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Abstract:

The objective of this study is to evaluate the impact of double-skin fagade (DSF) systems and hybrid green high-performance concrete (HP-
G-HyFRC) composites on reducing construction, maintenance, and energy costs of green buildings. The study employed COMFENS energy
modeling and Life Cycle Assessment (LCA) to analyze five scenarios combining solid walls (SW), double-skin facades (DSF), single glazing
(SG), double glazing (DG), and expanded polystyrene (EP). The functional unit consisted of a standard bedroom. Cooling energy
consumption, CO: emissions, U-factor values, embodied energy of materials, and structural performance were evaluated. Mechanical
properties of HP-G-HyFRC were assessed through flexural testing. Embodied energy and carbon emissions were calculated using the Green
Concrete LCA tool. Energy modeling results showed that the DSF system reduced cooling energy consumption by 10.6% compared to SW.
The combined DSF+DG configuration reduced energy use by 18% relative to the baseline (SW+SG). Adding EP insulation to DSF produced
an additional 14% reduction. Although HP-G-HyFRC exhibited higher embodied energy than normal-strength concrete, CO. emissions in
the DSF system were 16% lower as a result of incorporating industrial waste materials such as fly ash and slag. Flexural tests revealed that
DSF elements had higher ductility and stiffness relative to solid wall elements, supporting superior mechanical performance and improved
durability. U-factor analysis confirmed significantly improved thermal resistance in DSF and DSF+EP configurations. DSF systems
combined with HP-G-HyFRC composites effectively enhance thermal performance, reduce operational energy consumption, lower
maintenance costs, and mitigate environmental impacts in green buildings. Utilizing industrial by-products in sustainable concrete
formulations provides additional ecological and economic advantages, supporting the broader transition to environmentally responsible
construction practices.
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Extended Abstract

Introduction

Sustainable construction has emerged as a critical response to the global challenges of climate change, rapid urban
expansion, resource depletion, and escalating energy consumption in the built environment. Buildings, which account for a
significant share of operational energy use and embodied environmental impacts, require a fundamental transformation in terms
of materials, design strategies, and construction technologies. Consequently, green buildings—designed to minimize
environmental burdens, optimize energy efficiency, and reduce long-term maintenance costs—have become a central element
of contemporary architectural and engineering discourse. A core component of these advancements is the use of high-quality
and sustainable materials that simultaneously enhance structural durability, thermal performance, and environmental
compatibility.

Previous studies have demonstrated the effectiveness of green building technologies in reducing energy consumption and
improving environmental performance. For example, the implementation of green roof systems in educational buildings in Iraq
was shown to significantly reduce energy demand for cooling through improved thermal regulation of the building envelope
(1). Similarly, investigations into the evolution of green architecture in Iran highlight that integrating sustainable principles
into architectural design can markedly decrease energy consumption and environmental pollution (2). Sustainable materials,
including geopolymers derived from industrial waste products such as fly ash and slag, have also been recognized for their
lower embodied energy and reduced carbon emissions compared to conventional cement-based materials (3).

In addition to material innovations, structural behavior plays a vital role in achieving long-term sustainability. The size
effect theory proposed by Bazant indicates that the mechanical behavior of brittle materials—such as concrete—changes as the
dimensions of structural members vary, affecting their resistance to cracking and failure (4). This theoretical foundation has
been further expanded by experimental studies on ultra-high-performance hybrid fiber-reinforced concrete (UHP-HFRC),
which demonstrate that reductions in thickness lead to enhanced ductility, distributed microcracking, and improved flexural
toughness (5, 6). Such properties make hybrid fiber-reinforced composites particularly advantageous for thin fagade systems
where both mechanical strength and crack resistance are essential for maintaining thermal integrity.

The environmental implications of construction materials remain a key concern within sustainability research. Comparative
analyses of materials such as asphalt and reinforced concrete have shown that variations in embodied energy, CO: emissions,
and material composition substantially affect environmental performance over the building life cycle (7). Broader
environmental perspectives highlight the urgency of addressing pollution, ecological damage, and material waste within
international frameworks, reinforcing the need for sustainable construction practices (8). Additionally, studies on sustainable
urban architecture emphasize the importance of reducing energy loss through improved building envelopes, including the use
of green walls and facade optimization strategies (14). Risk assessments of green buildings using multi-criteria evaluation
systems further underscore the role of sustainable materials in enhancing long-term resilience and performance (11).

Parallel to contemporary material innovations, historical studies reveal that sustainable construction is deeply rooted in

traditional architecture. Research on Sasanian dome and arch structures shows that the use of natural, durable materials
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contributed to both environmental adaptation and long-term structural sustainability (10). Modern investigations into new
construction methods emphasize the necessity of integrating advanced technologies and durable materials to optimize resource
use and reduce environmental degradation (9). Furthermore, policy-oriented research indicates that effective incentive systems
are essential for encouraging the adoption of sustainable building practices (12), while an awareness of urban sustainability
principles remains critical for ensuring climate-sensitive development (13).

Building on these diverse lines of research, this study evaluates the role of high-quality and sustainable materials—
specifically the double-skin facade (DSF) system and hybrid green high-performance fiber-reinforced concrete (HP-G-
HyFRC)—in reducing construction and maintenance costs, enhancing energy efficiency, and minimizing environmental
impacts throughout the lifecycle of green buildings.

Methods and Materials

This study employed a quantitative modeling and life cycle assessment approach to analyze the performance of sustainable
fagade systems. Energy simulations were conducted using COMFENS to evaluate cooling energy demand across different
facade configurations, including solid walls (SW), double-skin facades (DSF), single glazing (SG), double glazing (DG), and
DSF systems incorporating expanded polystyrene insulation (EP). A standardized bedroom unit in a multi-story building served
as the functional space for analysis.

Mechanical testing of HP-G-HyFRC and conventional concrete specimens was performed to compare compressive strength,
flexural capacity, and cracking behavior. Flexural tests were conducted until a deflection limit of L/150 was reached. The life
cycle impacts of selected materials were assessed using Green Concrete LCA tools to calculate embodied energy and CO2
emissions per cubic meter of material. Comparative analyses were carried out among SW, DSF, and DSF+EP systems to
determine total embodied impacts per square meter of facade area.

Findings

Energy modeling results indicated that the use of DSF reduced cooling energy consumption by 10.6% compared to
traditional solid wall construction. Coupling DSF with double glazing (DG) produced an 18% reduction in cooling energy
relative to the baseline condition (SW+SG). The introduction of EP insulation within the DSF cavity yielded an additional 14%
reduction in cooling energy from the DSF+DG scenario to the DSF+EP+DG configuration.

Mechanical testing demonstrated that HP-G-HyFRC exhibited significantly higher compressive strength (84 MPa) than
conventional concrete (45 MPa) and displayed superior flexural performance characterized by distributed microcracking and
enhanced ductility. In contrast, traditional solid wall elements experienced sudden loss of load-bearing capacity after initial
cracking.

Life cycle assessment showed that although HP-G-HyFRC required more embodied energy for production than normal-
strength concrete, the DSF system incorporating HP-G-HyFRC generated approximately 16% lower CO: emissions than the
solid wall due to reduced material volume and the use of lower-carbon industrial byproducts such as slag and fly ash. DSF+EP
systems exhibited slightly higher embodied energy than DSF alone but maintained favorable overall environmental
performance.

Thermal performance analysis revealed significant improvements in U-factor values for DSF and DSF+EP systems, with
DSF+EP achieving the lowest heat transfer values among all configurations. This translated into substantial operational energy
savings and improved thermal comfort.

Discussion and Conclusion
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The results of this study confirm that integrating double-skin facade systems with HP-G-HyFRC materials can substantially
improve thermal performance, structural durability, and environmental sustainability in building construction. The reductions
in cooling energy demand achieved across all DSF configurations demonstrate the significant contribution of advanced facade
design to operational energy efficiency. The notable improvements in mechanical behavior of HP-G-HyFRC suggest that these
materials not only enhance structural performance but also support long-term durability, thereby reducing maintenance costs.

While embodied energy of HP-G-HyFRC is higher than conventional concrete, its lower CO- emissions, increased service
life, and potential for incorporating industrial waste make it an environmentally favorable option within a life cycle framework.
The combination of DSF and low-carbon materials provides a holistic approach to achieving sustainable building envelopes
that reduce lifecycle impacts and improve energy efficiency.

Overall, the findings highlight the promise of innovative facade systems and sustainable materials as key enablers of high-
performance green buildings. The integration of structural efficiency, thermal optimization, and environmental responsibility

underscores the importance of material-driven strategies in transitioning toward sustainable construction practices.
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