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Abstract

Driven by China’s dual-carbon strategy, the building sector, as a major source of energy consumption and
carbon emissions, faces increasingly urgent demands for energy conservation and carbon reduction. As a
typical application of building-integrated photovoltaic/thermal (BIPV/T) technology, the photovoltaic
thermal wall integrates photovoltaic modules with traditional thermal storage walls to form a multifunctional
envelope system that combines heating, ventilation, and power generation. This system can effectively
enhance the energy self-sufficiency of rural residential buildings and plays a significant role in reducing
operational energy consumption and carbon emissions. This study focuses on Shihezi in Xinjiang, a region
with a severe cold climate, to address the issues of high heating energy consumption and low energy
efficiency in rural residential buildings in such areas. By integrating photovoltaic modules with thermal
storage walls, the study systematically investigates the influence of photovoltaic module placement and wall
structural parameters on the electrical and thermal performance of the photovoltaic thermal wall. The aim is
to mitigate the high energy consumption and high carbon emissions of rural residential buildings in severe
cold regions, improve energy efficiency, and reduce building energy consumption and carbon emissions,
thereby providing technical support for the low-carbon transformation of regional buildings. The research
yields the following results:

(1) A comparative experimental platform for a photovoltaic thermal storage wall and a traditional
thermal storage wall was designed and constructed. Taking a rural residence in Shihezi, Xinjiang, as the
subject, winter experiments were conducted during the coldest period. By comparing the thermal and
photovoltaic performance of the wall under four operating conditions, the results show that under similar
outdoor ambient temperatures and solar radiation conditions, the thermal performance ranking is: Condition
1 < Condition 2 < Condition 3 < Condition 4; the photovoltaic performance ranking is: Condition 4 <
Condition 3 < Condition 2 < Condition 1.

(2) A mathematical model and physical model of the photovoltaic thermal storage wall in the severe
cold region were established using numerical simulation software. Mesh generation was completed,
governing equations and boundary conditions were defined, and the model's accuracy was validated against
experimental data. Based on the validated model, simulations and analyses for different operating conditions
were conducted. The results indicate that Condition 2, due to the position of its photovoltaic modules
blocking most of the solar radiation from entering the air gap, experiences a significant reduction in heat gain
within the air gap, resulting in the poorest overall thermal performance. In contrast, Condition 4 not only
effectively absorbs solar radiant heat but also utilizes the waste heat generated during photovoltaic power

generation, demonstrating superior thermal performance. The average heat collection values for Conditions



2,3,and 4 are 66.19 J, 87.11 J, and 96.14 J, respectively, with average energy efficiencies of 23.7%, 25.6%,
and 26.1%, respectively. Condition 4 exhibits the highest overall energy efficiency.

(3) Using simulation software, an optimal design for the photovoltaic thermal storage wall based on
Condition 4 was conducted. Physical models with different wall construction parameters were established
and simulated, and the comprehensive energy efficiency was used to select the optimal construction
parameters. The results show that the thermal performance of the photovoltaic thermal storage wall is optimal
when the air gap thickness is 120 mm, the air gap height is 2700 mm, the ventilation opening diameter is 150
mm, and the relative height is 2000 mm. Wall construction parameters have a relatively minor influence on
the photovoltaic performance of the wall.

(4) An evaluation and analysis of the optimized photovoltaic thermal storage wall were performed. The
research results show that the average energy efficiency of the optimized wall increased to 27.3% from 25.8%
before optimization, and the average exergy efficiency increased to 34.6% from 33.1%. The overall
performance of the optimized photovoltaic thermal storage wall is significantly better than both the pre-
optimized version and the traditional thermal storage wall. It demonstrates higher comprehensive utilization
efficiency of solar energy, effectively enhancing the room's thermal insulation performance and reducing
building energy consumption and carbon emissions through photovoltaic power generation.

Through simulation and measurement, this thesis clarifies the optimal photovoltaic module placement
and construction parameters suitable for rural residences in severe cold regions. The research findings provide
a theoretical basis and technical reference for the engineering application of photovoltaic thermal storage
wall technology in severe cold regions and offer practical guidance for its promotion and implementation in
rural buildings.

Key words: Solar energy; PV module; Photovoltaic thermal storage wall, Severe cold region; Rural

residential building
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Table 1-1 Summary of National Construction Industry Energy Consumption and Carbon Emissions in 2024
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