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Abstract

With the advancement of China’s “Dual Carbon” goals and the Rural Revitalization Strategy,
energy-efficient renovation of rural housing and the realization of nearly zero-energy targets have become
important research topics. Rural houses in southern Xinjiang, which spans both severe cold and cold
climate zones, generally suffer from poor thermal performance of the envelope, high heating energy
consumption, and unsatisfactory indoor thermal comfort. To address these problems, this study selected
typical rural dwellings in Kashgar, Korla, Akqi, and Tashkurgan as research objects, and carried out field
investigation, energy simulation, sensitivity analysis, renovation scheme evaluation, and multi-objective
optimization. Based on the Wallacei plug-in on the Grasshopper platform, the comprehensive building
energy consumption index, life-cycle cost, and thermal comfort dissatisfied rate on the coldest winter day
were taken as optimization objectives, with the aim of establishing a technical framework and optimization
method for nearly zero-energy renovation of rural housing in southern Xinjiang.

1. Through sample-based field surveys and on-site measurements in both summer and winter, the
study systematically identified the architectural characteristics, energy-use patterns, and indoor thermal
environment of rural dwellings in southern Xinjiang. The results show that most rural houses are
single-story brick-timber buildings with insufficient thermal insulation in the envelope, and that heating
accounts for a dominant share of total energy consumption, making it the key focus of energy-saving
renovation. Based on the survey data, a baseline energy model suitable for the climatic and architectural
characteristics of southern Xinjiang was established and then calibrated using measured data. The
normalized mean bias error (NMBE) for both summer and winter simulations was less than 3%, while the
coefficient of variation of the root mean square error (CVRMSE) was less than 10%, indicating that the
model met the accuracy requirements for building thermal simulation and provided a reliable basis for
subsequent analysis.

2. Using the Rhino - Grasshopper parametric simulation platform, a building performance simulation
workflow for rural houses in southern Xinjiang was further developed, and a global sensitivity analysis of
building energy use was conducted to identify key control variables and retrofit priorities. The significance
of the partial rank correlation coefficient (PRCC) was evaluated at a significance level of o = 0.05, and the
robustness of parameter ranking was verified using Sobol global sensitivity indices. The final priority order
of influential parameters for energy-saving retrofit was determined as follows: heating set-point
temperature > external wall insulation thickness > sunspace depth > window type > roof insulation
thickness > north window-to-wall ratio. This ranking provides a clear basis for subsequent strategy
formulation and retrofit prioritization.

3. Based on the sensitivity analysis results, the effects of different retrofit measures on the energy

performance of rural houses in four building climate zones were quantitatively evaluated from three aspects:



passive measures, active systems, and renewable energy utilization. Regionalized nearly zero-energy
retrofit strategies and parameter thresholds were then proposed. (1)For passive retrofit, PU board was found
to be the preferred insulation material in all four regions. For houses in cold zones, the recommended
insulation thicknesses were 150 mm for external walls and 100 mm for roofs, while in severe cold zones,
200 mm was recommended for both walls and roofs. The preferred window configuration was a
plastic-steel frame with triple Low-E argon-filled glazing. The recommended south window-to-wall ratio
was 0.5 - 0.6, the north window-to-wall ratio should not exceed 0.2, and the practical optimal depth of the
sunspace was 1.5 m. (2)For active systems, the air-source heat pump was identified as the preferred heating
system for all four locations, reducing building energy consumption by 38% - 51%, while an indoor
heating set-point of 18° C achieved a reasonable balance between energy use and thermal comfort. (3)In
terms of renewable energy utilization, the optimal tilt angle of photovoltaic panels was 35° - 40° , with
transverse and longitudinal spacing of 0.8 - 1.0 m. Under these conditions, the optimized photovoltaic
array could offset 28% - 33% of the annual total building energy consumption. (4)Verification of the
phased retrofit effects showed that passive measures alone reduced building energy use by 43.67% -
52.37% across different climate zones; after the addition of active measures, the energy-saving rate
increased to 56.41% - 60.88%; and after integrating renewable energy systems, the overall energy-saving
rate exceeded 81% in all cases.

4. Taking the comprehensive building energy consumption index, life-cycle cost, and thermal comfort
dissatisfied rate on the coldest winter day as optimization objectives, this study adopted the NSGA-II
genetic algorithm for multi-objective collaborative optimization. Well-converged Pareto non-dominated
solution sets were obtained for all four climate zones. Based on the minimum distance to the standardized
ideal point, the integrated optimal retrofit scheme balancing energy performance, economy, and comfort
was identified. The results show that the comprehensive building energy consumption index in Tashkurgan
could be reduced to 27.01 kWh/(m?-a), the predicted percentage dissatisfied (PPD) on the coldest winter
day in Akqi could be reduced to 61.64%, and the life-cycle cost in Korla could be controlled at RMB
59,774.53. Meanwhile, the performance indicators in all four locations satisfied the requirements of the
Technical Standard for Nearly Zero Energy Buildings (GB/T 51350—2019).

The findings of this study clarify the technical pathways and key parameter thresholds for nearly
zero-energy retrofit of rural housing in different climate zones of southern Xinjiang, and establish a set of
energy-saving retrofit and multi-objective optimization methods tailored to the regional context. The study
can provide theoretical support, technical guidance, and data reference for engineering practice of nearly
zero-energy retrofit of rural houses in southern Xinjiang and other regions with similar climatic conditions.
Key words: rural housing in southern Xinjiang; nearly zero-energy buildings; sensitivity analysis;

energy-saving retrofit strategy; multi-objective optimization.
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