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Abstract 

In this study, a composite double-layer wallboard with shape-stabilized phase 

change humidity control materials (PCHCM) has been proposed for building usage. 

This novel PCHCM can absorb/release both heat and moisture to moderate indoor 

hygrothermal environment. Based on a numerical analysis in an office building in 

Wuhan (30.52°N, 114.32°E), China, the effects of PCHCM on both building energy 

consumption and indoor hygrothermal environment has been investigated. Firstly, a 

simulation model has been developed for the building integrated with PCHCM 

wallboards in EnergyPlus, combining both heat and moisture transfer finite solution 

algorithms. After a validation of the model, both heat and moisture transfer 

characteristics of the proposed composite wallboards were simulated, and its effects 

on indoor temperature, humidity and building energy consumption were analyzed. 

The simulation results showed that this novel PCHCM wallboard can effectively 

improve indoor hygrothermal environment, with reduced energy consumption by 

about 8.3% in summer and 24.9% in winter, comparing to the actually used materials 

in the case study building. 

Keywords: Phase change humidity control material; hygrothermal; finite solution 
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algorithms; energy consumption 

Nomenclature 

Cp specific heat capacity (J/(kg·°C)) 

D thickness (m) 

Dw liquid transport coefficient (m2/s) 

h evaporation enthalpy (J/kg) 

H latent heat of phase change material (kJ/(kg·K)) 

Kw moisture dependent thermal conductivity (W/(m·°C)) 

P pressure (Pa) 

Q load (kWh) 

R rate (%) 

∆t phase change temperature range (K or °C) 

T temperature (°C) 

w moisture content (kg/m3) 

x distance between cell centers (m) 

Greek symbols 

λ heat conductivity (W/(m·K)) 

φ relative humidity (%) 

ρ density (kg/m3) 

δ vapor diffusion coefficient in air (kg/(m·s·Pa)) 

μ moisture dependent vapor diffusion resistance factor (-) 

τ time (s) 

Subscripts 

a air 

amb ambient 
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b balanced 

c cooling 

ext external  

es energy saving 

h heating 

in indoor 

int internal  

l liquid 

lh latent heat 

m melting 

out outdoor 

sh sensible heat 

s solid 

sl solid or liquid 

v vapor 

w water 

1. Introduction 

With rapid development of global economy and improved living standard of people, 

societal energy consumption has been increasing significantly, leading to very serious 

environmental issues [1, 2]. Considering the limited resources on the earth, this trend 

is definitely not sustainable for the future. Energy consumption by buildings accounts 

for 40% of global total energy consumption, with over 30% contributed by Heating, 

Ventilation and Air-Conditioning (HVAC) systems [3]. It has been widely 

demonstrated that reducing energy demand from HVAC systems can effectively 

decrease building energy consumption, hence limiting greenhouse gas emissions [4, 

5]. 
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To decrease building energy demand, many researchers have tried to develop high 

performance materials for building envelope. Due to ability of absorbing and 

releasing significant heat within specific temperature ranges, Phase Change Materials 

(PCMs) are widely used in buildings to modulate indoor air temperature [6, 7]. In 

reality, there are many types of PCMs, such as n-octadecane and paraffin [8], palmitic 

acid/expanded graphite [9] and butyl stearate [10], and existing studies have 

thoroughly demonstrated that using PCMs can both improve indoor thermal 

environment and reduce energy consumption of buildings [11-13].  

Besides temperature, indoor humidity level can affect people’s thermal comfort as 

well [14]. Existing data have suggested the best indoor relative humidity as between 

50% and 60%, as the body of humans would have most comfortable feeling under this 

environment [15]. High level of moisture indoors will promote mold generation and 

reduce buildings’ life, and low level of moisture will also reduce buildings’ life [16]. 

Therefore, in many commercial applications, much energy is used by HVAC systems 

to maintain suitable indoor humidity level [17]. As a passive method, Humidity 

Control Materials (HCMs) can adjust indoor relative humidity through 

absorbing/releasing moisture for building applications [18, 19]. In reality, there are 

several types of HCMs, such as inorganic salts [20], inorganic minerals [21] and 

composite biomass [22], and many existing studies have thoroughly demonstrated that 

using HCMs can both improve indoor humidity environment and reduce energy 

consumption of buildings [23, 24]. 

In the literature, functional envelope materials were generally developed with a focus 

of one of their abilities, which was either adjusting temperature or adjusting humidity 

[25-27]. Phase Change Humidity Controlling Materials (PCHCMs), could control 

both temperature and humidity at the same time, and therefore may have a better 

energy saving potential. In the past years, some studies have been done to investigate 

the potential contribution of this type of materials on the performance of buildings. In 

order to evaluate the performance of PCHCMs in buildings, many researchers 

developed useful numerical models with coupled systems for analyzing both heat and 
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moisture transfer processes. Qin et al. [28] performed a Laplace transformation for 

this coupled system and proposed a transfer function method to solve the temperature 

and moisture distributions. In another study, Qin et al. [29] developed a mathematical 

model using the finite difference method to decide both temperature and humidity 

distributions for multi-layered materials. Yang et al. [30] carried out a comparison 

among three existing thermal-humid models in EnergyPlus, namely, CTF 

(Conduction Transfer Function), CHMT (Combined Heat and Moisture Transfer) and 

EMPD (Effective Moisture Penetration Depth) models, in terms of their suitable 

application conditions. For hot and humid climates, the CHMT model had been 

justified as the most accurate for simulating indoor air temperature and relative 

humidity. Belarbi et al. [31] proposed a two-dimensional Luikov model, combining 

both finite difference technology and completely implicit time method. Using 

Matlab-simulink, Qin et al. [32] established a model that can predict both heat and 

moisture transfer processes, and used this model to predict indoor temperature, indoor 

humidity and energy consumption of buildings, under different climatic conditions. 

To solve the heat flow in coupled heat and moisture systems, Wang et al. [33] 

proposed a cyclic iterative method based on evaporation and condensation principles, 

in which water vapor pressure difference and temperature difference were adopted as 

main influential factors. 

Shang et al. [34, 35] prepared a composite material of gypsum-based double-shell 

micro-nano phase change capsules, studied its compounding ratio, and analyzed the 

short-term (48h) effects of different composite materials on buildings’ indoor 

environment. Their results showed that the room with PCHCMs had small fluctuation 

ranges for both temperature and relative humidity, and great energy saving potential 

was realized. Using building performance simulation, Zhang et al. [36] also analyzed 

the practical impact of composite PCHCMs in air-conditioned buildings in Nanjing 

and Lanzhou of China in summer, and the results also confirmed small fluctuations in 

terms of both temperature and relative humidity, with approximate energy saving 

potentials by PCHCMs of 28.8% and 11.6% for Lanzhou and Nanjing, respectively. 
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Wu et al. [37] have investigated the use of PCHCMs in cities with different climatic 

conditions (Beijing, Paris, Atlanta and Guangzhou) and the simulation results have 

strongly supported the positive contribution of PCHCMs to improved building 

performance. 

According to the literature, it could be concluded that existing literature focused 

mainly on the application effect of PCHCMs at a specific phase change temperature in 

summer, which had limitations and uncertainties for climate areas with hot summer 

and cold winter. For example, an inappropriate phase change temperature may 

increase the wall thermal resistance. Therefore, this study proposed a novel 

double-layer PCHCM wallboard for building application, and analyzed its year-long 

performance in terms of both energy consumption and indoor hygrothermal 

environment in an office building located in Wuhan, China (hot summer and cold 

winter). In addition, this study optimized the phase change temperature of PCHCMs 

in order to maximize the effectiveness of the material. 

2. Mathematical Model Development 

2.1 Material and properties 

The compound PCHCM used in this study included paraffin, diatomite, high density 

polyethylene and expanded graphite. Paraffin was used as phase change materials to 

absorb/release heat, and diatomite was used as humidity control materials. High 

density polyethylene was used as supporting materials to maintain PCHCMs in solid 

shape without leakage. Expanded graphite was used as additive to improve the 

thermal conductivity of PCHCMs. According to the material’s melting temperature, 

there were two types of shaped PCHCMs, namely, high temperature phase change 

humidity control materials (PCHCM1) and low temperature phase change humidity 

control materials (PCHCM2), with their main physical properties listed in table 1 and 

table 2 [38, 39]. 

2.2 Governing equations  
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The combined heat and moisture transfer algorithm was based on a one-dimensional 

finite element method, considering the movement and storage of both heat and 

moisture in walls. It helped to calculate the distribution of heat and moisture on the 

surface of walls. 

The governing equations included both a heat balance equation and a moisture 

balance equation. The heat balance equation described the storage, transportation and 

generation of heat, and the moisture balance equation described the storage of 

moisture, the transportation of liquid moisture, and the transportation of vapor. 

According to reference [40], the thermal balance equation was defined by Equation 1, 

and the moisture balance equation was defined by equation 2. 
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Where, H is latent heat of phase change material, T is temperature, Kw is moisture 

dependent thermal conductivity, hw is evaporation enthalpy of water, φ is relative 

humidity, τ is time, δ is vapor diffusion coefficient in air. 

The relationship between diffusion coefficient of water vapor in the air and 

temperature of vapor was defined by equation 3. The heat storage capacity 












T

H
 

was defined by equation 4, which reflects the relationship between the heat transfer 

process and the amount of moisture in the material [40]. 
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In existing studies [41, 42], this method had been demonstrated as having high 

accuracy when calculating heat and moisture transfers in materials. Combining this 

method and the effective heat capacity method, a mathematical model was established 

for calculating heat and moisture transfer processes of PCHCM wallboards. 

2.3 Model development 

The PCHCM model was obtained by amending original code based on HCM model 

on EnergPlus software, which wthout PCM model in this software. The complex heat 

capacity curve was simplified when calculating phase change processes using the 

effective heat capacity method, and the large latent heat of phase change materials 

was stored in a narrow phase change temperature region. There were many simplified 

calculation methods for heat capacity, and the curves of heat capacity with 

temperature were mainly isosceles triangles and mutant shapes. Existing studies [43] 

demonstrated that different simplified methods gave similar final heat transfer effect. 

The mutant heat capacity curve was used in this study, as shown in figure 1. The 

calculation process was defined in equation 5. 

t

H
CC pslpm


                           (5) 

In the heat and moisture transfer model, C in equation 4 is the specific heat capacity 

of dry materials (J/(kg·°C)). Using the effective heat capacity method, the relationship 

between the specific heat capacity of dry materials and the temperature was 

established, as defined by equation 6. 
















ttttt

t

H
C

tttandtttC

C
mmpsl

mmpsl

5.05.0 ,

5.0  5.0 ,

             (6) 

Combined with equation 1 (heat balance) and equation 2 (moisture balance), equation 

6 became the final heat and moisture governing equation for calculating both moisture 

and temperature distributions for PCHCMs. The phase change temperature range is 

1 °C in equation 6 [44]. 
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2.4 Model validation 

To validate the accuracy of the proposed heat and moisture transfer model, phase 

change and humidity control processes were key factors. In this study, there were two 

aspects needed to be verified. Firstly, the humidity control process had already been 

verified as reliable in reference [41, 42]. Then close humidity control function in the 

heat and moisture transfer model, considering phase change process only. 

Characteristics for both PCHCM building and PCM building were the same under this 

assumption. The simulation results on phase change process in this study were 

compared with experimental results in reference [45]. The thermal physical properties 

for both envelope and PCM were listed in table 3 and table 4, respectively. 

In this study, the building with PCHCM wallboards was named as PCHCM building. 

The indoor air temperature was predicted for the case study during the period between 

4th July and 6th July, following what had been done in reference [45]. Figure 2 

showed the simulation result and figure 3 showed the experimental result. From the 

two figures, similar fluctuation trends could be found for indoor air temperature. In 

this study, the indoor air temperature in the PCHCM building was 39.6°C in maximal 

and 30.1°C in minimal. For the PCM building, it was 41.5°C in maximal and 31.0°C 

in minimal [45], with relative errors of 4.6% and 2.9%, respectively, for maximal and 

minimal indoor air temperatures, both below 5%. It demonstrated that the phase 

change process of the heat and moisture transfer model developed in this study was 

reliable.  

3. Simulation definition 

In this study, the simulation was performed for Wuhan, China, which has a cooling 

season from 1st June to 30th September, and a heating season from 15th December to 

15th March (next year). The weather data in typical year used in this work was 

obtained from official website on EnegyPlus. Table 5 has listed some climatic 

parameters in Wuhan, reflecting hot summer and cold winter, with high humidity all 

over the year. The building investigated had a dimension of 5m in length, 4m in width 
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and 3m in height. The north window had an area of 4m2. The thermal properties of 

building materials in each layer were shown in table 6. 

In this study, a novel double-layer PCHCM wall structure was proposed. PCHCM1 

wallboard had a higher melting temperature and PCHCM2 wallboard had a lower 

melting temperature, both were placed on the inner surface of the main wall, 

respectively. Figure 4 has depicted a schematic of this double-layer PCHCM 

wallboard and the reference wallboard. According to ASHRAE [46], the internal and 

external moisture dissipation coefficients of the wall were taken as βint=3.48×108 

kg/(Pa﹒s﹒m2), βext =10.42×108 kg/(Pa﹒s﹒m2). The internal and external convective heat 

transfer coefficients of the wall were taken as hint=8.3W/m2, hext=17W/m2. 

In this study, four types of buildings have been simulated: 1) Phase change humidity 

control building integrated with PCHCM wallboards; 2) Phase change material (PCM) 

building integrated with PCM wallboards only; 3) Humidity control material (HCM) 

building integrated with HCM wallboards only, and 4) Reference building integrated 

with gypsum wallboards only. The thicknesses of PCM wallboards, HCM wallboards 

and gypsum wallboards were the same. For the gypsum wallboard, its physical 

parameters were the same as the PCHCM wallboard without phase change function. 

4. Results and discussions 

4.1 Melting temperature optimization 

In the case study building, the indoor temperature set-point was selected as 26°C in 

summer and 18°C in winter. The indoor relative humidity was ranging between 

40%-65% in summer and 30%-60% in winter. There were two people using the room. 

The ventilation rate was set as 0.5 time per hour. The working hours were between 

8am and 6pm, with air-conditioners on during working hours and off during 

no-working hours. 
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The melting temperature of PCHCM wallboards is important to building energy 

consumption. In this study, the melting temperatures of both PCHCM1 and PCHCM2 

on the total cooling load and heating load were studied, respectively, with simulation 

results shown in Fig. 5 and Fig. 6. In summer, when the melting temperature of 

PCHCM1 wallboards was 25°C, the building had the lowest cooling load. In winter, 

when the melting temperature of PCHCM2 wallboards was 17°C, the building had the 

lowest heating load. Therefore, the optimal melting temperatures of both PCHCM1 

and PCHCM2 were defined as 25 °C and 17 °C, respectively. 

4.2 Energy performance analysis 

The thermal load includes both sensible load and latent load. The proportion of phase 

change function on sensible load and humidity control function on latent load was 

explored in this study. The thermal loads in the reference building, the HCM building, 

the PCM building and the PCHCM building were simulated, respectively. The 

melting temperatures for PCHCM1 and PCHCM2 in the PCHCM building were 25°C 

and 17°C, respectively. The initial moisture content of the PCHCM wallboard was 

0.01kg/kg, and the ventilation rate was 0.5 times per hour as recommended 

parameters based on simulation.  

The calculated cooling load and heating load for all four types of buildings are shown 

in figure 7 and figure 8, respectively. In summer, the total cooling loads in the HCM 

building, the PCM building and the PCHCM building were lower than that in the 

reference building, according to the comparison listed in table 7. Compared with the 

reference building, the energy saving rates in the HCM building, the PCM building 

and the PCHCM building were 0.002%, 7.4% and 8.3%, respectively, with the 

maximum reduction in total cooling load happening in the PCHCM building. The 

HCM building showed little superiority to the reference building, because the HCM 

absorbed vapor in the air, and then the vapor liquidated. The vapor released latent heat 

during this process, and this resulted in raised temperature. The sensible heat in the 

HCM building, therefore, was higher than that in the reference building, but the latent 
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heat in the HCM building was lower than that in the reference building, resulting in 

nearly identical total cooling loads in both buildings. 

In winter, the total heating loads in the HCM building, the PCM building and the 

PCHCM building were also lower than that in the reference building, according to 

comparison results listed in table 8. Compared with the reference building, the energy 

saving rates in the HCM building, the PCM building and the PCHCM building were 

6.3%, 16.4% and 24.9%, respectively, with the maximum total heating load reduction 

found in the PCHCM building. The latent heats in all four types of buildings were all 

very low, so the contribution from the humidity control function was not obvious in 

winter. 

4.3 Hygrothermal performance analysis 

In summer, the melting temperature of the PCHCM1 wallboard was 25°C, and 

setpoints for indoor temperature and relative humidity were 26°C and 40%-65%, 

respectively. The cooling season in Wuhan is between 1st June and 30th September. 

Taking 15th July to 19th July near typical summer weather day as example, indoor air 

temperature and relative humidity are shown in figure 9 and figure 10, respectively. 

From figure 9, it could be found that the indoor air temperatures in all four types of 

building were around 26°C in daytime. In night-time, the indoor air temperature in the 

PCHCM building was slightly higher than that in other building types, since the 

PCHCM wallboard absorbed solar radiation heat in daytime and released it at night. 

From figure 10, it could be found that the indoor relative humidity in the PCHCM 

building was maintained between the 55% and 60% in daytime, within the 

comfortable range. In nighttime, the indoor relative humidity in the PCHCM building 

was lower than that in other building types, showing that the PCHCM wallboard 

helped to improve indoor humidity comfort effectively in summer. 

In winter, the melting temperature of PCHCM1 wallboard was 17°C, with setpoints 

for indoor air temperature and relative humidity of 18°C and 30%-60%, respectively. 
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The heating season in Wuhan starts from 15th December and ends on 15th March next 

year. Taking 27th January to 31st January near typical winter weather day for example, 

indoor air temperature and relative humidity are shown in figure 11 and figure 12, 

respectively. 

From figure 11, it could be found that the indoor air temperatures in all four types of 

buildings were around 18°C in daytime. In nighttime, the indoor air temperatures in 

the PCHCM building and the PCM building were higher than that in the HCM 

building and the reference building, demonstrating obvious control by phase change 

from the PCHCM and the PCM. The humidity control from the HCM, however, was 

not obvious. The reason could be that HCM could absorb heat in daytime and release 

it at night. 

From figure 12, it could be found that the indoor relative humidity in the PCHCM 

building was between 37% and 50% in the daytime, within the comfortable range. 

The relative humidity in the reference building was between 40% and 60% in the 

daytime. In the nighttime, the indoor relative humidity in the PCHCM building was 

much lower than that in the PCM building and the HCM building, especially lower 

than the reference building. It reflects the positive contribution from PCHCM 

wallboards to improved indoor humidity comfort in winter. 

5. Conclusions 

In this study, the novel PCHCM can absorb/release both heat and moisture to 

moderate indoor hygrothermal environment. But the melting temperature of PCHCM 

was not optimized in literature, which decided. The effects of PCHCM wallboards on 

building energy consumption and indoor hygrothermal environment were studied for 

Wuhan city in China, which has hot summer and cold winter. For the evaluation, a 

mathematical model was developed for the PCHCM wallboard and validated against 

experimental results provided in existing studies [39, 40, 42]. According to simulation 

results based on TRNSYS, the PCHCM wallboard was justified to be able to both 
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reduce energy consumption and improve indoor hygrothermal environment for the 

case study building significantly. Main conclusions from this study are listed as 

followings: 

1) To minimize thermal loads, the optimal melting temperature of PCHCM 

wallboards is 25°C for summer and 17°C for winter, respectively, achieved by two 

layers with different PCMs in Wuhan area. There is different optimal melting 

temperature of PCHCM wallboard in different climate zones. 

2) The energy saving rate in the PCHCM building is 8.3% in summer and 24.9% in 

winter, comparing to that in the reference building. The PCM control function is 

useful in summer, but the HCM control function is not useful in summer. However, 

both functions are useful in winter. 

3) The effect of PCHCM wallboards on indoor hygrothermal environment is 

remarkable. In summer, the indoor air temperature in the PCHCM building was nearly 

the same as that in other building types with air-conditioners in the daytime. The 

indoor relative humidity in the PCHCM building, however, was reduced by about 5%, 

comparing to that in the reference building. In winter, the indoor air temperature was 

also nearly the same as that in other building types in the daytime. The indoor relative 

humidity, however, was reduced by about 5%, comparing to that in the reference 

building. 

The experiment performance is still needed to be investigated in the further research. 

Additionally, many other factors are still needed to be studied, including different 

ratio of compound PCHCM, thickness, location, moisture content, ventilation rate and 

climate zones, etc. This study will provide valuable support on using phase change 

humidity control materials in heat and moisture transfer processes in buildings. 
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Tables  

Table 1 Thermophysical properties of PCHCM [38, 39] 

Material 
ρ 

(kg/m3) 

Cp 

(J/(kg·K)) 

H 

(kJ/(kg·K)) 

λ 

(W/(m·K)) 

Porosity 

(%) 

PCHCM1 700 800 100 0.15 50 

PCHCM2 700 800 100 0.15 50 

Table 2 Balance moisture content of PCHCM 

φ (%) 32.78 43.16 52.89 64.92 75.29 84.34 97.3 

wb (kg/m3) 26.25 38.5 51 56.25 59 66 72 

Table 3 Thermalphysical properties of envelope [43] 

Material D (m) ρ (kg/m3) Cp (J/(kg·K)) λ (W/(m·K)) 

Color plate 0.0012 7850 480 48 

EPS plate 0.075 20 1400 0.04 

Color plate 0.0012 7850 480 48 

PCM 0.01 - - - 

Table 4 Thermalphysical properties of PCM [43] 

Material 
Tm 

(°C) 

ρ 

(kg/m3) 

Cp  

(J/(kg·K)) 

H 

(kJ/(kg·K)) 

λ 

(W/(m·K)) 

SP29 
28-30 

1530（solid） 

1520（liquid） 
2000 190 0.6 

RT18 17-19 
880（solid）  

770（liquid） 
2000 225 0.2 

Table 5 Climate parameters in Wuhan  

Parameter  

Average 

temperature 

(°C) 

Maximum 

temperature 

(°C) 

Lowest 

temperature 

(°C) 

Average 

humidity 

% 

Maximum 

humidity 

% 

Minimum 

humidity 

% 

Summer 27.25 38.70 17.2 76.71 100 34.49 

Winter 5.54 16.85 -3.85 78.58 100 28.49 

Annual 17.29 38.70 -3.85 75.73 100 14.51 

Table 6 Thermal properties of building envelopes 

Structure Material 
D 

(m) 

ρ 

 (kg/m3) 

Cp 

 (J/(kg·K)) 

λ 

 (W/(m·K)) 

Exterior 

wall 

Plywood 0.02 530 1880 0.14 

Insulation 0.05 55 1880 0.04 
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layer 

Concrete 0.2 2100 920 1.28 

PCHCM1 0.03 700 800 0.15 

PCHCM2 0.03 700 800 0.15 

Roof 

Concrete 0.01 2100 920 1.28 

Insulation 

layer 
0.1 55 1880 0.04 

Ground 
Insulation 

layer 
0.1 80 840 0.04 

Window 

Double 

low-E 

0.003+0.013+0.00

3 
   

Window 

frame 
0.045   2.27 

Table 7 Cooling load component in four types of buildings 

Type Qc (kWh) Qsh (kWh) Qlh (kWh) Res (%) 

Reference 

building 
827 493 334 - 

HCM building 825 531 294 0.002% 

PCM building 766 431 335 7.4% 

PCHCM building 758 470 288 8.3% 

Table 8 Heating load component in four types of buildings 

Type Qh (kWh) Qsh (kWh) Qlh(kWh) Res (%) 

Reference 

building 
550 545 5 - 

HCM building 515 511 4 6.3% 

PCM building 460 456 4 16.4% 

PCHCM 

building 
413 409 4 24.9% 
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Fig. 2 The simulation results in this study 
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Fig. 3 The experiment results in reference [40] 
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(b) 

Fig.4 Schematic of wall: (a) PCHCM wallboard; (b) reference wallboard 
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Fig. 5 Total cooling load varied with melting temperature of PCHCM1 
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Fig. 6 Total heating load varied with melting temperature of PCHCM2 
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Fig.7 Cooling load components in four types of buildings 
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Fig.8 Heating load components in four types of buildings 
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Fig.9 Indoor air temperature in four types of buildings during July 15th to 19th 
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Fig.10 Indoor relative humidity in four types of buildings during July 15th to 19th 
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Fig.11 Indoor air temperature in four types of buildings during Jan. 27th to 31th 
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Fig.12 Indoor relative humidity in four types of buildings during Jan. 27th to 31th 
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Highlights  

 A phase change humidity control material (PCHCM) wallboard was proposed 

 The double-layer PCHCM wallboard active in summer and winter 

 Melting temperatures of PCHCM wallboard were optimized 

 Energy and Hygrothermal performance of PCHCM wallboard are analyzed 
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