








series of solar irradiances and illuminance levels. This version of Daysim can be integrated into
Autodesk Ecotect which facilitates the modelling of the geometries while allows more accurate
calculations in comparison with the Ecotect Solar access model (Ibarra & Reinhart, 2011).

Radiance simulation parameters were defined according to ‘scene complexity 1°. This means 5
ambient bounces, 1000 ambient divisions and 300 ambient accuracy among other parameters. The
simulation accuracy is increased by using the DDS model which more precisely accounts for the effect
of obstructions (neighbouring buildings) on the incident radiation and illuminance values.

Daysim calculates both the Daylight Autonomy (DA) and the average illuminance levels per point
for the analysed period (whole year). The DA is a climatic-based index which denotes the percentage in
which a minimum —defined by user- illuminance level is achieved by daylight alone for a specific time
interval (Reinhart and Walkenhorst, 2001). In this study, DA is used to determine the percentage along
the whole year in which each analysed point receive more than 10 000 Iux from 8:00 till 18:00. The
optimal illuminance level for certain vegetables and fruits is considered to be 10 000 lux for about 8
hours (Conover and Flohr, 1996). When the DA is below 80% (less than 8 hours with 10 000 lux), a
reduction coefficient is applied for the calculation of the annual yield.

A grid of points (lighting sensors) was generated in every case to obtain the illuminance levels. For
the ground a grid of 5 m by 5 m was generated among the buildings. For the facades grids of 5 m (X or
Y axes according to orientation) by 12 m (Z axis) were generated adapted to the building height. In the
case of the roof, a single point was defined due to the lack of obstructions from other buildings. No
distinction is made about the different solar availability per facade orientation and height. The average of
all facade points will be considered for the calculation of both the farming and solar energy potential.

The effect of shading devices (30 cm overhang along all facades on every floor) on ground and
facade illuminance levels (lux) is considerable: 4% lees sunlight on ground surface and 12% less on
facades. However, modelling all shading devices increase the calculation time several times, therefore,
an equivalent reflectance coefficient (-20%) on the facade was applied to account for the ground
illuminance reduction due to the shading devices. But since the facade reflectance values have little
impact on the facade illuminance levels, another coefficient is applied directly on the final illuminance
levels to account for the presence of horizontal shading devices. For overhangs of 30cm, a coefficient of
0.9 will be applied accounting for a 10% reduction.

Population and area for farming and PV panels. The amount of population per case is calculated
considering that 70% of GFA is residential, 20% institutions and 10% commercial. The total amount of
residents per case were calculated according to the average area per capita in the HDB of the last decade
equal to 25m” and considering a floor plan efficiency (rental flat area out of GFA of residential building)
equal to 85%. For the farming activity we consider part of the ground area and part of the facade while
for the solar energy harvesting we consider part of the roof surface and part of the facade. The farming
area on the ground was derived from the actual land use at Punggol New Town in the northeast of
Singapore. From the total plot area, 15% is considered to be for roads and 35% for open space and
recreation. The 50% remaining area is distributed between buildings and farming areas according to the
different Cs. The area for car parks is considered to be underground or above ground. In the latter case,
the roof of the car park is considered to be covered by playgrounds, circulation, green and farming areas.
The farming area on the facade considers 50 cm of planters along 30% of the perimeter of the facade.
Three fifths of the planter’s thickness (30cm) is projected outside of the building facade acting as a
shading device. The remaining is considered to be inside the facade perimeter as part of a balcony or
external common corridor. The other 70% of the facade perimeter is considered to be used for the
installation of Building Integrated Photovoltaic (BIPV) panels. Eighty percent of the roof area is
considered to be covered by solar panels.

Selection of crops and food self-sufficiency. A selection of crops was done in order to calculate
the yield potential of the farming areas and the potential of food (vegetables and fruits) self-sufficiency
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of the total population in each case. The criteria to select the type of crops were (1) suitability for local
context, (2) preference among local residents and, (3) productivity. A reduced variety of vegetables and
fruits were chosen with different productivity indices. The vegetables are Kang Kong (30%), Water
Mimosa (20%), Chinese Celery (20%), Water Cress (10%) and Pumpkin (20%); the fruits are Dragon
Fruit (80%) and Banana (20%). The yield from the crops ranges from 5 to 30 tonnes per hectare for the
Pumpkin and the Dragon Fruit respectively. The food cycle per year is from 1 to 18 for Banana and
Kang Kong respectively.

Two scenarios are considered regarding the technology used for farming. The first one, termed as
‘conventional’, refers to urban ground farming methods. This method considers both the traditional
ground soil gardening and the use of soil planters or containers. The second scenario is termed as
‘hybrid’ and it is a combination of the ‘conventional’ and the ‘vertical’ methods (50% ground surface
each). The ‘vertical’ method refers to hydroponics, aeroponics and vertical soil-based structures like the
A-shaped SkyGreen system introduced in Singapore. The vertical methods are considered to be around 4
times more productive than the conventional ones (Mugundhan, 2011). Only vegetables are considered
to grow using the ‘vertical’ method. Table 2 shows the area needed for vegetables and fruits in order to
achieve self-sufficiency per capita for the two scenarios.

Table 2. Area needed in order to achieve food self-sufficiency per capita (2 scenarios)

Yield needed Area needed per year per Area needed per year per
per year per capita capita
capita (t) (conventional) (m?) (hybrid) (m®)
Vegetables 109 9.4 3.7
Fruits 55 14.8 14.8
Total 164 24.2 18.5

PV panels and energy self-sufficiency. Polycrystalline Silicon (pc-Si) and Thin-film Amorphous
Silicon Copper Indium Selenide (a-Si CIS) on a horizontal position were considered for the roof and
facade respectively. Typical efficiencies and temperature factors were considered: 13% and 8% for pc-Si
and a-Si CIS respectively. The energy use per capita of 1287 kWh from April 2013 till March 2014 is
considered for the calculation of energy self-sufficiency corresponding to a typical HDB apartment
(Singapore Power Group, 2014). Solar collectors for water heating are not considered at this stage.

RESULTS

The results corresponding to the solar availability analysis and the potential of food and energy
harvesting for 25 cases of point block typology are presented in this paper.

Sunlight availability

The results of the illuminance levels (luxh) per point are averaged for the ground and facade
respectively. Figure 3a shows the average illuminance levels for the 25 cases on ground and facade
points. As expected, when density (PR) increases, sunlight availability (illuminance levels) decreases.
The decrease of illuminance levels is less evident on the facade points (15%) than on the ground (45%)
because all facades, disregarding its orientation and the plot density, have a limited (< 0.5) sky view
factor in comparison with less obstructed horizontal surfaces (< 1.0). Figure 3b shows the average
percentage of time in which illuminance levels are above 10 000 lux. Here the differences between the
lowest and highest densities are lower both for the ground points (around 12%) and facade points (6%).

Farming potential and food self-sufficiency

Figure 4a shows the ratio of food self-sufficiency for the conventional and hybrid cultivation
methods. The differences between the two methods are more evident on lower densities in which larger
ground area is available for the installation of the vertical farming systems.

The impact of the different urban density indicators was analysed. The Hy alone has a minor

30th INTERNATIONAL PLEA CONFERENCE
16-18 December 2014, CEPT University, Ahmedabad



influence on the ratio of self-sufficiency (R2=O.2). The increase of Hy, results on a counterbalance effect:
first it allows larger building facades with a higher potential for the installation of planters, but it also
means a larger amount of residents. The second factor is more influential and make that, in general, the
higher the building the less potential for self-sufficiency. Cs has a higher impact on food self-sufficiency
because the amount of land available for farming is directly proportional to C,. Therefore, there is a
stronger correlation between food self-sufficiency and C, (R2:0.65). PR, shown in Figure 4b, and
population density have the strongest correlation: R?=0.96 and R*=0.95 respectively. This is expected
because the building and population density take into account both the horizontal (Cs) and vertical (Hy)
densities factors.
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Figure 3 (a) Average illuminance levels per hour for the ground and facade points and (b)

average percentage of time in which illuminance levels are higher than 10 000 lux.
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Figure 4 (a) Ratio of food self-sufficiency for the conventional and hybrid cultivation methods

(ratio > 1 self-sufficient) and (b) Correlation of the ratio of food self-sufficiency to plot ratio.

Solar energy potential and energy self-sufficiency

Based on the assumption of having 80% of the roof surface covered by PV panels and by
considering BIPV as shading devices (30cm) on 70% of the facade perimeter on each floor the following
results shown in Figure 5 were obtained in terms of energy self-sufficiency. As expected, the highest
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energy output was obtained on the densest case (5-5 with PR = 5.8) due to the larger total roof surface
and facade perimeter (more and higher buildings). However, when calculating the energy output relative
to the amount of residents the cases with the lowest Hy, (<42 m, cases 1-1, 2-1, 3-1, 4-1 and 5-1) are the
only ones achieving energy self-sufficiency (> 98%) as shown in Figure 5a. This is also evident in
Figure 5b which shows a strong negative correlation (R220.98) between energy self-sufficiency and Hy,.
The taller the building the lower the energy self-sufficiency due to the fact that the increase of PV panels
does not counteract the effect of the larger amount of population on energy demand. Different from food
self-sufficiency, PR has a much lower correlation with the energy self-sufficiency (R2=0.43). This may
be explained by the fact that even with the same plot ratio, two cases may have different roof area for PV
panels. Le. cases 1-5 and 5-1 (PR = 3) have 37% and 77% of energy self-sufficiency respectively.
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Figure 5 (a) Energy output from PV panels (roof + facade) and energy self-sufficiency and (b)

correlation of the ratio of energy self-sufficiency to building height.

Sunlight availability on higher latitudes

A comparison was made between Singapore and Hanoi in terms of DA (%) as shown in Table 3.
The reduction of the DA in Hanoi is significant for the ground if PR is higher than 3. For the facade
sunlight availability, this reduction is significant for all PR. Therefore, the impact of higher densities on
the reduction of sunlight for farming and energy harvesting becomes larger with higher latitudes.

Table 3. Comparison between Singapore and Hanoi, DA (%)

DA [%] Ground DA [%] Facade

Ratio [-] Ratio [-]
average average
Cases Plot . . Hanoi / . . Hanoi /
Ratio Singapore Hanoi Sing Singapore Hanoi Sing

1-1 0.8 87 81 0.93 73 52 0.71

3-3 3 83 73 0.88 70 46 0.66

5-5 5.7 75 55 0.73 66 42 0.64

CONCLUSION

This paper describes the process and results of the first stage of a study on solar availability on
three typical public housing typologies. Twenty five cases corresponding to the point block typology
were analysed in this paper. Sunlight availability was calculated in order to predict the potential of food
(fruits and vegetables) and energy harvesting and the degree of self-sufficiency on each of the 25 cases.
Ground and facade surfaces were considered for the farming activities while facade and roof surfaces
were considered for the installation of PV panels. The results show that food self-sufficiency is achieved
in 6 of the 25 cases corresponding to the cases with the lowest PR (0.8 < PR < 1.9) if a hybrid farming
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method is applied (conventional + vertical). If conventional method of ground-based farming is used,
only two cases achieve self-sufficiency. Regarding energy harvesting, the cases with the lowest building
height (< 42 m, < 14 storeys) achieve energy self-sufficiency due to the maximum exposed area with PV
per amount of residents. Therefore, the indicators having the highest impact on the food and energy self-
sufficiency are the plot ratio and building height respectively. However, this may not be fully applicable
on other typologies and urban forms. Site coverage is still a crucial factor in providing food autonomy in
urban areas due to the higher importance of ground than facade surfaces for the total food production.

From this study we can conclude that in tropical regions the reduction of food and energy self-
sufficiency due to denser urban environments is more a consequence of the reduction of the farming and
PV area in relation to the total population than to the reduction of the sunlight availability. However, as
shown in the case of Hanoi, with higher latitudes and a lower frequency of the sun near the zenith, the
impact of the surrounding obstructions on reducing the sunlight availability increases.

The other two typical housing typologies in Singapore, ‘slab’ and ‘contemporary’, will be the
continuation of this study. In addition, the influence of the facade and plot orientations and of the
sunlight availability at different facade heights will also be analysed together with the integration of
other types of energy harvesting and conservation technologies like solar thermal and algae bioreactors.
These studies will provide the basis for further environmental and energy assessments as well as a
framework for a more comprehensive discussion about the impact of food and energy self-sufficiency
strategies on several urban indicators in pursuit of a drastic carbon footprint reduction.
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