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Abstract

:

Generally, Central Asia is typical for regions with strong solar radiation and various natural cooling sources. The heat gain from the building envelope accounts for a large part of the cooling load there. Thus, the pipe-embedded envelope is receiving attention as a semi-active system of utilizing natural energy for cooling. In this study, the performance of the pipe-embedded envelope used in Urumqi is numerically investigated. The energy saving potential regarding evaporative cooling and a ground-source heat exchanger (GSHE) is evaluated over a complete summer. The results show that the built-in pipes can reduce 80% of the solar heat gain through windows, with an effectiveness of around 60%. External windows rather than internal windows should be insulated because the air cavity is cool. With respect to the pipe-embedded wall, it becomes a radiant cooling panel absorbing the heat from the room, with an effectiveness around 83%. The seasonal cooling energy is decreased by 25%–50% in a typical office with a pipe-embedded envelope. Offices with a large window-to-wall ratio are acceptable because natural cooling is employed. GSHE performs the best among the selected sources. The effectiveness of evaporative cooling is also satisfactory, with an energy saving rate of 27%. Overall, the pipe-embedded system is suitable for climatic regions like Urumqi.
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1. Introduction


The Silk Road was an ancient network through regions of the Asian continent connecting China to the Mediterranean Sea. Generally, Central Asia is one of the most important components of the Silk Road. The climate of this region has a distinct feature. In the daytime during summer, the solar radiation is strong and the air temperature is high. Thus, the energy consumption of traditional air-conditioning in office buildings here is very high. The cost of dehumidification is low due to the dry climate. The sensible heat transferred through the building envelope accounts for a significant proportion of the total cooling load. It is energy-efficient to reduce the cooling load in this region, especially the load gain from the building envelope.



The building envelope comprises of the walls, windows, and roof. Conventionally, thermal insulation is applied to the walls to enhance the thermal resistance [1]. Ojanen et al. [2] reviewed the current situation of building thermal insulation. With decades of development, thermal insulation became one of the most efficient approaches for reducing the heat transfer through the wall. However, large thermal resistance may also influence the heat dissipation of the wall when the ambient environment is cool [3]. For example, the air temperature during summer nights and transition seasons is low in the Central Asian region. Intensive insulation will reduce the heat dissipation effect and, consequently, most indoor heat gain has to be handled by air-conditioning. In addition, thermal insulation faces the limitations of thickness [4], renovation [5], and fire safety [6]. Thus, it is wise to find other alternative solutions together with thermal insulation.



With respect to windows, numerous studies have been conducted to improve their insulation and shading performance. Glazing technologies, such as gas-filled glazing [7], multilayer glazing and vacuum glazing [8], have significantly promoted the thermal insulation of windows. Manz et al. [9] even developed a window with a heat transfer coefficient of 0.2 W/(m2∙K). Coating technologies, such as low emissivity (low-e) coatings [10], have minimized the incident solar radiation to the indoor space. However, the cost of high-performance coating is very expensive. Intensive shading will also have a poor influence for heating in winter. Double skin façade (DSF) is a type of advanced window system. The venetian blinds of DSF can block solar radiation and the air cavity between the two façades can enhance the thermal resistance. Hong et al. [11] investigated the seasonal energy efficiency strategies of a DSF used in Korea. The largest reduction rate of cooling energy consumption in that case was 13%. Cetiner and Özkan [12] assessed the performance of a DSF used in Istanbul. The energy saving rate in that case was 23%. Chan et al. [13] evaluated the technique-economic efficiency of a DSF used in Hong Kong, the cooling load was reduced by 26%. Though DSFs have shown the potential for energy savings, the heat gain through DSFs is still considerable [14]. Parra et al. [15] demonstrated that the venetian blinds have a notable effect on thermal performance of the DSF, and the temperature of venetian blinds could be higher than 50 °C under exposure to solar radiation [16]. Gratia and De Herde [17] indicated that DSFs might cause overheating and a greenhouse effect in the air cavity. Especially under the severe summer climate in the Central Asian region, the traditional DSFs are not adequate for significantly reducing the cooling energy consumption.



Except for the mentioned passive technologies, embedding pipes into the building envelope and utilizing natural energy to cool the windows and walls, has been proven very promising. Xu et al. [18] presented the concept of the pipe-embedded wall and reviewed its practical applications. The results showed that the active building envelope has the potential for energy conservation. Shen and Li [19] investigated the dynamic thermal performance of a pipe-embedded wall utilizing evaporative cooling water. It indicated that the reduction rate of electricity consumption for cooling could be higher than 50%. A ground-source heat exchanger (GSHE) also could be used as the cooling source of a pipe-embedded wall [20]. With regard to the pipe-embedded window, its average solar energy transmittance is only 13% and its window temperature is decreased by 10 °C under typical summer conditions [14,21]. Overall, the effectiveness of the pipe-embedded envelope is high because of the direct use of natural cooling sources which does not consume extra electricity.



Generally speaking, the Central Asian region has various natural cooling sources. The evaporative cooling there is efficient, and the temperature of ground soil is low. Thus, it may be suitable to adopt the pipe-embedded envelope and utilize natural energy in these regions. However, the investigation of the pipe-embedded envelope applied to these regions is inadequate. In addition, the current studies on the pipe-embedded envelope are separated to either windows or walls, respectively, and only the envelope is considered rather than the entire room. The comparison of the performance among different natural cooling sources is also lacking.



Thus, a typical office with a synthetic pipe-embedded envelope utilizing natural cooling is presented in this study. Urumqi (latitude and longitude: 43°49′ N, 87°36′ E) is employed in the investigation as it is one of the largest cities in the Central Asian region. The hourly heat transfer of the novel envelope is numerically investigated over a complete summer. The effects of window, wall, and indoor heat sources are all taken into account. The energy saving performance of three natural cooling sources are considered: direct evaporative cooling (DEC), indirect evaporative cooling (IEC), and GSHE.




2. Methodology


2.1. Description of the Synthetic Pipe-Embedded Envelope


The schematic diagram of the pipe-embedded envelope is shown in Figure 1. Cooling pipes are embedded into the wall and the double pane window. Cooling water flows inside to take away the heat from the envelope. The heat transfer of the pipe-embedded structure is more efficient than the traditional indoor fan coil unit. Firstly, the heat transfer area of the pipe-embedded system is sufficient because the whole envelope can be considered as a heat exchanger. Secondly, the heat transfer coefficient of the pipe-embedded system is high. In the wall, the pipes directly contact the solid surface. In the window, the pipes directly absorb the incident solar radiation. Finally, natural energy sources can be employed directly for cooling regarding the high temperature of the window and wall. According to the climatic feature of Urumqi, DEC, IEC, and GSHE are applied as the natural cooling sources in this study.




2.2. Physical Model


A typical office is adopted to evaluate the performance of the synthetic pipe-embedded envelope, as shown in Figure 2. The dimensions of the office are 6.0 m (length) × 4.0 m (width) × 3.5 m (height). The external envelope of the office consists of window and wall. Window-to-wall ratio (WWR) varies in different cases. The heat gain from envelope is simulated using a computational fluid dynamics (CFD) program. The indoor heat gain consists of lights (7 W/m2), equipment (15 W/m2), and occupants (8 W/m2) [22]. The working schedule of the office is from 08:00 to 18:00. All of the other settings are the same in the office with traditional and pipe-embedded envelopes except for the pipes.



The heat transfers of the window unit and wall unit are numerically simulated, respectively. As illustrated in Figure 3, a typical double pane window with venetian blinds and a typical wall with bricks and an insulation layer are employed in the study. Cooling pipes are built in the venetian blinds of the window and the interlayer of the wall. The materials in the window are selected based on [23,24]. The glass has different characteristics in long-wave and short-wave bands. The materials in the wall are selected based on [25,26]. The expanded perlite is employed as the insulation material. The detailed information of the materials in the window and wall is listed in Table 1 and Table 2. The insulations of the window and wall are selected complying with the thermal insulation standard in Urumqi [22].




2.3. Numerical Method and Validation


A comprehensive numerical model is built to simulate the heat transfer process through the envelope illustrated in Figure 3. A two-dimensional simplification is adopted in the calculation, corresponding to similar studies [16,23,27]. The simulation is unsteady, and the time step is one hour in each case. There are a total of 1728 time steps. To consider the effect of thermal inertia, the simulation is conducted 10 days before the beginning of the summer period. The computation domain consists of a solid field and fluid field. Navier–Stokes equations are employed for the fluid domain. A partial differential equation of heat conduction is applied for the solid zone. Enhanced wall function is employed for the boundary layer between solid and fluid.



Structured quadratic cells are generated in the main domain except for a part near the round pipes and venetian blinds. The mesh independence for the wall has been checked by developing 54,000, 8800, and 1900 cells. The heat transfer through the wall in a day is simulated, and the comparison of heat flux on the internal surface of wall is illustrated in Figure 4. This indicates that the results from 54,000 to 8800 cells are very close, while the results from coarse cells have a relative error larger than 10%. Thus, the mid-density mesh is employed, whose edge length of the cells is 6 mm, approximately. Similarly, the mesh independence for the window has been checked by developing 300,000, 140,000 and 60,000 cells, and the mesh with 140,000 cells is eventually employed, whose cell edge is about 10 mm. The configuration of the adopted mesh is shown in Figure 5.



All of the equations are solved using the commercial CFD software ANSYS Fluent (Version 14.5, ANSYS Inc., Canonsburg, PA, USA). The turbulence effect is computed by the κ-ε model. Velocity and pressure values are coupled by the SIMPLE scheme. Pressure is discretized by the body-force weighted algorithm. Radiation is calculated by the discrete ordinate (DO) model. The validation of the numerical model and the details of mathematical model are included in our previous studies [14,19,21,28].



In this investigation, both the indoor and outdoor sides of an envelope are set as the boundary condition of the third type. The convective heat transfer coefficients of the surfaces of the envelope are 18 W/(m2∙K) (outdoor side) and 6 W/(m2∙K) (room side). The indoor temperature is fixed to 26 °C. The ambient temperature and solar radiation are determined by referring to the climatic database [29]. The angle of the incident solar ray also changes with time. The velocity of water is 0.5 m/s. The temperature of the water is related to the employed natural cooling source. In the system with DEC and IEC, water temperatures are equal to the wet-bulb and dew point temperature of the outdoor air plus 4 °C. The additional 4 °C is given as a temperature difference for heat exchange to consider the performance of DEC [30] and IEC [31]. In GSHE, water temperature is set as the soil temperature plus 4 °C. The surface soil temperature is 6.6 °C and almost constant throughout the whole year [32]. The cooling season of Urumqi is from 21 June to 31 August.




2.4. Evaluation Index


The heat flux transferred into the room per square meter of envelope can be obtained directly from the CFD simulation. Based on this, the total indoor cooling load Q (W) of the office can be calculated as:


Q = qwall∙Awall + qwindow∙Awindow + qindoor∙Aindoor + qfresh



(1)




where qwall is the heat gain through the wall, W/m2; qwindow is the heat gain through the window, W/m2; qindoor is the heat gain from the indoor space, 30 W/m2; Awall is the area of the wall, m2; Awindow is the area of the window, m2; Aindoor is the floor area of the office, 24 m2; qfresh is the heat gain from the fresh air, W. Awall and Awindow vary with the WWR in different cases. The amount of fresh air is 90 m3/h for the office [22].



The cooling electricity consumption for the office with the traditional envelope Etrad (W) is calculated as:


Etrad = Qtrad/EERhp



(2)




where EERhp is the energy efficiency ratio of a typical cooling system, which is around 4.0 [33]; Qtrad (W) is the indoor cooling load for the traditional office.



The cooling electricity consumption for the office with the pipe-embedded envelope Epipe (W) consists of indoor side, envelope side, and the natural cooling source. Epipe is defined as:


Epipe = Qpipe/EERhp + Qwater/WTFpipe + Esource



(3)




where Qpipe is the indoor cooling load for the office with pipes, W; Qwater is the heat flux of the water pipes, which is obtained from CFD simulation, W; WTFpipe is the water transport factor of the water pipes (ratio of transferred heat quantity to the electricity consumption of the pump) [34]; (Qwater/WTFpipe) represents the electricity consumption of transporting the water through the envelope; Esource is the electricity consumption of the natural cooling source. For DEC and IEC, Esource is the electricity consumption of the evaporative cooling machine, which is calculated by:


Esource = Qwater/EERsource



(4)




where EERsource is the energy efficiency ratio of the evaporative cooling machine [34,35].



For GSHE, Esource is the electricity consumption of the GSHE pump, which is calculated by:


    E  s o u r c e   =   ρ ⋅ g ⋅ L ⋅ V   3600 ⋅ η     



(5)




where ρ is the density of water, kg/m3; g is the acceleration of gravity, 9.8 m/s2; η is the pump efficiency; L is the pump lift, m; and V is the flow rate of circulating water, m3/h, which is calculated according to Qwater:


   V =   3600 ⋅  Q  w a t e r     c ⋅ ρ ⋅ Δ t     



(6)




where ρ is the density of water, kg/m3; c is the specific heat of water, J/(kg·K); and Δt is the temperature difference between the outlet and inlet of GSHE, 3.5 °C.



The electricity reduction rate of the pipe-embedded envelope (ε) is defined by:


   ε =    E  t r a d   −  E  p i p e      E  t r a d       



(7)







The effectiveness of pipes (η) is defined by:


   η =    Q  t r a d   −  Q  p i p e      Q  w a t e r       



(8)




where η represents how much cooling energy of the pipes is used on the room side. The cooling source with pipes almost does not consume extra energy if η is close to 100%. Since the cooling tower connected with the traditional air-conditioning also consumes energy, only the increased heat flux on the external surface of the pipe-embedded envelope needs the extra energy consumption of the cooling tower.





3. Results and Discussion


The temperature distribution of the pipe-embedded envelope under typical conditions is illustrated first. Then, the hourly heat transfer process of the envelope in a complete cooling season is investigated regarding the diverse cooling sources in Urumqi. Finally, the accumulated electricity consumption of a typical office is evaluated with different orientations and WWRs.



3.1. Temperature Distribution in the Envelope


According to the summer design parameters in Urumqi [29], a typical weather condition is selected to investigate the performance of the cooling pipes. The outdoor temperature is 33 °C, the water temperature is 24.5 °C, and the solar radiation on the external glass is 600 W/m2. The temperature and velocity fields of windows with or without pipes are shown in Figure 6. In the traditional double window without pipes, the blinds are significantly heated because of the strong solar radiation. Thermal stratification occurs in the cavity of the double window, the highest temperature of the air in the top area is even more than 50 °C. The temperature of the blinds is as high as 60 °C, which is corresponding to the experimental results in [16], and a part of the bottom is also hot due to the slant solar radiation. Thus, although the direct heat gain caused by the short-wave solar radiation is reduced, the heat conduction of the internal glass and the long-wave solar radiation from the shading device are still considerable. According to the simulation, 37.3% of the solar energy will transfer into the room. However, with the cooling effect of the embedded pipes, the overall temperature of the novel double window is greatly decreased. The highest air temperature is less than 30 °C. The temperature of blinds is only about 26 °C, and the blinds no longer transfer heat to the indoor space. The neighbor of the shading device even becomes a cool region. In this condition, 60.1% of the heat gain from solar radiation is directly taken away by the cooling pipes, and only 12.2% of the incident radiation transfers into the room eventually. Nevertheless, the heat dissipation to the ambient environment in the pipe-embedded double window is less than that of the traditional double window because the temperature of the pipe-embedded double window is much lower. Thus, the cooling pipes need to deal with more heat. However, its energy-saving potential may still be promising considering the production of cooling water is very efficient compared with the chiller.



The velocity profile in Figure 6b indicates that the overall thermal convection in the traditional window is strong due to its large temperature difference throughout the cavity. The air is heated up by the bottom surface and venetian blinds, and rises alongside the blinds. Then the air falls along the glass as it is cooled down by the glass. The thermal convection is intense especially near the glass. In the pipe-embedded window, the buoyancy-driven flow rises in the region near the external glass because it is heated up by the glass. The thermal convection near the venetian blinds and internal glass is weak due to the small temperature difference. Thus, the heat conduction through the internal glass is reduced in this condition.



A typical day in Urumqi is selected to analyze the effectiveness of the embedded pipes in detail. The boundary conditions are selected from the summer design day in [29]. Dynamic heat transfer is considered due to the thermal inertia of the wall. It is a sunny day and the highest horizontal solar radiation is nearly 800 W/m2. The highest air temperature is 35.4 °C, which occurs at 15:00. Cooling water is produced from DEC. The wet-bulb temperature varies between 15 °C and 20 °C, which is suitable for DEC.



The temperature field in the envelope at different times during the conditions with or without pipes is illustrated in Figure 7. In the traditional wall without pipes, the temperature of the external surface is heated up from noon to night. Especially around 16:00, the highest temperature of the envelope is over 38 °C. The temperature of the internal surface is always more than 26 °C. With the embedded cooling pipes, the temperature of the envelope is significantly reduced. As shown in Figure 7, the heat transferred to the room is effectively reduced by the pipes, and the temperature of the internal surface is about 20 °C, which is even much lower than the room temperature. Thus, the cooling pipes not only decrease the external heat gain through the wall but also absorb the internal heat.




3.2. Dynamic Heat Transfer with Different Cooling Sources


The climatic data of Urumqi in summer is illustrated in Figure 8. Urumqi is a typical city in Central Asia. The ambient dry-bulb temperature is around 30 °C and the highest temperature is close to 40 °C. The solar radiation here is very intense, and the highest horizontal solar radiation is more than 1000 W/m2. Evaporative cooling is efficient here because the wet-bulb temperature and dew-point temperature are low. The average soil temperature is only 6.6 °C. Thus, DEC, IEC, and GSHE are considered as three alternative natural cooling sources in this study. The cooling effects of different sources in a complete summer are simulated and compared.



The dynamic performance of the system applied to a west orientation is analyzed as an example. The average temperature of the air cavity is demonstrated in Figure 9a. Without pipes, the average temperature of the traditional window is usually higher than 40 °C in the daytime. With the cooling pipes, the temperature of the double window is significantly reduced throughout the complete cooling season. The variation of temperature is much more stable. When DEC is employed, the seasonal average temperature of the window is 22.2 °C, which is 8.5 °C lower than the traditional double window. In addition, the temperature is already lower than the room temperature, indicating that the room will dissipate heat through the window instead of gaining heat. When IEC is employed, the seasonal average temperature of the double window is only 17.6 °C, and the cooling effect is perfect. The temperature is even lower (16.4 °C) when adopting the GSHE.



The hourly heat flux on the internal glass is illustrated in Figure 9b. In the traditional window, the heat gain in the daytime varies from 50 to 300 W/m2 owing to the large solar radiation and hot window. In regard to the window with DEC, its heat gain varies from 0 to 100 W/m2 due to the cooling effect of pipes. The accumulative seasonal heat transfer is reduced by 56.4% and the peak value is reduced by 62.2%. In regards to IEC, the heat gain varies from –20 to 60 W/m2. The accumulative heat gain is reduced by 81.9% and the peak value is reduced by 70.9%. The window will absorb the internal heat for nearly 20% of the daytime. The performance is even better in the GSHE condition, in which the accumulative heat gain is reduced by 88.2%. In this condition, the double window almost stops transferring heat to the room. However, the cooler natural cooling source has to deal with more heat because the window is cooler. The accumulative seasonal heat fluxes of the pipe are 97.4, 142.5, and 153.1 kWh/m2 in the condition of DEC, IEC, and GSHE respectively.



The seasonal effectiveness of pipes (η) is around 42.5% in the window, and the values in DEC, IEC, and GSHE conditions are very close to each other, which indicates that η represents the effectiveness of the structure of pipes regardless of the water temperature. The results show that 42.5% of the cooling energy from pipes is used for cooling the indoor space directly. The rest of the cooling energy is used to deal with the increased heat dissipation on the external skin of the window.



The temperature of the internal surface of the wall is shown in Figure 10a. The temperature of the traditional wall is more than 26 °C, but the temperature of the pipe-embedded wall is only 21 to 24 °C. The wall panel is also able to cool the indoor environment through radiative heat transfer. The thermal comfort of occupants can be improved because the mean radiant temperature is reduced. The hourly heat flux on the internal surface of the wall is illustrated in Figure 10b. With respect to the traditional wall without pipes, the heat flux varies from 0 to 10 W/m2. The heat flux is small compared with window because the insulation of the wall is better. In addition, the effect of radiation on the wall is relatively slight. However, with the built-in pipes, the heat flux becomes a negative value. The external heat cannot transfer into the room, while the internal heat is taken away by the cooling water. The cooling pipes have a similar effect as a radiant cooling panel in these conditions. The average seasonal heat flux is around −21.7 W/m2 when utilizing DEC, and the heat flux is even less when adopting IEC, which is only −36.9 W/m2. The effect of GSHE is close to that of IEC, whose average heat flux is −43.2 W/m2. In addition, due to the water temperature from GSHE being nearly independent of weather, the heat flux of the wall is very stable. The cooling capacity of these pipe-embedded walls is satisfactory.



The seasonal effectiveness of pipes (η) is around 83.0% for the pipe-embedded wall, and the values are close in the conditions with different cooling sources. η is very high for the wall because the pipes are arranged on the indoor side of the insulation layer and the insulation of the wall is better than that of glass.




3.3. Seasonal Electricity Consumption under Different WWRs and Orientations


Traditionally, glass with good insulation (e.g., double glazing) is employed as the internal skin of a double pane window to reduce the heat conduction from the hot air cavity to the room. However, with the cooling effect of pipes, the air cavity is no longer hot. Thus, if we adopt the insulated glass to the external skin of a double pane window, the heat dissipation through the external skin can be reduced while the heat flux through the internal skin is almost constant. The seasonal electricity consumption for a window unit is shown in Figure 11. The insulated glass is placed in the internal or external skin of a window. The electricity consumption of the window with internal insulation is always higher irrespective of the cooling source. Especially for IEC and GSHE, the cooling water is cold, and the heat dissipation of the external skin is considerable. Hence, it is suggested to insulate external skin. In addition, by this method, the effectiveness of pipes (η) is increased to 60% because the cooling energy from pipes is decreased.



The seasonal electricity consumption of the pipe system and the indoor air-conditioning system in a typical office is shown in Figure 12. The WWR of the office is 0.5. The results are the average values of four orientations E, S, N, W. The accumulated heat gain of the envelope without pipes is 499.1 kWh, which takes up nearly a half of the total cooling load. This indicates the importance of improving the performance of the envelope in this region. The total electricity consumption in DEC and IEC are almost the same, with a reduction of 27% compared to the traditional system. However, their proportions of the components of electricity consumption are different. The consumption of indoor air-conditioning in IEC is much less than that in DEC because the water temperature in IEC is much lower. However, the electricity consumption for producing cooling water in IEC is much higher because its EER is lower. Overall, DEC is more suitable, considering its lower investment. The performance of GSHE is the best, where, ε is larger than 50%. The consumption of indoor air-conditioning in the GSHE condition is reduced by 81%, and its electricity consumption for the pipe system is not as high as that of IEC. In addition, GSHE does not consume extra water, which is beneficial for dry regions like Urumqi. The high efficiency of GSHE is because of the low soil temperature in these regions.



The solar radiation varies in different orientations. The accumulative radiations in the working time in summer are 163, 160, 167, and 36 kWh/m2 for E, S, W, and N orientations, respectively. It is obvious that the sunshine is stronger for E, S, and W, whereas it is weak for a N orientation. In addition, radiation is not the only factor that affects the heat gain. The average ambient air temperature is 21.7 °C from 8:00 to 11:00 and 28.0 °C from 15:00 to 18:00 in summer. Thus, it is very beneficial for the heat dissipation of east orientation because it receives radiation mainly in the morning. The seasonal electricity consumption of the office in different orientations is illustrated in Figure 13. The WWR of the office is 0.5. The results indicate that cooling pipes are effective in each orientation. The stronger the solar radiation is, the greater the reduction of electricity. However, the reduction rates of electricity consumption are close in different orientations. It is not necessary to embed the pipes for the north window because the solar radiation there is weak.



WWR is an important factor for the heat gain through the building envelope. The electricity consumption of the offices with different WWRs is shown in Figure 14. The results are the average values of four orientations, E, S, N, and W. The electricity consumption is increased with WWR in both traditional and pipe-embedded offices, but the reasons are different. In the traditional office, larger WWR means more heat will transfer through the window, and the electricity increases correspondingly. In the pipe-embedded envelope, the heat flux of the window will not grow significantly with WWR. However, the cooling surface of the wall is reduced accordingly, which will influence the cooling effect of the wall panel. With the embedded pipes, relatively large WWR is acceptable. For example, the electricity consumption of the office with GSHE (WWR = 0.75) is only 238.8 kWh, even less than that of the traditional office with a WWR of 0.25.





4. Conclusions


The energy performance of a typical office with pipe-embedded window and wall is numerically investigated in this study. The effectiveness of three natural cooling sources (DEC, IEC, GSHE) is evaluated in Urumqi. The influences of insulated glass, orientation, and WWR are considered by simulating a complete summer. The main conclusions drawn are as follows:

	
In windows, cooling pipes can remove 60% of the solar radiation directly and only less than 15% of the radiation can transfer into the room. The insulated glass should be installed to the external skin of a pipe-embedded double window to reduce the heat dissipation. The pipe effectiveness η is around 60%.



	
In walls, cooling pipes can reduce the internal surface temperature by more than 4 °C. The pipe-embedded wall becomes an efficient radiant cooling panel absorbing the heat from the room. The pipe effectiveness η is around 83%.



	
The seasonal cooling energy consumption of the office with pipes is reduced by 25%–50%. A large WWR is acceptable with the cooling effect of pipes.



	
The performance of GSHE is the best among the three sources in Urumqi. The effectiveness of DEC and IEC is also satisfactory, with an average energy saving rate of 27%. IEC can reduce more heat flux through the envelope, but it consumes more energy to provide the cooling water.








Overall, the pipe-embedded system is very suitable for utilizing natural energy and dealing with the climate in regions like Urumqi.
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Nomenclature








	A
	area, m2



	E
	electricity consumption, W/m2



	q
	heat gain, W/m2



	Q
	cooling load, W/m2



	ε
	electricity reduction rate of pipe-embedded envelope



	η
	effectiveness of pipes



	
	



	Abbreviations
	



	DEC
	direct evaporative cooling



	DSF
	double skin façade



	EER
	energy efficiency ratio



	GSHE
	ground-source heat exchanger



	IEC
	indirect evaporative cooling



	WWR
	window-to-wall ratio
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Figure 1. Sketch of the pipe-embedded envelope connected with natural sources. 
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Figure 2. Configuration of the simulated office: (a) Office with traditional envelope and (b) Synthetic pipe-embedded envelope. 
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Figure 3. Structures and dimensions of the simulated envelope: (a) Pipe-embedded window and (b) Pipe-embedded wall. 
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Figure 4. Results from different mesh densities. 
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Figure 5. Mesh configurations: (a) Pipe-embedded window and (b) Pipe-embedded wall. 
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Figure 6. Cross section of the window: (a) Temperature distribution and (b) Velocity distribution. 
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Figure 7. Temperature field of a wall during typical times of a day. 
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Figure 8. Climatic data of Urumqi: (a) Temperature of different sources and (b) Horizontal solar radiation. 
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Figure 9. Heat transfer in different windows: (a) Temperature variation and (b) Heat flux variation. 
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Figure 10. Heat transfer in different walls: (a) Temperature variation and (b) Heat flux variation. 
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Figure 11. Accumulated electricity consumption for window with different insulation layouts. 
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Figure 12. Seasonal electricity consumption of the office: (a) Accumulated amount and (b) Reduction rate. 
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Figure 13. Seasonal electricity consumption of the offices in different orientations. 
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Figure 14. Seasonal electricity consumption of the offices with different WWRs. 
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Table 1. Physical parameters of the window materials.







Table 1. Physical parameters of the window materials.







	
Components

	
Internal Skin

	
External Skin

	
Venetian Blinds






	
Material

	
Double glazing

	
Stalinite

	
Aluminum alloy




	
Thickness (mm)

	
6 + 12 (air) + 6

	
9

	
2




	
Specific heat (J/kg·K)

	
100

	
840

	
880




	
Density (kg/m3)

	
1000

	
2200

	
2700




	
Heat conductivity coefficient (W/(m·K))

	
0.09

	
0.28

	
180




	
Transmissivity-SW 1 (%)

	
65

	
86

	
0




	
Absorptivity-SW (%)

	
17

	
7

	
80




	
Reflectivity-SW (%)

	
18

	
7

	
20




	
Transmissivity-LW 2 (%)

	
34

	
50

	
0




	
Absorptivity-LW (%)

	
48

	
40

	
90




	
Reflectivity-LW (%)

	
18

	
10

	
10








1 SW: short wave band, 0–2.7 μm. 2 LW: long wave band, 2.7–1000 μm.
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Table 2. Physical properties of the wall materials.







Table 2. Physical properties of the wall materials.







	
Materials

	
Cement Plaster

	
Crushed Stone Concrete

	
Expanded Perlite

	
Clay Brick






	
Thermal conductivity (W/(m·K))

	
0.93

	
1.51

	
0.065

	
0.81




	
Density (kg/m3)

	
1800

	
2400

	
670

	
1800




	
Specific heat (J/(kg·K))

	
837

	
920

	
250

	
1050










© 2017 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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