


 



 







 

  

  

  

  

  

  

  

 

  

  

  

  

  

  

  

  

  

 

  

  

  

  

  

  

  

  

  

  



 

  

  

  

  

  

  

  

  

  

  

 

 

  

  

  

  

  

  

  

  

  

  

  

  

 

  

  

  

  

  

  

  

  

  

  



  

  

  

  

 

  

  

  

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  



 
 



 



 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

Figure 1.1: Scheme of Thesis.



Table 1.1: Time plan for thesis.



 
 



 

Figure 2.1: World map with climate classifications. 



 

Figure 2.2: Singapore is located in a fully humid tropical zone. 

 



Figure 2.3: Monthly mean climate of Singapore, as recorded from 1981 to 2010. (MSS, 2011)

Figure 2.4: Monthly mean temperature of Singapore. (MSS, 2011)



Figure 2.5: Average hourly temperatures per month. (MSS, 2011)

Figure 2.6: Daily Relatively Humidity changes in different months. (MSS, 2011) 



Figure 2.7: Hourly patterns of temperature and relative humidity in Singapore over a 24-hour period. Recorded by the National 
Environment Agency of Singapore. 



Figure 2.8: Sun path of Singapore. 

Figure 2.9: Hourly solar irradiance in Singapore recorded in 2014 and 2015. (EMA, 2016) 

 



Figure 2.10: Cloudy and sunny days in Singapore. Based on Meteoblue's 30 years of hourly weather model simulations. 
(Meteoblue, 2014)

 



 

 

 

 

 

 

 



Figure 2.11: Psychrometric chart indicating thermal comfort zones based on several factors. (ASHRAE 55, 2010)



Figure 2.12: Range of comfortable operative temperatures from the adaptive thermal comfort model.Diagram acquired from 
CBE Thermal Comfort Tool. (Hoyt Tyler, Schiavon Stefano, Piccioli Alberto, Cheung Toby, Moon Dustin, and Steinfeld Kyle, 
2017, CBE Thermal Comfort Tool. Center for the Built Environment, University of California Berkeley, 
http://comfort.cbe.berkeley.edu/) 



 

 

 

 



Figure 2.13: Different processes cause shifts in the psychrometric chart. Climate design strategies can be derived from this 
graphical representation. (Autodesk, 2018) 

Figure 2.14: Psychrometric chart suggesting that cooling and dehumidification processes are necessary for Singapore. 



 

Figure 2.15: Public housing is regulated by the Housing Development Board of Singapore (HDB). (Source: 
https://www.todayonline.com/singapore/use-cladding-buildings-here-have-grown-recent-times-experts)

 



Figure 2.16: Rows of slab blocks built adjacent to each other. (Source: https://www.straitstimes.com/askst/askst-how-can-
home-owners-use-the-asset-to-generate-wealth-after-retirement)



Figure 2.17: Bird's eye view of slab blocks aligning with the sun path. (Source: Google Maps)

Figure 2.18: Point blocks were often taller and had larger units. (Source: https://www.straitstimes.com/singapore/quota-for-
hdb-subletting-to-foreigners-8-cent-for-neighbourhoods-11-for-blocks) 



 



 

Figure 2.19: Areas of the apartment unit in 
which the air conditioner is installed in. 

Figure 2.20: Time of the day in which the air 
conditioner is used. 



 

 

 

Figure 2.21: Number of units of each type of apartment as of March 2018. (HDB, 2018) 



Figure 2.22: An aerial view of the chose public housing building for the research. 

Figure 2.23: Floorplan of the 4-room unit on the left, and 5-room unit on the right. The façades at the top side of the floorplans 
of both units are similar. They are the north façade of the building. 

 

 



Figure 2.24: The North facade of the building (Left) and the South facade (Right). 

Figure 2.25: Axonometric of 4-room residential unit indicating the targeted bedrooms (Blue). 



Figure 2.26: Total annual electricity consumption of public housing across different unit types. in GWh. (Energy Market 
Authority Singapore, 2018) 

Figure 2.27: The share of electricity consumption by appliance in an average HDB household. 



 

 



Figure 3.1: Water molecules are adsorbed by the desiccant material, dehumidifying the air. 

 



 

Figure 3.2: A chart showing the classification of various advanced desiccant materials. (Zheng, Ge, & Wang, 2014) 



Figure 3.3: Adsorption capacity comparison between the Si/LiCl composite desiccant and Si gel desiccant at 25oC. (Jia et al., 
2006) 



Figure 3.4: A graph of dehumidification amount against regeneration temperatures. (Jia et al., 2007) 

 



 

 

 



 

Figure 3.5: A diagram showing how a DCHE works. 

Figure 3.6: An image of a DCHE in real life. (Sun, Dai, Ge, Zhao, & Wang, 2018) 



Figure 3.7: Having cooling fluid flow through the desiccant material is shown to help reduce cooling loads by removing 
adsorption heat. (Ge et al., 2010) 



Figure 3.8: Dehumidification capacity comparison between a DCHE using Si/LiCl 40% composite desiccant and pure Si gel. 
DCHE-L40 is the composite desiccant DCHE. DCHE-L0 is the Si gel DCHE. (Zheng et al., 2015) 

 

Figure 3.9: Schematic diagram of a system with a single DCHE. 



Figure 3.10: Schematic diagram of a system with 2 DCHEs for continuous dehumidification and regeneration. In this case, 
DCHE 1 is undergoing regeneration and DCHE 2 is undergoing dehumidification. 
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Figure 3.11: Diagram showing the geometric properties of the heat exchanger important for calculations. 

Table 3.1: Parameters from Ge’s experiment to verify equations. 
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Figure 3.12: Parts of an evacuated tube collector. (Sabiha, Saidur, Mekhilef, & Mahian, 2015) 

Figure 3.13: Diagram of a heat pipe ETC. 



Figure 3.14: Thermal efficiencies against temperature difference ranges of different solar thermal collectors types. (Prieto, 
2018) 



Figure 3.15: Schematic diagram of DCHE system with ETC subsystem added. 



Figure 3.16: Diagrammatic section of an ETC. 
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Figure 3.17: Schematic diagrams of how the HRD subsystem assists in the regeneration stage. Pre-regeneration stage (top) 
and high temperature regeneration stage (bottom). 

Figure 3.18: Having a HRD subsystem helps to lower the temperature of the outlet air from the DCHE. (Zhao et al., 2016) 



 

Figure 3.19: Outlet air temperature and humidity ratio graphs during dehumidification and then regeneration.(Ge et al., 
2017) 



 

Figure 3.20: The temperature and humidity ratio of the outlet air from the SHE are more synchronised.(Ge et al., 2017) 

Figure 3.21: Schematic diagram of the DCHE system with the SHE. 

 



 



 

 



 

Figure 4.1: Facade module of the Capricorn Haus (Left) and the overall facade pattern (Right). 



Figure 4.2: Photo of the ventilation unit (Left) and an architectural facade section drawing (Right). 

 



Figure 4.3: Photos of the apartment before (Left) and after (Right) the renovation project. 

Figure 4.4: Horizontal section of the facade with integrated ventilation ducts (Top left), vertical section of the facade with 
horizontal ventilation distribution (Bottom left), and an interior photo showing the air inlet above the window (Right). 
Highlighted in red are the renovation elements. 



 

Figure 4.5: Diagram showing the ventilation distribution (Left), and a photo of the prefabricated 3 x 10 m facade module 
being lifted to be mounted during construction (Right). 



Figure 4.6: Photos of the building before (Left) and after (Right) renovation.

Figure 4.7: The ventilation ducts are integrated within the facade module (Left) beside the window, where an opaque covering 
is placed over the supply and exhaust ducts (Right). 



 

Figure 4.8: Heat pipes are attached to the existing facade first (Top left) before being covered with rockwool and afterwards 
the new facade (Top right). The facades facing South were integrated with solar thermal collectors. The rest only featured 
solar combs. (Bottom) 



Figure 4.10: Diagram of the main components of the facade. 

Figure 4.9: Testing rig of the SPDW (Left). The desiccant beds are integrated within the window (Right).



Figure 4.11: Graphs of dehumidification efficiency (Left) and temperature difference (Right) over time. 

Figure 4.12: Graph of the temperature of the desiccant material over time at different levels of solar radiation. 



 



Figure 4.13: The facade module includes heat recovery and a micro heat pump. (Left) Exterior photo of the demonstration. 
(Right)

Figure 4.14: The HVAC system is integrated inside the timber facade module.



Figure 4.15: The heat recovery unit can be integrated as a slim and long facade module. 



Figure 4.16: The latent storage PCM ventilation unit can faciliate different ventilation configurations for different seasons 
and user needs. 

Figure 4.17: Heat exchangers are used for the PCM unit. 



 



 

Figure 4.19: Classification of the location of components. 

Figure 4.18: The 3 main facade locations for the decentralised components of the DCHE facade system. 



✓ ✓ ✓

✓ ✓

✓ ✓

✓ ✓ ✓ ✓

✓ ✓ ✓

✓

✓ ✓ ✓

Table 4.1: The average sizing and possible locations of each main system component. 

 



 

 

Figure 4.20: Composition of the existing facade. 



 

Table 4.2: The difference between the 2 facade concepts. 

Figure 4.21: Elevation and section of facade highlighting structural beams and columns. 



Figure 4.22: Light blue denotes the “centralise-able” components (solar collectors and water tanks). Dark blue denotes the 
usual components. 

Figure 4.23: Light blue denotes ducts linking to centralised components. Dark blue denotes the decentralised components. 

 



 

Table 4.3: Design parameters that control the design of the conceptual facades.

Table 4.4: The conceptual facades are evaluated based on these 4 factors. 

 



Table 4.5: Requirements of the facade system. 

 



 

Figure 4.24: Flowchart showing the steps taken in the facade design process. In dark blue are the inputs, while light blue 
denotes the processes. 

 

Table 4.6: Cooling power and air flow rate recommended by Designbuilder. 

 



Table 4.7: Component sizes of benchmark performances and their effects on the baseline cooling power and COP. 

Table 4.8: The required component sizes for the concept facade designs, based on the airflow rates from experiments and the 
required value from Designbuilder. 

 



 

Table 4.9: Operational conditions altered to suit Singapore's climate and the operational capability of the facade system. 

Table 4.10: Changes made to component sizes to suit the new operative conditions and achieve the required cooling capacity. 

 



 

Figure 4.26: Sunpath on the December Solstice. Highlighted in red is the North facade of the building. 

Figure 4.25: Sunpath on the June Solstice. Highlighted in red is the North facade of the building. 



Table 4.11: Solar irradiation values from simulation. Highlighted in red is the highest solar irradiation on the worst day of the 
year. 



Figure 4.27: Graph visually illustrating the solar irradiation on ETCs on the North facade with different absorber angles.
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Figure 4.28: Highlighted in dark blue is the maximum available area for a facade-located ETC subsystem per apartment unit. 
Highlighted in red is the façade area that each apartment lacks. 

 



Table 4.12: Solar irradiation on rooftop, with ETCs tilted 20o Southward. 

Table 4.13: Monthly average solar irradiation on the rooftop ETC. 

Figure 4.29: Graph showing how the solar irradiation differs per month. 



Figure 4.30: A Google Maps image of the roof of the building from Northwest direction. 

 



 

Table 4.14: Water tank volumes for each facade concept. 

Figure 4.31: The ground floor of the building. Only structural columns occupy the space. 



Figure 4.32: Floorplan of void deck. Dimension on metres.

Figure 4.33: Positioning and sizing of the centralised water tanks in the void deck. 2 hot water tanks and 1 cold water tank. 



 

 



 

Figure 4.34: Diagram illustrating the water flow system of the fully decentralised concept. 



Figure 4.35: Diagram illustrating the water flow system of the semi-centralised concept.

Table 4.15: Updated facade concepts to cater to availability of space for ETCs. 



 

Figure 4.36: Daytime operation.

Figure 4.37: Duration of each process. 

Figure 4.38: Dehumidification process. 



Figure 4.39: Pre-regeneration process.

Figure 4.40: High temperature regeneration process.

 



 

Figure 4.41: The facade module based on the fully decentralised concept.

 



Figure 4.42: Diagram of water flow during solar heat collection within the façade module for each bedroom.

 



Figure 4.43: Sectional diagram of components within the facade.

 



Figure 4.44: Psychrometric chart of dehumidification (Top Right) and air and water flow diagram (Bottom). 
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Figure 4.45: Psychrometric chart of pre-regeneration (Top Right) and air and water flow diagram (Bottom). 
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Figure 4.46: Psychrometric chart of high temperature (Top Right) and air and water flow diagram (Bottom). 
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Figure 4.47: The facade module of the semi-centralised concept.

Figure 4.48: Diagram of water flow through the facade module during daytime solar heat collection.



Figure 4.49: Diagrams of air and water flow in the facade module for both bedrooms, alternating between dehumidification 
and regeneration.



 

Table 4.16: ETC numbers between facade concepts. 



Table 4.17: Maintenance estimation values used during calculations. 

Table 4.18: Maintenance costs of ETC system between facade concepts.

 



Table 4.19: Water tank surface area comparison between facade concepts. 

 



Table 4.20: Heat loss due to water tanks. 

 



Figure 4.50: Diagram highlighting the point of focus where the facade module will have the most number of water piping.

Figure 4.51: Close up of the vertical ducting of the fully decentralised (Left) and semi-centralised (Right) facade module.
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Table 4.21: Water piping constants used for calculations. 

Table 4.22: Water piping material usage comparison between facade concepts. 

Table 4.23: Heat loss due to water piping.



 

Table 4.24: Summary table of cost savings of semi-centralised facade concept and heat loss compensation tweaks needed. 

 



 

 

Figure 4.52: Highlight of the extension of the ETC tubes to compensate for heat loss. 

 



Figure 4.53: Graph showing mismatch between worse-case scenarios of solar irradiation on the roof and façade. 

Figure 4.54: Graph showing overall worst-case scenario accounting for total solar energy collected by entire ETC system (roof 
and façade). 



Table 4.25: Excess ETC tubes to account for breaking down. 



 
 



Figure 5.1: Finalised facade module.

Figure 5.2: A visualisation of the finalised facade module on the existing building. 

 



 

Figure 5.3: Highlight of the location of the main structural element in the facade module.

Figure 5.4: Image revealing structural elements at the corners of the facade module, consisting of an L-beam within the 
prefabricated module, resting on a steel mounting bracket.



Step 1: Steel bracket in existing façade.            Step 2: Placing facade module on steel facade bracket. 

Step 3: Bolting steel elements together.           Step 4: Aluminium element for protection. 

Step 5: Securing aluminium element and sealing it. 

Figure 5.5: Assembly steps to join the facade module to the existing facade. 



Figure 5.6: Highlight of the location of the bottom steel hook element. 

Figure 5.7: Zoom in image of the steel element (Left), with sectional diagram (Right). 

 



 

Figure 5.8: Highlight of the sliding window component in the facade module. 





Figure 5.9: Axonometric sectional diagrams of the middle divider during the operation of the sliding windows when closed 
(Top) and open in both directions (Bottom). 



Figure 5.10: Horizontal section of windows during operation. Closed (Top), open on left (Middle) and open in right (Bottom). 

 



Table 5.1: Facade module component list. 

Figure 5.11.1: Detailed section with components.



Figure 5.11.2: Detailed section with components. 



Figure 5.12: Detailed operational section of dehumidification (Left) and regeneration (Right).



Figure 5.13: Horizontal section through vertical duct showing water piping network DCHEs (Top) and HRD heat exchangers 
(Bottom).

 



 

 

Figure 5.14: Highlight of location of vertical ducting connection.



Figure 5.15: Steps for facade assembly relating to vertical duct connection. 

Step 1 (Top left): Resting the facade module above onto the one below. 

Step 2 (Top right): Applying sealants to waterproof contact points of facade modules. 

Step 3 (Bottom left): Attaching of flexible steel piping across copper pipes of both façade modules. 

Step 4 (Bottom right): Mounting of aluminium panel covering. 



Figure 5.16: Detailed section of joint between copper piping and flexible steel piping.

Figure 5.17: Axonometric diagram of copper piping and flexible steel piping. 



 

Figure 5.18: Highlight of ETC system on facade module.



Figure 5.19: Detailed section of ETC tube, with components.

Figure 5.20: Instructional diagram of mounting of ETC tubes on facade module.



Figure 5.21: Instructional diagram of mounting of aluminium covering.

 



 

Figure 5.22: Highlight of maintenance areas on the front of facade module. 



Figure 5.23: Instructional diagram on assembly of fan units, air filter and air grills on the front of the facade module. 



Figure 5.24: Diagrams of interior fan and air grills (Top) and their assembly sequence (Middle and Bottom). 



Figure 5.25: Instructional sectional diagram on the removal of the fan units by pulling the catch on the top.



Figure 5.26: Instructional diagrams on the mounting of the top fan units (Top) and air grills (Bottom). 

 



 

 

Table 5.2: Power consumption of a facade module when cooling 1 bedroom.

Table 5.3: Summary of energy efficiency of cooling system.

 



 

 



Figure 5.27: A visualisation of the array of facade modules on the existing building.



Figure 5.28: A speculative visualisation of what it would look like if the facade module was replicated onto other public 
housing buildings.



Figure 5.29: A visualisation of what the facade modules would look like without the facade-located ETC tubes. 

Table 6.1: Financial costs of facade-located ETC tubes versus water heaters. 



Figure 5.30: Graph showing financial costs of the facade-located ETC tubes versus water heaters, over the lifetime of ETC 
tubes, which is 20 years.
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Table 6.2: Comparison of energy efficiencies between a system using facade-located ETCs versus water heaters. 

 



Figure 5.31: A visual representation of the UHI effect in Singapore. (Source: http://www.rocagallery.com/mitigating-urban-
heat-islands) 

 



Figure 5.32: Bedroom on which the daylighting simulation was done. 

Figure 5.33: Results of daylighting simulations on the existing facade (Left) and the same condition but with the facade 
module attached (Right). 



 

 



Figure 5.34: Axonometric of the 4-room residential unit with the public corridor (Yellow), bedrooms cooled by the façade 
system (Blue) and uncooled bedroom (Red).

 



Figure 5.35: Graph indicating the required and available solar energy based on building height. 

 



Figure 5.36: An aerial view of Hong Kong. (Source: https://iso.500px.com/drone-photos-show-the-crazy-urban-density-of-
hong-kong/) 



Figure 5.37: Many Vietnamese houses are built deep and narrow. (Source: https://www.bestpricevn.com/travel-
guide/article-the-tube-houses-of-hanois-old-quarter-338.html) 

Figure 5.38: Sao Paolo, Brazil, with different building typologies. (Sources: 
https://thelchat.jcink.net/index.php?showtopic=6119&st=35, https://psmag.com/social-justice/health0brazils-billion-
dollar-free-public-gym-experiment-85284



Figure 5.39: A typical void deck on the ground floor of most public housing buildings. 
(Source: https://oss.adm.ntu.edu.sg/tanj0217/) 

Figure 5.40: The Pinnacle@Duxton, the tallest public housing project in Singapore to date (Left). Community roof gardens are 
an up and coming trend among modern public housing in Singapore (Right).



Figure 5.41: Conditions also differ within tropical zones. (Source: https://en.wikipedia.org/wiki/Tropical_climate) 



Figure 5.42: Jakarta, Indonesia is ranked the 3rd most polluted city in the world. (Source: 
https://www.straitstimes.com/asia/se-asia/jakartans-finding-it-harder-to-breathe-capital-ranks-as-worlds-third-most-
polluted-city) 
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