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Abstract  
 
Global concern about electrical consumption and environmental sustainability inspired the application of solar 
energy in buildings. As expected, more than 60% of the world’s population will live in urban areas in 2030. 
Residential buildings are being built to be increasingly taller. At present, rooftops are typically used to install PV 
systems, however, as buildings are becoming taller, the available roof space per living unit may not be adequate 
to meet the energy demand of the building. On the other hand, many high-rise residential buildings have a large 
façade-to-roof area ratio. Building facades could therefore potentially used for harvesting solar energy. This 
research is presenting a CPVT technology that is necessary to the residential built environment for electrical 
generation as well as enhancement of thermal performance within the building area.  
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1.  Introduction  
 
One of the effective strategies is to transform buildings into energy producer by using building 
integrated solar energy technologies, such as photovoltaics (PV) and solar thermal (ST) to 
provide savings in energy cost. The development of smart grid (Sechilariu et al., 2013) and 
seasonal thermal storage (Hui et al., 2011) is already well studied and can solve the spatial 
and temporary limitations of PV and ST applications. However, the limitation remains in that 
building facades having less solar exposure as their roof counterparts, therefore, contributing 
to a lower energy conversion efficiency in solar technologies installed in this area. As in PV 
panels, the low energy efficiency coupled with high installation cost and long payback period 
remains the major barrier to wide-scale implementation in the built market (Wu et al., 2016). 
On the other hand, conventional solar thermal collectors, even though more cost effective 
than PVs, produce thermal energy – which is a low-quality form of energy limited in its direct 
end-user applications. Accordingly, converting this thermal energy into high-quality electricity 
is a favourable option. However, this considerably adds to the complexity and cost of the 
system and involves several energy transformations that result in substantially lowering the 
system efficiency (Omar et al., 2015). Another strategy would have been the integration of 
absorption refrigeration cycle in solar thermal collectors for air-conditioning which otherwise 
uses electricity generated from fossil fuels. With solar absorption refrigeration cycle, the only 
drawback is that hot water needs to reach a reasonable high temperature of 75ºC to be 
feasible (Fong et al., 2014). As such domestic solar collectors who have a typical hot water 
temperature range of <60ºC would not be feasible.  
 
One highly appealing solution for the researchers is the combination of photovoltaic 
technology, solar thermal technology, and reflective or refractive solar concentrators. The 
result is what known as a concentrated photovoltaic thermal (CPTV) system which is a hybrid 
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combination of concentrated photovoltaic and thermal system. CPVT works by increasing 
output per unit area of relatively expensive solar cells or collector through the concentration 
of solar radiation via low cost reflecting or refracting optics (Omar et al., 2015). Several CPVT 
systems have been studied and demonstrated both theoretically and experimentally in the 
literature. One review article (Petova-Koch et al., 2009) on low-concentration CPVTs 
discussed the concept of a luminescent-based CPVT that enables the collection of both direct 
and diffuse radiations without the need for tracking. As seen in  
 
Figure 1 the proposed CPVT design consists of a series of parabolic reflectors inserted 
between and on top of monocrystalline silicon PV cells and a bottom absorber plate with 
monocrystalline silicon PV cells. The CPVT allows for concentration ratio about 2x without 
tracking to provide electricity, DHW, and space heating. Rough calculations estimate the 
electrical and thermal efficiencies of the proposed system show to be 9% and 66% 
respectively, and hot thermal fluid (HTF) outlet temperature of about 89ºC.  

 
Figure 1: CPVT design with three truncated CPCs and air as an HTF (Petova-Koch et al., 2009) 

 
The challenges to wide scale implementation of CPVT in high-rise residential buildings are:  
 

1. A large number of CPVTs employed that required environmental shield from external 
forces, such as direct wind loading would further require rigid substructure for 
mounting.  

2. A Precise dual axis tracking system which made the technology expensive and difficult 
to maintain.  

3. A Large number of mechanical components working at potentially high heat which 
post problems of thermal expansion creep and static friction.  
 

2.   Solar Potential of Varying Building Types 

To deploy CPVT in urban residential buildings, it is first crucial to assess the solar potential of 
the building form. The complexity of actual building forms requires simplifying systematically 
to compare the impact of different factors on the building. This study adopts the slab and 
point blocks which are both simple and common building form in Beijing’s new-build 
residential zones.The proposed layout for both building types for this study is in Figure 2. Both 
layouts consist of apartments that are 90m2 which is an apartment size for an average 
household of 3 people in Beijing (Du et al., 2015). The setback between apartments is 3 metre 
for both layouts and have a lift to apartment ratio of 1:2. All lift shaft are of the same size at 
1.5 x 1.5 metre. All common areas such as staircases and corridor have a width distance of 
1.5 metres. The total number of occupants on the proposed point block is 12 occupants per 
level and 24 occupants per level on a slab block. The area per level for a point and slab block 
is 405.55m2 and 869.5m2 respectively, and each floor to floor height is assumed to be 3m. 
The building parameters for this study is summarised below. 



 

With the building parameters and the different factors of the building defined, the solar 
potential of is compared between the two building types. The objective of the study is to 
identify the building form with the highest solar potential, and therefore the construction 
type of which the CPVT is design and implement accordingly in the subsequent chapters.  
Figure 2 shows the relationship the solar exposure surface (roof and all vertical surfaces in m2) 
divided per person (pp.) as the number of building level increases. In the graph, both building 
types show a directly proportional relationship in solar exposure surface p.p as the building 
height increases. This analysis also implied that more solar to electric/thermal energy p.p is 
achievable if the facades of the high-rise residential buildings are employed. In this analysis, 
slab block also shows to be more energy efficient than point block, showing a higher solar 
potential as the building height increases.   
 
 
 
 
 
 
 
 
 

Figure 2: EXPOSURE SURFACE (ROOF AND ALL VERTICAL SURFACES) P.P. AGAINST THE NUMBER OF BUILDING LEVEL. 

3.  Simulation Setup  
 
The optical simulation software TracePro® commercialised by Lambda Research Corporation 
was used to build the solar concentrator model to demonstrate its feasibility. Figure 3 shows 
an example of the simulation taken that includes solar rays tracing and surface analysis of the 
receiver. The simulation shows how effective the model is capable of concentrating solar ray, 
calculating of solar power (W/m2) and concentrating efficiency (%).  
 

 
Figure 3: Simulation Test – Ray Trace Diagram and Irradiance Map (W/m2) 

4.  Feasibility Study  
 
Table 1 summarised the monthly concentrating efficiency and solar on receiver. And to 
determine the solar energy on the receiver to electrical and thermal efficiency, performance 
analysis of a similar CPVT system with proximal concentration ratio as that of the proposed 
CPVT is taken into consideration to determine the electrical and thermal efficiency. The 
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rationale for so doing is that the thermal and electricity gain in concentrated panels varies 
with the concentration ratio as such it is difficult to obtain a definite performance efficiency 
apart from reviewing performance analysis of CPVT of similar concentration ratio tested 
previously. One such example for comparison is an electrical and thermal CPVT design by 
Xuetao et al. (2008) that shows an approximately 87% total efficiency, 16% electrical 
efficiency, and 71% thermal efficiency at a concentration ratio of 6 folds. With this 
comparison analysis, the monthly electrical and thermal energy harvest estimate is tabulated 
in Figure 4.  
 

Table 1: Annual Solar Simulation Results – Beijing, China 

MONTH  AVERAGE CONCENTRATION 
EFFICIENCY (%) 

SOLAR ENERGY 
ABSORBED BY 

COLLECTOR (KWH) 
JAN 63.17 493.56 
FEB 67.97 637.28 

MAR 76.73 738.46 
APR 77.35 652.62 
MAY 79.73 622.9 
JUN 81.62 561.12 
JUL 80.98 531.43 

AUG 78.2 562.06 
SEP 75.62 649.9 
OCT 76.71 776.69 
NOV 78.88 702.58 
DEC 60.58 537.68 

  Annual Average (%) 74.80 
ANNUAL ESTIMATED SOLAR ENERGY @ COLLECTOR 

FOR 1 APARTMENT (KWH)  
7466.28 

 
Figure 4: Monthly Electrical and Thermal Energy Generated (kWh)  

To investigate solar contribution to energy demand of urban residential building, annual 
energy demands for a 90m2 apartment is simulated in a building environmental analysis 
software (DesignBuilder®). The annual and monthly energy demands for the apartment are 
summarised in Table 2 and Figure 5 respectively.  
 

Table 2: Apartment Annual Energy Requirement (FEES) 

  HEATING (kWh/m2/yr.)  COOLING (kWh/m2/yr.) ELECTRICITY (kWh/m2/yr.) DHW (kWh/m2/yr.) 
1 APARTMENT  26.37 11.47 20.85 18.02 
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Figure 5: Energy Requirement (FEES) – Apartment – Beijing, China 

In the following analysis, the combined CPVT generation profile in Figure 5 and energy 
requirements in Figure 5 are compared. In this analysis, the thermal hot water feeds to the 
energy demand in the following order of priority, firstly, for DHW and Space heating and 
secondly, for Space Cooling. The reason for this order of priority was considering that DHW 
or Space heating would have a lower system loss whereas an air-cooled absorption chiller 
would have a COP (Coefficient of Performance) of 0.34 when driven by 85ºC hot water 
generated from solar energy (Lin et al., 2011). The annual and monthly energy requirement 
after renewables deductions is tabulated and represented in Table 3 and Figure 6. 
  

Table 3: Apartment Annual Energy Requirement (FEES) – After Renewables Deductions 

  ELECTRICITY (kWh/m2/yr.) HEATING (GAS) (kWh/m2/yr.) 

1 APARTMENT 6.69 2.52 

 

 
Figure 6: Energy Requirement (FEES – After Renewables Deductions) – Apartment – Beijing, China 

5.  Conclusion  
 
From the simulation values, it is concluded that the model of such system has a potential to 
reduce the total energy consumption for about 88% in a good solar site with no shading. On 
the other hand, in a high-density settlement where there would be shading from surrounding 
buildings, the system is still having a favourable reduction of 60% of the total energy 
requirements in Figure 7. 
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Figure 7: Summary of Annual Energy Requirements  
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