable construction. When buildings become more energy efficient, 

operational emissions decrease with embodied carbon emissions from material production, 

construction, and end-of-life stages can dominate the total footprint. Cement, steel, and 

polymer-based materials are major contributors. Therefore, material chemistry plays a 

critical role in this problem. Material properties define thermal behavior, durability, and 

environmental interactions with the parameters such as thermal conductivity, heat capacity, 

and chemical stability. At the same time, degradation processes with influence maintenance 

needs, service life, and total emissions can change material properties. 

On the other hand, advanced materials have both opportunities and risks: polymer-based 

insulation, bio-based materials, and phase change materials improve energy performance; 

but, they also raise concerns about toxicity, durability, and end-of-life management. In 

practice, recycling, reuse, and design approaches have serious limitations such as material 

heterogeneity, contamination, and degradation. As a result, theoretical recycle is often not 

achieved in real systems. 

This review examines energy-positive buildings through the view of material chemistry. 

The aim of the study is to connect molecular design, material performance, and system-

level outcomes. With this point of view, the study provides a clearer understanding of how 

buildings perform over their full lifecycle with a realistic pathway. It also highlights that 

true sustainability requires more than energy positivity. 

2.  Methodological Framework 

The methodological framework of this review is designed to connect what is known 

about energy-positive buildings, the chemical foundations of sustainability, and the tools 

required to assess them. It pre-planning the integration of literature selection, data synthesis, 

and normalization (Caldeira et al. 2024). With this integration, the framework supports 

cross-disciplinary synthesis that aggregates insights from energy systems analysis, green and 

sustainable chemistry, and life cycle assessment to yield a view of how chemical design, 

material choices, and building energy performance interact throughout a building’s life cycle 

(Blinova et al. 2023). 

2.1. Literature Search and Selection Strategy 

This review follows a PRISMA-inspired strategy to ensure transparent and reproducible 

study for the topic “Energy-Positive Buildings and the Chemical Foundations of 

Sustainability”. I defined a comprehensive search protocol within two major databases, 

Scopus and Web of Science. This approach is consistent with PRISMA principles of explicit 

reporting of search strategies, database sources, and search terms as decribed in the literature 

(Soloveichik 2011). 

3.  Chemical Foundations of Energy-Positive Buildings 

3.1. Green Chemistry in the Built Environment 

Green chemistry (fig.1) provides a chemical foundations looks for rethinking construction 

materials and building systems over operational energy, guiding material choices, 

processing, and end-of-life pathways toward lower embodied harm. Key principles such as 

waste prevention, safer chemicals, energy efficiency, and the use of renewable feedstocks 

reform into the built environment emphasize designing systems that minimize waste and 

emissions at the cradle-to-grave scale, curtail toxic exposures, and reduce demand for virgin 

resources. In practice, this translates to formulating binders and coatings with lower 

embodied energy and toxicity. These employing processes that avoid waste streams, and 

prioritizing materials whose production, use, and disposal enact a net environmental benefit 

when evaluated across the life cycle (Goh and Ng 2016). 
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Figure 1. Twelve Principles of Green Chemistry to construction materials 

 

Material chemistry shapes sustainability when operational energy is controlled. Embodied 

carbon, toxicity, and resource efficiency arise as material-level constraints. As a critical 

view, despite promising life-cycle analyses, the adoption of new chemicals is tempered by 

durability and compatibility (Vijayan et al. 2023). Overall, green chemistry offers a route to 

decarbonize the built environment, but its realization depends on material innovations with 

lifecycle performance, safety, and systemic integration within the construction sector (Booth 

and Jankovic 2022). 

3.2. Material Safety, Toxicity and Indoor Chemistry 

Building materials are active determinants of indoor chemical environments, leading to 

the sustained release of volatile organic compounds (VOCs) and semi-volatile organic 

compounds (SVOCs), gas emissions from adhesives and resins, and secondary chemical 

reactions (Coffaro and Weisel 2022). While low-emission materials and source-control 

strategies can reduce primary VOC loads, there remains substantial uncertainty about long-

term exposure to a broad, evolving mix of emissions and reaction products. Reviews 

emphasize that while reducing VOC emissions and employing materials with documented 

low emissions is beneficial, it does not automatically translate to safer indoor 

environmentsThis reality reveals that material selection must be shaped by consideration of 

indoor air quality guidelines, adequate ventilation design, and indoor chemical reactivity in 

order to achieve truly energy-positive results (C. W. Yu and Kim 2012). 

3.3. Carbon Intensity of Material Production 

Carbon intensity in construction materials (fig.2) is the mass of greenhouse gases emitted 

per unit of material or area, commonly expressed as kg CO2-eq per kg of material over the 

material’s life cycle. This metric captures embodied emissions from material production, 

processing, and delivery, distinct from operational energy performance during the building’s 

use phase (Lobaccaro et al. 2018). In many building materials, embodied carbon is 

determined by the material product stages (A1-A3), which generally account for the largest 

share due to cement and steel-based systems, clinker production, high-temperature 

processing, and complex supply chains (Nath et al. 2018a). Hybrid and process-based life 

cycle analyses reveal significant differences in embodied carbon between materials and 

regions, depending on factors such as energy tariffs, upstream frontier selections, and data 

completeness. Nevertheless, cement, concrete, and steel consistently stand out as the primary 

carbon sources when comparing typical high-rise and solid wood structures (Wan Mohd 

Sabki Wan Omar et al. 2014). These patterns underscore the importance of up-front material 

choices in carbon accounting, even when a building achieves low operational energy. 
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Figure 2. Representative proportional contribution of primary construction 

materials to embodied carbon in building assemblies. 

 

 

 

3.4. Distinctions and Material Comparisons 

 

Efficient envelopes or systems reduce operating emissions, but materials with high embodied 

carbon may dominate lifecycle emissions, particularly if operational energy reductions are 

modest or offset by long lifespans and end-of-life dynamics. Several studies show that low-

energy buildings can still accrue high lifecycle emissions if embodied intensities are high or 

if biogenic or recycled content is not effectively accounted for; thus the overall carbon 

performance hinges on material selection as much as on efficiency measures during use 

(Lausselet et al. 2019; Nordby and Shea 2013). Representative cradle-to-gate embodied CO2 

ranges for conventional mineral-based materials and selected recyclable or composite 

alternatives are summarised in Table 1. These indicative ranges illustrate that carbon 

intensity is strongly pathway-dependent and cannot be interpreted independently of 

processing temperature, feedstock origin, and recyclability potential. When comparing 

material categories, mineral-based systems generally exhibit higher carbon content per unit 

area than wood-based or bio-based alternatives. However, advancements in low-clinker 

cements, recycled steel, and cross-laminated timber may shift this balance. Mass timber 

designs often act as biogenic carbon sinks and can achieve positive lifecycle footprints, 

particularly when considering carbon absorbed during growth and carbon sequestration at the 

end of its life cycle (Chen et al. 2020; Felmer et al. 2022). The literature consistently warns 

that it is incorrect to assume that any single material category guarantees low life-cycle 

emissions, and a holistic assessment including A1-A5 and beyond, potential biogenic storage, 

and end-of-life pathways is required for robust comparisons (Lausselet et al. 2019). 

 

Table 1. Indicative Embodied CO2 Ranges for Conventional and Recyclable/Composite 

Construction Materials 

 

Material Category 

 

Indicator 

(Typical Basis) 

Embodied CO2 

Range (kg CO2e / 

kg) 

 

Notes 

Concrete (normal 

strength, mix-

dependent) 

 

Mass-based 

 

~0.07 – 0.15 

Strongly dependent on cement content, SCM 

substitution, and regional energy mix 

(Hammond et al. 2011). 

 

Structural steel 

 

Mass-based 

 

~1.3 – 2.5 

Sensitive to recycled scrap ratio and 

electricity carbon intensity (Hammond et al. 

2011). 
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Material Category 

 

Indicator 

(Typical Basis) 

Embodied CO2 

Range (kg CO2e / 

kg) 

 

Notes 

Aluminum (primary-

dominant production) 

 

Mass-based 

 

~8 – 16 

Primary smelting is highly energy-intensive; 

recycled content reduces intensity (Hammond 

et al. 2011). 

GFRP (glass fiber–

reinforced polymer 

composites) 

 

Mass-based 

 

~1.8 – 4.6 
Varies with resin system, fiber fraction, and 

manufacturing route (Alrehaili et al. 2025). 

 

CFRP composite 

(virgin carbon fiber) 

 

 

Mass-based 

 

 

~50 – 60 

Carbon fiber production is energy-intensive; 

values depend on precursor and curing method 

(Ramachandran et al. 2023). 

 

Recycled carbon 

fiber (rCF) 

 

Mass-based 

 

~20 – 25 

Dependent on recovery technology; 

significant reduction compared to virgin CF 

(Urruzola et al. 2025). 

Engineered timber 

(biogenic carbon 

accounted) 

 

Sequestration-

adjusted 

~−1.6 kg CO2e/kg 

(biogenic storage 

basis) 

Biogenic accounting depends on system 

boundaries and end-of-life assumptions (Orr 

et al. 2020). 

 

3.5. From Molecular Design to System-Level Sustainability 

With current advancements in molecular-scale design, performance criteria are being 

defined in classical building structures. By optimizing chemical composition, molecular 

architecture, and reactive pathways, scientists are able to shape properties such as ion 

transport, interface stability, and thermal behavior, which determine energy consumption, 

durability, and safety in buildings (Sharma et al. 2025). The integration of AI-assisted design 

and preliminary chemistry enables multi-scale mapping, from structure-property-

performance relationships to system-level outcomes, and reveals how molecular-level 

metrics can translate into various gains in terms of energy efficiency and durability (Vu et al. 

2025). 

Creating energy-positive buildings of the targeted scale requires integrating materials 

science with building energy system design, which can only be achieved through the 

simultaneous optimization of building facade materials, heat storage, and active/passive 

HVAC strategies (Lee et al. 2025). 

4.  Carbon Footprint and Life Cycle Assessment 

4.1. Cement and Mineral-Based Materials 

Cement and mineral-based materials are central to the embodied carbon of buildings, 

because cementitious binders underpin the vast majority of concrete and precast elements 

that constitute most structures. The high-temperature clinker production step, and 

specifically limestone calcination, is the dominant source of process emissions in cement 

manufacture, while energy use for pyroprocessing contributes a substantial portion of 

lifecycle emissions (Reis et al. 2021). The combination of calcination-derived CO2 release 

(the chemical part) and fossil-fuel combustion for kiln heat underpins why cement-based 

materials are frequently identified as hard-to-abate sectors in built environment 

decarbonization pathways (Reis et al. 2021). Beyond clinker production, the cement-to-

concrete chain also modulates emissions through the clinker-to-cement ratio and the 

parceling of supplementary cementitious materials (SCMs), which reduce reliance on 

Portland cement and thereby lower the process- and energy-related footprints of the binder 

system (Scrivener et al. 2018). These dynamics are echoed in cross-cutting analyses of 

demand- and supply-side decarbonization, where SCMs, alternative binders, and carbonation 

concepts are foregrounded as practical levers for near-term mitigation (Pamenter and Myers 

2021; Watari et al. 2022). Overall, the literature emphasizes that decarbonization is not the 
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result of a single technology, but rather a portfolio of interdependent actions, each of which 

has significant impacts on structural performance, lifecycle resilience, and the ability to be 

implemented on a large scale across various markets (Arvizu-Montes et al. 2025). 

4.2. Polymers in Insulation and Coatings 

Polymer-based materials, with their superior thermal insulation and durable protective 

coating properties, are among the fundamental research areas of our time for reducing 

operating energy in buildings. In insulation, polymer foams and aerogels, generally derived 

from fossil-based polyols and isocyanates or alternative bio-based monomers, are used, 

which have low thermal conductivity (Dove et al. 2019). Throughout the life cycle (Figure 

3), the need arises to evaluate the energy-performance advantages of polymers in an 

integrated manner with material selection, considering how various materials affect both 

operational energy use and the energy contained within the building cladding system 

(Iwuanyanwu et al. 2024). 

Figure 3. Conceptual comparison between conventional dual-layer envelope 

systems and integrated structural–thermal materials. 

 

Therefore, a needs assessment requires striking a balance between higher energy 

performance and environmental and health impacts. This encourages research into bio-based 

polymers and low-toxicity formulations that improve both insulation performance and 

lifecycle sustainability. Some of the emerging alternatives, such as bio-based binders, 

natural fibers, and closed-loop design concepts, show promise in terms of reducing carbon 

footprint while maintaining hygrothermal performance (Nasr et al. 2023; Raja et al. 2023). 

In this context, the development of bio-based insulation materials and low-toxicity coatings 

is consistent with the logic of circular building; however, careful life cycle assessment is 

required to ensure that their use, operation, and tangible benefits are realized throughout the 

process (Marín-Calvo et al. 2023). 

 

4.3. Bio-Based Materials: Limits and Trade-offs 

The construction industry is turning to bio-based materials due to limited fossil fuels, 

potential carbon sequestration, and regulations aimed at reducing energy consumption in 

building structures. However, the literature emphasizes that bio-based materials do not 

necessarily have entirely low-carbon or sustainable performance. Environmental benefits can 

be determined depending on the life cycle context, end-of-life options, and the durability of 

the materials during use. In conclusion, bio-based materials do not guarantee a lower carbon 

footprint or better life cycle performance. To achieve the targeted sustainability, their 

standardization should be supported through integrated design choices, protective surface 

treatments, and compatible matrices (Maraveas 2020). 

4.4. Strengths and Limitations of LCA Methods 
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Life cycle assessment (LCA) is a holistic approach to evaluating the environmental 

performance of buildings throughout their entire life cycle (Cai et al. 2021). In the context of 

energy-positive buildings, Life Cycle Analysis (LCA) enables direct comparison of materials 

and systems, leading to lower-carbon configurations (Cabeza et al. 2021; Cai et al. 2021; 

Ramakrishna et al. 2021). However, LCA results are highly sensitive to methodological 

preferences and information gaps, and can significantly shape conclusions about a building's 

sustainability performance (Andersen et al. 2021). The main limitations include variability in 

system boundaries (A1–A5, B, C, D scopes) and allocation rules, which can lead to different 

energy and carbon emission outcomes for similar designs (Kayan et al. 2016). Table 2 

provides a comparative qualitative assessment of integrated structural-thermal systems in 

terms of carbon sensitivity, recyclability, and service life durability risk. 

Table 2. Comparative Qualitative Assessment of Integrated Structural–

Thermal Systems Including Durability Risk 

 

System Type 

 

Structural 

Capacity 

Thermal 

Conductivity 

Potential 

 

Recyclability 

Potential 

Embodied Carbon 

Sensitivity 

Service-Life 

Durability Risk 

 

Autoclaved 

Aerated Concrete 

(AAC) 

 

 

 

Moderate 

 

 

 

Moderate 

 

 

 

Limited 

 

 

High (cement 

chemistry 

dependent) 

Moderate 

(moisture 

sensitivity, 

carbonation) 

(Ramamurthy et 

al. 2009) 

 

Foamed 

Geopolymer 

Systems 

Moderate 

(research-

stage 

structural 

grades) 

 

 

Moderate–

Good 

 

 

Moderate 

 

Medium–High 

(activation route 

dependent) 

Moderate–High 

(long-term 

durability  still 

under study) 

(Tolun 2022) 

 

Insulated 

Concrete 

Forms (ICF) 

 

 

High 

 

 

Good 

 

 

Low 

 

High (dual 

production 

pathways) 

Moderate (polymer 

aging 

+ concrete 

cracking) (Aci 

2001) 

 

 

Structural 

Insulated Panels 

(SIPs) 

 

 

 

High 

 

 

 

Good 

 

 

 

Low–

Moderate 

 

 

 

Medium–High 

Moderate–High 

(adhesive 

degradation, 

moisture ingress) 

(Straube and 

Burnett 2005) 
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System Type 

 

Structural 

Capacity 

Thermal 

Conductivity 

Potential 

 

Recyclability 

Potential 

Embodied 

Carbon 

Sensitivity 

Service-Life 

Durability 

Risk 

 

VIP-based 

Composite 

Panels 

 

 

Low–

Moderate 

 

 

Very High 

 

 

Low 

 

Medium–High 

(processing 

energy sensitive) 

High  (vacuum 

loss, puncture 

sensitivity) 

(Simmler et al. 

2005) 

 

Thermoplastic 

Composite 

Sandwich 

Systems 

 

 

Moderate

–High 

 

 

 

Good 

 

 

High 

(mechanically 

separable) 

 

 

Medium 

(electricity/fibre 

dependent) 

Moderate 

(creep, UV 

sensitivity; 

matrix 

dependent) 

(Real 2023) 

 

5.  Energy Systems and Thermochemical Integration 

5.1. Photovoltaic Materials and Degradation 

Photovoltaic materials are a cornerstone of energy-positive buildings, enabling on-site 

electricity generation and complementing high-performance building facades and demand 

reduction strategies. In building-integrated approaches, photovoltaics (PV) play a dual role: 

firstly, providing clean electrical energy to meet part or all of the building's load; and 

secondly, enabling architectural strategies that reduce cooling and heating demands through 

shading and daylight interactions. In this context, bi-sided, translucent, and PV-thermal 

configurations have various advantages and disadvantages depending on the climate, 

orientation, and building use (Bošnjaković et al. 2023; Kong et al. 2023). 

Degradation and aging mechanisms are of critical importance in achieving long-term 

performance and lifecycle energy targets. In all photovoltaic technologies, degradation 

results from thermal stress, prolonged UV exposure, moisture ingress, and mechanical and/or 

environmental aging (Maghrabie et al. 2021). In summary, the literature consistently 

demonstrates that uncertainty regarding the breakdown of photovoltaic technologies and 

installation strategies has a significant impact on achievable long-term energy efficiency 

(Reddy et al. 2024). 

5.2. Thermal Energy Storage (PCM Systems) 

Phase change materials (PCMs) enable latent heat storage in building facades and 

mechanical systems by absorbing or releasing large amounts of energy at nearly constant 

temperatures during phase transitions, thus stabilizing indoor temperatures and reducing high 

heating and cooling loads (Huang et al. 2021). Comparative studies show that organic phase 

change materials (paraffins, fatty acids) offer favorable chemical stability, non-

corrosiveness, negligible phase separation, and minimal supercooling, but are inherently 

limited by low thermal conductivity and, in some cases, flammability. On the other hand, 

inorganic phase change materials (salt hydrates, hydrated salts) provide higher internal heat 

densities and better conductivity, but have disadvantages such as phase separation and 

supercooling (Huang et al. 2021). Eutectic phase change material (PCM) systems, including 

organic-organic, inorganic-inorganic, or organic-inorganic mixtures, can often be 

specifically designed to achieve target melting points and overcome some of these 

drawbacks; however, they also have various stabilization problems (Zhang et al. 2018). 

Overall, the literature on PCM systems agrees on a consistent view: while they provide 

significant reductions in heating and cooling loads when designed as stabilized 

composites with improved conductivity, various formulations can be developed considering 

phase stability, leakage problems, and life cycle effects in material selection. This offers 

promising new options for reliable and scalable building thermal energy storage solutions 
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(Wang et al. 2017). 

5.3. Electrochemical Storage Systems 

Electrochemical energy storage (ESS) systems play a central role in transforming energy-

positive buildings from mere ideal concepts into practical and resilient infrastructures. 

Numerous studies have shown that ESS-equipped buildings enhance renewable energy 

integration, enable load shifting, and reduce grid emissions and stabilize on-site power 

profiles by increasing self-consumption (Jones et al. 2019). From an application perspective, 

round-trip efficiency, charge status management, and appropriately sized storage capacity 

determine the degree to which energy is converted into usable energy for daily operations in 

on-site production. Simultaneously, lifecycle considerations shape whether a storage 

investment will deliver net carbon and cost benefits over time (Gao et al. 2023). As shown in 

Figure 4, electrochemical storage systems exhibit time-dependent degradation mechanisms 

that directly affect the long-term energy balance of buildings. 

Figure 4. Degradation pathways in building-integrated lithium-ion storage and their 

influence on long-term capacity and lifecycle emissions. 

 

 

Sustainability considerations at the material level are of undeniable importance for long-

term building performance. Critical raw materials, electrolyte formulations, and degradation 

pathways shape not only environmental footprints but also safety and maintenance 

requirements within building contexts. End-of-life management and recycling emerge as 

crucial levers for closing material cycles. Recent research strongly underscores the need for 

harmonized lifecycle analyses, standardized functional units, and open data to obtain 

reliable benchmarks and policy-relevant conclusions for building applications (Titirici et al. 

2024). 

 

5.4. Hydrogen-Integrated Building Systems 

Hydrogen is increasingly being explored as a cross-sector unifying element for energy-

positive buildings and a long-term energy storage medium, offering a pathway to deeper 

decarbonization beyond direct electrification (Cheekatamarla 2024). In this context, 

buildings can host a small- to medium-scale hydrogen energy system that couples electricity, 

heating, and potentially mobility. Oppositely, literature reports a spectrum of limitations and 

uncertainties. Efficiency losses arise from electrolysis, hydrogen compression, storage, and 

then conversion back through fuel cells or hydrogen turbines, which reduces round-trip 

efficiency relative to direct electricity storage technologies (Cheekatamarla 2024). 

Overall, studies show that while hydrogen remains an attractive option, the literature 

consistently highlights the need to develop infrastructure, policies, and technologies to 

overcome current limitations on its widespread adoption in energy-positive configurations at 

the building scale (Kirk 2022). 

6.  Material Durability and Performance Gap 
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6.1. Chemical Ageing Mechanisms 

Extensive studies have shown that chemical aging in building materials results from 

fundamental processes such as oxidation, hydrolysis, carbonation, and polymer degradation. 

Mineral-based materials (e.g., cementitious matrices, geopolymers, and natural clays) 

primarily age through various pathways such as hydration/dehydration dynamics, 

dissolution-precipitation equilibria, and silica-alumina polymerization in response to 

moisture, temperature, and aggressive species (Thissen et al. 2024). Fig. 5 illustrates how 

bonding chemistry governs dismantlability of conventional adhesive and reversible 

composite. Conventional multi-layer assemblies rely on irreversible cross-linking and 

heterogeneous interfaces that prevent selective separation. In contrast, composite systems 

designed with thermoplastic matrices or reversible bonding mechanisms enable material 

recovery with lower thermodynamic input. 

Figure 5. Conceptual comparison of conventional bonded multi-layer envelope systems 

and chemically reversible composite assemblies illustrating their implications for end-

of-life recoverability 

 

6.2. Moisture-Induced Degradation 

Moisture moves through building materials via absorption, diffusion, and capillary action. 

In mineral-based systems, capillary rise and diffusion lead to slower transport through gels 

and microstructural pores. This dual system governs the timing and extent of moisture-

induced chemical changes and salt transport in concrete and stone. In polymer-based matrices, 

moisture can soften polymers, alter free volume, and accelerate damage by facilitating 

diffusion across interfaces. In composites, moisture is due to interface quality and the 

presence of hygroscopic fillers or natural fibers. Bio-based materials increase moisture 

sensitivity due to the natural hygroscopicity of lignocellulose components. Thus, moisture 

absorption not only swells the fibers but also increases micropore transport towards the 

matrix, accelerating hydrolysis and biodegradation. Moisture transport, which links 

deterioration due to humidity to durability and indoor air quality, affects not only structural 

integrity but also the health of building occupants. Increased absorption and delayed drying 

raise indoor humidity, promote microbial growth, and affect pollutant transport, impacting 

energy performance and the sustainability of energy-positive buildings (Akarken et al. 

2025). 

6.3. Photodegradation Processes 

Building exterior materials are exposed to sunlight, triggering photochemical reactions 

initiated by UV photons absorbed by various types of chromophores. In polymeric systems, 

photostimulation produces radical processes manifesting as chain breaking, cross-linking, 

and oxidation of carbonyl groups, leading to optical discoloration accompanied by brittleness 

and surface cracking. These changes are associated with decreased mechanical performance 
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and deterioration of aesthetics (Wolf 2008). In photovoltaic (PV) materials, encapsulation 

and barrier layers can prevent photodegradation by limiting oxygen and moisture access. 

However, photoinduced oxidation of active layers and interfacial degradation remain the 

dominant loss mechanisms. These can be most effectively mitigated through targeted 

encapsulation strategies rather than simply making changes to the material itself (D. Kim et 

al. 2024). 

6.4. Long-Term Stability of Advanced Materials 

 

Material stability is a crucial constraint in the real-world performance of energy-positive 

buildings, as laboratory measurements often overestimate durability after materials have 

been subjected to all environmental stressors encountered during service. A consistent 

synthesis across polymeric composites, coatings, and nanostructured systems demonstrates 

that long-term stability arises from the interplay of chemical aging, moisture transport, and 

photodegradation (Andrady et al. 2023). In fiber-reinforced and nano-enhanced coatings, the 

presence of UV and moisture accelerates interfacial debonding, nanoparticle migration, and 

matrix cracking, suggesting that long-term reliability hinges on robust interfacial adhesion 

and well-designed UV stabilization strategies that persist under damp-heat cycling (Jacobs et 

al. 2016). Moreover, the literature on self-healing and nanocomposite coatings indicates a 

trade-off: while embedded nanomaterials and adaptive coatings can impede early-stage 

degradation and offer self-repair, they can also introduce new pathways for nanoparticle 

release or altered aging kinetics under sustained weathering, necessitating comprehensive 

life-cycle risk assessments (Jacobs et al. 2016). As conceptually illustrated in Fig. 6, projected 

energy surplus may gradually decline as degradation mechanisms accumulate across 

envelope materials, photovoltaic systems, and electrochemical storage. Energy-positive 

status is therefore a time-dependent condition rather than a fixed design attribute. 

 

Figure 6. Conceptual representation of time-dependent reduction in projected energy-

positive margin due to material degradation, PV efficiency decline, and storage capacity 

fade. 

 

 

Across material classes, discrepancies between short-term lab performance and field 

durability are pronounced and attributed to the complexity of real climates and multi-factor 

aging. Laboratory tests that isolate a single stressor (e.g., UV or humidity) can misrepresent 

long-term trajectories where synergistic interactions (photodegradation coupled with 

moisture ingress, thermal cycling, and environmental pollutants) govern degradation rates. 

For example, photostabilizers and nanocoatings can dampen visible property loss in 

laboratory protocols but may still fail to maintain performance under realistic UV–moisture 

cycling or salt-rich atmospheres, leading to unforeseen maintenance demands and higher 

lifecycle carbon footprints (Andrady et al. 2023). The durability of high-performance 

polymers and hybrid systems is thus highly contingent on the balance between intrinsic 

material resilience and extrinsic exposure conditions, with implications for maintenance 

frequency, embodied energy, and retrofit timing in energy-positive building envelopes 

(Berdahl et al. 2008). This synthesis underscores that achieving durable, low-carbon 

buildings requires explicitly accounting for long-term stability in material selection, 

accelerated aging interpretation, and regulatory frameworks that align short-term lab results 
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with decades-long service expectations (Rana et al. 2025). 

7.  Circularity and End-of-Life Chemistry 

7.1. Polymer Recycling Challenges 

Recent literature across mechanical and chemical recycling of polymer-based 

construction materials—including insulation, coatings, and fiber-reinforced composites—

highlights a persistent gap between theoretical recyclability and real-world circularity. A 

central theme is material heterogeneity: multilayer films, composites, and blended insulation 

systems comprise incompatible polymers, additives, and interfacial layers that frustrate 

straightforward recycling recipes (Adam et al. 2025). Even when individual components are, 

in principle, recyclable, the presence of tie layers, fillers, inks, adhesives, and moisture 

residues compromises recyclate purity and mechanical performance, limiting end-use 

options and often relegating streams to downcycling rather than closed-loop reuse (Adam et 

al. 2025). In construction waste, the same challenge manifests in insulation composites and 

protective coatings where diverse resin matrices and reinforcing fibers co-exist, generating 

immiscible blends that deteriorate as-recycled material properties and hinder uniform 

processing in subsequent manufacturing cycles (Peti et al. 2025). 

Comparative assessment of mechanical versus chemical recycling reveals complementary 

strengths but also critical limitations in practice. Mechanical recycling is energy-efficient 

and capital-friendly but suffers progressive polymer degradation (molecular weight, 

crystallinity, and tack) and strong sensitivity to contamination, leading to property decline 

after each cycle and often restricting recyclates to applications of lower value or shorter 

lifespans (Younis et al. 2024). Chemical recycling—depoymerization, dissolution-based 

separations, pyrolysis, and gasification—promises higher purity and the potential to valorize 

mixed or multilayer streams, including thermosets and composites; however, it remains 

energy-intensive, technologically complex, and frequently hampered by high pre-sorting 

requirements and uncertain techno-economic viability at scale (Srivastava 2025). A 

pragmatic view emerging from systems-level analyses documents that no single recycling 

pathway suffices for the broad spectrum of polymer waste generated by buildings; instead, a 

tiered, hybrid approach—combining dissolution or selective delamination for separation, 

followed by targeted chemical or mechanical routes—offers the best potential for 

maintaining material quality across cycles while reducing lifecycle carbon (McGuire et al. 

2025). The literature also notes a behavioral and policy gap: current recycling rates fall far 

short of theoretical recyclability, with persistent barriers including feedstock contamination, 

nonuniform material design, and fragmented collection, which collectively constrain 

circularity and limit lifecycle carbon benefits in energy-positive buildings (McGuire et al. 

2025). 

In sum, advancing the circularity of polymer-based construction materials requires (i) 

explicit design-for-recycling strategies that reduce heterogeneity and remove non-recyclable 

tie layers and additives; (ii) scalable, integrated recycling workflows that leverage the 

strengths and compensate for the weaknesses of both mechanical and chemical routes; and 

(iii) robust data, standardization, and policy frames to translate theoretical recyclability into 

real-world rates and lifecycle carbon savings. The gap between ideal recyclability and 

observed recovery rates remains a major bottleneck for achieving low-carbon, energy-

positive buildings, underscoring the need for coordinated advances in material design, 

processing technologies, and circular economy governance (Adam et al. 2025; McGuire et 

al. 2025). 

7.2. Secondary Raw Materials from Demolition Waste 

Demolition waste harbors substantial potential as a feedstock for secondary raw 

materials, with multiple studies showing that material streams such as recycled aggregates, 

mineral fractions, metals, glass, and recovered polymers can substitute primary materials in 

construction. Comparative analyses across case studies and regional contexts indicate that 

recycled aggregates (RAs) and RCA/RFA fractions can replace conventional coarse and fine 

aggregates in concrete and road base, albeit with performance constraints tied to particle 

quality, contamination, and the presence of mortar or ceramics (Shufrin et al. 2023). Metals 
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recovered from structural steel, aluminum, copper, and ferrous alloys consistently 

demonstrate high recycling rates and embodied-energy benefits when properly segregated, 

while glass cullet and post-consumer polymers offer potential for asphalt, concrete, and 

composite applications, provided sorting and cleaning advances accompany collection 

(Keyhani et al. 2023a). Across these streams, several analyses converge on the notion that 

end-of-life material streams can close material loops, contributing to resource efficiency and 

circular economy goals when embedded in design decisions that anticipate deconstruction 

and material passports (Hussain and Kamal 2015). 

Crucially, the literature reveals persistent barriers that limit the realization of lower-

embodied-carbon outcomes from demolition-derived secondary materials. Contamination 

with pre-existing mortars, bricks, plaster, gypsum, and non-target polymers reduces material 

quality and performance, while mixed waste streams, heterogeneous composition, and 

variable on-site sorting capabilities hinder assurance of consistent material standards (Baiani 

and Altamura 2022). Regulatory constraints and the absence of harmonized EPDs or material 

passports further impede uptake by increasing uncertainty and transaction costs for designers 

and contractors (Keyhani et al. 2023a). Several studies underscore that while recycling can 

reduce embodied carbon by avoiding virgin material production, this does not automatically 

translate into lower lifecycle impacts: the processing energy, transportation, and end-of-life 

treatment can offset gains if recycling rates are suboptimal or if secondary materials fail to 

perform adequately and require overdesign or additional substitutes (Vidal et al. 2019). The 

net climate performance thus hinges on system-level choices—designing for disassembly, 

incorporating high-recovery pathways, and aligning regulatory and market incentives to 

sustain quality sorting and validated supply chains (Hussain and Kamal 2015). 

In the context of energy-positive buildings and sustainability foundations, secondary 

materials contribute to circular economy trajectories and resource efficiency by reducing 

primary material demand and associated embodied carbon, but only when integrated with 

appropriate governance, validation of material quality, and robust life-cycle accounting. 

Several studies emphasize that generic labeling of recycled content is insufficient; the carbon 

and energy benefits depend on concrete performance, end-of-life pathways, and accurate 

accounting of C3 and D-stage contributions in LCA frameworks. This nuance is highlighted 

in cross-comparative assessments that compare recycling strategies, energy payback, and 

lifecycle emissions across materials and regions, illustrating that recycled content must be 

coupled with strategic design for reuse, disassembly, and credible EPD data to achieve 

genuine climate-positive outcomes (Keyhani et al. 2023a; Shufrin et al. 2023). 

7.3. Design for Disassembly 

Design for Disassembly (DfD) is a lifecycle-oriented design discipline that foregrounds 

end-of-life recoverability by enabling orderly separation of building components and 

materials for repair, reuse, remanufacturing, or recycling. The literature consistently frames 

DfD as a critical enabler of circular building practice, linking its success to modular 

architectures, standardized connections, and careful material compatibility that preserve 

value across multiple life cycles (Roxas et al. 2023) . Empirical work in the construction 

sector shows that reversible or demountable connections (bolts, clips, plug-and-play 

interfaces) and modular subdivision of assemblies substantially lower disassembly effort and 

material damage, thereby enhancing reuse potential and reducing embodied carbon when 

compared with conventional, linearly demolished components (Roxas et al. 2023). Case 

studies of prefabricated envelopes and timber-based systems quantify embodied-carbon 

reductions and highlight that multi-cycle reuse outcomes hinge on the reversibility of 

connections and the ability to maintain material condition during recovery (Bergmans et al. 

2023). However, several studies emphasize that the climate and circular benefits of DfD are 

contingent on real-world recovery rates and life-cycle performance, with economic and 

policy constraints shaping outcomes (e.g., up to 50% embodied-carbon reductions in 

favorable cases, and clear thresholds where downcycling diminishes climate benefits) 

(Bergmans et al. 2023). 

Material selection, connections, and system integration emerge as the linchpins of 

disassembly performance. Material compatibility across interfaces—favoring non-toxic, 

non-composite, and standardizable materials—facilitates off-site management and 
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downstream reuse, while modular design aggregates functions into discrete, interchangeable 

units that can be disassembled with minimal collateral damage (Roxas et al. 2023). Yet the 

literature uniformly acknowledges practical limitations: higher initial design complexity and 

cost, scarcity of standardized DfD guidelines for diverse building systems, and 

fragmentation in policy uptake and industry practice hinder broad adoption (Roxas et al. 

2023). Notably, several analyses connect DfD to the circular economy and lifecycle carbon 

reduction by demonstrating that modular, reversible connections and strategic material 

choices enable material banks, multi-life service, and enhanced recovery pathways, 

underscoring the need for early-stage design decisions and alignment with circular-design 

metrics (e.g., circularity indicators and Level(s)–compatible assessments) to translate 

theoretical gains into tangible performance (Roxas et al. 2023). Where governance and 

standards lag, potential benefits are curtailed, and the literature calls for harmonized criteria, 

repeatable disassembly workflows, and industry-scale demonstrations to close the gap 

between design ideals and practice (Roxas et al. 2023). 

7.4. Life Cycle Carbon Beyond Operational Balance 

Operational carbon and embodied carbon denote distinct portions of a building’s total 

climate impact. Operational carbon arises from energy consumed during use (heating, 

cooling, lighting, equipment), whereas embodied carbon encompasses emissions from 

material production, construction, maintenance, and end-of-life across the building’s life 

cycle (Curmi et al. 2022). Across multiple studies, as operational energy intensity falls with 

high-performance envelopes and on-site renewables, the share of embodied carbon in total 

life-cycle emissions rises and can dominate the footprint in NZEB/NZCB contexts; e.g., 

analyses of net-zero or beyond-net-zero designs show embodied emissions can constitute 

substantial or even majority shares when operating energy is minimized (often 26–74% in 

low-energy to net-zero scenarios, and up to 74–100% in some net-zero cases) (Keyhani et al. 

2023b). Kneifel et al. demonstrate that pursuing net-zero operating performance can trigger a 

pronounced increase in embodied flows (over 40%), offsetting some operating gains, though 

total life-cycle emissions still decline relative to code-built baselines; this finding is echoed 

by systematic reviews noting the growing prominence of EC as OC improves (Keyhani et al. 

2023b). More advanced LC-ZCB frameworks explicitly optimize for both OC and EC, 

sometimes achieving negative life-cycle embodied values when biobased or carbon-storing 

materials are deployed, but such outcomes hinge on material choice, supply chains, and end-

of-life assumptions (Gomes 2025). 

Current approaches that focus predominantly on operational energy metrics risk 

obscuring where most emissions accumulate, particularly during material production, 

construction, and end-of-life phases. Several studies emphasize the need to integrate 

embodied flows into policy and practice; policy reviews and practitioner guides argue for 

whole-life carbon accounting (WLCA) to guide design decisions, material selection, and 

demolition versus refurbishment pathways, noting wide cross-country variation in 

methodologies and definitions of net-zero that can undercount EC if boundaries are poorly 

defined (Loveday et al. 2022; F. Yu et al. 2022). In practice, refurbishment and reuse can 

outperform new construction when embedded emissions and end-of-life scenarios are 

properly accounted for, sometimes yielding lower life-cycle carbon than demolition-rebuild 

options even under aggressive OC reductions, underscoring the necessity of urban-scale, 

dynamic LCA approaches and benchmarking to move beyond operational-centric targets (Hu 

2021). Collectively, the literature argues for a holistic design paradigm that couples 

aggressive operational strategies with aggressive embodied-carbon mitigation—through 

material substitution, circular design for disassembly, and end-of-life strategies—to realize 

true low or net-zero life-cycle carbon, rather than assuming that zero or near-zero operating 

energy automatically delivers low lifecycle emissions (Gomes 2025). 

8.  Research Gaps and Future Directions 

8.1. Integrated Energy–Material Modelling 

Integrated Energy–Material Modelling: A forward-looking synthesis is needed because 

current energy-performance assessments for energy-positive buildings treat materials as 
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static inputs rather than chemically and electrochemically responsive systems, leaving a 

critical gap between building energy models and the molecular- to microstructural properties 

that govern material performance and degradation under real service conditions (Ding et al. 

2022). The lack of coupling between energy simulations and material-level chemical 

properties undermines the predictive fidelity of sustainability assessments, since changes in 

material chemistry, microstructure, hydration, degradation pathways, diffusion, and 

interfacial reactions directly alter thermal conductivity, moisture transport, heat capacity, 

durability, and embodied energy over the building’s life cycle (Q. Ma et al. 2023). A robust 

framework is required to couple energy simulations with material degradation models, 

transport phenomena, and interface chemistry to forecast long-term energy performance, 

repair needs, and end-of-life trajectories; such integration would enable dynamic LCA/LCA-

like life-cycle energy accounting that accounts for evolving material states, facilitating 

design choices that optimize both operational energy and material sustainability across 

decades (Costa 2025). While some reviews address LCA, durability modelling, or advanced 

energy-material systems in isolation, there is no consensus on standardized coupling 

methodologies or data-sharing practices, and harmonized multi-scale, multi-physics 

approaches are urgently needed to move from static assumptions to predictive, integrated, 

and auditable assessments for future energy-positive buildings (Nath et al. 2018b). In this 

direction, future work should emphasize open, interoperable pipelines that link process-level 

chemistry, degradation kinetics, and microstructure-informed transport with building-scale 

energy models, supported by validated, scalable simulations and enhanced data transparency 

to close the loop from material design to lifetime energy performance (Sbahieh et al. 2023). 

As illustrated in Fig. 7, current research architectures treat energy modelling and materials 

chemistry as parallel domains. Future frameworks must integrate these into a unified 

thermodynamic-material system. 

Figure 7. Structural contrast between current disciplinary fragmentation and an 

integrated energy–material–degradation–circularity framework in energy-positive 

building research. 

 

 

 

8.2. Exergy-Based Carbon Evaluation 

Exergy-based carbon evaluation offers a critical lens to overcome the well-known 

limitations of energy-based carbon accounting, which conflates energy quantity with 

environmental impact and often underrepresents the quality of energy flows, irreversibilities, 

and the ambient conditions under which energy is exchanged; exergy, by quantifying the 

maximum useful work potential relative to the environment, reveals that two systems with 

identical energy consumption can have markedly different environmental burdens due to 

differences in energy quality, transfer losses, and irreversibility (M. Ma et al. 2021), a point 

reinforced in exergy-LCA integrations that highlight its capacity to unify material, energetic, 

and environmental dimensions into a common unit and to expose hidden inefficiencies in 

resource use (M. Ma et al. 2021). Despite this theoretical appeal, the application of exergy-

based approaches to building-scale sustainability remains disproportionately 

underdeveloped, with most exergy work concentrated in civil infrastructure and industrial 

processes rather than in single buildings or built-environment districts, thereby missing scale- 

and boundary-specific dynamics such as occupancy-driven load profiles, embodied exergy in 
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materials, and end-of-life couplings that shape long-term resilience and retrofit potential (M. 

Ma et al. 2021). Consequently, the exergy perspective invites targeted research directions: (i) 

developing standardized building exergy assessment frameworks that coherently integrate 

operational, embodied, and end-of-life exergy destruction across lifecycle stages; (ii) 

coupling exergy metrics with dynamic building energy simulations under climate-change 

scenarios to capture quality-adjusted demand and supply mismatches; (iii) advancing 

exergoeconomic and exergoenvironmental analyses for buildings to inform cost-optimized 

decarbonization pathways; and (iv) designing pilot demonstrations of exergy-based decision-

support tools at the neighborhood and district scales to reveal synergies between building 

design, grid interactions, and circular material strategies, thereby bridging the current gap 

between exergy theory and practical, energy-positive building outcomes (M. Ma et al. 2021). 

Annotated bibliography follows. 

8.3. Durability-Based Carbon Modelling 

Current carbon modelling in built environments largely treats materials and assemblies as 

static end-states, neglecting how ageing, degradation, and refurbishment reshape embodied 

and operational emissions over the building lifetime; this gap undermines the reliability of 

lifecycle carbon estimates and can misinform decarbonization strategies (Kang et al. 2019). 

Material degradation drives evolving emissions profiles: degradation mechanisms, 

maintenance, component replacement, and end-of-life recycling loops alter the timing, 

magnitude, and composition of embodied carbon, often amplifying recurring emissions 

through more frequent refurbishments even as newer materials promise lower 

standby footprints (Kang et al. 2019). Consequently, integrating ageing and lifetime into 

carbon assessments is essential to capture the full spectrum of future emissions, including 

how future decarbonization of electricity, circular material strategies, and disassembly/reuse 

pathways interact with aging stocks to modulate long-run carbon outcomes (Moomaw et al. 

2020). A forward-looking framework that embeds time-dependent material 

performance,Stock turnover, and dynamic refurbishment scenarios within LCA/LCC 

paradigms is therefore needed to produce robust, policy-relevant insights for energy-positive 

buildings and the chemical foundations of sustainability (Stephan et al. 2022). In doing so, 

researchers should explicitly address the trade-offs between durability, embodied carbon, 

and operational carbon, and leverage cross-scale, multistage modeling to anticipate how 

lifetime extension and material substitution reshape whole-life carbon trajectories under 

evolving energy systems (Moomaw et al. 2020). As conceptually illustrated in Fig. 8, static 

life-cycle carbon accounting assumes constant performance over time, whereas durability-

informed modelling reflects capacity drift, envelope degradation, and component 

replacement cycles. 

Figure 8. Illustration of divergence between static life-cycle carbon assessment 

and time-corrected carbon modelling incorporating material degradation and 

replacement cycles. 

 

8.4. Advanced Polymer Design for Circularity 

Advanced Polymer Design for Circularity: The energy-positive trajectory of buildings 
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hinges not only on material performance but on truly circular polymers whose end-of-life is 

an integral design parameter. Current recyclability and circularity remain hampered by 

mixed-polymer streams, irreversible crosslinks, and energy-intensive depolymerization 

pathways that degrade material properties across cycles (Balu et al. 2022). To move beyond 

this linearity, polymers must be conceived with closed-loop end-of-life in mind—

incorporating degradable or recyclable backbones, dynamic covalent networks, and modular 

architectures that enable property-tunable end-of-life handling without sacrificing 

performance in service (Mah et al. 2025). Emerging approaches—recyclable thermosets and 

vitrimers, covalent adaptable networks, and depolymerization/upcycling strategies—offer 

routes to recover monomers or convert waste into value-added materials while preserving or 

enhancing functionality (Balu et al. 2022; Ellis et al. 2021; Habets et al. 2023; H. J. Kim 

2023; Y. Ma et al. 2022). Realization will require design principles that balance mechanical 

resilience with controllable bond exchange kinetics, renewable-sourced monomers, and 

compatible processing to support energy-positive buildings under a cradle-to-cradle 

paradigm (Y. Ma et al. 2022; Mah et al. 2025). While challenges persist—such as achieving 

selective depolymerization in mixed waste streams and scaling dynamic chemistries to 

industrial volumes—a concerted emphasis on end-of-life design and integrated lifecycle 

thinking will enable a future where building polymers contribute to sustained energy 

efficiency, resource security, and environmental regeneration (Shahriari and Kim 2025). 

8.5. Material Constraints in Hydrogen Systems 

Material constraints in hydrogen systems are a primary bottleneck to the energy-positive 

buildings vision, as material choices govern the safety, durability, and economic viability of 

electrolysis, storage, and fuel cells that underpin building-scale hydrogen integration; in 

electrolysis, durable, cost-effective electrodes and membranes must withstand aggressive 

operating environments across alkaline, PEM, AEM, and solid-oxide platforms, while 

catalyst scarcity and degradation under repeated cycling threaten overall efficiency and 

system life, signaling a need for alternative materials, catalysts, and protective coatings 

(Guan et al. 2023); in storage, high-pressure tanks, cryogenic or solid-state storage, and 

potential regenerative or LOHC approaches expose embrittlement risks, thermal-

management challenges, and weight/material cost trade-offs that constrain volumetric energy 

density and safety standards essential for building applications, with material compatibility 

and long-term aging modeling becoming critical for predictable performance (Ahad et al. 

2023); in fuel cells, membrane durability, catalyst loss, and stack integration remain cost and 

lifetime bottlenecks that impede rapid deployment in building envelopes or campus-scale 

microgrids, underscoring the imperative for cross-cutting materials research—novel 

catalysts, membranes with lower precious-metal loading, advanced heat and mass transfer 

architectures, and integrative designs that harmonize electrolyzer, storage, and fuel-cell 

subsystems within the building energy continuum (Hassan et al. 2023). Collectively, these 

material challenges demand targeted, building-scale research into robust, safe, and cost-

competitive materials that enable reliable, continuous hydrogen production, storage, and 

utilization in energy-positive buildings, while recognizing that technoeconomic constraints 

and safety governance may intensify as system complexity and scale increase (Kiani et al. 

2025). 

8.6. Integrated Thermodynamic–Material Design 

To advance energy-positive buildings, it is essential to fuse rigorous thermodynamic 

analysis with materials design, ensuring that high-level system optimization is grounded in 

feasible, low-level material constraints and failure modes; without this integration, system 

gains can be severely undermined by exergy losses, material degradations, or incompatible 

interfaces that erode overall performance (Demirel et al. 2019). A persistent gap remains 

between architecture-level objectives—such as minimizing exergy destruction and 

maximizing energy throughput within circular economy constraints—and the realities of 

material selection, processing limits, and durability under varied climatic and load 

conditions, which can skew or invalidate optimized solutions when unconstrained by 

material realities (Weber et al. 2022). We propose a forward-looking framework that couples 

multi-scale process synthesis and heat–energy integration with materials-intrinsic models 
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through a unified, constraint-aware platform: (i) a modular, building-block representation 

that spans chemistry, kinetics, exergy, and thermodynamics at the material level; (ii) a 

system-level optimizer that informs material criteria (e.g., degradability, recyclability, 

exergy efficiency) via integrated exergy accounting and circularity metrics; and (iii) an 

iterative design loop wherein material discovery, property prediction (thermodynamic and 

kinetic), and process integration co-evolve under shared objective functions, enabling rapid 

convergence to solutions that are both thermodynamically optimal and practically realizable 

in energy-positive buildings. This blended paradigm harnesses digital-twin–driven 

simulations, multiscale modeling, and data-enabled decision frameworks to move beyond 

isolated optimizations toward resilient, scalable, and sustainable building systems (Liu et al. 

2025). By explicitly aligning system- and material-level perspectives, future work can close 

the gap between holistic performance and material constraints, enabling integrated 

thermodynamic–material design that accelerates the deployment of truly energy-positive 

buildings. 

9.  Conclusions 

The findings of this review demonstrate that the sustainability of energy-positive 

buildings cannot be adequately evaluated through operational energy performance alone. 

Across the literature synthesized here, a consistent pattern emerges: while advances in 

building energy systems—particularly photovoltaics, electrochemical storage, and hydrogen 

integrationenable substantial reductions in operational emissions, material-related factors 

increasingly dominate lifecycle outcomes. Embodied carbon associated with material 

production, especially in cementitious and polymer-based systems, remains a critical 

determinant of total environmental impact, often offsetting gains achieved through improved 

operational efficiency. As operational energy demand declines, the relative importance of 

embodied emissions rises, underscoring the need to move beyond energy-centric 

performance metrics toward comprehensive lifecycle-based assessments. 

A central insight emerging from this synthesis is that material chemistry fundamentally 

shapes building sustainability over time. The interplay between molecular design, material 

composition, and system-level performance reveals that micro-scale properties—such as 

thermal behavior, chemical stability, and transport characteristics—directly influence macro-

scale outcomes, including energy demand, durability, and carbon footprint. This relationship 

is evident across material categories: from cement systems constrained by calcination 

emissions, to polymer-based insulation balancing energy efficiency with toxicity and end-of-

life challenges, and bio-based materials offering potential benefits but limited by durability 

and environmental trade-offs. Collectively, the literature highlights that no single material 

pathway guarantees sustainability; instead, performance depends on context-specific 

integration across the full lifecycle. 

Durability and degradation processes further complicate the sustainability narrative by 

introducing time-dependent variability into building performance. Chemical ageing, 

moisture-induced degradation, and photodegradation collectively alter material properties, 

often accelerating performance decline and increasing maintenance or replacement 

requirements. These processes directly influence lifecycle carbon by shortening service life 

and amplifying embodied emissions through repeated interventions. Importantly, 

discrepancies between laboratory performance and real-world behavior highlight a critical 

limitation in current assessment approaches, where simplified or isolated testing conditions 

fail to capture the synergistic effects of environmental exposure. This gap reinforces the need 

to explicitly incorporate long-term material stability into both design and lifecycle evaluation 

frameworks. 

Circularity and end-of-life considerations represent another key dimension shaping the 

sustainability of energy-positive buildings. While recycling, secondary material use, and 

design for disassembly offer pathways to reduce embodied carbon, the literature consistently 

reveals a gap between theoretical potential and practical implementation. Material 

heterogeneity, contamination, degradation, and insufficient standardization limit effective 

recycling and reuse, particularly for polymer-based systems. Similarly, the benefits of 

secondary raw materials and disassembly-oriented design depend strongly on recovery rates,
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 material quality, and system-level integration. These findings indicate that circularity cannot 

be treated as an add-on strategy but must be embedded in material selection, design, and 

lifecycle planning from the outset. 

Taken together, the evidence points toward a fundamental need for integration across 

scales and disciplines. Current approaches remain fragmented, often separating material 

science, energy systems, and lifecycle assessment into parallel domains. However, the 

synthesis presented in this review demonstrates that meaningful sustainability gains require a 

unified framework in which material design, degradation behavior, energy system 

performance, and lifecycle carbon are considered simultaneously. This integration is 

particularly critical for emerging technologies such as advanced polymers, thermal storage 

materials, electrochemical systems, and hydrogen-based infrastructures, where material 

constraints and system performance are tightly coupled. 

Ultimately, the transition toward truly sustainable energy-positive buildings requires a 

paradigm shift from performance-based evaluation to integrated, multi-scale design thinking. 

Rather than optimizing individual components in isolation, future building systems must be 

conceived as interconnected material–energy systems, where chemical design, durability, 

circularity, and energy performance are co-optimized over the full lifecycle. In this context, 

sustainability is not solely a function of energy balance, but the outcome of coordinated 

decisions spanning molecular structure, material systems, and building-scale operation. Only 

through such an integrated perspective can energy-positive buildings evolve from a 

promising concept into a robust and genuinely low-carbon solution for the built 

environment. 
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