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a b s t r a c t

Building geometries strongly constrain the on-site solar energy use. In this work, solar energy use is
measured by solar energy penetration and capital costs for the photovoltaic panel installations. This work
provides a novel typological method for investigating interactions between solar energy use and urban
design. Compared to other studies using typological methods, this work uses a typological method that
highlights both computational efficiency and relevance to the vernacular contexts. Typical vernacular
block typologies are formulated using a case study of built urban form featuring various combinations of
block dimensions, building patterns, floor area ratios, and site coverage. We develop the Urban Block
Generator, a tool to parametrically model such block typologies in Rhino/Grasshopper. We assess the
solar energy penetration and the capital costs for these block typologies using the Urban Block Generator
and the City Energy Analyst, an urban energy modeling and simulation program. We demonstrate this
workflow on a case study in Singapore formulating 18 vernacular block typologies. The results are dis-
cussed and interpreted into urban design options and suggestions on various urban design parameters
for different main driving forces, either maximizing the solar energy use or achieving a certain floor area
ratio.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Globally, cities are responsible for approximately 75% of the
primary energy use and 60% of the greenhouse emissions [1]. The
massive growth of urban areas [2] and the urban population [3]
continues apace with no sign of slowing. Buildings are the primary
energy-use sector of cities. Consequently, investment has also
continued in improving building energy efficiency and using
renewable energy [4]. A common goal among many countries is to
integrate significant shares of renewable energy into their energy
mix [5,6]. The renewable energy potential may be strongly con-
strained by the urban form. For example, urban form affects the
availability of building surfaces for solar energy harvesting [7e10].
International research initiatives, including the ‘‘COST Action
TU1205 [11], the IEA SHC Task 51 00Solar Energy in Urban Planning”

[12], have studied the integration of solar energy use into building
design, urban planning and design using case studies across the
ngapore-ETH Centre, 1 Create

ier Ltd. This is an open access artic
globe. An ad-hoc solar potential analysis is necessary throughout
different stages of urban design [13]. At the early-stage, such ana-
lyses face a challenge that there is a lack of designs of building
geometries. Their envelope surfaces and their mutual shading ef-
fects are directly associated with on-site solar energy harvesting,
especially in a dense urban setting. In this work, we provide a
typological method for investigating interactions between solar
energy use and early-stage urban design.

To demonstrate this typological method, we use Singapore as an
example, a city-state where a large amount of rapid high-density
urban growth continues to happen. Singapore’s renewable energy
options are very limited: low tidal range and wind speed, no hydro
resources, and no economically viable geothermal energy [14]. An
average annual solar irradiance of 1580 kWh/m2 makes solar en-
ergy the most promising and feasible renewable energy source for
electricity generation in Singapore [15]. At the end of the second
quarter of 2019, Singapore’s grid-connected installed capacity of
photovoltaic panels hit 262.4 MWp from 10.1 MWp in 2012 [16].
Under the pressure of land scarcity, Singapore has commenced
installing photovoltaic panels on its water surfaces [17], yet build-
ing envelope surfaces still have great potentials for the deployment
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

CAPEX capital costs [USD]
CAPEXa annualized capital costs [USD]
aCAPEX annualized capital costs per the block’s gross floor

area, the cost indicator [USD/m2]
CEA City Energy Analyst
pv photovoltaic panel
ElPV solar electricity yields [MWh]
Elgrid the block’s total electricity demand from the city

grid [MWh]
Pn the nominal installed capacity [W]
Apv the area of the photovoltaic panels installed [m2]
STC standard test conditions
I solar irradiance [W/m2]
hn nominal efficiency [�]
i interest rate [%]
n the expected life of the photovoltaic panels [yr]
GFA the block’s gross floor area [m2]
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of photovoltaic panels. By 2030, the target is set at 2 GWp of power
to meet 4% of Singapore’s total electricity demand [18]. To achieve
this target, more installations of photovoltaic panels are expected
to be building-integrated, which needs solar potential studies at
early-stage urban design, as discussed above.
1.1. Background

1.1.1. Typological methods in solar energy studies
Typological methods are widely used for simulation-based ur-

ban morphological studies. These include investigations into urban
airflows [19], daylighting [20], and urban vitality [21]. Studies of
energy efficiency and renewable energy potential also often use
typological methods. Fig. 1 illustrates three common categories of
typological methods. The first category uses generic building pat-
terns [22e25]. This method usually repeats the targeted geometries
of the study to create the surrounding contexts, as in Fig. 1 (a). The
second category uses built urban forms for both the targeted and
the surrounding geometries, as in Fig. 1 (b) [8,9,26e31]. The built
Fig. 1. Three categories of typological methods: (a) generic targets with repetitive contexts
contexts. Modified from Refs. [22,26,33].

824
urban forms are grouped by their features of density, building
pattern, and so forth. The third category is a hybrid of the previous
two [32,33]. Similar to the generic methods, it uses simplified ge-
ometries. However, it only uses those featuring or representing
vernacular urban forms and building regulations. Usually, the third
category also repeats the targeted geometries to create the sur-
rounding contexts, as in Fig. 1 (c).

(a) Generic targets with repetitive contexts

Natanian et al. demonstrated a parametric workflow for opti-
mizing energy balance, environmental quality, and the urban form
with five types of generic block typologies in Tel Aviv [22]. The
authors concluded that certain block typologies and densities
improve the balance between solar energy potential, cooling en-
ergy demand, and daylight availability. Zhang et al. conducted a
series of simulations on six block typologies in Singapore and
proposed coarse urban design strategies for high solar energy po-
tential [25]. The block typologies used were derived from generic
building patterns. Zhang et al. concluded that certain block typol-
ogies could significantly improve the building’s energy use effi-
ciency and solar energy harvesting in the climate of Singapore.
However, Zhang et al. discussed neither the source nor the rele-
vance of such building patterns to the Singaporean contexts.

This category of typological method has three main drawbacks.
The first is that generic building patterns tend to oversimplify
complex building geometries. For example, in Fig. 2, the geometries
of both pairs belong to the same generic building pattern. However,
those on the left lack the details for the building surfaces for
photovoltaic installations. The second drawback is that generic
building patterns may cause unnecessary experiments. Some
building patterns do not respect vernacular building design habits.
These non-vernacular or infeasible building patterns are redundant
in experiments. The third drawback is about the surrounding
contexts, which simply duplicate the targeted geometries [22,25].
For example, in Fig. 1 (a), this set-up barely reflects the complexity
of the surrounding contexts and thus oversimplifies the shading
effects for solar energy potential simulations.

(b) Built urban form

A series of studies have used the built urban form instead. These
; (b) built urban forms for both targets and contexts; (c) hybrid targets with repetitive



Fig. 2. Two pairs of building patterns that belong to the same generic building pattern.

Fig. 3. Vernacular block typologies and the relationships between the local existing
practices of design, the good practices of exemplary design as an example of evaluation
criteria, and the vernacular common practices of design.

Z. Shi, J.A. Fonseca and A. Schlueter Renewable Energy 165 (2021) 823e841
studies usually select multiple representative urban quarters and
execute solar energy potential simulations [9,10,26,34]. Using the
built urban form may lead to more accurate results than those using
generic block typologies. The built urban form also reflects and
respects the vernacular way of building design and people’s living
[35]. It increases the feasibility of integrating the results into local
urban design processes. However, the drawback of this approach
lies in the high computational expenses for unnecessary details.
Moreover, the transferability of built urban form between sites of
different dimensions is limited.

(c) Hybrid targets with repetitive contexts

Some studies have adopted a hybrid of these two methods. For
example, Tsirigoti and Tsikaloudki studied the relationships be-
tween urban form and energy efficiency with 28 block typologies in
Greek cities [32]. Each block typology consisted of a combination of
typical vernacular building types. Similarly, work by Vartholomaios
used block typologies that reflected the local building design reg-
ulations [33]. This hybrid method moderately simplifies the built
urban form for transferability and computational efficiency. By
using vernacular building/block typologies, it respects local build-
ing habits. However, both of the studies have the drawback of using
repetitive geometries for the surrounding contexts.

1.1.2. Vernacular block typologies
The literature studies above indicate that using a typological

method for investigating interactions between solar energy use and
urban design should acknowledge three points. Aside from mod-
erate computational expenses (level of details) and diverse sur-
rounding contexts for performance assessment of the targets, it is
important to highlight the method’s connections to the vernacular
common practices of design. They reflect the local existing built
environment, the master plan, and the local governmental regu-
latory codes. For example, the common practices of building pat-
terns of a city may reflect the local climate and cultural preference.
They are likely to be repeated in future urban projects. Also, they
help exclude the designs that are unlikely to be introduced into this
urban setting. However, vernacular practices of design do not equal
to any existing local practices of design. They have to go through a
series of evaluations. One way of conducting such evaluations is to
compare with good practices of exemplary design [36]. As illus-
trated in Fig. 3, the overlapping zone represents the vernacular
common practices of design to be repeated for future designs. In
this work, the vernacular block typologies follow the vernacular
common practices of design.

1.1.3. Design parameters
The researchers mentioned above working on block typologies

used various input design parameters to describe the configuration
of an individual block typology [22,25,27,33]. All these publications
share three categories of design parameters: block dimension,
building footprint, and building density. The block dimension is the
length and width of blocks. The building footprints follow a type of
building patterns [24,37,38], as presented in Fig. 11. The building
density is mainly measured by floor area ratio and site coverage.
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The floor area ratio is the ratio of the gross floor area to the area of
the block. Site coverage is the ratio of the area of the building
footprints to the area of the block.

This work uses these three categories of design parameters for
two reasons. One is that block width and length, floor area ratio,
and site coverage match this work’s research scope of early-stage
urban design and level of details as they are commonly used in a
city’s master plan [39] and design regulations. The other reason is
that these design parameters, when combined with a building
pattern, are sufficient enough to determine a detailed configuration
of urban geometries. Other design parameters [22] in the reviewed
studies also include shape factor [34] (ratio of building envelope
surface area to building volume), sky view factor [40] (ratio of ra-
diations received on a building envelope surface when in a given
surrounding context to when not obstructed), aspect ratio [41]
(ratio of building height to distance between buildings), distance
between buildings [42], and average building height [42].
Compared to the three selected categories, these ones are more
descriptive and insufficient to determine a detailed configuration of
urban geometries. Sometimes, the impact of these design param-
eters on solar energy use is trivial. For example, knowing the sky
view factor or distance between buildings, it is difficult to deter-
mine how the geometries are configured. Also, needless to conduct
any simulations, it is easy to speculate that less obstruction and
bigger space between buildings will improve the solar energy
harvesting on the building envelope surface. To avoid re-
dundancies, we limit the design parameters for determining the
block typologies to three categories of block dimensions, building
footprint, and building density.
1.1.4. Performance assessment metrics
Natanian et al. reviewed 50 recent studies to identify four key

metrics for assessing the performance for solar energy potential:
photovoltaic generation, solar thermal yield, solar radiation, and
the load match index [22]. The first three metrics focus on the
absolute potential of solar energy. They fail to measure the
contribution of the solar electricity to the energy demand. A block
typology that has high yields may have a high energy demand.
Merely improving the yields is not the ultimate goal, while finding
the balance between the yields and energy demand is important.
The load match index values such a balance between the two. It is
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an effective indicator of performance in the use of renewable en-
ergy [43e45], and it reflects the hourly, daily, and yearly energy
demand fulfilled by on-site renewable energy. Also, it enables
comparisons between block typologies of different sizes (gross
floor area) and links the land uses, an additional design parameter.
For measuring solar energy use, the load match index can also be
replaced by an equivalent metric: solar energy penetration. It de-
scribes the integration of solar energy use into the energy mix at
various resolutions of time. Furthermore, high solar energy pene-
tration may be constrained by high capital costs. For example,
building typologies achieving the same solar energy penetration
may require different investments in terms of capital costs. The
reason may be some of the solar energy technologies installed are
left idle for an extended period of time and thus not efficiently
utilized. Yet very few works have studied the costs, though cost-
effectiveness is of great importance [46].

1.2. Objectives and structure

This paper proposes a novel parametric method for investi-
gating the interactions between solar energy use and urban design
using vernacular block typologies. Based on the review of the
typological methods in Section 1.1.1, the block typologies in this
work will be formulated using a method of hybrid targets with non-
repetitive contexts. Such block typologies use simplified building
geometries for high transferability and computational efficiency.
They also highlight the connections to the vernacular contexts. The
metrics for solar energy use are solar energy penetration and the
associated capital costs of the photovoltaic panel installations.
Through a case study of Singapore, this work aims to answer the
following research questions:

- How do various combinations of urban design parameters
impact solar energy penetration and the associated capital
costs?

- Targeting at a certain goal of on-site solar energy use, what are
the available options for the urban design parameters?

The methods for formulating the vernacular block typologies
and assessing their solar energy penetration and capital costs are
introduced in Section 2. The case study in Singapore is used as an
example to demonstrate the methods. Section 3 presents the re-
sults and some preliminary analyses. On this basis, Section 4 ex-
tends discussions on the interactions between the design
parameters and the solar energy use, and limitations of the typo-
logical method proposed in this work. Finally, we summarize our
Fig. 4. The four-step workfl
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contributions and conclude the findings in Section 5.
2. Methods

Fig. 4 presents the four-step workflow of the method for
investigating interactions between solar energy use and urban
design using vernacular block typologies. Section 2.1 describes the
collection of data for formulating the vernacular block typologies,
which is detailed in Section 2.2. The tools used for processing the
data are ArcGIS [47] and JMP Pro [48]. Section 2.3 explains the
parameterization of the block typologies in Rhino3D/Grasshopper
[49]. Section 2.3 also describes the experimental design for
assessing the block typologies. Section 2.4 introduces the methods
of assessing these building geometries for solar energy penetration
and the capital costs of the photovoltaic panels using the City En-
ergy Analyst (CEA). For each step, we demonstrate the method
using Singapore as a case study.
2.1. Data collection

For the case study in Singapore, the pool of blocks sampled for
formulating the block typologies comes from six high-density areas
in Singapore. These six areas are selected for their high density
planned or envisioned by the planning authority of Singapore
[39,50]. There is not a cut-off definition of high density in
Singapore. These six areas are agglomerations of blocks with floor
area ratios generally ranging from 3 to 15. They are also the regional
centers comprising land uses of residential, offices, and retails.
Fig. 5 shows the (a) blocks, street layout, and (b) locations of the six
selected areas. The shapefiles of the blocks, including the attribute
of their floor area ratios, come from the Singapore Master Plan 2014
[39,51]. See Fig. 6 for an example illustration of the Singapore
Master Plan 2014. The shapefiles of the building footprints are
downloaded from OpenStreetMap [52]. The site coverage is calcu-
lated with the area of the blocks and the building footprints.
2.2. Formulating the block typologies

As discussed in Section 1.1.3, the three categories of design pa-
rameters are block dimension, building footprint, and building
density. The corresponding design metrics used in this work are
summarized in Table 1. To formulate the block typologies, we
conduct a series of grouping, evaluation, and filtering steps
following the sequence in Fig. 7.
ow and the tools used.



Fig. 5. The six selected areas of Singapore: blocks in red, street layout in white (a), and location (b). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 6. An example illustration of the Singapore Master Plan 2014 [51].
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2.2.1. At the block level

2.2.1.1. Group by block dimensions. The blocks retrieved from the
master plan are usually of great difference and irregularity. To
group them, we adopt the k-means clustering method. It has been
widely used in studies on urban form classifications [53e55]. Using
an iterative process, k-means clustering method forms a specified
number of clusters [56]. First, the algorithm starts with a set of k
cluster seeds, serving as an initial guess for the mean of each of the
k clusters. Each data point is then assigned to the nearest cluster
seed, forming a set of temporary clusters. Then, the means of these
temporary clusters replace the seeds, and the process continues to
repeat until the temporary clusters stop changing. We execute k-
means clustering using JMP Pro [48]. The two design parameters
used in the clustering are block area and block elongation [36,55].
The block area measures the size of the block, and the block elon-
gation measures the shape of the block. The calculation of block
elongation is detailed in Appendix A. The decision of the number of
clusters requires several trials of clustering. Too many clusters
create too many small groups with similar attributes, while too few
clusters cannot provide sufficient differentiation. For the case study
of Singapore, nine groups of block dimensions are made using this
method. Fig. 8 presents the original blocks and the representative
simplified blocks of each of these nine groups. The scatter plot of
the clustering results is in Fig. 9.
Table 1
Metrics of the urban design parameters used for formulating the block typologies.

Order Category Urban des

1 block dimension block area
block elon

2 building footprint building p
3 building density floor area

site cover
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2.2.1.2. Evaluation and filtering. The nine groups of blocks are then
subject to evaluation and filtering. This is necessary because of the
special contexts or terrains that make the blocks either too big or
too long for high-density cities. Such blocks should be excluded
from the inventory of vernacular block typologies and not repeated
in future designs. We use two metrics for the evaluation. In high-
density cities, the connectivity of the street network is of great
importance. This connectivity can be measured by intersection
density [57]. It represents the number of intersections of a unit site
area [1/km2]. An intersection means the connection between two
or more segments of the street network. In a grid street plan with a
reasonable street width, increasing the intersection density for
higher connectivity means allocating more land to be occupied by
streets, which we measure with the street area ratio. It is the ratio of
site area occupied by the street. Since land scarcity is usually among
the top challenges in high-density cities, an obvious tradeoff can be
foreseen between the intersection density and the street area ratio.

To identify a good compromise between the intersection density
and the street area ratio, we refer to a variety of good practices for
block dimensions in cities with grid street plans. We retrieve the
block dimensions using Google Earth. Then we calculate their
intersection densities and street area ratios. As presented in Fig. 3,
the groups that fall into the overlap between the zones of the good
practices and those acquired in the clustering are the vernacular
ign parameters Remarks

[m2] at the block level(See Section 2.2.1.)
gation [�]
attern at the building level (See Section 2.2.2.)
ratio [�]
age [�]



Fig. 7. The method proposed in this study for formulating the block typologies. The red crosses represent the groups eliminated through the evaluation and filtering. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Nine groups of block dimensions are made out of the 178 blocks. The representative simplified blocks and the actual blocks are illustrated in red and dark grey, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. The scatter plot of the k-means clustering of block dimensions, making nine
groups of block dimensions.
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common practices for future designs. They are kept and to be
considered in further rounds of grouping. The others are excluded
because their sizes or shapes either exhibit poor connectivity or
utilize excessive land for streets. For the case study of Singapore,
Fig. 10 presents the process of the evaluation using this method.
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Though only three of the nine groups of block dimensions pass this
round of evaluation and filtering, they comprise of 124 blocks, ac-
counting ~70% of the 178 blocks surveyed.

2.2.2. At the building level
As presented in Fig. 7, the blocks inherited from the previous are

going through three rounds of grouping in this step. One round is
based on building patterns. The other two rounds are based on floor
area ratio and site coverage.

2.2.2.1. Group by building patterns. In this study, we view all the
individual building patterns within each block together as a single
building pattern. Based on the six generic urban forms proposed by
Martin and March [24,37,38], we extract seven basic building pat-
terns for blocks in Fig. 11. We then further group the remaining
blocks from the previous step using these seven building patterns.
For a limited number of blocks for grouping, this work can be
processed manually.

2.2.2.2. Group by floor area ratio and site coverage. After the
grouping by block dimensions and building patterns, we now
conduct further grouping based on the building density using floor
area ratio and the site coverage. Their calculations are introduced in
Section 1.1.2. We group the blocks according to similar floor area
ratios and site coverages. For the Singapore case study, the floor
area ratios are grouped by four brackets. They are 3þ, 5þ, 8þ, and



Fig. 10. Evaluating the nine groups of block dimensions by intersection density [1/km2] and street area ratio [�]. 124 blocks in three groups (Groups C, F, and J) fall into the shaded
area and shall be carried on further grouping. The rest are excluded from further groupings.

Fig. 11. Seven building patterns extracted from the six generic urban forms.
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10þ. The site coverage is also grouped by four brackets. They are
0.9þ, 0.7þ, 0.5þ, and 0.5-. The mean floor area ratio and mean site
coverage of each group are used to represent the group.
2.2.2.3. Evaluation and filtering. Then, we filter out the groups of
blocks if any of the following exclusion criteria apply. First, the
blocks of a group are vacant or partially vacant, or the data of the
building patterns are missing. Second, the floor area ratio or site
coverage of a group does not meet the regulations of building or
urban design. For the Singapore case study, the groups of a floor
area ratio below 3 are excluded. Last, the group only contains one
block. It means that this group features a block that is rare and thus
less likely to be repeated in future designs. After filtering, the
remaining groups of blocks comprise the inventory of vernacular
block typologies. The results for the Singapore case study are pre-
sented in Table 3 in Section 3.1.
2.3. Experimental design

2.3.1. Urban Block Generator
Each of the block typologies formulated in Section 2.2 features

various combinations of block dimensions, building patterns, floor
area ratio, and site coverage. However, as illustrated in Fig. 13,
blocks with the same four features do not necessarily twin. Each
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block typology may have many variations. The reasons causing
these variations include the number of towers, the locations of
towers, and podiums in the building patterns. A parametric geo-
metric model taking the four features as input variables helps to
search for the vast possibilities of blocks with the same four fea-
tures. Grasshopper on Rhino3D [49], a parametric modeling plat-
form, provides an environment for building such parametric
geometric models and performance assessment when connected to
simulation programs [58]. For the Singapore case study, we develop
the Urban Block Generator, a parametric tool that generates urban
geometries on the Grasshopper platform. The tool is able to
generate any geometric variations that meet the description of a
block typology. Fig.14 illustrates the example geometries generated
by the Urban Block Generator. Fig. 14 (a) and (c) show the two
variations of the same block typology with the same floor area ratio,
site coverage, and building pattern but different numbers and lo-
cations of towers. See Appendix C for a list of examples of 18 block
typologies generated by the Urban Block Generator, based on the
inventory of block typologies in high-density areas of Singapore.
2.3.2. Assessing the block typologies
We propose a method for assessing the solar energy penetra-

tions and the capital costs for each block typology using a diverse
surrounding context. We illustrate our method for the assessment



Fig. 12. Thirteen types of building patterns are found in the 124 blocks. Among the thirteen, eight building patterns (Building Patterns A through H) are derived from the generic
building patterns in Fig. 11. Besides, some of the blocks are either empty (Building Pattern X) or under construction (Building Pattern U). There are an additional five building pattern
types (Building Pattern M) that mix different building patterns (Building Patterns M1 through M5), making a total of 13 types of building patterns.

Fig. 13. An example of a series of variations for the same block typology: k represents the number of the block typology, and ka, kb, …, kn represent the variations of the same Block
typology k.
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in Fig. 15. Block typologies with the same block dimensions are
placed into a district of grid street layout. The street widths are
based on those of the six selected areas. The Urban Block Generator
generates the variations of each block typology, which are used to
randomly populate the district. Some empty blocks represent open
public spaces. The geometries surrounding each block are therefore
random and different, mimicking the diversity of the actual urban
contexts. In this way, we manage to assess a series of variations of
each block typology in a series of diverse surrounding urban con-
texts. In other words, any block typology within the district serves
as both the target and the surrounding context of its adjacent
blocks. We are not aiming at finding the best-performing form of
each block typology, as the solar energy harvesting of the target
block typology can be easily affected by a slightly different sur-
rounding context. Instead, the goal of the assessment is to spot the
830
range of each block typology’s performance, acknowledging each
block typology comes in various forms in a diverse surrounding
context. For the Singapore case study, ~40 variations of each block
typology (in total 727 instances) in a variety of different sur-
rounding contexts are assessed to spot the range of the perfor-
mance. The results are presented in Fig. 16 in Section 3.2.

2.4. Performance assessment

We use the City Energy Analyst (CEA) 3.4.0 [59,60] to simulate
building energy demand and photovoltaic electricity yields for the
calculations of solar energy penetration and capital costs of the
photovoltaic panels. CEA is an open-source toolbox for urban
building energy modeling, which is able to simulate building en-
ergy demand, energy supply system operation, and perform design



Fig. 14. Example building geometries generated by the Urban Block Generator.

Fig. 15. The experimental design for assessing the block typologies. Variations of block typologies are randomly placed into the district. For example, #1a, #1b, #1c, #1d, #1e, #1f

represent six variations of Block typology #1.
optimization of energy supply systems in a district. CEA performs
energy simulations at the district scale, which matches the scope of
this work for early-staged urban design. Details about the models,
assumptions, and drawbacks are discussed in the respective sec-
tions for the CEA simulations of energy demand (Section 2.4.1) and
solar energy potential (Section 2.4.2).
2.4.1. Energy demand
CEA conducts building energy demand simulations using an

hourly resistance-capacitance model [61]. The solar radiation
simulation is conducted using a validated software, DAYSIM [62]. It
adopts the daylight coefficient approach and Perez sky model
[63e65]. The surrounding urban contexts may create a heavily
obstructed environment [66]. DAYSIM considers the mutual
shading between building geometries. To conduct solar radiation
simulations, CEA converts the building envelopes into façade and
roof surfaces. The building façades are divided by floors, then
divided by a window surface in the middle surrounded by four
pieces of wall surfaces. The roofs are divided by a grid of
10 m � 10 m. The albedo value is set at 0.2 in CEA. DAYSIM calcu-
lates the hourly solar radiation at the centroids of these surfaces
throughout a year. Except for the urban design inputs (e.g., building
geometries and land use ratios), all other inputs are from the CEA
database. It contains the local building envelope parameters, the
ratio of air-conditioned area, the HVAC (Heating, ventilation, and
air conditioning) technology selection and set-points, weather
conditions, and the occupancy schedules from the ASHRAE (the
American Society of Heating, Refrigerating and Air-Conditioning
Engineers) standards [67]. Details about the parameters used in
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the energy demand simulation are listed in Appendix B. The land
uses include residential, office, and retail in a ratio of 0.6:0.3:0.1.
These three are predominant land uses in high-density areas of a
city. The set-up is based on a study on land uses in Singapore that
minimizes the electricity exchange with the city grid and the use of
on-site storage [68].

The output includes the hourly demand for space cooling, do-
mestic hot water, and electricity for appliances, lights, and auxiliary
systems of each building in kWh. CEA also provides a metric of total
electricity demand from the city grid (Elgrid) by converting both the
space cooling and domestic hot water demands to hourly electric
loads in kWh. In this process of conversion, the average COP (co-
efficient of performance) of cooling supply systems is ~2.75. The
CEA energy demand model has two key limitations. One is that it
treats buildings as a single thermal zone. It means CEA assumes a
mixed-use building has the same operational parameters in
different parts of the building for different use types (land uses).
The other limitation is the occupants are modeled solely by their
corresponding use types and standard occupancy schedules. In this
way, CEA ignores the actual diversified behaviors of the building
occupants. Despite these limitations, compared to detailed energy
demand simulation tools requiring substantial computational po-
wer, CEA offers a quick energy demand forecast taking the solar
heat gain into considerations for early-stage urban design. To add
credibility to the CEA energy demand simulations, comparison
studies [69] have been made between CEA results and the results of
the SinBerBest benchmark model (office [70]) and the statistical
data for energy efficient buildings in Singapore (residential [16] and
retail [71]).
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2.4.2. Solar energy potential
CEA’s solar potential analysis tool calculates solar electricity

yields using photovoltaic panels. It uses the results of the solar
radiation calculations of DAYSIM. The hourly solar radiation of each
surface is aggregated. The surfaces of rooftops and façade walls
exceeding the solar radiation threshold at 800 kWh/m2 are selected
to install photovoltaic panels. This threshold is based on [25]. The
photovoltaic panels (PV) used in this research are generic mono-
crystalline panels. It is admitted that the actual efficiency of
photovoltaic panels may be affected by the environment [72],
which may cause uncertainties for the assessment of solar energy
penetration. However, in this work, for a fast estimation of early-
stage urban design, a nominal efficiency of the photovoltaic
panels is used instead. The value is set at 0.16. Details of the cal-
culations are documented in [59]. The output is the hourly solar
electricity yields of the photovoltaic panels installed on each
building in kWh.

2.4.3. Solar energy penetration
Solar energy penetration ranges from 0 to 1. It is calculated with:

Solar energy penetration ¼
P

ElPVP
Elgrid

½ � � (1)

where ElPV represents solar electricity yields [MWh], which is an
aggregation of that of all buildings inside the block; Elgrid represents
the block’s total electricity demand from the city grid [MWh],
which is an aggregation of that of all the buildings within the block.
For a rough and fast assessment, we use the aggregated annual
solar electricity production and aggregated annual electricity de-
mand. The solar energy penetration is calculated, assuming perfect
storage of the solar electricity yields.

2.4.4. Capital costs
We use the annualized capital costs per the block’s gross floor

area as the cost indicator denoted as aCAPEX [USD/m2]. The
annualized capital cost is normalized by the gross floor area for
comparisons between block typologies of different gross floor area.
The calculation of the cost indicator is based on Table 2 from the
CEA database [60] and:

Pn ¼ Apv,ISTC,hn ½W� (2)

CAPEX ¼ a þ b , Pn
c þ ðd þ e , PnÞ,logðPnÞ½USD� (3)

CAPEXa ¼ CAPEX,
ið1 þ iÞn

ð1 þ iÞn � 1
½USD� (4)

aCAPEX ¼ CAPEXa

GFA

�
USD
m2

�
(5)

where Pn is the nominal installed capacity [W]; Apv is the area of the
photovoltaic panels installed [m2]; ISTC is the solar irradiance at the
standard test conditions (STC), which equals 1000 [W/m2]; hn is the
Table 2
Parameters for the calculations of the costs of the photovoltaic panels, where a, b, c,
d, and e correspond to those in Equation (3).

Nominal installed capacity a b c d e
(Pn [W])

1 � Pn < 10000 0 3.6 1 0 0
10000 � Pn < 200000 0 2.6 1 0 0
200000 � Pn 0 2.6 1 0 0
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nominal efficiency of the photovoltaic panels, which equals 0.16
[-]; CAPEX is the capital costs [USD]; a; b; c; d; and e are listed in
Table 2 [�]; CAPEXa is the annualized capital costs [USD]; i stands
for the interest rate, which equals 5 [%]; n stands for the estimated
lifetime of photovoltaic panels, and it equals 20 [yr]; GFA is the
block’s gross floor area [m2].

3. Results

3.1. The block typologies in high-density areas of Singapore

The pool of blocks contains 178 different and irregular blocks.
Based on the method described in Section 2.2, an inventory of 18
block typologies is formulated. It is presented in Table 3. In addition,
to increase the precision of the method with building patterns
containing towers, we count the number of towers. The footprint
area of towers ranges from ~900 to ~2500 m2, averaging ~1800 m2.
Fig. 8 presents the nine groups of block dimensions based on the k-
means clustering, and Fig. 9 presents the scatter plot of the nine
clusters. Fig. 10 presents the process of evaluation and filtering.
Three groups of block typologies (Groups C, F, and J) fall into the
overlap and are carried on for further grouping. Fig. 12 presents the
thirteen types of building patterns. After excluding the ones that
are vacant, partially empty, or rare, five types of building patterns
remain (Building Patterns A, B, C, D, and F).

3.2. Results of the assessment of the block typologies

The 18 block typologies are assessed with the method intro-
duced in Section 2.3.2. See Appendix D for the example districts
generated using the Urban Block Generator for the assessment. The
box plots in Fig.16 present the results of the assessment for (a) solar
energy penetration and (b) the cost indicator. The 18 block typol-
ogies have different performances for both indicators. Fig. 16 sup-
ports two observations. First, the majority of the 18 typologies have
a solar energy penetration between ~0.05 and ~0.15 and the cost
indicators between ~2 and ~6 USD/m2. Block typology (BT) 7,
featuring the shop houses, shows the highest solar energy pene-
tration at ~0.22. However, it also has the highest cost at ~9 USD/m2,
tripling the costs of the cheapest. Second, in Fig. 16 (b), the spreads
of the cost indicators are wider than those of the others. The widest
spreads mainly belong to the block typologies of Building Patterns
A. In the following subsections, we focus on how the two perfor-
mance indicators are affected by the floor area ratio, site coverage,
and building patterns.

3.2.1. Floor area ratio and site coverage
Fig. 17 indicates that solar energy penetration follows a trend to

decrease as the floor area ratio increases. Higher floor area ratio
indicates more building surfaces for solar energy harvesting and
more floor area for energy demand. However, the extra yields
hardly meet the increased energy demand. Besides, solar energy
penetration tends to increase with site coverage. For example, BT 4
and BT 15 have the same floor area ratio and building pattern yet
different site coverage. BT15 has a bigger rooftop yet smaller façade
for photovoltaic panel installations and electricity yields than BT 4.
Also, notably, BT 7 achieves an excessive high solar energy pene-
tration for its much higher site coverage than those of BT 4 and BT
15. For Singapore’s high solar altitude, the rooftop is ideal for solar
energy harvesting. Thus, BT 15 achieves higher solar energy
penetration than BT 4. Moreover, we notice that building patterns
also influence solar energy penetration. For example, BT 11 and BT
16 have the same site coverage yet different building patterns and
block dimensions. Though with a higher floor area ratio, BT11
performs slightly better in solar energy penetration than BT 16. The



Table 3
The inventory of 18 vernacular high-density block typologies of Singapore. Groups of block dimensions C, F, and J of block dimensions pass the evaluation and filtering
described in Section 2.2.1. Groups of Building Patterns A, B, C, D, and F pass the evaluation and filtering described in Section 2.2.2.

Block Typology Block dimensions Building Pattern Number of towers, if any Floor area ratio Site coverage

1 C 179 � 64 m podium(s)þtower(s) 2e8 12.8 0.9
2 2 8.4 0.75
3 2e4 5.6 0.75
4 podium(s) e 3.6 0.4
5 e 4.5 0.75
6 C-shape podium e 4.1 0.65

7 shop houses e 3 0.8

8 F 118 � 81 m podium(s)þtower(s) 1e3 12.8 0.95
9 3e5 8.4 0.95
10 1 8.4 0.6
11 tower(s) 1e4 12 0.9
12 2e3 8 0.7
13 podium(s) e 6.5 1
14 e 5.6 0.6
15 e 3.6 0.6
16 J 191 � 40 m podium(s)þtower(s) 1e5 11.4 0.9

17 tower(s) 6 11.2 0.9
18 2 4.6 0.7

Fig. 16. The results of the assessment of the block typologies for (a) solar energy penetration [�], and (b) the cost indicator denoted as aCAPEX [USD/m2].
following subsection furthers the analysis of building patterns and
block dimensions.

3.2.2. Building patterns and block dimensions
Building patterns affect intra-and-inter-block shadings. For

example, block typologies of Building Pattern A (podiums with
towers) have more space between the façades of building geome-
tries than those of Building Pattern B (towers only). For this reason,
Building Pattern A (illustrated in red in Fig. 18) has a higher pro-
portion of the façade’s contribution to solar energy penetration
than the others. Notably, in the group of 8þ floor area ratio,
Building Patterns A and B achieve similar solar energy penetrations
yet from very different sources of contribution. The proportion of
Fig. 17. The solar energy penetration [�] by floor area ratio [�] color-shaded by site
coverage [�] of the 18 block typologies. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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the façade’s contribution reaches up to ~0.15 for Building Pattern A,
compared to ~0.02 for Building Pattern B. In the meantime, though
the façades of Building Pattern A outperform those of Building
Pattern B, the roof of Building Pattern A is subject to more shading
than that of Building Pattern B. This makes the solar energy
penetration of Building Pattern A similar to or even worse than that
of Building Pattern B in the groups of 8þ and 10 þ floor area ratio.

Block dimensions, especially the block elongation, mainly affect
the portions of the façades facing the four orientations. The façades’

contributions vary depending on their orientations. For example,
Fig. 19 presents the façade’s contributions by orientation for the
seven block typologies of Building Pattern A. It shows that nearly all
the façade contributions come from the east and west façades. The
contributions of these two façades are almost equal. The north and
south façades fail in photovoltaic electricity yields due to the very
high solar altitude during the day in Singapore. Thus, blocks with
long east-west edges may improve the contributions from the
photovoltaic panels on the façades.

In general, higher solar energy penetration requires higher
annualized capital costs per square meter floor area (aCAPEX) for
photovoltaic panel installations. The reasons are as follows. It is
obvious that higher solar electricity yields need higher capital cost
assuming the photovoltaic panels function at full at the nominal
efficiency. In addition, as the land uses are set constant across block
typologies, the block’s annual total electricity demand from the city
grid is generally proportional to the gross floor area (Fig. 20 (a)),
though the heat gains of various building geometries may incur
more fluctuating cooling demand of the block typologies with the
same floor area ratio. However, as presented in Fig. 20 (b), for the
same solar energy penetration achieved, aCAPEX varies between



Fig. 18. Proportions of façade’ s-to-roof’s average contributions to the solar energy penetrations [�] by the five building patterns of the 18 block typologies grouped by four brackets
of floor area ratio [�]. Building Pattern A is illustrated in red. Each bracket of floor area ratio only contains some of the building patterns. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
block typologies of different building patterns. This is because the
photovoltaic panels function at different states. For example, block
typologies of Building Pattern A cost more than those of Building
Patterns B and C to achieve the same solar energy penetration. This
is due to Building Pattern A’s high share of the façade’s contribu-
tions to photovoltaic electricity yields. Compared to those installed
on the rooftop, the photovoltaic panels on the façades have shorter
effective operating hours. This restricts the effective use of photo-
voltaic panels on the façades and, therefore, reduces their cost-
effectiveness. In addition, similar to Fig. 16 (b), block typologies of
Building Pattern A have wide spreads of the cost indicators. This
means the cost-effectiveness of the photovoltaic panels on the
building façades is heavily dependent on interblock and intrablock
shadings.
4. Discussion

4.1. Interactions of solar energy use and urban design

This section interprets the results and analyses of the case study
to explore the interactions between solar energy use and urban
design through Fig. 21 and Fig. 22. They answer the research
questions listed in Section 1.2. The figures prioritize either the goal
of floor area ratio or the use of on-site solar energy. In both cases,
the interactions are specific to Singapore as the Singaporean
vernacular block typologies are used. Fig. 21 prioritizes the goal of
floor area ratio over the use of on-site solar energy. For a given goal
of the floor area ratio, it informs the urban designer about the range
of solar energy penetration and costs for their goal of floor area
ratio. The urban designer may use Fig. 21 to explore the urban
design options for building patterns and site coverage. For example,
if the target of the floor area ratio is 8þ, Fig. 21 can inform the urban
designer that solar energy penetration is expected to range from
~0.05 to ~0.10. The cost indicator is expected to be ~2.7 - ~4.7 USD/
m2. The urban designer can select between Building Patterns A and
B, and the site coverage above 0.6. Example block typologies
include BT 2e3, BT 9e10, and BT 12.
Fig. 19. Annual mean photovoltaic electricity yields on the façades of
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By contrast, Fig. 22 prioritizes the use of on-site solar energy
over any other goals. The urban designer may first come up with a
goal for solar energy penetration or a budget for costs. To meet
these goals of energy-driven urban design [73], Fig. 22 illustrates
the urban design options for floor area ratio, site coverage, and
building patterns. For example, if the goal of solar energy pene-
tration is ~0.10 at the cost of ~4 USD/m2, the options for the urban
design parameters are quite flexible. Fig. 22 informs the urban
designer that the floor area ratio can be as high as ~6.5, but is better
kept below ~5 for flexibilities of other design parameters. However,
when the goal of solar energy penetration is set above 0.15, the
budget must be raised accordingly, and the options for urban
design parameters are further restricted. The floor area ratio should
be kept under ~4.5. Example block typologies are BT 5, 7, and 15.

Both solar energy penetration and capital costs of the photo-
voltaic panels are substantially influenced by urban design. For
early-staged urban design, before any design or simulations, the
designers may use these two figures for a quick and rough esti-
mation of the solar energy penetration, the capital costs per floor
area, and the corresponding design parameters. The achievable
solar energy penetration is mainly determined by the floor area
ratio, followed by the site coverage as the roof is the main
contributor to the solar energy harvesting in Singapore. The
building pattern mainly affects the proportion of the façade’s-to-
roof’s contribution to solar energy penetration and the cost-
effectiveness of the photovoltaic panels. Detailed discussions con-
cerning building patterns are made in the next section.
4.2. Building patterns

Table 4 summarizes the findings for each of the relevant
building patterns. Different building patterns have different ratios
of electricity yields contributed by the photovoltaic panels on the
roofs and the façades. For Singapore’s high solar altitude, the roof is
particularly important. However, besides photovoltaic panels, the
building technological systems such as cooling towers, sky gardens,
and swimming pools are all competing for the space on the roof.
four orientations of the 7 block typologies of Building Pattern A.



Fig. 20. (a) The block’s annual total electricity demand from the city grid denoted as Elgrid [MWh] and the annual cooling demand [MWh] by the gross floor area [m2], (b) the cost
indicator denoted as aCAPEX [USD/m2] by solar energy penetration [�], color-coded by the five building patterns of the 18 block typologies. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 21. Urban design options when the goal of floor area ratio is prioritized. Each line represents the result of one instance of the assessment of one variation of a block typology.

Fig. 22. Urban design options when the goal of using on-site solar energy is prioritized. Each line represents the result of one instance of the assessment of one variation of a block
typology.
Building Patterns A and C enable the possibility of using façades for
photovoltaic panels and therefore reserve the roof for other uses
that may boost the real estate values, which is especially important
for projects in the high-density urban areas. However, we would
835
like to discuss two points of façade-using. One is that the photo-
voltaic panels on the façade are less cost-effective, as their effective
operating hours are shortened for both the inter-and-intra block
shading and the high solar altitude. The other point is that almost



Table 4
Findings for building patterns A, B, C, D, and F.

Building Patterns Findings

tower(s) with
podium(s)

� It has the best use of façades among the five building patterns for photovoltaic panels. The rooftops are freed-up for sky gardens and swimming
pools, or for other uses, like cooling towers;

� Yet the use of façades is subject to the orientation (east and west only), as well as the interblock and intrablock shadings;
� To increase the solar energy use on building façades, the window-wall-ratio of the east and west façades may be kept lower than that of the

other façades;
� The photovoltaic panels on façades may not be cost effective.

tower(s) � It has the best use of the rooftops among the five building patterns, less-self shading compared to Building Pattern A.

podium(s) � It is similar to Building Pattern B, but lower rise and with no self-shading.

C-shape � It has good use of façades, yet subject to the same limitations of Building Pattern A.

shop houses � It consists of heritage buildings and has a high potential for renovation;
� It has the highest solar energy penetration of all, yet at the highest costs.
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all solar energy harvesting happens on the façades facing east-west.
Enlarging the east-west façade may increase solar energy har-
vesting. However, the east-west orientation is much less preferred
in Singapore for excessive heat gains and glare reasons. To solve this
tradeoff, at the building design level, architects may consider
reducing the window-to-wall ratio or increase the wall insulation.
4.3. Additional use of the Urban Block Generator

Fig. 23 presents an example of applying the Urban Block
Generator to generate building geometries for estimating the
achievable solar energy penetration and the associated capital costs
for greenfield projects. Fig. 23 (a) shows the site and the street
layout planned by the Singaporean Urban Planning Authority [39].
For each of the six blocks, the Singapore Master Plan has restricted
the upper bound of the floor area ratio. Fig. 23 (b) illustrates one of
the thousands of possible designs generated by the Urban Block
Generator. The building geometries generated can be used for
estimating solar energy penetration and associated capital costs
through simulations with the City Energy Analyst. For the example
in Fig. 23 (b), it is estimated that if the photovoltaic panels are only
applied where the annual cumulative irradiance is above 800 kWh/
m2, the overall achievable solar energy penetration is ~0.17. The
annualized capital cost for photovoltaic panels per square meter
gross floor area is 3.48 USD/m2. Compared to Figs. 21 and 22, and
Table 4, such additional use of the Urban Block Generator can
provide more accurate results of estimation, especially for projects
with complex built surrounding contexts.
4.4. The threshold of annual irradiance for photovoltaic panel
installations

In this work, the threshold of annual irradiance for photovoltaic
panel installations is set at 800 kWh/m2. This empirical set-up re-
stricts the solar potential of the building façades. A recent study has
indicated 400 kWh/m2 as a viable threshold in Singapore [74]. This
threshold is identified by the potential for carbon emission reduc-
tion of building-integrated photovoltaic panel design. We conduct
the same assessment as described in Section 3 using 400 kWh/m2

as the threshold of annual irradiance for photovoltaic panel in-
stallations. The box plots in Fig. 24 present the assessment results
for (a) solar energy penetration and (b) the cost indicator.
Compared to Fig. 16, we make two observations based on Fig. 24.
First, the improvement of solar energy penetration is relatively
small for almost ~50% increase of the cost indicator, compared to
that using 800 kWh/m2 as the threshold. This is because the
additional photovoltaic panels installed are mostly left idle and not
cost-effective. Second, the spreads of both solar energy penetration
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and the cost indicators are wider than those using 800 kWh/m2 as
the threshold. This indicates the performance of all block typologies
is more restricted by the intra-and-inter-block shading effects
caused by the building geometry design and the surrounding
contexts. Thus, we think the threshold of ~800 kWh/m2 appears to
be a good compromise of solar energy penetration, cost-
effectiveness, carbon emission reduction, and flexibility of build-
ing geometry design.
4.5. The typological method

The typological method developed in this work has four ad-
vantages. First, it is context-specific. It reflects the vernacular
common practices of design. Second, compared to generic building
patterns, this method leads to more detailed building geometries
and thus increases the accuracy of the simulations. Third, this
method increases the computational efficiency by ruling out irrel-
evant combinations of generic building patterns, floor area ratio,
and site coverage. For example, in Singapore, for ventilation rea-
sons, the Courtyard Building Pattern (see Fig. 11) is unlikely to exist.
The inventory of block typologies made in Section 3.2 excludes
these redundant combinations and avoids unnecessary simula-
tions. Fourth, this method allows the flexibility of geometric com-
binations and variations. For example, by altering the number of
towers and their locations within each block, the Urban Block
Generator can produce hundreds of variations of the same block
typology. It enables the designers to search thoroughly for the one
that meets or is close to the goal of solar energy penetration and
capital costs.
4.6. Limitations

The limitations of this work are summarized as follows. First, to
assess the performance of an urban design solution, we adopt solar
energy penetration and capital costs as the two metrics. However,
the dimension of life cycle assessment is missing. The embodied
energy of the photovoltaic panels should be taken into consider-
ation. Second, in this work, electricity demand and photovoltaic
electricity yields are both aggregated when calculating solar energy
penetration. In reality, there is a difference between the temporal
distributions of electricity demand and photovoltaic production.
Such a difference requires either an electricity exchange with the
city electricity grid or a storage system. There is a need to discuss
the impact of large-scale photovoltaic panel deployment on the
grid [75]. The losses and costs related to this process of electricity
shift shall be considered in future studies. Third, the land use ratio
affects the profile of electricity demand and influences the calcu-
lation of solar energy penetration and the design of storage systems



Fig. 23. (a) The location of the six blocks in the north-eastern corner of downtown Singapore; (b) the design generated by the Urban Block Generator.

Fig. 24. The results of the assessment of the block typologies for (a) solar energy penetration [�], and (b) the cost indicator denoted as aCAPEX [USD/m2], when the threshold of
photovoltaic panel installations is set at 400 kWh/m2 for the annual irradiance.
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[76]. In formulating the block typologies, land use ratio should be
incorporated as an additional feature. Fourth, other types of solar
technologies could be added, like the flat plate solar collector. Fifth,
some drawbacks of the typological method remain, as it does not
include the possibilities of new block typologies. Urban designers
and architects may introduce more complicated building geometry
designs in the long run. Sixth, the method proposed in this paper
works at the district level for early-stage urban design. The goal is
to help the urban designers establish quick assessment and esti-
mations of the renewable energy potential using design parameters
at the master plan level. Individual buildings in each block are
treated together as a whole. Therefore, the impacts of architectural
features such as the technological systems on the roof and building
skins on the façade are not considered. In future studies at a finer
level of architectural design, these features need to be taken into
account. This is necessary as, for example, the shading effects of the
building skin design on the façade may influence the building en-
ergy demand and affect the results of solar energy penetration.
Seventh, in all the simulations of this work, the long edges of blocks
are facing north-south, which is the preferred orientation in
Singapore. However, it is admitted that the six high-density areas
we surveyed have both north-south and east-west facing blocks,
due to road network reasons. It would be interesting to add
orientation as another design parameter, as the east-west facing
benefits the solar energy harvest and increases the cooling demand
for excessive heat gains.

Moreover, we would like to discuss the reliability of our model
for both the formulating of block typologies and the CEA simula-
tions. The method of formulating the block typology in this work
relies on the expertise and decisions of urban designers for the
manual process of grouping. The results of the block typologies may
not be deterministic. However, as the number of the input design
parameters is quite limited, the variation of the block typologies is
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expected to be trivial. For the block typologies we made for the
high-density districts of Singapore, to validate and add credibility
to them, we have been presenting and discussing them in seminars
and talks with experts and relevant governmental authorities.
Regarding the CEA simulations, the results are deterministic. We
would like to restate that in energy demand simulation, we use the
ASHRAE occupancy standards, which can be quite different from
the context-specific reality, as indicated by some fresh literature
[69,77]. The results of energy demand simulation and solar energy
penetration can be affected. However, for early-stage urban design,
energy demand simulations using the occupancy standards fit the
scope of this work, while the availability or the collection of
context-specific occupancy data remains a challenge. For finer
middle-and-late-stage urban design with more detailed urban ge-
ometries and building programs, the context-specific occupancy
modeling may be necessary for energy simulations and calculation
of solar energy penetration.

5. Conclusions

This research proposes a novel parametric method using
vernacular block typologies for investigating the interactions be-
tween solar energy use and urban design. The block typologies
feature various combinations of block dimensions, building pat-
terns, floor area ratio, and site coverage. These design parameters
highlight the connections to the vernacular common practices of
design. To demonstrate the method, we use a case study of high-
density areas in Singapore. Eighteen high-density block typol-
ogies of Singapore are formulated. They are implemented as a tool
on the Grasshopper/Rhinoceros platform, named the Urban Block
Generator. It helps generate building geometries of early-stage ur-
ban design for greenfield projects. These building geometries are
then used for energy simulations with the City Energy Analyst to



Table B.1
Input parameters for CEA energy demand simulations.

Parameters Values Remarks Source

Construction
type

CEA
CONSTRUCTION_AS2

Medium construction Assumption

Envelope
leakiness

CEA TIGHTNESS_AS2 Tight [60]

Wall U-value 3.2 W/m2/K Concrete block exposed [60]
Roof U-value 0.6 W/m2/K Concrete or rock pebbles

finishing
[60]

Window U-
value

2.2 W/m2/K Clear double-glazed
window

[70]

Window g-
value

0.2 Clear double-glazed
window

[70]

Ratio of air-
conditioned
area

0.84 e [60]

Window-to-
wall ratio

0.59 e [70]

HVAC system CEA
HVAC_COOLING_AS3

Central AC and
mechanical ventilation
with demand control

[60]

Cooling supply
system

CEA
SUPPLY_COOLING_AS1

Vapor compression
chiller and dry cooling
tower

[71]

Cooling set
point

24 �C e [60]

Occupancy
schedule

ASHRAE Appendix C e [67]

Occupancy
density

35 m2/person e

residential
10 m2/person e office
6 m2/person e retail

e [70]
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assess their solar energy penetration and capital costs. Planning
authorities may use these tools to define targets for the use of on-
site solar energy of greenfield projects. Urban designers and ar-
chitects may use the tools to test possible building patterns and
building geometries for better uses of on-site solar energy.
Furthermore, the eighteen block typologies are assessed for their
solar energy penetration and associated capital costs. To different
extents, the parameters of block dimensions, building patterns, and
building density all impose their impacts on the on-site solar en-
ergy use. The impact of floor area ratio is dominant, followed by site
coverage and building pattern. Analyses and discussion are
extended to derive the interactions between solar energy use and
the options for these urban design parameters. Urban designers
may use these findings to guide early-stage urban design for
making the most of on-site solar energy at acceptable capital costs.

Renewable energy considerations shall be integrated into early-
staged urban design. It involves a transdisciplinary effort and
collaboration between urban designers and energy engineers. Also,
for the performance assessment, besides achieving a certain goal of
renewable energy penetration, the cost-effectiveness and
embodied carbon emission of the conversion technologies should
also be included. The latter requires an understanding of the mix of
various primary energy sources in the city grid. For example, in a
context where most of the city grid’s electricity is generated from
renewable energy like hydropower, the threshold of annual solar
radiance for installing the photovoltaic panels should be accord-
ingly increased compared to the threshold for the annual cumula-
tive irradiance used in this work. This is to justify the integration of
the photovoltaic panels can offset their embodied carbon emis-
sions. Last but not least, vernacular common practices of design
should be considered and used for setting up the boundaries of
input design parameters. They highlight the connection to the
vernacular contexts, narrow down the search space, and reduce the
computational expenses. Also, they help us retrospect what has
been built and what can be repeated for the future. Moreover, the
Urban Block Generator can also be used for other urban morpho-
logical studies on other urban qualities such as pollution dispersion
and outdoor thermal comforts.
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Appendix A

Calculation of block elongation [�], based on [36].

Block elongation ¼ D1
D2

� � �
Appendix B
Appendix C

Illustrations of the 18 high-density vernacular block typologies
of Singapore produced with the Urban Block Generator for
Singapore. Examples of variations are given, if any.
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Appendix D

Example districts randomly applied with the variations of the 18
block typologies used in the simulations for the assessment of the
18 block typologies.
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