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Abstract

:

This paper presents the research status of hygroscopic materials, points out the weak links as targets for major breakthroughs, and introduces humidifying mechanisms and their categories. In this paper, we simulated a single-monomer Shenyang office building with different envelopes of inner-surface hygroscopic materials for indoor humidity conditions, energy consumption, and economy, which are three aspects of energy consumption analysis in EnergyPlus software. To obtain the best moisture buffering performance from hygroscopic materials, we also simulated different cases including the laying area, ventilation strategy, thickness, and initial moisture content of different hygroscopic materials. The humidity fluctuation, with changes in the style of hygroscopic materials and usage conditions, of a room in a building can be analyzed by numerical simulation. This allows the determination of the best moisture buffering performance of the building structure. The results show that hygroscopic materials have great advantages in three energy saving aspects of building assessment. Hygroscopic materials can regulate indoor air humidity and reduce energy consumption. In addition, the entire life-cycle cost can be minimized. Lower rates of air exchange and larger usable areas can help enhance the level of performance of hygroscopic materials. The thickness and initial moisture content of hygroscopic materials have little impact on the moisture buffering value. This study strived to provide a theoretical basis and technical guidance for the production and installation of hygroscopic materials. It also promoted the passive materials market and the building’s energy savings. The best moisture buffering performance, evaluated at room level in this paper, can be obtained through real-world environmental simulation.
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1. Background


Materials can stabilize room air humidity within a certain range [1]. Their effect depends on the difference in moisture content between the indoor and outdoor air and the capability of moisture exchange with the indoor air [2]. The use of hygroscopic materials can improve indoor air quality and human comfort [3,4]. Applying passive, new, environmentally friendly materials hygroscopic materials to the interior surface of exterior walls, has shown outstanding advantages [5]. In recent years, research on the physical parameters and applied effects of hygroscopic materials has made huge breakthroughs. The concept “hygroscopic material” was first proposed by Japanese researchers and was first developed and applied in Japan. Hygroscopic materials are used in museums, temples, libraries, art galleries, and other places [6]. The Japanese professionals using such materials have accumulated a wealth of experience.



The first publication in Chinese was by Zhan [7], the developer of a new type of hygroscopic material using agricultural waste and additives.



Xu X [8] used Matlab to calculate the different initial moisture contents and the effects of the inner surface of wallpaper on indoor humidity when cement mortar and gypsum board were used in different air conditioning modes. The researcher tested the effects of indoor moisture content per unit area and the initial moisture content of the inner envelope surface of a wet load. However, the hygroscopic material was assumed to be in contact with only one side of the room, the other sides were assumed to be insulated. This ignored the heat and mass transfer effects caused by the difference between the ambient temperature, humidity, and weather conditions and the indoor environment. Thus, there were some limitations.



Li K and Zhang X [9,10] tested the water vapor permeability coefficients and isothermal absorption and desorption curves of five kinds of materials: expanded polystyrene (EPS), extruded polystyrene (XPS), polyurethane (PU), concrete, and cement mortar. However, the heat and moisture characteristics are different because of the blending ratios of the different materials. The article did not indicate the basis of the material properties.



Yi He [11] investigated the moisture absorption and desorption of underfill material by thermogravimetric and dynamic mechanical analysis in a humidity-controlled environment. When the relative humidity (RH) was kept under 60%, the moisture diffusion of the material could be described by Fick’s diffusion law. Fick’s diffusion law is not applicable at higher moisture levels. Additionally, materials can suffer damage at high temperatures and humidity levels.



Based on limited experimental cases, Marjorie Bart [12] developed a heat and moisture transfer hybrid model. The isothermal heat and mass transfer through gypsum board and the nonisothermal heat and moisture transfer through cellulose insulation were investigated. The present model was compared to the abovementioned results. The effective moisture capacity needs to be considered to reach a better agreement between the two sets of results.



To form blended membranes for air dehumidification, T. D. Bui [13] separately added two hygroscopic materials, namely, inorganic lithium chloride (LiCl) and organic triethylene glycol (TEG), to poly(vinyl alcohol) (PVA). He found that the membrane formed from PVA/TEG was highly durable and suitable for dehumidification applications.



Kamilia Abahri [14] analyzed the convective and diffusive driving potentials on combined heat air and mass transfer in hygroscopic materials and defined the validity of the submodels by a numerical simulation. The results showed that when the hygric state between the environment and the envelope was stable, with respect to the diffusion process, convection was a prominent driving potential.



Research on hydroscopic materials in Japan [15,16] and Europe [17,18] is more mature and applied more widely than in China, especially with respect to the most developed technology in Japan and Europe. The earliest research concerned the humidity control mechanism and the effects of practical applications. Afterwards, with advances in computer technology, researchers began to pay more attention to thermal and moisture physical parameters. In this field, a large number of projects have been carried out outside of China. China should also establish a heat and moisture physical parameters database for domestic applications. In recent years, hygroscopic materials research at home and abroad has paid more attention to the development of new materials [19,20,21] by attempting to use natural, biodegradable waste materials to develop the best commissioning ratio of hygroscopic materials. However, in practice, for similar environments, users utilize the same materials, with differences in the effects often existing due to the use of air conditioning inside the building, ventilation strategy, use of area materials, thickness, and differences in the initial moisture content of the hygroscopic materials [18].



This paper, therefore, simulates the three aspects of indoor humidity conditions, energy consumption, and economy at the room level to evaluate the moisture buffering performance of different hygroscopic materials. To provide a theoretical analysis and technical guidance for engineering and manufacture, the research considers multiple factors, including surface area, ventilation strategy, thickness, and the initial moisture content of these materials.



1.1. Material Categories


Hygroscopic materials can be divided into organic and inorganic, based on the type of material, chemical and physical [4,22,23], according to adsorption characteristic, and natural and synthetic, depending on origin (Table 1) [24,25,26,27].




1.2. The Humidity Control Mechanisms of Hygroscopic Materials


Ideal hygroscopic materials have efficient absorption and desorption capacity, a proper feedback effect, and are green and low cost [28,29].



The materials use diverse humidity control mechanisms. Inorganic hygroscopic materials with a microporous structure can absorb and desorb water vapor molecules. In walls, water vapor is absorbed in the pores of hygroscopic materials and condenses when the partial pressure of water vapor in the air is greater than the saturated vapor pressure of water in the pores [24,30]. Another humidity-control comes from the inorganic salt contained in hygroscopic materials. The humidity control mechanism of polymers is that organic molecules with polar groups become combined with water molecules in the air by Van der Waals and hydrogen bonding [22,26].



Figure 1 [31] shows a moisture adsorption and desorption isotherm curve of an ideal hygroscopic material. The difference between absorption (wetting) and desorption (drying loop) is called capillary hysteresis. The point Φ1 is typically near relative humidity when multilayer adsorption begins (20% to 25% RH), and the point Φ2 is near the capillary saturation of the material. When the temperature in the room changes, the same absolute content of vapor in the air will mean different relative humidity; with an increase in room temperature, the relative humidity decreases and the material can absorb more moisture from the air. When the temperature decreases and the relative humidity of the material increases, the hygroscopic materials quickly desorb some moisture, increasing the room’s RH. Thus, an ideal moisture buffer material should have an adsorption and desorption curve in the 40–60% range of RH and as steep as possible to be able to reduce the oscillations of relative humidity in the room.





2. Materials and Methods


2.1. Materials and Building Model


The modeled object was a simple N–S-oriented office house. It is located in Shenyang and each story is 6 m long, 5 m wide, and 3.6 m high. The construction area is 30 m2 with windows that are 2 m long and 1.2 m high, doors that are 1.2 m wide and 2 m in height, and walls that are 3.6 m high. The office is controlled by ideal air conditioning. The maximum heating supply air temperature was 50 °C, and the minimum cooling supply air temperature was 13 °C. From 5:00 to 19:00 on weekdays, heating, ventilation and air conditioning (HVAC) controlled the temperature and humidity of the office building with a constant temperature between 20 °C and 25 °C. The lighting level was 11 W/m2. The natural ventilation rate was 0.0083 m3/(s·people), the maximum heating supply air humidity ratio was 0.018 kg water/kg dry air, and the minimum cooling supply air humidity ratio was 0.01 kg water/kg dry air. The architectural model (Sketchup and Openstudio) is shown in Figure 2.



The walls of the building contain plywood, concrete, glass fiber insulation, and one interior moisture buffer material. The buffer materials studied included the following: gypsum board, mortar, spruce, wood fiber board, and light clay mortar. The physical properties of the materials are shown in Table 2. In terms of the effect on moisture buffering performance analysis, as a superior hygroscopic material, wood fiber board was selected. The basic physical properties were taken from the IDF editor dataset in EnergyPlus. The moisture characteristics of the materials were taken from the ASHRAE RP-1018 [32] databases. The external wall and roof construction are shown in Figure 3 and Figure 4. Compared with the mortar group, the light clay mortar included some clay. The wood fiber board had more plant fiber with superior humidity control performance than the spruce group.




2.2. Numerical Model


In energy simulation software calculations, users generally only consider energy loss caused by heat transfer passing through the building envelope. However, moisture transfer and storage must also be considered when calculating the moisture buffering function. The most common thermal balancing algorithm is CTF (conduction transfer functions) in EnergyPlus [33,34]. This paper used the HAM algorithm (combined heat and moisture finite element), which is a heat and moisture transfer finite element algorithm. The coupled heat and moisture transfer model using this algorithm can simulate the transport and storage of heat and moisture in the walls. The HAM model description is as follows.



The following formulas [35] express the heat and moisture equilibrium theoretical model. Equation (1) describes the heat transfer process and storage. Equation (2) describes the moisture storage and delivery process.


∂H∂T∂T∂τ=∂∂x(kw∂T∂x)+hv∂∂x(δμ∂T∂x)



(1)






∂w∂ϕ∂ϕ∂τ=∂∂x(Dw∂w∂ϕ∂ϕ∂x)+∂∂x(δμ∂T∂x)



(2)







The relationship between the diffusion coefficient of water vapor in the air and the temperature of the vapor is defined by Equation (3).


δ=(2×10−7×(T+273.15)0.81)Pambient



(3)







The term ∂H∂T in Equation (1) is related to the moisture content of the material. Equation (4) reflects the relationship between the heat transfer process and the moisture content of the material.


∂H∂T=(cρ+cww)



(4)







The moisture content w and water vapor diffusion resistance coefficient μ are related to the relative humidity. Each material has more than 10 layers for the transfer of heat.


(ciρi+cwwi)ΔViTip+1−TipΔτ=∑jkijwAijTjp+1−Tipxij+∑jhvδijμijAijPjp+1−Pip+1xij



(5)







Equation (5) describes the first layer’s heat storage and transfer within the wall. In Equation (6), it is expressed as the latent heat of vaporization in the cavity i.


qiv=∑jhvδijμijAijPjp+1−Pip+1xij



(6)







In addition to the heat transfer in the wall caused by the indoor and outdoor temperature difference, other heat transfers are also present (for example, the radiant heat from other surfaces). The temperature of the wall reaches equilibrium under the action of the integrated heat field. Equation (7) describes the integrated temperature:


Tip+1=∑jTjp+1Rijh+qiv+qiadds+CihTipΔτCihΔτ+∑j1Rijh



(7)




where Cih=(ciρi+cwwi)ΔVi is the thermal heat capacitance of cell i, and Rijh=xij/kijAij is the thermal resistance between cells i and j.



Moisture transfer is similar to heat transfer. One is liquid transfer which is propelled by relative humidity difference as the potential force. The other is gas transfer which is propelled by the difference in the water vapor partial pressure as the potential force. Equation (8) describes the moisture transfer process in the layer:


dwdϕiΔViϕip+1−ϕipΔτ=∑jkijAijϕjp+1−ϕip+1xij+∑jδijμijAijPjp+1−Pip+1xij



(8)






ϕip+1=∑jϕjp+1Rijw+∑jPip+1Rijv+CiwϕipΔτCiwΔτ+∑j1Rijw+∑jPisatRijv



(9)




where Ciw=dwdϕiΔVi is the “moisture capacitance” of cell i, Rijw=xij/AijDijwdwdϕ is the moisture resistance between cells i and j, and Rijv=μijxijAijδij is the vapor resistance between cells i and j.




2.3. Validation of the Numerical Model


To verify the reliability of the numerical methodology, we simulated the building model, tested in References [36,37], using EnergyPlus in a real environment. The real measurement data and simulation data were compared. In the literature, a series of experiments examining the moisture buffering effect of vermiculite board as a kind of hygroscopic material were conducted in two actual rooms (Room A and Room B).



In the experiments, the furnished hygroscopic material was installed in the walls on four sides of Room B and in none of the walls in Room A. For the two rooms, the target air change rate (ACH) was 0.5 ACH/h, and the target moisture production rate was 150 g/h. Figure 5 shows the results comparing the simulation and actual measurement. The trend of change of the two results is consistent. The average relative error of the simulation model was approximately 2.5%. Therefore, the numerical methodology could be applied. The precision of the calculation was sufficient to meet the needs of the pre-project performance valuation and design optimization.





3. Results and Discussion


In the assessment of low energy buildings, we paid attention to the following three issues: building energy consumption, indoor humidity condition, and life cycle cost. Adding high-performance hygroscopic materials will optimize these three aspects. Mechanical ventilation is widely used to constantly meet indoor temperature and humidity demands. It meets the requirements of the indoor humidity condition, but the building energy consumption is large. We examined to what extent moisture buffer materials could modify the indoor environment and improve the energy balance, as they also affect the indoor temperature through the latent heat of evaporation or the condensation of moisture. In the environment analysis, it was better when indoor humidity was close to the 50% and indoor humidity fluctuated between 40–60%. In the energy analysis, the total energy was expected to be smaller if there was no need to modify the water content of the air artificially.



3.1. Indoor Humidity Condition Analysis


Figure 6 shows the indoor air RH controlled between 30% and 60%. In the last two graphs, we can see that the hygroscopic material was able to regulate air humidity at the high end, but it required the humidity-controlling function of air conditioning to provide a comfortable environment. Humidity fluctuation is largest in the gypsum board group. From June to September, the indoor RH was close to 60% for the gypsum board group, mortar group, and spruce group, as these three types of materials already reached saturation at such levels of indoor RH. Therefore, the excess water vapor in the air was handled by the air conditioner. However, from June to September, the indoor air humidity corresponding to the light clay mortar and wood fiberboard group fluctuated more than that of other moisture absorption materials, but the fluctuation of RH was mainly in the range of 30–60% and the period of RH close to 50% was longer. The explanation for this was that these two materials did not reach saturation at this indoor relative humidity. Therefore, they had good absorption and desorption performance, and the energy consumption required for air conditioning adjustment was low so these two groups exhibited better performance than the other groups.




3.2. Zone Load and Annual Energy Consumption Analysis


If hygroscopic materials are to be promoted, it is important to assess all aspects of the energy saving impacts. Figure 7, Figure 8 and Figure 9 show the zone load, annual cooling and heating energy, and total annual energy consumption.



In Figure 6, Figure 7 and Figure 8, we can see that several groups of hygroscopic materials optimized the humidity performance and sensible heating energy and resulted in a decreasing trend of latent cooling energy. Due to the absorption and desorption performance of hygroscopic materials, the indoor humidity was controlled to some extent and the operating time was extremely short. So, the latent cooling energy consumption decreased in summer and indicated the better performance of materials. However, indoor humidity was always at an acceptable value. We also noted that the sensible energy, which was related to coupled heat and moisture, did not change significantly. Materials can absorb heat when they desorb water vapor, and they can desorb heat when they absorb water vapor. Overall, as the humidity control of components increased, the total heating energy and total cooling energy decreased. In particular, as seen in Figure 8, as materials with better moisture buffering values were used, the total energy clearly decreased. We can conclude that hygroscopic materials have an obvious advantage in terms of total energy use and are more conducive to building energy efficiency.




3.3. Economic Analysis


LCC (life-cycle cost) refers to the building cost from material acquisition, material transport, building design, construction, operation, maintenance, and dismantling recovery over the entire cycle [38]. The life-cycle cost of a building involves costs over a long period of time, over which the value of money will change. To correctly evaluate the economic effects, we need to consider the monetary costs at different points relative to a common standard, i.e., to compare the cost base on the same foundation. In this study, for a research cycle, the commonly used period in residential construction was generally 50 years, considering the time value of money. The building cost, using several materials, was analyzed by converting the life-cycle cost to the initial time point. Comparing the economic costs allows the choice of hygroscopic materials with the best comprehensive benefit. Table 3 shows the univalence of materials, and Figure 10 shows the life-cycle cost.



According to Figure 10, we can see that construction costs using different hygroscopic materials were of little difference. In general, the cost of wood was slightly higher than that of gypsum and mortar. The operating costs were in agreement with building energy consumption. Materials with better hygroscopic behaviors had better advantages in terms of obtaining maximum comprehensive benefits, but the life-cycle cost was generally not significantly different.




3.4. The Effect of Quantity of Hygroscopic Materials on Moisture Buffering Performance


In actual use, due to the costs of hygroscopic materials, interior decoration, and installation, there is some difference in the paving modes of hygroscopic materials. In this paper, four cases were used for applying different hygroscopic materials to the wall surface. These four cases are applying a kind of hygroscopic material on one, two, three, or four walls and the roof surface. Plywood was applied to the wall(s) that did not receive the hygroscopic material application. We simulated the moisture fluctuations of the office room from 1 October to 20 October. The moisture fluctuations under the four situations are shown in Figure 11 (wood fiber board, as a hygroscopic material with a superior moisture buffering value, is shown).



Figure 11 shows that the greater the quantity of material, the lower the level of relative humidity fluctuation in the room, which demonstrated a more obvious moisture buffering effect. The indoor humidity was low from 1 October to 7 October and from 13 October to 19 October. Hygroscopic materials discharged moisture content, improving the indoor humidity. More hygroscopic materials will release more humidity. With outdoor humidity increasing during the period of 8 October to 12 October, the relative indoor humidity improved, and the hygroscopic materials absorbed moisture. Increasing the quantity of hygroscopic materials allowed for greater humidity absorption, slightly lowering the indoor humidity. Therefore, as more hygroscopic material was added, the moisture buffering effect was greater. Other hygroscopic materials showed a similar pattern with slightly smaller differences.




3.5. The Effect of Ventilation Strategy on Moisture Buffering Performance


In summer and the transition seasons, the outdoor temperature is agreeable. To improve indoor air quality, people often replace indoor air with natural ventilation, adjusting the indoor temperature and humidity. In this case, the buffering capacity of the materials for indoor humidity will inevitably be affected [3]. This paper established different kinds of ventilation strategies, changing the air exchange rate across 1, 2, 3, and 4 ACH/h, and contrasted the outdoor humidity values hourly [39]. In all cases, the different kinds of hygroscopic materials were applied to all four walls. Figure 12 and Figure 13 show indoor air humidity fluctuations in the office room under different air exchange rates from 1 August to 10 August and from 1 October to 10 October, respectively (for wood fiber board).



Figure 12 shows that indoor humidity exhibits the same pattern of change as outdoor humidity variation, with some delay. The higher the ventilation value, the closer the values of indoor and outdoor room humidity. Since August is the hot part of summer, the outdoor air humidity is high. With humid air coming into the room, the hygroscopic materials were in the humidity-absorbing state. The humidity fluctuation without ventilation was the lowest, close to 50%. The moisture buffering performance was the highest in this case. With the increase in ventilation value, the indoor humidity and humidity fluctuation increased, lowering the humidity absorbing performance of the material. Other hygroscopic materials showed a similar pattern.



Figure 13 shows a pattern similar to that in Figure 11. The indoor humidity changes with the outdoor humidity fluctuation, but with a time lag. Since October is in autumn, a transition season, the temperature decreases compared to those in August and the outdoor air humidity fluctuation was large. The largest fluctuation was up to 60%. Hygroscopic materials fluctuate with moisture absorption and desorption. As shown in Figure 13, the indoor humidity fluctuation was still closest to 50% without ventilation. This meant that the moisture buffering performance was the highest in this case. With the increase in the value of the air exchange rate, the indoor humidity was reduced and the humidity fluctuations increased with a decrease in the humidity absorbing performance of the material. Other hygroscopic materials showed a similar pattern.




3.6. The Effect of Initial Moisture Content of Hygroscopic Materials on Moisture Buffering Performance


Because of differences in the craftsmanship of materials, production workshop environment, and seasons, there may have been a big difference in some initial parameters. The moisture buffering performance depended on the difference in the humidity between the material itself and the indoor space. After the material was transported from the workplace to the building, the moisture exchange between materials and the indoor environment did not cease until reaching equilibrium. Therefore, there was a significant impact from the initial moisture content of the material on the moisture buffering performance [39]. We set several different initial moisture contents, including 0.01 kg/kg, 0.05 kg/kg, and 0.1 kg/kg. The different kinds of hygroscopic materials were applied to all four walls in every case. The annual indoor humidity fluctuation was then simulated. Figure 14 shows the annual room relative humidity for the different initial moisture contents of the material (wood fiber board).



Figure 14 shows that in the first six months, the indoor air relative humidity showed little difference across the different initial moisture contents of the materials. The difference disappeared after six months. Therefore, the initial moisture content of the material had little effect on the indoor humidity. There was a smaller effect on the relative indoor humidity six months after application, and there was no effect after six months. Other hygroscopic materials showed a similar pattern, indicating that hygroscopic materials do not require pre-drying or humidification.




3.7. The Effect of Thickness of Hygroscopic Materials on Moisture Buffering Performance


The production thicknesses of materials may be different due to differences between manufacturers and in material properties. According to the above analysis, the greater the area of use of the materials in the room, the higher the moisture buffering performance of the material [28]. Therefore, many users believe that if the hygroscopic materials are thicker, they will have perfect moisture buffering performance. To verify the correctness of this view, we established several thicknesses of hygroscopic material available in the market, including 0.01 m, 0.019 m, and 0.03 m. The different kinds of hygroscopic materials were applied to all four walls in every case. Figure 15 shows the indoor humidity fluctuations from 1 August to 20 August using different thicknesses of material (wood fiber board).



Figure 15 shows that the thickness has a low impact on the moisture buffering performance of hygroscopic materials. The thicker hygroscopic materials did indeed regulate indoor humidity well, with the relative indoor humidity often close to 50%. However, in doubling the thickness of the hygroscopic materials, the difference in the moisture buffering performance was negligible. Other hygroscopic materials showed a similar pattern.





4. Conclusions


This paper pioneers a new area of research in China, although this research may not be as new in some other countries, and poses several questions. First, evaluation methods are lacking. Significant efforts have been made in Europe to compare materials to each other but there is a need to conduct evaluations at room level. To this end, the heat and moisture transfer algorithm (HAM) was introduced to EnergyPlus.



This permitted us to examine moisture-buffering materials across three aspects: indoor humidity conditions, the building’s energy consumption, and the building’s life-cycle cost. The results showed that hygroscopic materials could control indoor air humidity changes and improve human comfort but they needed to be used together with central air conditioning because of their limited humidity controlling performance.



In energy efficiency terms, the energy saving effect of different hygroscopic materials was around 7%. The better the performance of the hygroscopic material, the lower the building energy consumption. In economic terms, the life-cycle cost calculated in our example was similar among different materials. The material cost made little difference. Overall, this research indicated that moisture buffer materials have great potential for further development.



Furthermore, by simulating different thicknesses, different initial moisture contents, and different air exchange rates, and comparing the indoor humidity fluctuations, we showed the complexity of the applications of the moisture-buffering materials. The effect of different initial moisture contents on performance could be eliminated in about half a year. In addition, the marginal impact could be ignored. Thus, the hygroscopic materials do not require pre-wetting or pre-drying. The exposure area of buffering materials has an impact on performance: the greater the surface area of buffering materials, the higher their contribution to the indoor environment and energy reduction. Therefore, moisture buffer materials with fire protective performance should replace drywall as the interior finish. We observed that the air exchange rate had the most significant impact on the moisture buffering performance of the materials. It may be appropriate to reduce the air exchange rate to ensure the ideal air exchange rate for better humidity control. This coincides with the trend for recirculating part of the air, which would also increase the efficiency of the moisture-buffering materials.
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Figure 1. Isothermal desorption and adsorption curve of hygroscopic materials [31]. 
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Figure 2. Architectural model. 
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Figure 3. Wall construction. 
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Figure 4. Roof construction. 
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Figure 5. Relative humidity change comparison result. 
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Figure 6. Indoor RH under central air conditioning control. 
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Figure 7. Ideal zone loads. 






Figure 7. Ideal zone loads.



[image: Energies 12 00191 g007]







[image: Energies 12 00191 g008 550]





Figure 8. Energy use. 
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Figure 9. Total energy. 
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Figure 10. Life-cycle cost. 
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Figure 11. Relative humidity by zone using different amounts of hygroscopic materials. 
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Figure 12. Relative humidity with different air exchange from 1 August to 10 August. 
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Figure 13. Relative humidity with different air exchange from 1 October to 10 October. 






Figure 13. Relative humidity with different air exchange from 1 October to 10 October.



[image: Energies 12 00191 g013]







[image: Energies 12 00191 g014 550]





Figure 14. Relative humidity under different initial moisture contents of hygroscopic materials. 
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Figure 15. Relative humidity using different thickness of hygroscopic materials. 
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Table 1. Hygroscopic material categories.
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	Classification
	Ingredient
	Characteristic
	Application
	Notes





	Inorganic silicon
	Amorphous silicon dioxide
	Superior moisture absorption capacity and moisture absorption rate with more severe hysteresis during the moisture absorption and desorption cycle
	Ideal dry sorbent
	High cost, limited application



	Inorganic salt hygroscopic materials
	Inorganic salt saturated salt solution
	Large moisture storage capacity, swift absorption and desorption rate, deliquescent, unstable
	Porous saliferous concrete material
	Conducive to pollution, limited application, has research value



	Inorganic mineral hygroscopic materials
	Montmorillonite, kaolin, kieselguhr, zeolite powder, sepiolite
	Symmetrical permeability, high temperature resistance, resistant to corrosion, swift water absorption and desorption speed (especially the latter), nontoxic and harmless to humans and the environment
	Building wall
	Cheap, a wide source of raw materials, long service life, popular and mature application



	Organic polymer hygroscopic materials
	High-molecular-weight polymer
	Fast moisture absorption rate, large moisture content, diverse type, common moisture desorption performance
	Suitable for different occasions
	Complicated production process, high manufacturing cost, short functional life



	Natural hygroscopic materials
	Wood, bamboo charcoal, activated carbon
	Different humidifying properties, bamboo charcoal can deodorize
	Added to wall surface
	Green and environmental protection, no pollution



	Composite biomass hygroscopic materials
	Crop waste (straw, rice straw, wheat straw, bean straw, cotton stalks, husks, etc.)
	No pollution, lightweight, energy saving
	Added to inner wall surface
	Shows good prospects
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Table 2. Physical properties of the materials.
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Materials

	
Density

	
Conductivity

	
Specific Heat

	
Porosity




	
(kg/m3)

	
(W/m·K)

	
(J/kg·K)

	
(m3/m3)






	
Plywood

	
530

	
0.14

	
1880

	
0.5




	
Concrete

	
2300

	
1.6

	
850

	
0.76




	
Glass Fiber Insulation

	
80

	
0.04

	
840

	
0.95




	
Gypsum Board

	
625

	
0.16

	
870

	
0.65




	
Mortar

	
1567.8

	
0.7

	
840

	
0.4084




	
Spruce

	
400

	
0.0938

	
1880

	
0.62




	
Light Clay Mortar

	
900

	
0.23

	
1000

	
0.47




	
Wood Fiber Board

	
320

	
0.0512

	
1880

	
0.981
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Table 3. The univalence of materials.
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	Material
	Thickness (m)
	Univalence (RMB */m2)





	Plywood
	0.025
	34



	Concrete
	0.1
	40



	Glass Fiber Insulation
	0.08
	44



	Gypsum Board
	0.019
	10.4



	Mortar
	0.019
	9



	Spruce
	0.019
	40



	Light Clay Mortar
	0.019
	8.69



	Wood Fiber Board
	0.019
	48



	Painting
	0.019
	25







* RMB is the Chinese currency.
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