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Abstract

:

Featured Application


The current work has potential applications in economically designing green buildings in the summer hot and winter cold region of China.




Abstract


Due to their characteristics of high energy storage density and a nearly constant melting temperature, phase change materials (PCMs) could be inserted into the roof of green buildings in order to reduce the energy consumption and ameliorate the room thermal comfort. In this paper, an enthalpy based multiple-relaxation-time (MRT) lattice Boltzmann method (LBM) was developed to calculate the transient phase change conjugate heat transfer with solar radiation inside the green building’s PCM roof in the hot summer and cold winter areas of China. The effect of the PCM melting temperature on the variation of the roof internal temperature was investigated and the energy saving characteristic of the PCM roof under an intermittent energy utilization condition was also analyzed by comparing with the performance of the roof filled with sensible insulating materials (SIMs). Then, the life cycle incremental costs and incremental benefits of a PCM roof and SIM roof were studied by using the comprehensive incremental benefit model so that the green building roof could be economically evaluated. The results indicate that a temperature rise inside the roof during summer cooling time could be delayed due to the latent heat of the PCMs. It was also found that the melting temperature and the thickness of the PCM layer should be chosen appropriately for enhancing the energy saving amount of a PCM roof. Based on this, the PCM roof could have a better energy saving capability than the SIM roof. During the winter heating time, as the environment temperature and the room temperature are both below the PCM melting temperature, the PCM roof does not have a latent heat characteristic so that it performs like a SIM roof. Furthermore, due to the high price of PCMs, the incremental cost of green building is increased, which makes the PCM roof have a negative comprehensive incremental benefit. Under this circumstance, developing PCMs with a low price and stable chemical properties is a key scientific bottleneck for a wider application of PCM roofs in the architecture engineering field.
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1. Introduction


Energy and environment are the two of the most significant basic factors for the development of the human society. The combustion of fossil fuels, which emit a great deal of carbon dioxide contributes to the global warming issue and effective energy saving techniques are essential for solving the energy crisis and environmental issues [1]. Building energy consumption was responsible for more than 40% of the total energy cost in China during the past seven years [2,3]. Furthermore, the energy consumption of a building is still increasing as people’s living standards improve. For this reason, developing green buildings with high energy saving characteristics has been an indispensable task for local government in order to protect the living environment and realize sustainable development. Reducing the energy release through the building envelope is an important approach for decreasing the buildings energy consumption. Due to their low thermal conductivities and latent heat characteristics, the PCMs could be inserted into the building envelope as a thermal insulation layer to decrease the building energy cost, which has attracted a lot of research attention during recent years [4,5,6]. As the PCMs absorb and release heat during a solid-liquid phase change process at a nearly constant temperature, it could not only increase the thermal resistance of a building’s envelope but also attenuate the temperature oscillation so that the thermal comfort of the building’s rooms is improved.



The research methodologies for building a PCM envelope can be generally categorized as follows: Theoretical method, experimental method, and numerical method. With the fast progress of computer science and numerical modelling schemes, numerical methods have been widely used to analyze the energy saving characteristics of buildings [7]. Barrientos applied a one-dimensional finite difference method to investigate the transient conjugate heat transfer inside the building walls contained with PCMs [8]. It was found that the integration of a PCM layer into a building wall could diminish the instantaneous heat flux magnitude through the wall when the PCM melting temperature was appropriately chosen. Besides, due to the elevated solar radiation, the wall orientation has a more obvious effect on the energy consumption of a building during the summertime. Zwanzig solved the one-dimensional transient heat equation in the multilayered wallboard using the Crank-Nicolson discretization scheme [9]. It was found that an optimum location for PCM placement existed in terms of different thermal resistances between the PCM layers and the external thermal boundary conditions. Jin numerically optimized the location of the PCM layer under different parametric conditions by validating their model with experiments conducted using a dynamic wall insulator [10]. They presented that the optimum PCM layer location approaches the exterior surface of the wall when the melting temperature and the latent heat of PCMs were increased. By validating the numerical model with a PCM wallboard heat storage experiment, Xie investigated the thermal performance of PCM wallboards for practical engineering [11]. Their results indicated that the PCM wallboard performance could be adverse in different seasons and the thermal analysis through an entire year is also necessary. The above research was mainly related to the heat transfer properties of PCM walls. However, the thermal loss of roofs contributes almost 70% of the total heat loss in building envelopes due to direct solar radiation and heat transfer between the roof and the exterior environment. Under this situation, the thermal performance of roofs imbedded with PCM layers deserves more scientific investigations. Li numerically analyzed the thermal performance of a roof that contained PCM in a single residential building with respect to the factors of solar radiation intensity, roof slope, PCM melting temperature and layer thickness [3]. They concluded that the roof slope has a more significant influence on the thermal performance of a PCM roof compared to the melting temperature and latent heat of PCM in the region of northeast China. Tokuc developed a one-dimensional model based on the first law of thermodynamics to carry out the time-dependent simulation of a PCM roof in Istanbul under summer conditions [12]. The results demonstrated that a PCM thickness of 2 cm is suitable for use in flat roofs in this specific area and their experimental and numerical results were consistent. Liu analyzed the thermal performance of a PCM-filled double glazing roof using a numerical method [13]. It was indicated that the semi-transparent property and zenith angle had a big effect on the thermal performance. In addition, the temperature lag time of a PCM roof increases with the increment of the PCM layer thickness. Although a lot of research related to PCM inserted into a building envelope exists, little work has been carried out for the hot summer and cold winter region in China where the climate conditions are quite different from other areas. In China’s hot summer and cold winter region, an air conditioner is indispensable for both the summer cooling season and the winter heating season, which consumes a huge amount of electricity. Based on this, the current paper aims to investigate the conjugate phase change heat transfer and the energy saving benefit in the PCM roof of the hot summer and cold winter region in China.



During the past two decades, the lattice Boltzmann method (LBM) has been developed as a powerful numerical method for solving complicated heat transfer problems [14,15]. For the solid-liquid phase change phenomenon, the existing LBM schemes could be classified into three categories: (1) The phase-field method [16,17]; (2) the immersed boundary method [18]; (3) the enthalpy-based method [19,20,21,22,23,24]. Due to its simplicity and numerical robustness, the enthalpy-based method is the most widely used scheme for simulating solidification and melting problems in scientific and engineering fields. Jiaung firstly investigated the solid-liquid phase change problem using an enthalpy-based lattice Boltzmann method [19]. However, the iteration of latent heat source term is required in their scheme, which increases the computational load. Eshraghi developed an implicit LBM scheme for conduction with a solid-liquid phase change [20]. By solving a linear system of equations, the numerical iteration process for the latent heat source term could be avoided. To further improve the computational efficiency, Huang modified the equilibrium function for temperature for which the circumstances for the iteration of the latent heat source or solving a linear system of equations are not indispensable [21]. In order to ameliorate the numerical stability and reduce the numerical diffusion during the phase change, Huang further developed the multiple-relaxation-time (MRT) LBM for a solid-liquid phase change using enthalpy formulation [22]. Besides, by decoupling the thermal conductivity and the specific heat from the relaxation time and the equilibrium distribution function, this model is demonstrated to be appropriate for modelling the conjugate heat transfer. Recently, Li also developed MRT LBM models for axisymmetric and three-dimensional solid-liquid phase change problems [23,24]. On the other hand, due to its highly parallel nature, the lattice Boltzmann method has been successfully installed into graphics processor units (GPU) to achieve parallel computing for several different heat transfer and fluid flow applications [25,26,27,28,29,30].



In this paper, the MRT enthalpy-based LBM with GPU acceleration was used to investigate the conjugate phase change heat transfer of a PCM roof in the hot summer and cold winter region of China. Then, by obtaining the energy loss through the roof during the summer cooling time and the winter heating time, the comprehensive incremental model was applied to evaluate the economic benefit of the PCM roof building during its life cycle. The remainder of the paper is organized as follows. In Section 2, the mathematical model for conjugate heat transfer with phase change and its thermal boundary conditions is presented. In Section 3, the details of the enthalpy-based MRT lattice Boltzmann method and the comprehensive incremental benefit model are shown. The results and discussion are presented in Section 4. A conclusion is finally drawn in Section 5.




2. Mathematical Model for Conjugate Heat Transfer with Phase Change


According to the configuration standard of a building envelope in the hot summer and cold winter region of China, the current research focuses on the heat transfer capability and energy saving characteristics of the following three different roofs: (1) Ordinary roof, its configuration from the top to the bottom is: A 20 mm thick cement layer, a 100 mm thick reinforced concrete layer, and a 20 mm thick lime layer; (2) a PCM roof, its configuration from the top to the bottom is: A 20 mm thick cement layer, a 100 mm thick reinforced concrete layer, a 30 mm thick phase change material (PCM) layer, and a 20 mm thick lime layer; (3) a SIM roof, its configuration from the top to the bottom is: A 20 mm thick cement layer, a 100 mm thick reinforced concrete layer, a 30 mm thick sensible insulating material (SIM) layer, and a 20 mm thick lime layer. In order to simplify the mathematical complication, the following reasonable assumptions are made for the current modelling: (1) The thermophysical properties of PCM, SIM, and other materials are constant. (2) The volume expansion of PCM during solidification and melting is negligible, and its melting temperature is constant. (3) The contact thermal resistance between different material layers is neglected. (4) The effects of people, furniture, and other heat sources in the room are not considered. (5) The temperature distribution inside the room is uniform. Based on the above conditions, the transient conjugate heat transfer with phase change inside the PCM roof is governed by the following energy equation:


     ρ i    ∂  H i    ∂ t   =  k i     ∂ 2   T i    ∂  y i 2       



(1)




where    ρ i    is the density,  k  is the thermal conductivity,  T  is the temperature,  t  is the time,  y  is the Cartesian coordinate in the vertical direction,  H  is the enthalpy, and the index   i = 1 ~ n   represents the ith layer material of a building roof. For the PCM layer, the enthalpy could be defined as:


    H =  c p   (  T −  T r   )  +  f l   h s     



(2)




where    c p    is the specific heat,    T r    is the reference temperature,    f l    is the liquid fraction of the PCM, and    h s    is the latent heat. For other sensible material layers, the enthalpy  H  is expressed as:


  H =  c p   (  T −  T r   )  .  



(3)




At the external surfaces of a roof (  i = 1   and    y 1  = 0   mm  ), the solar radiation and convective heat transfer between the environment and the cement layer are taken into account, which could be given by the third kind of thermal boundary condition as:


    −  k 1  A   ∂  T 1     ∂   y 1      =  h  o u t   A  (   T e  −  T 1   )  +  Q  r a d      



(4)




where    h  o u t     is the convective heat transfer coefficient of the external roof surface, which is used as    h  o u t   = 19   W /  (  m · K  )    for summertime and    h  o u t   = 23.3   W /  (  m · K  )    for winter time [2];  A  is the roof surface area,    T e    is the environmental temperature, and    Q  r a d     is the solar radiation. The environment temperature,    T e   , and solar radiation,    Q  r a d   ,   could be simultaneously considered by introducing the equivalent temperature    T  e q     [2]:


     T  e q   =  T e  + α I /  h  o u t   −  I w  /  h  o u t      



(5)




 α  is the solar absorption coefficient of the roof surface, which was chosen to be   α = 0.8   for the cement material;  I  is the solar radiation intensity. For the building roof, the term    I w  /  h  o u t     was 3.5–4 K [2], and    I w  /  h  o u t   = 3.5   K   was used in the current work. For the interior surface of the roof (  i = n   and    y n  = L   mm  ), where  L  is the roof thickness, the third kind of thermal boundary condition was applied:


    −  k n  A   ∂  T n     ∂   y  n         =  h  i n   A  (   T n  −  T  i n    )     



(6)




   h  i n     is the convective heat transfer coefficient of the interior roof surface, which is    h  i n   = 8.7   W /  (  m · K  )    [2]. For the interfaces between different materials in the building roof, the Dirichlet-Neumann boundary condition for conjugate heat transfer should be satisfied:


     T i  =  T  i ± 1      



(7)






  −  k i    ∂  T i    ∂  y i    = −  k  i ± 1     ∂  T  i ± 1     ∂  y  i ± 1     .  



(8)




To characterize the energy consumption of a building’s roof, the heat flux magnitude  Q  through the interior roof surface per meter square is defined as:


    Q  ( t )  =  |   h  i n    (   T n   ( t )  −  T  i n    )   |  .    



(9)




Using the ordinary roof (without a PCM layer and SIM layer) as a reference, the energy saving amount,   Δ W  , during the air conditioner (AC) working period for a PCM roof and SIM roof was calculated as:


    Δ W =   ∫   t 1   t 2    [   Q  o r d i n a r y   r o o f    ( t )  −  Q  P C M   o r   S I M   r o o f    ( t )   ]  d t    



(10)




where    t 1    and    t 2    are the time limits of the AC working period. The current paper aims to investigate the energy saving benefit of a PCM roof building during the working daytime in the hot summer and cold winter region of China. Hence, the time limit of the AC working period was chosen to be    t 1  = 8:00   a . m .   and    t 2  = 18:00   p . m  . Besides, the windows of the building room were assumed to be open during the other times so that the internal room temperature,    T  i n    , was equal to the environment temperature,    T  e    , when the air conditioner was off.




3. Lattice Boltzmann Method and Comprehensive Incremental Benefit Model


3.1. Lattice Boltzmann Method


The enthalpy-based multiple-relaxation-time lattice Boltzmann method derived by Huang was used to simulate the solid-liquid phase change and the conjugate heat transfer in the building’s roof [22]. The evolution equation for the distribution function is given as:


     g i   (  x +  e i  Δ t , t + Δ t  )  =  g i   (  x , t  )  −  M  − 1   S  [  m  (  x , t  )  −  m  e q    (  x , t  )   ]     



(11)




where the distribution function for the momentum space is given by:


   m = M  g i  =    (   m 0  ,    m 1  ,   … ,    m 8   )   T    ,    m  e q   = M  g i  e q   =    (   m 0  e q   ,    m 1  e q   ,   … ,    m 8  e q    )   T  .   



(12)




The matrix for transforming the distribution function between momentum space and velocity space is given by:


  M =  {     1   1   1   1   1   1   1   1   1      − 4     − 1     − 1     − 1     − 1    2   2   2   2     4    − 2     − 2     − 2     − 2    1   1   1   1     0   1   0    − 1    0   1    − 1     − 1    1     0    − 2    0   2   0   1    − 1     − 1    1     0   0   1   0    − 1    1   1    − 1     − 1      0   0    − 2    0   2   1   1    − 1     − 1      0   1    − 1    1    − 1    0   0   0   0     0   0   0   0   0   1    − 1    1    − 1      }  .  



(13)




The equilibrium distribution function    m  e q     in momentum space is given by:


   m  e q   =   ( H ,   − 4 H + 2  c  p , r e f   T ,   4 H − 3  c  p , r e f   T , 0 ,   0 ,   0 ,   0 ,   0 ,   0 )  T  .  



(14)




In the current work, the specific heat of PCM or SIM was chosen to be the reference specific heat    c  p , r e f    . The relaxation time matrix,   S  , in momentum space is given as:


  S = d i a g  (   s 0  ,    s e  ,    s ε  ,    s j  ,    s q  ,    s j  ,  s q  ,    s e  ,    s e   )  .  



(15)




To reduce the numerical diffusion, Huang pointed out that the following relation should be satisfied [22]:


   (   1   s e    −  1 2   )   (   1   s j    −  1 2   )  =  1 4  .  



(16)




When the collision step was completed in the momentum space, the post-collision distribution function in velocity space could be then calculated using an inverse transformation:


   g i   (  x , t + Δ t  )  =  M  − 1   m  (  x , t + Δ t  )  .  



(17)




Then, the streaming process is completed as:


   g i   (  x +  e i  Δ t , t + Δ t  )  =  g i   (  x , t + Δ t  )  .  



(18)




The thermal boundary condition scheme, derived by Eshraghi and Felicelli, was used in this paper [20], and the enthalpy,   H ,   was computed as:


  H =   ∑   i = 0  8   g i  .  



(19)




The corresponding temperature,  T , is given as:


    T =  {       T m  −    H s  − H    c p      H ≤  H s           T m     H s  < H <  H l           T m  +   H −  H l     c p      H ≥  H l           



(20)




where    T m    is the PCM melting temperature,    H s    and    H l    are the enthalpies of the solid and liquid state PCM respectively. The liquid fraction    f l    of PCM is computed by:


   f l  =  {      0   H ≤  H s          H −  H s     H l  −  H s            1   H ≥  H l         H s  < H <  H l  .  



(21)








3.2. Code Validation


The Compute Unified Device Architecture (CUDA) Fortran code accelerated by GPU was developed in the current work. The details of CUDA implementation are presented in detail in our previous work [31]. Firstly, the code was validated using the one-dimensional conjugate heat transfer without a phase change between two materials. Initially, the temperature was set to be   T = 1   in the region A at   x > 0   and   T = 0   in the region B at   x < 0  . The analytical solution for this problem is given by [32]:


     T A   (  x , t  )  =  1  1 +      (  ρ  C p   )   B   k B  /    (  ρ  C p   )   A   k A       [  1 +      (  ρ  C p   )   B   k B  /    (  ρ  C p   )   A   k A    e r f  (   x  2    k A  t /    (  ρ  C p   )   A       )   ]     



(22)






   T B   (  x , t  )  =  1  1 +      (  ρ  C p   )   B   k B  /    (  ρ  C p   )   A   k A      e r f c  (  −  x  2    k B  t /    (  ρ  C p   )   B       )  .  



(23)







The thermophysical properties and prices of materials used in this work are presented in Table 1. For this calibration, the reinforced concrete was used for region A and paraffin (solid state) was chosen as the material for region B with the characteristic length of   1   m  . The conjugate heat transfer problem was simulated by MRT LBM on GPU with the grid number of 100   ×   100. As displayed in Figure 1a, the current results agree well with the analytical solutions, which demonstrate the accuracy of the current code for solving conjugate heat transfer problems. To calibrate the current program for the solid-liquid phase change problem, the code was coupled with a D2Q9 LBM solver for fluid flow and then the natural convection with melting at   P r > 1   was simulated. Jany and Bejan applied the scaling laws to develop the correlation of an average Nusselt number,   N  u  a v e    , of a hot wall for this problem, which is given as [33]:


  N  u  a v e     =    (  2 F o S t e  )    − 1 / 2   +  [  0.33 R  a  1 / 4   −    (  2 F o S t e  )    − 1 / 2    ]     {  1 +    [  0.0175 R  a  3 / 4      (  F o S t e  )    3 / 2    ]    − 2    }    − 1 / 2   .  



(24)







As presented in Figure 1b, the current LBM code matched the results from the scaling laws at the Stefan number   S t e = 0.1   with different Rayleigh numbers when 400   ×   400 grids were used. It indicated that the current code was accurate for modelling the solidification and melting processes.




3.3. Comprehensive Incremental Benefit Model


Compared to the traditional buildings, the green buildings with PCM or SIM have a larger incremental cost during the construction period. However, with their better energy saving characteristics, the green buildings will generate an economic benefit, an environmental benefit, and a social benefit during their lifetime. The comprehensive incremental benefit is defined as [34]:


    Δ E = Δ S − Δ C    



(25)




where   Δ E   is the comprehensive incremental benefit,   Δ S   is the incremental benefit, and   Δ C   is the incremental cost for the extra expense of constructing the green building compared with the traditional building, which is expressed as:


    Δ C = Δ  C i  + Δ  C p     



(26)




  Δ  C i    is the cost of integrating extra materials such as PCM or SIM:


    Δ  C i  =  (   C u  +  C o  +  C l   )  × L × H × D    



(27)




where    C u    is the price of PCM or SIM as shown in Table 1,    C o    is the price of other adhesive materials, which was chosen to be    C o  = 25   yuan /  m 3    and    C l  = 15   yuan /  m 3    was the labor fee.  L  was the length of the roof set to be   6   m  ,  H  is the width of the roof set to be   6   m  , and  D  is the thickness of PCM or SIM layer.   Δ  C p    is the cost for numerical modelling and consultation for the building design, which is   Δ  C p  = 0.1 % × Δ  C i   . The incremental benefit   Δ S   is calculated as:


    Δ S = Δ  S y  · P  (  Δ  S y  ,  i 0  ,  n y   )     



(28)




 P  is the annual income discount rate coefficient given as:


    P = 1 /  i 0  − 1 /  [   i 0  ×    (  1 +  i 0   )     n y     ]     



(29)




   n y    is the year of the building life cycle, which is 50 years according to the standard of the Chinese government;    i 0    is the discount rate, which is set to be    i 0    = 11% for the Shaanxi province in China. The annual benefit   Δ  S y    is defined as:


    Δ  S y  = Δ  S e  + Δ  S h  + Δ  S s     



(30)




  Δ  S e    is the economic benefit of green building:


    Δ  S e  =    (  Δ  W s  ∗ 70 + Δ  W w  ∗ 70  )  × L × H   3600 × η   × E  P  u n i t      



(31)




where   Δ  W s    (  kJ /  m 2   ) is the energy saving amount during the summer AC cooling time, and   Δ  W w    (  kJ /  m 2   ) is the energy saving amount during the winter AC heating time. In this paper, the period of summer cooling and winter heating was chosen to be 70 days for each.  η  is the Energy Efficiency Ratio (EER) or Coefficient of Performance (COP) of an air conditioner, which was set as 3.3 in this work.   E  P  u n i t     is the electricity price in the city of Hanzhong, Shaanxi Province which is   E  P  u n i t   = 0.4983    (  yuan / kW · h  )   .



  Δ  S h    is the environmental benefit of a green building and it includes the benefits generated by the reduction of     CO  2   ,     SO  2   , and     NO  x    emissions. Using an effective equivalent method, the coefficient for transferring the saved electricity of the green building to the reduced combustion amount of coal was   0.0004   ton /  (  kW · h  )   . The emission coefficients of     CO  2  ,     SO  2  ,     NO  x   , and smoke dust were   2.4567 , 0.0165  ,   0.0156  ,   0.096   respectively. Furthermore, the economic value for the reduced emissions of     CO  2  ,     SO  2  ,     NO  x   , and smoke dust were   390    (  yuan / ton  )   ,   4344.93    (  yuan / ton  )   ,   632    (  yuan / ton  )   , and   275    (  yuan / ton  )   . Hence, the environmental benefit of a green building’s roof,   Δ  S h  ,   is given as:


     Δ  S h  =    (  Δ  W s  ∗ 70 + Δ  W w  ∗ 70  )  × L × H   3600 × η   × 0.0004    × (  2.4567 × 390 + 0.0165 × 4344.93 + 0.0156 × 632 + 0.096 × 275  )     



(32)




  Δ  S s    is the social benefit of the green building’s roof and it includes the reduced investment for electrical power installation and the economic loss due to the electricity consumption peak. From an investigation in China, when the electricity consumption decreases by   1   kW · h  , the electrical investment is reduced by   0.2   yuan / year   and the economic loss decreases by   0.22   yuan /  (  kW · h  )   . Then, the social benefit of a green building’s roof,   Δ  S s   , is computed by:


  Δ  S s  =    (  Δ  W s  ∗ 70 + Δ  W w  ∗ 70  )  × L × H   3600 × η   ×  (  0.2 + 0.22  )  .  



(33)









4. Results and Discussions


The city of Hanzhong in Shaanxi province was chosen to be a representative of a hot summer and cold winter region in China. The temperature of Hanzhong during July 2017 and January 2018 is presented in Figure 2. The average maximum temperature and minimum temperature for summertime in Hanzhong is 33.97   ℃   and   24.13   ℃   respectively while it is   6.26   ℃   and   − 0.67   ℃   respectively for winter time. During the summertime, the average solar radiation intensity in the daytime is    I  a v e   = 755.40   W   and the sunrise time is 6:00 a.m. while the sunset time is 20:00 p.m. During the winter time, the average solar radiation intensity in the daytime is    I  a v e   = 646.75    , and the sunrise time is 8:00 a.m. while the sunset time is 17:00 p.m. The environmental temperature,    T e   , is expressed by using a sinusoidal function as follows [35]:


     T e  = − s i n  [    2 π  (  t + 7200  )    86400    ]   (     T  m a x   −  T  m i n    2   )  +  (     T  m a x   +  T  m i n    2   )     



(34)




where    T  m a x     is the maximum temperature during a day,    T  m i n     is the minimum temperature during a day, and  t  is the time. Similarly, the solar radiation intensity  I  during daytime is given as:


  I =  2   I  a v e   s i n  [    2 π  (  t − 21600  )    100800    ]    ( summertime )  



(35)






  I =  2   I  a v e   s i n  [    2 π  (  t − 28800  )    64800    ]    ( winter   time ) .  



(36)







The current research investigated the energy saving characteristics of a PCM roof under the influence of solar radiation with intermittent air conditioner (AC) working conditions. During the AC working time, the internal room temperature,    T  i n    , was set to be   26   ℃   for the summer cooling season while it was   18   ℃   for the winter heating season. During the AC off time, the windows of the building were open so that the internal room temperature,    T  i n    , was equal to the environmental temperature    T e   . In order to eliminate the effect of the initial roof temperature on the energy consumption results, the computation was iterated for 10 days (240 h) until the temperature of the roof exhibited a periodic variation as shown in Figure 3.



4.1. The Influence of Roof Type


Paraffin was used as the phase change material (PCM) while perlite was chosen to be the sensible insulation material (SIM) for the roofs in the current work because of their similar thermophysical properties for a fair comparison as shown in Table 1. The energy saving characteristics of an ordinary roof (without PCM or SIM), SIM roof, and PCM roof during the summer cooling season were compared. As shown in Figure 4, the magnitudes of the heat flux,  Q , for different types of roofs during the air conditioner cooling period are presented. The results indicate that the heat flux,  Q , of an ordinary roof increases much more dramatically during the daytime compared with a SIM roof and a PCM roof, which indicates its larger energy consumption. By integrating the heat flux magnitude,  Q , with respect to time,  t , during the AC working period, the energy consumption of an ordinary roof was   2861.3   kJ /  m 2   . As a comparison, the heat flux magnitude,  Q , of a SIM roof increased more smoothly due to the existence of a SIM layer with a low thermal conductivity, as displayed in Figure 4. For a SIM layer thickness of   30   mm  , the energy consumption of a SIM roof during the AC cooling time was   1294.0   kJ /  m 2   . It means that the energy consumption of the roof decreased by   54.78 %   when the SIM layer was inserted into the roof compared with the ordinary roof. In contrast to the ordinary roof and the SIM roof, as presented in Figure 4, the heat flux magnitude,  Q , of a PCM roof remained constant for a long time under the influence of environmental temperature and solar radiation. As a consequence, when the PCM layer thickness was 30 mm, with a melting temperature of   31   ℃  , the energy consumption of the PCM roof during the AC cooling time was   1048.3   kJ /  m 2   , which is 63.36 and 18.99% lower than those of the ordinary roof and the SIM roof respectively. Under this circumstance, it should be concluded that the PCM roof had the best energy saving characteristic during the summer AC cooling time among all the three type roofs.



To further explain and understand the reason that a PCM roof has the minimum energy consumption during the summer cooling season, the temperature distributions of a PCM roof and a SIM roof (  D = 30   mm     and    T m  = 31   ℃  ) during the AC working period are shown in Figure 5. As presented in Figure 5, under the combined influences of the increasing environmental temperature    T e    and the solar radiation intensity,  I , the exterior surface temperature of the building’s roof    T 1    increased during the daytime and achieved the maximum value at 14:00 p.m. Due to the latent heat characteristic of the PCM layer, the interior surface temperature of the PCM roof (  x = 170   mm  ) remained almost unchanged until 16:00 p.m. However, when the PCM layer was fully melted and became a liquid, it behaved like the sensible insulation material and lost the latent heat characteristic. Hence, the temperature of the PCM roof interior surface could not be fixed at a relatively constant value and began to increase as shown by the curve at 17:00 p.m. On the other hand, although the low thermal conductivity of the SIM layer could prevent the heat loss to some extent compared with the ordinary roof, its internal surface temperature increased continuously, which actually consumed more energy for the air conditioner to cool down the room than the PCM roof.




4.2. The Influence of PCM Melting Temperature


As one of the most significant factors of PCMs, which affects their thermal performance, the melting temperature,    T m   , of the PCM layer plays an essential role in the energy saving characteristics of a PCM roof. The energy saving amount,   Δ W  , of a PCM roof in terms of the melting temperature,    T m   , is plotted in Figure 6. It shows that the energy saving amount firstly increased with the increment of the melting temperature,    T m   , and it reached the optimum value at    T m  = 31   ℃  . As the melting temperature,    T m   , further increased to be higher than   31   ℃  , the energy saving amount value of the PCM roof became less. When the melting temperature,    T m   , was   28   ℃  ,   29   ℃  ,   30   ℃  ,   31   ℃  , and   32   ℃  , the PCM roof energy saving amount,   Δ W  , during the summer cooling season was   1603   kJ /  m 2   ,   1685   kJ /  m 2   ,   1762   kJ /  m 2   ,   1813   kJ /  m 2   , and   1748   kJ /  m 2    respectively. Compared to the roof of    T m  = 28   ℃  , the energy saving amount,   Δ W  , for the roof with    T m  = 31   ℃   was increased by   13.10 %  . The above discussion indicates that using the PCMs with an appropriate melting temperature, according to climate conditions, is important for optimizing the energy consumption characteristics of PCM roof buildings.



To explain the mechanism, an optimum PCM melting temperature for reducing the roof energy consumption amount exists, the transient PCM average liquid fraction    f l    during the summer cooling season is plotted in Figure 7. At a melting temperature of    T m  = 28   ℃  , it was found that only 4.8% of the amount of PCM solidified during the early morning time and all of the PCM became liquid again at 12:15 p.m. When the PCM layer became fully liquid, it lost the latent heat characteristic and behaved like the SIM layer so that the internal temperature inside the PCM roof could not be controlled and started to increase at this state. Contrary to the PCM roof with a melting temperature    T m  = 28   ℃  , the maximum solid state PCM amount was   31.65 %   during the early morning for the PCM roof with    T m  = 31   ℃   under which situation the energy storage capacity of the PCM layer increased. For this reason, the time for a PCM layer of    T m  = 31   ℃   being fully melted to a liquid state was delayed to 17:00 p.m. The means that the interior surface temperature of a PCM roof could be fixed at a nearly constant value until 17:00 p.m. so that the energy consumption from using the air conditioner was highly reduced. Unfortunately, as the melting temperature    T m    was further increased to   32   ℃  , the PCM layer did not become fully liquid until 18:30 p.m. Although the PCM layer of    T m  = 32   ℃   had the capability of modulating the temperature inside the PCM roof during the whole AC working period, this PCM layer also solidified more rapidly at a relatively higher solidification temperature during the nighttime and the early morning time from 0:00 a.m. to 9:00 a.m., as shown in Figure 7. This phenomenon makes the PCM layer have a trade-off effect on the energy saving characteristics of a PCM roof: (1) A relatively higher melting temperature,    T m   , could make the PCM layer have a longer latent heat characteristic, which delays the temperature rise in the PCM roof during the daytime so that the energy consumption of the air conditioner is reduced. (2) The PCM layer with a higher melting temperature,    T m   , solidified more rapidly during the nighttime at a nearly constant temperature. Hence, its temperature could not be further cooled down by the lower environment temperature,    T e   , under which the air conditioner energy cost during the daytime increased. The variations of the PCM roof interior surface temperature,    T n   , and the corresponding environmental temperature,    T e   , are displayed in Figure 8. Although the interior surface temperature rise of the PCM roof with a melting temperature    T m  = 32   ℃   could be delayed more than the other PCM roofs, its interior surface temperature,    T n   , during the nighttime was the highest. Furthermore, during the nighttime, the environmental temperature,    T e   , was much lower than the melting temperature of the PCM roofs in the current work, which means that the environmental temperature could cool down the temperature inside the roof. Based on this, a higher melting temperature of a PCM roof at nighttime has a negative contribution to the energy saving amount of the PCM roof. Hence, by balancing the trade-off influence of the PCM layer melting temperature during the daytime and nighttime, an optimum melting temperature,    T m   , exists, which was   31   ℃   in this work for a PCM roof to reduce the maximum amount of energy consumption. For the remainder of the paper, the melting temperature of    T m  =   31   ℃   was used.




4.3. The Influence of PCM or SIM Layer Thickness


The PCM or SIM layer thickness not only affected the energy saving characteristics of green building roofs but also determined its incremental cost during the construction period and the corresponding building’s comprehensive incremental benefit. In Figure 9, the effect of PCM or SIM layer thickness on the energy saving amount of a green building’s roof is plotted. The energy saving characteristics of both PCM roof and SIM roof improve with the increment of their PCM or SIM layer thicknesses. The results indicate that the energy saving amount,   Δ W  , of a SIM roof increases almost linearly with respect to the increasing SIM layer thickness because of the linearly increased thermal resistance. contrary to the SIM layer, the increasing the rate of the energy saving amount,   Δ W  , of a PCM roof decreased in terms of the PCM layer thickness and its energy saving amount almost approached a constant value when the PCM layer thickness is large. To clarify the underlying mechanism of this situation, the average liquid fraction of a PCM layer during the summer cooling time is shown in Figure 10. It was found that the energy storage capacity of a latent heat PCM layer increased with its increasing layer thickness. For the PCM layer of   D = 20   mm  , the PCM became fully melted and lost the capability of controlling the roof temperature at 15:15 p.m. As a consequence, the interior roof surface temperature began to rise after 15:15 p.m., which increased the energy consumption of the PCM roof. In comparison, when the PCM layer of   D = 60   mm   was used, the inside roof temperature was modulated by the PCM layer until 21:00 p.m., which guaranteed that the PCM layer had the latent heat characteristic during the air conditioner working time so that the maximum energy saving amount was achieved. However, similar to the discussion in Section 4.2 for the effect of PCM melting temperature, the increment of the PCM layer thickness also had a negative influence on the energy saving capability of the PCM roof. As the environmental temperature became low during the nighttime, the latent heat function of the PCM layer at nighttime, after 18:00 p.m., maintained its temperature nearly at the solidification point, which prevented heat transfer from the internal roof region into the environment. As a consequence, due to the trade-off effect of the PCM layer thickness, the increasing rate of the energy saving amount of a PCM roof decreases. Besides, when the PCM or SIM layer thickness was   D ≤ 45   mm  , the energy saving amount of the PCM roof was more than that of the SIM roof because of the latent heat characteristic of the PCM layer, which attenuated the temperature oscillation inside the roof. However, it is interesting to note that the SIM roof had a better energy saving capability than the PCM roof when their layer thickness,  D , was more than   50   mm  . The reason for this phenomenon is that a SIM roof with larger thickness could prevent the heat transfer from the environment into the interior room in the daytime and the interior SIM roof temperature could also be efficiently cooled down without the effect of latent heat during the nighttime, which makes the SIM roof have a different thermal performance compared to the PCM roof.



In order to evaluate the comprehensive incremental benefit of a green roof building during the life cycle in a hot summer and cold winter region of China, the energy saving amount of a PCM roof and a SIM roof during the winter AC heating season should also be investigated. When the PCM layer with a melting temperature    T m  = 31   ℃   was inserted into the green building roof, it was kept in the solid state without melting and solidification processes in Hanzhong city during the winter AC heating time. As a result, the PCM layer did not have the capability of modulating the temperature change inside the roof with latent heat and its function was similar to the sensible insulation material with a low thermal conductivity. As the thermal conductivities of paraffin (PCM) and perlite (SIM) used in this work were similar, the energy saving amounts of a PCM roof and SIM roof were almost the same when the layer thickness,  D , was less than  35   mm  as shown in Figure 11. However, the specific heat,    c p   , of perlite is much larger than that of paraffin. When the thicknesses of a PCM roof and a SIM roof were large, the interior surface temperature rise inside the SIM perlite roof was much slower than that inside the PCM paraffin roof during the daytime under the influence of solar radiation. Hence, as displayed in Figure 11, it costs more energy for heating the room of a SIM roof using the air conditioner than that of a PCM roof.



From the above discussions, due to the effect of latent heat, the PCM layer could modulate the temperature inside the building roof and improve the thermal comfort in the room and its energy saving capability was also better than the SIM roof if the appropriate PCM melting temperature and PCM layer thickness were chosen. However, besides the energy saving capability of green building roofs, its incremental cost in the construction period and the incremental benefit during the operational period are significant in practical engineering. The comprehensive incremental benefits of a paraffin PCM roof and a perlite SIM roof during life cycle with different PCM or SIM layer thicknesses are shown in Figure 12. The data indicate that the perlite SIM roof has a positive comprehensive incremental benefit for all the different SIM layer thicknesses. When the SIM layer with a thickness of   D = 60   mm   was used, the SIM roof achieved the maximum comprehensive incremental benefit of   3110   yuan      (  6   m × 6   m   roof  )   . On the contrary, the comprehensive incremental benefit of a paraffin PCM roof was always negative, which indicates that the paraffin PCM roof could not have an economic benefit so that it is not proper for the practical engineering application at the current stage. The reason for the huge difference between the comprehensive incremental benefit of a paraffin PCM roof and a perlite SIM roof was that the material price of paraffin is 24.14 times more than that of perlite as shown in Table 1. In this case, developing cheap PCMs with stable chemical properties is a key scientific bottleneck for wide engineering applications of PCM envelope building in recent future.





5. Conclusions


In this paper, an enthalpy-based multiple-relaxation-time (MRT) lattice Boltzmann method (LBM) was developed with GPU acceleration to investigate the conjugate heat transfer and solid-liquid phase change inside the PCM roof. To demonstrate the advantage of a PCM roof with latent heat properties for improving the building’s thermal comfort, the energy saving characteristics of a PCM roof and a SIM roof under different conditions were compared. It was found that the latent heat of PCM had a trade-off effect on the energy saving characteristics of a building’s roof. Under this circumstance, an optimum PCM melting temperature for the PCM roof exists to achieve the maximum energy saving amount. Besides, the PCM or SIM layer thickness also had obvious effects on the thermal performance of the PCM or SIM roof. The energy saving amount of the SIM roof increased linearly with the increasing SIM layer thickness due to the enhanced thermal resistance. However, the increasing rate for the PCM roof energy saving amount decreased with the increment of the PCM layer thickness because of the trade-off influences of latent heat during the daytime and nighttime. In general, a PCM roof could exhibit a better thermal performance than the SIM roof for reducing energy consumption when the appropriate melting temperature and layer thickness are chosen. Unfortunately, due to the high price of PCMs, the comprehensive incremental benefit of a PCM roof is much lower than that of a SIM roof. To make the wide application of PCM envelope building in practical engineering, the PCMs with a low price and stable chemical properties should be developed in future scientific research.
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Figure 1. CUDA code calibration for conjugate heat transfer and solid-liquid phase change. 
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Figure 2. The temperature variation of Hanzhong city. 
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Figure 3. Iteration process of the roof temperature during the computation. 
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Figure 4. Heat flux magnitude of different types of roofs during the summer AC cooling time. 
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Figure 5. The PCM roof and SIM roof temperature distribution during the summer AC cooling time. 






Figure 5. The PCM roof and SIM roof temperature distribution during the summer AC cooling time.



[image: Applsci 08 01739 g005]







[image: Applsci 08 01739 g006 550] 





Figure 6. The effect of the melting temperature on the PCM roof energy saving amount. 
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Figure 7. The PCM layer average liquid fraction during the summer cooling season at different melting temperatures. 
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Figure 8. The PCM roof interior surface temperature during the summer cooling season at different melting temperatures. 
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Figure 9. The effect of layer thickness on the energy saving amount of PCM or SIM roofs during the summer cooling season. 
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Figure 10. The PCM layer average liquid fraction during the summer cooling season with different layer thicknesses. 
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Figure 11. The effect of layer thickness on the energy saving amount of PCM or SIM roofs during the winter heating season. 
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Figure 12. The comprehensive incremental benefit of a SIM roof and a PCM roof during the life cycle. 
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Table 1. Thermophysical properties and prices of materials in a building’s roof (Data resource: China Chemical Engineering Website).
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	Material
	   ρ         (  k g  /   m  3  )    
	    c p          (  J  /  k g  ·  K  )    
	   k         (  W  /  m  ·  K  )      
	     C u           (  yuan  /   m  3  )      





	Cement
	   1807   
	   840   
	   0.854   
	   850   



	Concrete
	   2500   
	   920   
	   1.74   
	-



	Paraffin
	   775   
	   534   
	   0.148   
	   8800   



	Perlite
	   400   
	   1170   
	   0.14   
	350



	Lime
	   1600   
	   1050   
	   0.81   
	   850   











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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