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The increasing population density in urban areas simultaneously impacts the trend of energy consumption in
building sectors and the urban heat island (UHI) effects of urban infrastructure. Accordingly, passive design
strategies to create sustainable buildings play a major role in addressing these issues, while solar envelopes prove
to be a relevant concept that specifically considers the environmental performance aspects of a proposed building
given their local contexts. As significant advances have been made over the past decades regarding the
development and implementation of computational solar envelopes, this study presents a comprehensive review of
solar envelopes while specifically taking into account design parameters, digital tools, and the implementation of
case studies in various contextual settings. This extensive review is conducted in several stages. First, an
investigation of the scope and procedural steps of the review is conducted to frame the boundary of the topic to be
analyzed within the conceptual framework of solar envelopes. Second, comparative analyses between categorized
design methods in parallel with a database of design parameters are conducted, followed by an in-depth
discussion of the criteria for the digital tools and case studies extracted from the selected references. Third,
knowledge gaps are identified, and the future development of solar envelopes is discussed to complete the review.
This study ultimately provides an inclusive understanding for designers and architects regarding the progressive

methods of the development of solar envelopes during the conceptual design stage.

solar envelopes passive design strategies computational design methods

| 1. Introduction

The United Nations (UN) estimates that by 2050 the world’s population in urban areas will increase by
approximately 68% [1], with urban dwellers being around 6.7 billion [2]. This trend is simultaneously followed by a
continuous increase in energy consumption from the building sector, which will account for 1.3% of the annual
increment and reach 22% in 2050 [3]. This means that future urban planning requires sustainable strategies to deal
with energy use and building emissions [4]. Some strategies have been proposed to tackle these issues using
nationally determined contributions (NDCs) and the UN sustainable development goal (SDG) programs. For
example, many researchers have actively developed specific methods and tools to provide more practical guidance
regarding sustainable buildings and construction technologies, such as the adoption of green building technologies
[5,6] and the enhancement of building energy efficiency [7,8]. However, past surveys did not discuss the
conceptual domain of passive design strategies but rather focused predominantly on the technical building
operations such as heating, ventilation, and air conditioning (HVAC) systems [9,10]. Consequently, a knowledge
gap exists when addressing the environmental performance of building designs, especially at the conceptual

design stage. This paper contributes by increasing the knowledge on passive design strategies. Specifically, it
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comprehensively reviews and examines computational methods, parameters, tools, and case studies related to

solar envelopes.

This review is relevant in that it addresses a contextual design approach in which solar envelopes play a significant
role in enhancing the quality of the built environment. Furthermore, this review integrates the environmental
performance of a new building with the existing context and contributes to the most crucial design decisions made
during the early design phase. In this respect, the concept of solar envelopes has made a relevant contribution by
addressing the solar accessibility of new buildings and their existing contexts. By definition, solar envelopes are
composed of the maximum volumetric container as determined by the amount of desirable or required sun access
without considering the shadowing of adjacent buildings [6]. Accordingly, the envelope of proposed designs can be
maximized without compromising the solar rights of surrounding buildings during the critical period. During the
conceptual design process, this concept is useful for architects, as they seek to avert potential failures once a new
building has been constructed, especially with respect to negative microclimatic impacts. In design practices, this
approach has successfully been implemented by the Dutch architectural and urban design firm MVRDV through
the project of P15 Ravel Plot, which is located in the Zuidas district, 1082 LC, Amsterdam [11] and the Grotius
Tower II, which is located in the area of the Prince Bernard Viaduct, Den Haag [12]. These projects have similarly
addressed the idea of solar-oriented design by integrating the optimal sightline for each housing unit with the
terraces and greenery landscape. In so doing, proposed buildings have successfully presented high performing

envelopes that fulfil both geometric and environmental performance quality.

Since the inception of the solar envelope, several methods for its determination have been developed. For
example, Topaloglu [13] describes three simple techniques for establishing solar envelope, namely, the descriptive,
profile angle, and 2D orthographic projection techniques. The descriptive technique adopts the initial solar
envelopes concept introduced by Knowles [14]. As such, it intersects the vertical planes plotted on the selected site
by using the trigonometric principles of the solar azimuth (e), altitude (a) and, cut-off times (i.e., daily and annual
time limits). For example, given a full day setting, the morning sun governs the envelope’s boundary of its western
limits, while the afternoon sun establishes the envelope’s shape of its eastern limits. This same mechanism applies
to the annual time setting by calculating the sun’s position during the winter and summer months. The profile angle
technique consists of an intersection between inclined planes that are generated on each edge of the plot
according to minimum solar angles as determined by a different orientation. In general, the profile angle is also
employed to determine the geometric positions of the shading devices, the penetration of the sun’s rays into a
room, and the shading line on the building’s facades. The orthographic projection technique employs a mechanism
similar to that of the profile angle techniques but only applies to rectangular sites with two elevation planes within a
two-dimensional projection. While these methods are valuable and convenient, further consideration of several
aspects is required including the simulation time, range of input parameters, and accuracy of the 3D visualization,
especially with respect to complex architectural forms [15,16]. In contrast to the above, this review investigates
computational methods that offer several effective ways to address these challenges. Hence, ultimately, this study
advances the work on the sustainable design approach by providing an overview on the current state of the

computational environment of solar envelopes and exposing critical gaps for future consideration.
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Having introduced the relevance and basic principles of solar envelopes, this paper is organized as follows:
Section 2 describes the scope and procedure of the review, and Section 3 presents the results of the review and
discusses the computational design methods for solar envelopes and related design parameters are presented.
For each design method described in Section 3, Section 4 focuses on the aspects of the computational
environment in parallel with the digital tools and the implementation of the case studies. Section 5 then addresses
the knowledge gaps and new directions for future research on solar envelopes, and Section 6 presents the

conclusions.

| 2. Scope and Method of the Review

This review addresses the main question that frames the survey of existing computational solar envelopes, i.e.,
What are the performance criteria and related computational methods for generating solar envelopes? This
guestion simultaneously leads us to explore specific tasks and features of various design parameters, tools, and
the implementation of case studies found in each design method of solar envelopes. The ultimate goals are to
identify and understand the most basic and advanced parameters and computational methods for constructing
solar envelopes and to analyze relevant factors that affect the complexity and flexibility of solar envelope methods
from the perspective of the user. Explicit awareness of these issues is crucial for the comprehensive understanding
of the current use of solar envelopes and to address the design needs and method gaps with respect to solar

envelopes.

The articles for review are accessed through three selected literature databases, namely, Web of Science (Wo0S),
Scopus, and Google Scholar (GS). Although there are many database searches that can be used for a literature
review, this study focuses on employing Scopus, WoS, and GS because they are part of a wide citation and
bibliographic searching platform that have been designed to support scientific and research environment globally.
To be more specific, Scopus and WoS similarly present substantial factual information that includes a number of
peer-reviewed literature and article indexed through the Elsevier and ISl citation databases, respectively. On the
other hand, GS has also been extensively utilized for a large interdisciplinary field coverage with a wide unique
type of materials (i.e., PDF files, Word docs, and technical reports), including indexed and non-indexed articles,
especially for Master and PhD theses that contain relevant information for the topic of solar envelopes [17,18].
Accordingly, it can complement other databases such as Scopus and WoS that are predominantly based on

indexed publications.

Furthermore, a new direction for the further development of solar envelopes is identified as a result of this review,
which considers three main topics and sub-topics, namely, conceptual themes (i.e., solar architecture, solar
envelopes, and solar access), design workflow (i.e., computational design, solar design, and solar simulation), and
contextual settings (urban planning, urban design, and architectural design). The scientific findings of the reference
databases are narrowed by setting the timespan to range between 1960 and 2019, given that the term “solar
envelopes” was initially introduced in the scientific literature by Knowles around 1970 [19] although some authors,

such as Giacomo [20], Galton [21], and Atkinson [22] implicitly discussed related topics regarding solar access
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prior to Knowles’ work. The detailed parameters used for reference databases are shown in Table Al in Appendix
A.

Given that the resulting search remains extremely broad, the screening process is then weighted on references
that only investigate the concept of solar envelopes within the domain of passive design strategy. To do so, some
irrelevant references resulting from a discrepancy in research objectives are eliminated. For example, studies
related to solar-form finding that focuses only on a generative architectural form [23-25], solar performance
simulation that merely addresses the quantification of solar energy for existing building facades, 2D plans and new
development areas [26-28], and studies related to solar radiation analysis that examine solar potential for the urban
contexts [29-30]. These references are consequently not further included in the main discussion of the review. In
addition, this study identifies one previous review of solar envelope properties authored by Stasinopoulos [31].
However, this recent study focuses on the construction of solar envelopes based on solid modeling techniques
[32], an area that can benefit from further consideration in our review that systematically addresses: (1) a
comprehensive study of computational solar envelopes based on various methods, tools, and contextual settings of
various case studies, (2) an in-depth investigation of design parameters that correspond to different computational
methods and the identification of relevant parameters for each method, and (3) several criteria that enable the
further analysis of current gaps and future directions of the study. Therefore, the present review can be a very
useful companion to the researchers involved in studying new methods and computational tools for generating
solar envelopes. Due to the presented potentialities of solar envelopes, the expected impact of this review at large,
is that to help in developing new design tools to increase sustainability, resource efficiency, and livability of our
buildings and cities.

After having selected the relevant references that meet the screening criteria, this study proposes a conceptual
framework for the review as presented in Figure 1.
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Figure 1. General framework of the review.

3. Review Findings: Computational Methods and Parameters
of Solar Envelopes

This section presents the results of the review by investigating the computational methods and the parameters for
solar envelopes obtained from the 58 selected references. The computational methods based on design
procedures when establishing solar envelopes are first categorized. This is followed by extracting and mapping the
parameters from the selected references into the database and then, drawing a comparative analysis among the
methods and parameters based on their frequency of use. These actions facilitate the identification of additional

characteristics of the parameters and the performance aspects of each design method.

3.1. Design Methods

By examining the basic computational procedures of each collected reference, this study identifies three methods
of computational solar envelopes, namely, descriptive geometry (DG), solar obstruction angle (SOA), and
constructive solid geometry (CSG).

» Descriptive geometry (DG)

As a derivative approach from the descriptive mechanism, the DG method employs basic parameters such as
latitude, a closed boundary of selected site, Sun vectors, cut-off-times, and obstruction geometry of surrounding
buildings, to generate solar envelopes. However, the use of these parameters is highly dependent on the type and
objective of the projects. When simulating, for example, no-obstruction solar envelopes, such as parks and open
spaces, the relevant parameters only require a closed curve of the site, the latitude and/or sun vectors, and the
maximum height of the intended envelope given that the aim is to maximize solar access of the proposed envelope
within a specific period. Moreover, solar envelopes that incorporate the surrounding context must consider the
geometric obstacles from the existing context. This is pertinent when developing solar rights and solar collection,
as the proposed envelopes cannot violate the solar access of neighboring buildings (solar rights) and the

surrounding buildings cannot obstruct the sun access of the proposed envelopes (solar collection) [33].
» Solar obstruction angle (SOA)

The SOA method simulates the projection of the minimum profile angle on each side of the plot through shadow
lines and shadow angles. In this approach, the reference lines refer to the horizontal property lines of the north and
the vertical axis, i.e., where the existing building stands in relation to the Cartesian space [34]. Due to daylight and
the different orientation on each side of the plot, the resulting geometry of the SOA varies. Higher settings
regarding the angle of solar obstruction produce shorter periods of shading and minimum shading conditions.

Therefore, each side of the plot should be treated differently because of the shading conditions unique to each
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side. For example, it is important to minimize solar obstruction in designated areas within a range of + 30° for

southern facades due to passive solar gains while taking into account latitude position in the UK [25].
» Constructive solid geometry (CSG)

The CSG method refers to a solid modeling approach [32] based on the Boolean operations of subtraction and
intersection between the 3D plot and the initial shapes of new buildings. These initial shapes are usually generated
from two settings of solar vectors. For example, the first solar vector, which may correspond to a solar access
constraint or Sun position is calculated by using latitude, longitude, and cut-off times. Furthermore, the second
solar vector refers to the vectors that are generated from the Sun path diagram [35]. In principle, these settings can
be used in either a full [36-41] or a partial way [42-44] during the construction of solar envelopes depending on the
design concept and the complexity of the surrounding contexts. The CSG method can also be complemented with

a solar fan to adjust the height and width of the floors of surrounding buildings.

In general, these computational methods have successfully addressed various advanced simulation techniques for
establishing solar envelopes. However, these same methods also create dissimilar computational behaviors during
the construction of solar envelopes. For example, among the three methods, CSG exhibits the highest rate of
generating an unpredictable model in terms of the final configuration of geometric solar envelopes. This is because
the CSG method primarily involves the volumetric intersection between different shapes, which means that the
probability of yielding unstructured envelopes is also moderately high. Furthermore, but consistent with this, the
geometric configuration of CSG requires a high computational performance, especially with respect to the mesh
modeling of the contoured plot in larger urban scales. In contrast to the CSG method, however, the DG and SOA
methods establish solar envelopes based on the plane intersections that are generated from shadow fences or the
obstacle curves of surrounding buildings. Accordingly, solar envelopes that are constructed based on DG and SOA

are not generally computationally intensive.

To better understand the characteristics of each computational method when considering the design practices, it is
also important to examine the specific elements relevant during the simulation process, such as the basic and
advanced parameters of each method, the interrelations between design parameters, and the contextual settings
of each method of each specific project. The following section will discuss these aspects based on the collected

references.

3.2. Design Parameters

Design parameters include various aspects that determine the geometric and spatial properties of solar envelopes
during the simulation process. Hence, this section focuses primarily on identifying each type of parameter included
in the selected references. According to its functional typologies on space-time constraints [14], this study further
subdivides the parameters into geographic and climatic properties. Geographic properties include a series of
elements that constitute a spatial relationship between a selected plot and the surrounding environment whereas

climatic properties refer to the non-geometric characteristics that are primarily considered when establishing the
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time for the construction of the geometric model of the solar envelopes. In total, this study identifies 18 parameters
from the collected references; among these parameters, 11 are regarded as geographic properties (i.e., longitude,
latitude, orientation, courtyard, surrounding facades, sidewalk, surrounding building’s height, floor area ratio (FAR) ,
setback, shadow fences, and street), and seven are regarded as climatic properties (i.e., profile angle, cut-off
times, dry bulb temperature, sun path, solar azimuth, solar altitude, and sun access duration). Similar to space and
time, these properties also involve an inverse construction mechanism when assessing the volumetric size of solar
envelopes. For example, the greater the time interval (cut-off-time) of the solar envelopes, the less the space that
is produced inside the envelope. Similarly, the more sun access duration there are, the less the volume of the
constructed solar envelope. Regarding the site orientation, the long sides of building with an in east-west (EW)
orientation are larger and have higher ridges in the geometric envelopes than the long-sided areas with a north-
south (NS) orientation. In contrast, the widths of streets and courtyards on the EW sides generate the minimum

height for solar envelopes [44].

To draw an in-depth analysis among parameters and methods of solar envelopes, it is necessary to examine the

distribution level of each parameter for each corresponding method with respect to quantity and priority.

3.3. Comparative Analysis of Desigh Parameters in Relation to Desigh Methods

This comprehensive analysis between the design parameters and computational methods of solar envelopes
consists of three major tasks. First, each parameter and its corresponding references based on computational
methods must be plotted (see Figure 2) to provide an overview of the distribution pattern regarding the method and
the total number of references of each parameter. Second, the usage frequency between parameters and their
corresponding methods must be plotted (see Figure 3). This facilitates the categorization of the parameters into
three different groups, namely, high, medium, and low, according to their usage level during the construction of the
solar envelopes. Third, the total number of parameters, i.e., geographic and climatic properties, registered for each
computational methods are calculated based on the predefined categories discussed (see Figure 4). This allows us
to identify the most basic and the most advanced parameters as well as the methods used to establish solar

envelopes.

To perform these three tasks, Table 1 provides the necessary preliminary information regarding the distribution of
design parameters and corresponding methods based on the selected references. Table 1 displays a list of the
selected references on computational solar envelopes that are plotted based on their design methods. Each of
these references is then further investigated by marking its contextual settings and parameters through a binary
operation. For example, the “True” condition is indicated with a bullet point, whereas the “False” condition remains
empty. The results illustrate that some references nearly fulfill all of the listed parameters (e.g., [44-46]while others

require only six parameters ([31,35,47,48]) to construct solar envelopes.

This is because each reference is affected not only by the type of applied computational method but also by the
design concept of the projects that often involve more parameters. With respect to the contextual settings, the plot

condition for solar envelopes is divided into the inclusion and exclusion conditions of surrounding site properties
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(e.g., vegetation, adjacent buildings, open spaces, and other relevant elements). Accordingly, the solar envelope
simulations that include site properties create spatial negotiations between the proposed building and the existing
context, while the exclusion condition focuses on the given land parcel, and hence, the context implementations
primarily correspond to new development areas. In general, all categorized methods contain both inclusion and

exclusion conditions during the construction of solar envelopes.

As the most-used method, DG considers site properties more often than SOA and CSG. However, the DG method
cannot guarantee the number of involved parameters during the simulation because the input parameters of solar
envelopes rely on design concept and project complexity. For example, Camporeale [49,50] and Saleh and Al-
Hagla [51,52] employ more variations of design parameters than with Machacova et al. [53] and Martin and Keeffe

[54], who take into account the surrounding site properties.

Table 1. Database of design parameters and computational method of solar envelopes based on the selected

references.
Input Parameters
Geographic Properties Climatic Properties
Context
Literature
Surrounding ) Cut- Sun
. ) . . Court . SBH Shadow Profile DBT Sun Solar Solar
Longitude Latitude Orientation facade Sidewalk FAR Setback Street off- . ) access
yard L fences angle . Laad path azimuth altitude .
facades times duration
No. 1 2 3 4 5 6 7 8 ) 10 11 12 13 14 15 16 17 18

Descriptive Geometry (DG)

[55-57] + o . o . o o o o o . o o

[58] + o . o . o . o . . . o o

[53] + . . . . 0 . 0 0 0
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[54,59] + . . . B . . . . .
[60] + . . . . . . . . . . .

[61] + . . . . . . . . . . .
[62] + . . . . . . . . . . .
[63] + . . . . . . . . .
[64] + o . . . o . . . .
65] + . . . . . . . . . .
661 . . . o . . . . .
[51,52) . . . . . . . . . .
[67] . . . o o . . . . . .
49,50] . . . . . . . . . . .
[68] . . . . . o . . .
69] . . . . . . .
[70] = . . . . o . . . . . . . .
71 . . . . . . . . .
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Solar Obstruction Angle (SOA)

[72] + . . . . . . . . . .
[34] o . . . . . . . . . . .
[73-75] - . . . . . . . . . .
[45,46) + . . . . . . . . . . . . . . . .
[76] + . . . . . o . . B
177 - . . . . . . . . . . .
[47,48] +1- . . . . o o
[78,79] - . . . . . . . . . .

[80,81] - . . . . . . . . . . . . o

Constructive Solid Geometry (CSG)

[36-38] +/- . . o . . . . . . .
[31,35] - . . . . . .
[39] . . . B B . . . . . .
[44] . . . . . . . . . . . . . . . .
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[40,41] - . . . . o . o
[42,43] + . o . . . . .
[82] + o . . . B . o . . o o
[83] + . . . . . . . . . . .
[84] + . . . . . . . . . B o
[85,86] + . . o . . . o . o . o o
[15,16] + . . . . . . . . . . . .
187] 5 . . . o . . o o
88] + . . . . . . . . . B B

* Context = (+) include site properties, (-) exclude site properties; ** S.B.H = Surrounding building’s height;
*** D.B.T = Dry Bulb Temperature.
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Figure 3. Categorization of design parameters and corresponding methods based on usage frequency.
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Figure 4. Specific distribution of design parameters (geographic and climatic properties) based on the group usage

frequency and corresponding methods.

Having established the preliminary database regarding design parameters and solar envelope methods presented

in Table 1, a comparative analysis of the two can now be performed.

Task 1—Design parameters, methods, and total references

Figure 2 illustrates the pattern of computational solar envelopes based on the registered parameters and the
number of references for each method. In general, the trend indicates that, with respect to using the parameters of
solar envelopes, DG is referenced in more studies that the other two methods. Specifically, DG is referenced in 23
studies, followed by CSG with 20 and SOA with 15. This provides an early indication that DG is the most-used
technique for constructing solar envelopes. Additionally, DG includes four parameters, i.e., latitude, orientation, cut-
off times, and solar altitudes, thus nearly satisfying all selected references, while SOA and CSG consist of one

(profile angle) and two (latitude and cut-off times) parameters, respectively. Moreover, an interesting pattern is
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observed regarding parameters 4 (courtyard) and 14 (dry bulb temperature). Specifically, these parameters are
similarly registered only in two methods for parameter 4, i.e., DG and CSG, and two methods for parameter 14, i.e.,
DG and SOA. Hence, it can be argued that courtyard and dry bulb temperature are rarely used parameters and are
thus irrelevant properties for SOA and CSG, respectively. This condition also indicates the relevance of parameters

that may only be employed in certain context during the construction of solar envelopes.

Task 2—Usage frequency of parameters and corresponding methods

After quantifying the total references for each parameter and corresponding method in Figure 2, the usage
frequency of the parameters is divided by the total references for each method into three groups with each group
comprising a certain range of references that indicates the usage frequency level of the parameters. Accordingly,
the higher the number of references is for one parameter, the higher the frequency of that parameter’s use during
the construction of solar envelopes. For example, DG contains 23 references that correspond to 18 parameters.
One parameter may consist of a different number of references depending on the type of parameters and how
many studies that use that parameter. These 23 references are then divided into three range groups, whereby
each group represents a different level of frequency; e.g., the high category consists of nine references, followed
by the medium and low categories with eight and six references, respectively. To identify the category for each
parameter, the specific ranges of total references for each category should be defined first. Specifically, the high
category ranges from 15 to 23 references, while the medium and low categories range from seven to 14 and from
one to six references, respectively. Hence, a specific category for each parameter can be identified and similar

approach can now be applied to other methods.

As illustrated in Figure 3, the general trend reveals a fluctuating pattern in the percentages for each category of
each method. For example, the greatest percentages for each category are identified by different methods. For
example, the high category is fulfilled by CSG with 45%, whereas SOA and DG dominate the medium and low
categories with 45% and 33%, respectively. These highest numbers simultaneously represent the priority usage of
parameters when constructing solar envelopes, which means that the parameters listed within the high and
medium categories serve as basic parameters for establishing solar envelopes. Moreover, the low category, due to
its lowest usage values, especially for SOA and SCG is a list of the advanced and complementary parameters, and
accordingly, only a few parameters can be used in this category such as longitude and street for SOA and
courtyard, sidewalk, and FAR for CSG. An exception applies to DG because it contains more assigned parameters
and references, i.e., nearly 18% above the other values. Based on these data, it is concluded that DG is the most-
used method, as evidenced by its wide range of options for complementary parameters. Moreover, the small
discrepancies in the values between each category in DG results in greater flexibility with respect to switching

parameters when establishing solar envelopes.

Task 3—Quantity of geographic and climatic parameters for each corresponding method

The plot of the parameters illustrated in Figure 4 requires further explanation. First, denoting the highest usage
frequency, the high category confirms the greatest numbers of parameters that are incorporated in all methods.
This category consists of four parameters (i.e., site orientation, surrounding building height, cut-off times, and sun

access duration), whereas the remaining parameter, shadow fences, is found only in the medium category. Based
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on the similarity of the three methods, these shared parameters can be further defined as global parameters.
However, there are several parameters, such as surrounding facades, set back, latitude, sidewalk, dry bulb
temperature, solar azimuth, solar altitude, longitude, and street, that are included only in particular methods. As
these parameters specifically correspond to SOA, they are defined as local parameters. To some extent, these
local parameters act as basic parameters when they are located in the high-frequency use category (red dashed
box) while at the same time, they are considered nonstandard parameters when implemented in other methods.
For example, setback is a regular parameter for SOA, but it is regarded as an advanced or nonstandard parameter
for DG. This is because SOA requires different daylight conditions on each side of the plot and is therefore
influenced by the setback and plot orientation, whereas DG treats the same condition based on the whole
boundary of the plot. Another interesting trend is the DG’s local parameters (i.e., setback, solar angle, dry bulb
temperature, and sun path), which simultaneously become advanced parameters because they are in the low-
frequency use category. As a the most frequently used method, this trend indicates that DG exhibits a higher
degree of complexity, especially when comparing the quantity of DG's local parameters to those of the other two
methods. Thus, it is worth noting that the specific parameter of a solar envelope plays a great role in determining

the computational workflow of the simulation method.

Second, after plotting the parameters based on the usage frequency, the number of geographic and climatic
properties for each method can be determined. The general trend indicates that only the parameters from both
categories are found in the high category while only parameters that satisfy the geographic properties are assigned
to the other two methods. Specifically, climatic properties are absent from the medium (DG) and low categories
(SOA and CSG). This is not only because the total number of assigned parameters in the high category is greater
than that in the others but also because the medium and low categories are populated with rarely-used

parameters.

| 4. Discussion: Digital Simulation Tools and Case Studies

An investigation of the computational environment of solar envelopes focuses on two qualities, namely, digital
simulation tools and implementation of case studies (see Table 2), which are specifically investigated based on
computational criteria and typologies of the projects, respectively. To conduct this investigation, each selected
reference is evaluated by using a similar binary operation, as in the previous section, and the evaluation is
conducted based on predefined computational parameters. For example, the digital tools of each selected
reference are first investigated, and the evaluation criteria are then established based on four relevant factors i.e.,
self-developed tools, dynamic-parameter input, modeling environment, and integrated environmental simulation.
The project implementations (case studies) are then specified according to two aspects, namely, architectural

scales (i.e., urban, open space, and single building) and functional utilities (i.e., housing, offices, and commercial).

Table 2. Database of the computational environment parameters of solar envelopes based on the selected

references.

https://encyclopedia.pub/entry/1284 15/36



Solar Envelopes | Encyclopedia.pub

Case Studies

Computational ) o
Functional Utilities

. o Criteria Architectural
Literature Digital Tools
Scales
Housing
A B C D E F G H | J K L M
Descriptive Geometry (DG)
[55-57] SustArc ° ° ° ° ° °
Rhino, Grasshopper
[58] ° ° ° ° o o
(Ladybug)
[53] - ° ° ° o o
[54,59] CAD ° ° ° e o o
[60] - ° °

Rhino, Grasshopper
[61] ° ° ° ° °
(Ladybug, Octopus)

Rhino, Grasshopper

[62] ° ° ° ° °
(Ladybug)
[63] T4SU, Sketchup, GIS e ° ° ° °
[64] AutoCAD ° ° ° o o
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(65]

[66]

[51,52]

[67]

[49,50]

[68]

(69]

[70]

[71]

Heliodon, Ecotect

TAS (EDSL v. 9.09)

Rhino, Grasshopper, Diva, Ecotect,
Vasari

CalcSolar (Autolisp)- Autocad

Rhino, Grasshopper, Ecotect,

Galapagos

AutoCAD, Sketchup, 3D Max

Autodesk

Solar Obstruction Angle (SOA)

[72]

(34]

[73-75]

[45,46]

The Obstrucao 1.0

MascaraW

CityZoom (Block magic 3D)
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[76]

[77]

[47,48]

[78,79]

[80,81]

Envi-met (thermal analysis), PMV

CAD-Microstation

BRADA

City SHADOWS, Envi-met

Constructive Solar Geometry (CSG)

[36-38]

[31,35]

(39]

[44]

[40]

[41]

[42,43]

(82]

(83]

Solar envelopes tools + BSK

AutoCAD 2000

CalcSolar (Autolisp)-Autocad

GIS, EnergyPlus 8.1

Form.Z

SolCAD

Rhino, Grasshopper, EnergyPlus

Rhino, Grasshopper, Ladybug

Rhino, Grasshopper, Ladybug
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[84] Rhino, Grasshopper, Ladybug e o o o o °
[85,86] PIRAMIDA . o o o .

[15,16] Autodesk’s 3dsmax™ e o o ° e o

[87] AutoCAD e o ° °

[88] Rhino, Grasshopper, Ladybug e o o o o e o

A: Self-developed; B: Dynamic parameter input; C: Parametric modeling environment; D: Integrated environmental
simulation; E: Urban; F: Open space; G: Single building; H: Discontinued collective; I: Continued collective; J:

Dense individual; K: Dispersed individual; L: Offices; M: Commercial
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I | Imegrated environmental simulation H | Discontinued-collective M | Commercial

Figure 5. Distribution of computational environment parameters according to the corresponding computational

methods.
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4.1. Digital Tools

The simulation tools in each selected reference to construct solar envelopes are examined. According to Anderson
[89], in Design Energy Simulation for Architects, the minimum requirement for design tools to run performance
simulations consists of three components, specifically, a user interface, three-dimensional modelers, and an
engine. Accordingly, several criteria are established to identify a general pattern of simulation platforms in relation

to the computational methods of solar envelopes.
» Self-developed tools

Self-developed refers to the ease of access of the tools during the creation of solar envelopes. These tools are
then defined according to three specific criteria. The first category of tools includes those preferred by authors who
use popular CAD-related platforms to run the simulations of solar envelopes (e.g., [31,35,47,48,54,59,64,69,87]).
The second category consists of a custom-built module that is generated from a particular function of existing
digital tools such as T4SU in SketchUp [63], SolCAD [41] and Calcsolar [67] in Autocad, solar envelope tools in
Revit [39], and the Solar Toolbox plugin in Grasshopper [90]. Third, a tailor-made supporting tools that perform
specific tasks related to solar envelopes. Among these tools are The Obstrucao 1.0 [34], form Z [40], SustArc [55],
Calcsolar-AutoLISP [67], MascaraW [75], CityZoom [46], CitySHADOWS [80,81], and PIRAMIDA [85,86]. Note that
some references are found to be incomplete due to limited information during the review process, i.e.,
[53,60,68,70,72,76].

When these criteria are plotted with their corresponding methods and references in Figure 5 (see point A), it is
evident that SOA exhibits the higher number of references, followed by DG and CSG given that SOA consists of
the greatest number of local parameters. As previously elucidated in Figure 4, local parameters represent a series
of parameters that only attach to a particular method due to their scarcity and complexity of use. Accordingly, SOA

requires particular tools to formulate the appropriate parameters when constructing solar envelopes.
» Dynamic parameter input

This criterion emphasizes the flexibility between the fixed and adaptable-parameter algorithms. The fixed-
parameter algorithm often includes both a static and a limited number of parameters due to the default system of
design tools. Consequently, the end user of the tool can only follow the simulation procedure and input the dataset
on the basis of the given parameters [39]. Some design tools, however, consist of adaptable or dynamic
parameters that permit additional tasks, such as the reduction in the number of and generation of relevant
parameters. These tasks provide a direct interaction between the users and the tools when developing a solar
envelope simulation.

To create a legible representation, Figure 5 (see point B) specifically illustrates a bar graph of references that
corresponds to the dynamic parameter inputs. The graph indicates that DG has the highest number of dynamic
parameter input references, followed by CSG and SOA. This trend is relevant to all methods, however, as DG

simultaneously also consists of the largest quantity of references. As the most frequently-used and flexible method
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(see Figure 3), DG provides great accessibility for using the existing digital tools during the construction of solar
envelopes. Table 2 (see the digital tools) illustrates that DG predominantly uses a well-known tool with a wide input

of parameters.

e Modeling environment

According to the geometric representation, the modeling environment of the selected references is predominantly
generated based on NURBS (non-uniform rational B-spline) models that range from the organic free-form surface
to the 3D solid model [32]. The NURBS models are further divided into parametric and direct modeling approach
models. These approaches not only differ with respect to design rule and process but also in the complexity of
geometrical parameters. Accordingly, the geometric configuration of solar envelopes is dependent on the applied
algorithm of the modeling approach. For example, the surface representation of the 3D model can geometrically
vary when generated from the TIN (triangulation irregular network) of the point cloud compared to one that is

manually created based on the CAD platform [91].

According to Figure 5 (see point C), the total number of references for the DG and CSG methods are equally
proportioned and outnumber the studies the reference for the SOA method. This trend represents the total selected
references for all methods, except some references for unidentified tools. This is because all methods use design
tools with parametric functions during the construction of solar envelopes. Nonetheless, further research is required

to identify the geometrical behaviors generated by the interaction of parameters.

» Integrated environmental performances

Interoperability plays an important role during the design process, especially when dealing with various simulation
tools and multiple dataset sources. While this can create, to some extent, a computational issue due to different
algorithmic operations, a comprehensive analysis for optimal design solution can be achieved. With an integrated
environmental simulation, the computational functions of certain design tools, such as solar thermal exposure [70],
wind analysis [57], daylight availability, solar photovoltaic exposure, ventilation enhancement, and water surface

catchment and flow [92], can be extended during the construction of solar envelopes.

In general, the trend in Figure 5 (see point D) illustrates high percentages regarding the use of environmental
performances in all methods. This results means that most of the selected studies performed one or more
environmental simulation during the construction of solar envelopes. According to the stage of use during the
simulation process, these environmental performances can be categorized into three functions, namely, generator,
evaluator, and generator, as well as evaluators that are operated in the same workflow. For example, first, the
performance generator is used to support the main parameter to establish the final geometry of solar envelopes.
Some example of performances can be observed in DG that includes direct sun access duration, temperature [58],
annual space heating demands, daylight, thermal performances, solar renewables [66], wind analysis [68], visual
assessment, street network [51,52], and solar irradiation [49,50], while in SOA urban heat islands [47,48] and

daylight [78,79], and CSG consists of sun hours availability [88]. Second, the performance evaluator is employed to
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assess the final geometry of solar envelopes. In other words, this process measures the environmental impacts of
new envelopes and compares those impacts to previous and existing conditions. Examples of these criteria are
found in DG with performances that involve urban density, direct sun access duration [62], and solar irradiation
[65], SOA with energy consumption [34], temperature, wind, albedo, thermal comfort [77], urban heat island, and
daily direct solar radiation [80,81], CSG with aeshthetics, solar access, lighting, ventilation, public safety [36-38],
solar access hours, annual energy consumption, cost, CO2e [42,43], urban density [15,16], and sunlight and
shading simulation [87]. Third, the performance generator and evaluator consist of a combination of two types of
performances that are operated simultaneously in one workflow. For example, some studies on DG use
performances such as urban density, energy consumption [55-57], temperature, wind, climate, and energy [70],
while references in the SOA category consider insolation hours, urban density [72], comfort issues and wind flows
[45,46], and those in CSG involve more performances related to air temperatures, global radiation, passive solar
gains, heating loads, insolation values [44], sun access duration [82], building density [83], and sphere view factors
[84].

4.2. Case Studies

To identify the contextual settings of computational solar envelopes in design practices, this study separates and
plots the selected references in two functions, namely, architectural scales and functional utilities. According to
Figure 5 (see points E-G), case studies of solar envelopes are predominantly implemented in single buildings
since the building-oriented context requires fewer geographic parameters than do urban scales. For example, the
CSG method has the greatest number of references with a single building context (see Figure 5 point G), but it
receives the lowest rate for implementation in urban contexts (see Figure 5 point E) because the modeling
construction of CSG is more appropriate for building contexts than for urban-scale contexts due to the high cost of
computational issues. The context of open space, however, has received less attention. In fact, open space only
seems to play an essential role during the construction of solar envelopes, particularly in highly dense areas such

as metropolitan cities.

The functional utilities of the projects are divided into three types, namely, housing, offices, and commercial. The
housing category includes those typologies proposed by Maizea et al. [93] and thus, consists of the discontinued
collective, continued collective, dense individual, and dispersed individual. In general, the trend of this housing
category suggests that the ‘individual’ groups are referenced more frequently than the ‘collective’ groups due to the
complexity of the projects and scale of the plots. Accordingly, the DG and CSG method are referenced more often

in the dense individual and dispersed individual groups, respectively.

With respect to the comparison of housing group and other functions, such as offices and commercial properties,
Figure 5 illustrates that of all the functional utilities, housing is the one most referenced, even though most people
who live in big cities or dense areas spend far more time in offices during the day. Accordingly, solar envelopes are
crucial to providing sunlight penetration to the working space to reduce energy consumption during working hours.
Consistent with this fact, solar envelopes also play an important role in determining specific conditions of

commercial areas. For example, as direct sunlight can affect food and product durability issues, especially when
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located in ground floor level storefronts, shading becomes a critical factor. However, as some references do not
include a specific function for the implementation of a case study, it is challenging to understand the relationship

between the contextual settings of these references and performance criteria of the solar envelopes.

| 5. Knowledge Gaps and New Directions

Based on the understanding of the computational methods of solar envelopes presented in the previous sections,
this study identifies several gaps that may drive further research for new approaches to the generation of solar
envelopes (see Table 3). These gaps are formulated into three aspects, hamely, 3D contextual model, climatic

properties, and geometric configuration. The proposed directions are also discussed in relation to each gap.

Table 3. Knowledge gaps and new directions for solar envelopes

No. Qualities Knowledge Gaps Future Directions

Limited discussion on covering

contextual geometries DEM (digital elevation modeling)
3D contextual

model Point cloud data
Limited understanding of site
characteristics information
Predominantly based on four- ) )
] Tropical countries
season countries
o ] The objective is to collect direct The objective is to avoid direct sun
2. Climatic properties )
sunlight access
Predefined period only relies on ] o )
) Consider sun visibility on each period
cut-off times
3. Geometric Limited results on final geometry of S o
i ) Multi objective optimization
configuration solar envelopes
Limited performance criteria Integrate multi performance criteria (e.g.,

material)
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Focuses only on 3D mass of solar Explore performance configuration of the

envelopes layout of the building’s interior.

¢ 3D contextual model

As previously described, most of the current methods employ solid modeling as a platform of the 3D contextual
model. Most important when considering this approach is the challenge to comprehensively understand the
characteristics of the existing contexts, especially when dealing with complex sites. The current approach to 3D
site modeling often not only fails to preserve geometric aspects of existing context but also fails to sufficiently
address the surrounding site properties, such as vegetation or other temporal site elements that may be relevant
for further analyses of solar envelopes. Moreover, the surface characteristics of the existing environment, such as
the material of surrounding facades, have also received less attention to date. That said, it is argued that the
calculations of solar energy within solar envelopes should take into account the surface characteristics of the

surrounding environment.

An alternative to the aforementioned issues is digital elevation modeling (DEM). In comparison with other solar
envelope methods that are created primarily by CAD drawings, the DEM platform employs image processing
techniques to obtain and quantify a solar exposure map by means of shadow volumes ([94,95]). This approach
includes iso-solar rights and iso-solar collection surfaces to implement energy-oriented shapes in urban
environments. As the current DEM method predominantly focuses on the urban scale, it remains challenging to
identify and calculate specific geometric parameters, such as building scales. Another consideration is the 3D laser
scanning technologies that offer opportunities to capture the physical properties of the environment. As a product of
laser scanner, potential applications of point cloud data may counterbalance relevant information within the

surrounding context using geometric and radiometric properties.

» Climatic properties

With respect to the climatic parameters found within the collected literature, the existing studies are based primarily
on four-season countries. This means that their objectives focus on minimizing sun access duration during summer
while maximizing it during winter so that the sunlight can penetrate the main activity room. In fact, these objectives
differ significantly from those of tropical countries, especially for those countries located on the equator. Since
tropical countries consist of annual wet and dry seasons, these climatic factors affect the objectives and
mechanisms of solar envelopes, and accordingly, solar envelopes should be able to minimize the sunlight coming
into the house due to high temperatures. For example, building constructions in Indonesia prefer shaded conditions
to lower the hot temperatures inside the building. Accordingly, the concepts and existing parameters of solar
envelopes require further adjustments for tropical contexts.

» Geometric configuration
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During the schematic design phase, it is often important to analyze the solar access of new buildings when
selecting the optimal layouts for massing that fulfils the volumetric shape of solar envelopes. Accordingly, the solar
collection envelope (SCE) [55] and solar collection multi-isosurface [62] have been developed. However, solar
collection surfaces can only be used for single buildings with rectangular or convex footprint layouts. Thus, further
research is needed to identify optimal massing and layouts for articulated buildings and clusters in urban
environments. Hence, the concept of multi-objective optimization is useful for exploring geometric design

configurations of solar envelopes to identify the optimal solution.

| 6. Conclusions

This study presents a conceptual review of solar envelopes by investigating the qualities of design methods and
computational performance aspects in relation to parameters, digital simulation tools, and implementation of the
case studies. In particular, 58 selected references of solar envelopes are extensively examined as the basis idea to
perform comparative analysis between each categorized method and predefined criteria. This study ultimately
allows architects not only to identify different characteristics and levels of complexity for each design method but
more importantly also to address the concept of solar envelopes in design practices such as the projects of P15
Ravel Plot and Grotius Towers Il by the Dutch architectural and urban design firm MVRDV. As a research
framework, the present study may also benefit further for urban planner and related municipality to update the
current parameters of local regulation especially related to solar energy building performances and environmental
design assessments between proposed building and existing environment. Specific remarks on each section in this

review are presented as follows:

e By categorizing the contextual setting of solar envelopes into the inclusion and exclusion of surrounding
properties (e.g., vegetation, adjacent buildings, open spaces, and other relevant elements) enables architects to
identify the types of methods that predominantly focus on new or existing contexts. Given that urban densities
may have scarcity of wide areas, DG plays an essential part to deal with the future scenarios as it considers
more site properties than other methods.

» Categorization of design parameters into geographic and climatic properties allows us to identify specific
parameters that affect volumetric size of solar envelopes for each design method.

» The comparative analysis among methods and parameters indicates that DG is the most frequently-used
method of the three. This is because DG has the greatest number of registered references and thus, it contains
more basic parameters (latitude, orientation, cut-off times, and solar altitudes) as compared to other methods.
In addition, DG has the greatest flexibility to switch parameters during the establishment of solar envelopes
because of its wide range of complementary parameters.

» This study categorizes SOA and CSG method as a group with the low category parameters and thus, it refers to
local parameters because their parameters can only apply to particular cases when establishing solar
envelopes.

» This study investigates the geometric performance of each solar envelope method with respect to the

predefined criteria of the digital tools. For example, SOA is identified as the method with the greatest use of self-
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developed tools since it has the greatest number of local parameters. In contrast, DG is the most flexible for
constructing solar envelopes due to its great accessibility, its ability to use the existing digital tools, and its wide
range of dynamic parameter inputs.

» This study identifies that CSG is predominantly implemented in a single building rather than on an urban scale
due to the high cost of computational modeling and the mesh generation procedures. Moreover, this study
reveals that housing remains a predominant case study of solar envelopes, even though offices and commercial
sectors consume a greater portion of urban functions, especially in dense areas.

Furthermore, although the conceptual framework of computational solar envelopes is extensively addressed in this

review, there is still a need for an objective evaluation approach to provide a quantitative analysis of different

methods. By using a similar set of predefined parameters, digital tools, and case study, volumetric shape and

performance criteria of geometric solar envelopes on different methods can be further measured more precisely.

Appendix A
Table Al. Parameters selection for reference databases
Topics
Conceptual Themes Design Workflow Contextual Settings
Operation Sources Solar architecture Computational design Urban planning
Solar envelopes Solar design Urban design
Solar access Solar Simulation Architectural design
OR WoS TOPIC: (“solar TOPIC: (“computational TOPIC: (“urban

architecture” OR “solar
envelopes” OR “solar

access”)

Refined by: WEB OF
SCIENCE CATEGORIES:
(CONSTRUCTION
BUILDING TECHNOLOGY

design” OR “solar
design” OR “solar

simulation”)

Refined by: WEB OF
SCIENCE
CATEGORIES:
(COMPUTER SCIENCE

planning” OR “urban
design” OR

“architectural design”)

Refined by: WEB OF
SCIENCE
CATEGORIES:
(URBAN STUDIES
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OR ARCHITECTURE OR
GREEN SUSTAINABLE
SCIENCE TECHNOLOGY
OR ENGINEERING CIVIL
OR URBAN STUDIES OR
COMPUTER SCIENCE
INTERDISCIPLINARY
APPLICATIONS OR
ENGINEERING
MULTIDISCIPLINARY)
AND DOCUMENT TYPES:
(ARTICLE OR BOOK
CHAPTER OR
PROCEEDINGS PAPER)
AND RESEARCH AREAS:
(CONSTRUCTION
BUILDING TECHNOLOGY
OR ENGINEERING OR
ARCHITECTURE OR
URBAN STUDIES)

Timespan: 1960-2019.
Indexes: SCI-EXPANDED,
SSCI, A&HCI, CPCI-S,
CPCI-SSH, BKCI-S, BKCI-
SSH, ESCI, CCR-
EXPANDED, IC

139

INTERDISCIPLINARY
APPLICATIONS OR
ARCHITECTURE OR
ENGINEERING
MULTIDISCIPLINARY
OR CONSTRUCTION
BUILDING
TECHNOLOGY OR
ENGINEERING CIVIL
OR GREEN
SUSTAINABLE
SCIENCE
TECHNOLOGY) AND
DOCUMENT TYPES:
(ARTICLE OR BOOK
CHAPTER OR
PROCEEDINGS
PAPER) AND
RESEARCH AREAS:
(COMPUTER SCIENCE
OR ENGINEERING OR
ARCHITECTURE OR
CONSTRUCTION
BUILDING
TECHNOLOGY OR
URBAN STUDIES)

Timespan: 1960-2019.
Indexes: SCI-
EXPANDED, SSCI,
A&HCI, CPCI-S, CPCI-
SSH, BKCI-S, BKCI-
SSH, ESCI, CCR-
EXPANDED, IC

846

OR ARCHITECTURE
OR REGIONAL
URBAN PLANNING
OR ENGINEERING
CIVIL OR
CONSTRUCTION
BUILDING
TECHNOLOGY OR
GREEN
SUSTAINABLE
SCIENCE
TECHNOLOGY) AND
DOCUMENT TYPES:
(ARTICLE OR
PROCEEDINGS
PAPER OR BOOK OR
BOOK CHAPTER)
AND RESEARCH
AREAS: (URBAN
STUDIES OR
ARCHITECTURE OR
ENGINEERING OR
CONSTRUCTION
BUILDING
TECHNOLOGY)

Timespan: 1960-2019.
Indexes: SCI-
EXPANDED, SSCI,
A&HCI, CPCI-S,
CPCI-SSH, BKCI-S,
BKCI-SSH, ESCI,
CCR-EXPANDED, IC

10.196
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AND

Scopus

Total

GS

Total

WoS

TITLE-ABS-KEY (“solar
architecture” OR “solar
envelopes” OR “solar
access”) AND PUBYEAR >
1959 AND PUBYEAR <
2020 AND (LIMIT-TO
(DOCTYPE, “ar”) OR
LIMIT-TO (DOCTYPE,
“cp”) OR LIMIT-TO
(DOCTYPE, “ch”) OR
LIMIT-TO (DOCTYPE,
“bk™) AND (LIMIT-TO
(SUBJAREA, “ENGI”) OR
LIMIT-TO (SUBJAREA,
“ENER”) OR LIMIT-TO
(SUBJAREA, “COMP”) OR
LIMIT-TO (SUBJAREA,
“ARTS")) AND (LIMIT-TO
(LANGUAGE, “English”))

388

Sort by date: “solar
architecture” OR “solar
envelopes” OR “solar

access”

43

TITLE-ABS-KEY
(“computational design”
OR “solar design” OR
“solar simulation”) AND
PUBYEAR > 1959 AND
PUBYEAR < 2020 AND
(LIMIT-TO (DOCTYPE,
“ar”) OR LIMIT-TO
(DOCTYPE, “cp”) OR
LIMIT-TO (DOCTYPE,
“ch™) OR LIMIT-TO
(DOCTYPE, “bk™)) AND
(LIMIT-TO (SUBJAREA,
“ENGI") OR LIMIT-TO
(SUBJAREA, “COMP?”)
OR LIMIT-TO
(SUBJAREA, “ENER™))
AND (LIMIT-TO
(LANGUAGE, “English")

2.548

Sort by date:
“computational design”
OR “solar design” OR

“solar simulation”

674

TITLE-ABS-KEY
(“urban planning” OR
“urban design” OR
“architectural design”)
AND PUBYEAR >
1959 AND PUBYEAR
<2020 AND (LIMIT-
TO (DOCTYPE, “ar”)
OR LIMIT-TO
(DOCTYPE, “cp”) OR
LIMIT-TO (DOCTYPE,
“ch”) OR LIMIT-TO
(DOCTYPE, “bk™)
AND (LIMIT-TO
(SUBJAREA, “ENGI”)
OR LIMIT-TO
(SUBJAREA,
“COMP”) OR LIMIT-
TO (SUBJAREA,
“ARTS”) OR LIMIT-TO
(SUBJAREA,
“ENER”)) AND (LIMIT-
TO (LANGUAGE,
“English™))

61.900

Sort by date: “urban
planning” OR “urban
design” OR

“architectural design”

8.530

TOPIC: (“solar architecture” OR “solar envelopes” OR “solar access” AND

“computational design” OR “solar design” OR “solar simulation” AND “urban

planning” OR “urban design” OR “architectural design”)
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Refined by: WEB OF SCIENCE CATEGORIES: (ARCHITECTURE OR URBAN
STUDIES OR CONSTRUCTION BUILDING TECHNOLOGY OR ENGINEERING
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TECHNOLOGY) AND DOCUMENT TYPES: (ARTICLE OR PROCEEDINGS
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Total 5.592

TITLE-ABS-KEY (“solar architecture” OR “solar envelopes” OR “solar access”

AND “computational design” OR “solar design” OR “solar simulation” AND “urban

Scopus
g planning” OR “urban design” OR “architectural design”) AND PUBYEAR > 1959

AND PUBYEAR < 2020

Total 13
Sort by date: “solar architecture” OR “solar envelopes” OR “solar access” AND

GS “computational design” OR “solar design” OR “solar simulation” AND “urban
planning” OR “urban design” OR “architectural design”

Total 1050
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