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Extended Abstract

Aims: The Trombe wall stands as one of the most recognized passive solar heating systems, valued for its
simplicity, low operational cost, and ability to harness solar energy for space heating. However, it faces
notable limitations, including reduced thermal efficiency during nighttime hours, the risk of overheating in
warm seasons, and its inherently single-function nature. These drawbacks have prompted growing interest in
hybrid Trombe wall configurations and multi-layered building envelopes as effective strategies to enhance
overall performance. This study aims to provide a comprehensive and critical review of hybrid Trombe wall
systems, systematically evaluating their capacity to improve thermal performance, electrical generation,
environmental benefits, and indoor air quality (IAQ). By synthesizing recent advancements, the research
seeks to clarify how integrating complementary technologies can transform the conventional Trombe wall
into a multifunctional building skin suitable for low-energy and nearly zero-energy buildings. Particular
attention is given to applicability in diverse climates, with a specific focus on Iran’s varied climatic zones.
The overarching objective is to identify optimal hybrid approaches, highlight performance trade-offs, and
propose a decision-making framework that assists architects, engineers, and policymakers in selecting
appropriate systems tailored to specific environmental and architectural contexts. Ultimately, this review
contributes to the broader discourse on sustainable building envelopes by bridging knowledge gaps between
passive solar design and modern multi-functional technologies.

Materials & Methods: This research adopted a systematic literature review methodology combined with
critical analysis. A comprehensive search was conducted across leading scientific databases to identify
relevant peer-reviewed articles, conference papers, and technical reports. More than 120 high-quality
publications, predominantly published between 2018 and 2026, were selected based on predefined inclusion
and exclusion criteria emphasizing experimental, numerical, and review studies on hybrid Trombe wall
systems. Keywords related to Trombe wall, passive solar, hybrid systems, photovoltaic-Trombe, phase
change materials, and indoor air quality were utilized. Each selected paper underwent thorough screening for
relevance, methodological rigor, and reported performance metrics. Data extraction focused on key
performance indicators such as thermal efficiency, heating load reduction, electricity generation (where
applicable), IAQ improvements, and environmental impacts. A comparative analysis framework was
developed to classify hybrid approaches and evaluate them against conventional Trombe walls. Qualitative
and quantitative synthesis methods were employed, including tabular comparisons, performance
benchmarking, and climate-responsive matching. Special emphasis was placed on studies conducted under
real climatic conditions or using validated simulation tools. To support practical application in Iran, a
technology-climate matching matrix and a multi-criteria decision-making (MCDM) framework were
constructed, incorporating factors such as climatic parameters, energy performance, cost, architectural
integration, and environmental benefits. Critical appraisal of limitations in existing literature, including scale
of experiments and long-term monitoring, was also performed.
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Findings: The review identified nine primary categories of hybrid Trombe wall systems: integration with
photovoltaic (PV) cells, phase change materials (PCM), water-based systems, nanofluids, catalytic and air-
purification materials, earth-to-air heat exchangers (EAHE), natural composite materials, porous materials,
and rotary desiccant dehumidifiers. Comparative analysis revealed distinct strengths for each configuration.
PV-Trombe systems demonstrated superior performance in simultaneous thermal and electrical energy
production, enhancing overall energy yield while mitigating overheating through electricity generation.
PCM-integrated designs significantly improved thermal stability and extended the duration of useful heat
delivery, particularly during evening hours. Catalytic and air-purification technologies showed notable
potential in enhancing indoor air quality and inactivating airborne pathogens. Water-based and EAHE hybrid
systems performed effectively in specific climatic conditions, offering improved heat transfer and passive
cooling capabilities. Quantitative outcomes indicated heating load reductions of up to 72% in optimized
hybrid configurations compared to conventional setups. Substantial improvements in indoor air quality were
also reported across multiple studies, attributed to enhanced ventilation and pollutant filtration in advanced
hybrids. The developed technology-climate matching matrix illustrated that different hybrid solutions are
optimal for Iran’s diverse climates — from cold mountainous regions to hot arid zones. The multi-criteria
decision framework further facilitated systematic selection by balancing energy, environmental, economic,
and architectural considerations. However, variations in performance across climates underscored the
necessity of context-specific design. While many studies relied on numerical simulations and small-scale
experiments, field data remained relatively limited.

Conclusion: Hybrid Trombe wall systems exhibit considerable potential to function as advanced multi-
functional building envelopes, playing a pivotal role in the transition toward low-energy and nearly zero-
energy buildings. By addressing the inherent limitations of traditional Trombe walls through strategic
integration of complementary technologies, these systems can deliver enhanced thermal comfort, renewable
energy generation, improved indoor environmental quality, and reduced environmental impact. The
classification into nine main hybrid categories, supported by comparative performance analysis, provides a
clear roadmap for researchers and practitioners. Nevertheless, several challenges persist, including high
initial costs, architectural integration complexities, climate-dependent performance variations, and
insufficient long-term field studies. Overcoming these barriers requires targeted efforts in several directions:
conducting extensive experimental and long-term monitoring studies, developing locally sourced novel
materials, incorporating smart control technologies, and adapting designs to regional needs and construction
practices. In summary, the strategic hybridization of Trombe walls represents a promising pathway for
sustainable architecture. The proposed technology-climate matching matrix and multi-criteria decision
framework offer practical tools for implementation, particularly in countries like Iran with abundant solar
resources and diverse climates. Future research should prioritize real-scale demonstrations, lifecycle
assessments, and economic viability analyses to accelerate the mainstream adoption of these innovative
systems. Ultimately, well-designed hybrid Trombe walls can significantly contribute to energy-efficient,
healthy, and environmentally responsive buildings of the future.

Key words: Hybrid Trombe wall, Multi-functional building envelope, Photovoltaic Trombe wall, PCM-
Trombe wall, Passive solar heating systems
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