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Abstract: Buildings in severe cold regions represent a critical sector for energy consumption
and greenhouse gas emissions due to long heating seasons and high thermal demand. In this
context, the application of phase change materials (PCMs) plays an important role in
improving building energy efficiency and reducing environmental impacts. In this study, a
composite phase change material (CPCM) suitable for severe cold climatic conditions was
developed based on regional climate characteristics. The CPCM was experimentally
prepared, and its key thermophysical properties, including phase change temperature, latent
heat, and thermal conductivity, were systematically characterized to verify its applicability for
building envelope integration. The CPCM was then incorporated into the building wall
structure and coupled with a clean energy supply system composed of an air-source heat
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pump, thermal storage devices, wind turbines, and photovoltaic panels. A dynamic simulation
model was established using the TRNSYS platform to analyze the building thermal loads and
phase change behavior of the CPCM wall throughout the annual operation period. On this
basis, a comprehensive evaluation of the integrated clean energy system was carried out
using a 4E assessment framework, covering energy, exergy, economic, and environmental
performance. The simulation results demonstrate that, compared with a conventional building,
the phase change wall building shows a reduction of 410 MWh in annual heating supply, while
the annual cooling supply increases by 171 MWh. In addition, the electricity supply demand of
the system decreases by 297 MWh. From the exergy perspective, the overall system exergy
efficiency decreases by 8.4%, indicating changes in energy quality utilization caused by the
integration of phase change walls. From the economic perspective, the levelized cost of
energy (LCOE) increases by 6.9%, reflecting the additional investment associated with CPCM
application and system configuration. Despite this economic increase, the environmental
analysis reveals that CO, emissions are reduced by 4.3%, highlighting the emission reduction
potential of the proposed system. To further improve system performance, response surface
methodology was employed to optimize three key design parameters: CPCM wall thickness,
number of wind turbines, and battery capacity. The optimization results indicate that the
optimal configuration is achieved when the number of wind turbines is 9, the CPCM thickness
is 30 mm, and the battery capacity is 1300 kWh, under which the system energy COP reaches
a maximum value of 4.59. Overall, this study provides a systematic framework for material
development, system integration, performance evaluation, and parameter optimization,
offering theoretical support and practical guidance for the design and optimization of near-
zero energy buildings in severe cold regions.

Keywords: phase change walls; clean energy supply system; dynamic simulation; 4E

analysis; configuration optimization
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Fig. 1 Preparation of CPCM cement mortar
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Fig. 4 Schematic diagram of clean energy supply system
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Fig. 5 (a) Annual cooling and heating loads of PCM
building; (b) Annual cooling and heating loads of
conventional building
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Fig. 8 (a) PCM power supply distribution;
(b) Conventional power supply distribution
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Table 6 Factors and levels of response surface
analysis for heating/cooling system

K CPCMEREEE /mm - XU bR/ & & B A E/KWh
-1 10 1 700
0 20 5 1000
1 30 9 1300
2.3.1  HHARKEAR R BEAT X ) A HATLECE (Y R

B 9 J& X7 FUHLAS BOMTAR AR 55 1A 52 BE ) R 4
RER RN A T, A AR BG4 B LX)
ARG BRCR WA S . ARG 10 mm
30 mm, REAERMCEMIETT0.05% . KK H
PLRIBCREIE N, X 2R GE RE SRR I A 2 35 JCR
WF3 % R LR B I & Gt RE R A
66.4%. Uk, XT R Kk BEILEEN
KA

MEQRTELE Y, RHLECER R R S AE AR
SR 2 F T CPCM B, (HIXJF A RIRE A
BHE R g8 T DL 20 . KL ECE AR Nt ae il 2



% 3 4

WS AE . BT ARARRR R 17 S X R HUE T LR R St

1001

x7 ZGETBBDHILITHERER
Table 7 Design data and results of heating/cooling
system based on BBD

e X1: & X2: k X3: Q, Y: n
1 20 9 1300 459
2 10 1 1000 3.95
3 20 1 1300 3.95
4 30 9 1000 455
5 10 5 1300 4.31
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8 10 9 1000 455
9 20 5 1000 4.28
10 10 5 700 4.25
1 30 5 1300 431
12 30 5 700 4.25
13 30 1 1000 3.95
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Fig. 9 Effects of phase change wall thickness and
wind turbine quantity on heating/cooling system
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Fig. 10 Effects of battery capacity and number of
wind turbines on system
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