
sustainability

Article

A Holistic Strategy for Successful Photovoltaic (PV)
Implementation into Singapore’s Built Environment
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Abstract: Based on the findings from a recent study by the authors which examined factors affecting
diffusion of photovoltaics (PV), while comprehensively considering the local PV and construction
industry as well as characteristics of the built environment, this paper proposes a holistic strategy for
PV implementation into Singapore’s built environment. It consists of (1) a multilevel mechanism
framework, encompassing eleven mechanism categories of instruments and activities and (2) a
general design framework including design principles, general project instructions and the main
design guidelines. Relying on a survey conducted among PV experts on established mechanisms,
the present study suggests that building codes (e.g., fire safety, structural safety, etc.) and initiatives
and incentives related to PV/building-integrated photovoltaics (BIPV) should be the highest priority
for authorities, followed by assessment of BIPV/PV properties, working toward social acceptance,
conducting research projects and information exchange, and education and training activities. Con-
sidering all three pillars of sustainability, the design framework is based on the following interrelated
design principles: (1) compatibility and coherence with the local context, (2) technical soundness,
(3) economic viability, (4) user-centered design, (5) connecting with community and socio-cultural
context, and (6) adaptability and flexibility. Despite Singapore’s scarcity of land, the established
design guidelines cover a wide spectrum of solutions, including PV integration into both buildings
and non-building structures. The synthesis of the two interconnected and inseparable frameworks
aims to create an environment conducive to long-term widespread PV integration and stimulate
the deployment of BIPV, which should help Singapore and other cities reduce their dependency on
imported fossil fuels, while also making them more livable and enjoyable.

Keywords: built environment; building-integrated photovoltaics (BIPV); design guidelines; façade
integration; holistic strategy; low-carbon city; photovoltaics (PV); photovoltaic (PV) integration;
sustainability; well-being

1. Introduction

Since solar photovoltaic (PV) systems are exceptionally well-suited for implementation
into the built environment in comparison to other renewable energy technologies [1],
and offer multiple benefits [2], researchers have, for decades, searched for solutions that
would accelerate their deployment. Given their slower practical application compared to
conventional rack-mounted PV [3], building-integrated photovoltaics (BIPV) have captured
special attention, cutting across various disciplines. However, sustainable solutions to
overcome obstacles and increase PV uptake are neither simple nor static, as confirmed by
various studies.
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Aiming to promote the use of solar energy within high quality architecture, the
International Energy Agency (IEA) conducted Solar Heating and Cooling (SHC) Task 41
“Solar Energy and Architecture” during 2009–2012. Among other things, the achieved
results included an inventory of computer tools, recommendations for computer tool
developers and guidelines for solar product developers and architects as well as an online
publication of inspiring case studies [4–8]. In a study on hardware and software solutions
for overcoming the barriers to BIPV in design, construction, installation, commissioning,
and maintenance stages, Yang [3] highlighted the importance of the application of advanced
simulation tools and energy performance monitoring platforms in practice, and encouraged
stakeholder collaborations in the whole BIPV supply chain.

The strategic supply chain framework for successful BIPV diffusion, developed by
Yang and Zou [9], proposes suggestions for each stakeholder group (governments, manufac-
turers, industry professionals, clients, end-users, and community groups) for minimizing
the risks and removing the barriers. Collaboration between stakeholders is strongly sug-
gested. The following research directions are proposed: (1) detailed cost breakdown of
BIPV components, (2) lifecycle cost assessment, (3) quantifying impacts of government
support and incentive policy on BIPV cost, (4) quantifying societal costs and benefits of
BIPV, (5) improving professionals’ knowledge to overcome technical risks and barriers,
and (6) understanding the uptake process from the sociotechnical perspective.

Further, in the conceptual framework developed by Curtius [10], the barriers to and
facilitators of renewable energy technologies are assessed according to three categories of
adoption-related determinants: stakeholder-specific determinants, product-specific deter-
minants, and determinants relating to the institutional framework. The recommendations
for policy-makers in terms of incentives and marketers in terms of targeted communication
strategies are also provided. Agathokleous and Kalogirou [11] give the following future
perspectives and solutions for the full exploitation of BIPV: (1) system appearance and
design configuration development, (2) realistic performance prediction with modeling
tools, and (3) guidelines through regulatory regimes and BIPV policies. They emphasized
the importance of collaboration between stakeholders as well as of joint development of
technical training programs by the building and PV industries.

Moreover, Attoye et al. [12] have developed a conceptual framework for an educative-
communication approach to presenting BIPV. Their research findings conclude that an
improved understanding of environmental and economic benefits using the developed
approach can potentially facilitate and encourage BIPV adoption.

As can be noticed, the need for collaboration among stakeholders is emphasized in all
mentioned studies. Heinstein et al. [13] see the tight interlocking and close networking of
all stakeholders as indispensable for the expansion of BIPV, while Ballif et al. [14] identify
the need for new professions bridging the gaps. Lu et al. suggest the establishment of
effective communication channels among stakeholders in order to eliminate information
asymmetry and disseminate research findings [15]. Moreover, Chang et al. [16] note that
policymakers need to consider possibly divergent views on energy innovation policies
of various actors in policymaking to avoid potential failures in policy implementation,
thus indicating the complexity in formulating one set of policy mix catering to the various
mindsets of stakeholders.

Given the recognized complexity of the problem, as well as the diversity and complex-
ity of the solutions proposed in the literature, it becomes clear that long-term sustainable so-
lutions must be holistic, dynamic, and multilevel—paying attention to interconnections be-
tween various stakeholders, activities/instruments, and processes, and taking into account
the needs of the built environment and its users and, generally, of the whole community.

Accordingly, based on the fundamentals given in the recent study by the authors,
“Identification of Factors Influencing Development of Photovoltaic (PV) Implementation
in Singapore” [17], this paper aims to define a holistic strategy for successful PV im-
plementation in Singapore. It addresses various environmental, economic, and social



Sustainability 2021, 13, 6452 3 of 35

factors, considering relevant stakeholders’ attitudes and needs, including the local PV and
construction industry as well as characteristics of the built environment (see Figure 1).
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The aim of the multilevel mechanism framework is not just to eliminate factors pre-
venting PV diffusion, but also to stimulate and enable long-term facilitating and boosting
of successful BIPV and other PV implementation in Singapore. In addition to establishing
eleven mechanisms, this paper prioritizes those which should be the primary focus of
authorities. On the other hand, with its main design principles, general project instructions,
and general design guidelines, the general design framework is intended to help create
high-quality design solutions for PV implementation by providing a balanced interaction
of qualities related to all three pillars of sustainability.

No longer concerned only with resources and energy, sustainability is increasingly
becoming human-centric [18,19]. Accordingly, this paper points to the potentials of PV in
the domain of social sustainability, including restorative and regenerative sustainability
approaches, viewing PV integrations as outstanding contributors and enhancers of build-
ings and places [18], not only in the domain of environmental and economic aspects, but
also as regards social and cultural ones. Through design recommendations and solutions,
this work encourages the discovering of new user-oriented potentials of PV use within the
built environment. Although viewed as solutions with multiple benefits, in the literature
PV are primarily considered within environmental and economic dimensions, including
power performance, thermal performance, optical performance (daylighting), and overall
energy performance [2], including aesthetics and visual effects [1]. Among other things,
the established design principles place emphasis on users’ experience of the space, human
enjoyment, well-being, placemaking, bonding of PV integrations with the community, and
socio-cultural context. For example, in addition to users’ comfort, the proposed principle
of user-centered design intends to improve the quality of life and human enjoyment, while
providing solutions that are both environmentally sound and collectively beneficial [20,21].
Further, considering that solar energy is established as a “national opportunity” for a
“sunny island nation” [22], intertwined with the socio-cultural identity and civic pride, the
proposed principle of connecting with the community and socio-cultural context could
play a key role.

Given that Singapore’s building stock, including both residential and non-residential
buildings, accounts for around half of the country’s electricity consumption, with less than
5% of new construction in any given year [23,24], and that the national target is to have
minimum 80% of the buildings Green Mark certified by 2030 [23,25], the formulation of
effective and comprehensive retrofitting strategies is crucial for improving energy efficiency
and overall sustainability. On the other hand, though representing a tiny part of the overall
building stock (<5%) [23,24], new buildings which demonstrate PV integration excellence
could be a significant driving force for “solarization”, i.e., transformation of conventional
building envelopes into multi-functional electricity producers. Also, considering that the
assessed total surface area for all rooftops is 98.7 km2 (<14% of the total land area) [26],
integrating PV into the non-building territory could help to harness the potential of the
rest of the city’s territory. In addition, due to Singapore’s scarcity of land, public urban
space, as one of the key vehicles for achieving socially, environmentally, and economically
sustainable urban living, gains in importance in the emerging dense, complex, and dynamic
urban conditions [27,28]. Hence, the implementation of PV into non-building structures
and its involvement in public space design deserves special attention.

Taking into account all of the above, the strategy covers various forms of imple-
mentation of PV into the built environment, including both buildings and non-building
structures. Within buildings, various BIPV and building-applied photovoltaics (BAPV)
solutions are given for both roofs and façades. The two frameworks should together help
widespread PV integrations and enable Singapore to fully exploit its exceptional potentials
(solar energy potentials, robust real estate sector, strong economy fundaments, government
commitment), all documented in [17].

The proposed holistic strategy can be used to support the goals of Singapore Green
Plan 2030 [29], a whole-nation sustainable development agenda, because it deals with
solutions to maximize PV deployment in Singapore. Furthermore, the strategy and both its
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multi-level mechanism and general design frameworks—through promoting PV deploy-
ment in the urban environment—can serve as an important part of city planning processes
and urban energy strategy instruments [30,31], not only in Singapore, but also in other cities
or similar contexts which are dealing with transition into a non-polluting and renewable
electricity production system [32] to mitigate climate change and promote transition to a
low-carbon society [33–35].

After the introduction in Section 1 and materials and methods in Section 2, the results
and discussion related to two developed frameworks are presented in Sections 3 and 4.
Conclusions are presented in Section 5.

2. Materials and Methods

Figure 1 provides a schematic representation of the overall methodological frame-
work developed by the authors, which has been used in establishing a holistic strat-
egy for PV implementation into Singapore’s built environment. As shown in Figure 1,
and as Lau et al. [17] noted in the recent study, the multi-stage process contained seven
main phases.

The fundaments for the holistic strategy are derived based on the following first
five phases: (1) literature review, (2) web-survey, (3) qualitative survey, (4) web-survey
results and gap analysis of stakeholders attitudes, and (5) identification of main issues
and disputes including life-cycle cost (LCC) assessments. These phases are thoroughly
explained in the paper related to the first part of the study [17].

Based on a comprehensive analysis of various relevant environmental, economic and
social factors (see Figure 1), and fundamentals derived in Lau et al. [17] and supported
with the review of the relevant literature, a holistic strategy comprising two frameworks:
(1) multilevel mechanism framework (phase 6 in Figure 1) and (2) general design framework
(phase 7 in Figure 1), has been developed.

After defining mechanism categories within the multilevel mechanism framework, a
web-survey has been conducted involving eight local experts with extensive experience in
PV and BIPV. A qualitative interview with face-to-face discussions was initially planned
but, due to the COVID-19 pandemic, the selected experts were contacted online and asked
to participate in the web-survey. The survey examined experts’ views on defined mecha-
nisms related to their: (1) current status, i.e., level of implementation in Singapore (3-well
developed, 2-slightly developed, 1-not yet developed), (2) priority to be introduced (in case
of the mechanisms which are not yet developed, or are slightly developed) (3-high priority,
2-medium priority, 1-low priority), and (3) expected impact on long-term implementation
of PV in Singapore (3-high impact, 2-medium impact, 1-low impact).

Besides the given activity flow through the overall methodology, the links between
the general design framework and mechanism categories with the previously identified
problems that they seek to address are indicated by arrows in Figure 1.

3. Multilevel Mechanism Framework for PV Implementation into Singapore’s
Built Environment

The proposed multilevel mechanism framework is established based on the conducted
web-survey and qualitative interviews among local professionals together with LCC as-
sessments performed in the first part of the study [17]. As shown in Figures 2 and 3, it
includes the following three main categories of activities and instruments: (1) regulations,
certifications incentives, initiatives, and PV implementation in design and planning process
(paradigm shift in design and planning); (2) research and innovation; (3) information,
education, and training.

The web-survey with PV experts, conducted in the second part of the study, sup-
ported the examination of established mechanisms in terms of the level of implementation,
prioritization, and the expected impact on long-term implementation of PV in Singapore.
The summarized results presented in Figure 2 show that experts have shown excellent
alignment in priority and on the impact of different measures to support PV development.
For four mechanisms, the estimated level of impact and priority is the same. The highest
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deviation between the assessed priority and impact is only 0.25 points. The focus of author-
ities should be on mechanisms which have an expected impact and priority above 2.5 and
on measures whose current status of development is very low. Therefore, the difference
between the expected impact and current status defines what should be the focus of the
city authorities. Accordingly, the authorities should first focus on measures 1.1 and 1.3, i.e.,
building codes (e.g., fire safety, structural safety, etc.) and initiatives and incentives related
to PV/BIPV, respectively, since they have the highest difference between their impact and
current status, thus being priority 1 (see Figure 2). Additionally, the focus should be on
mechanism categories which have a difference between their impact and current status of
over 0.5, thus presenting the priority 2. They include mechanisms 2.1, 2.3, 2.4, and 3.1, i.e.,
assessment of BIPV/PV properties, working toward social acceptance, conducting research
projects and information exchange, and education and training activities, respectively (see
Figure 2). The remaining mechanisms are of priority 3.
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The position of the mechanism framework within the overall methodology and de-
fined strategy is presented in Figure 1. Direct and indirect links and information flows
among different mechanism categories are indicated with full and dashed arrows, re-
spectively, in Figure 3, while the relevance of interconnections within each category of
actions/instruments for the corresponding stakeholder groups are specified with numbers
within listed stakeholders. Taking into account all three levels, including processes, tech-
nology, and people, as shown in Figure 3, the established multilevel mechanism framework
attaches a lot of importance to those interconnections and proper information flow, as well as
the development of strong links, i.e., merging of PV with the building practice and technology.
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Moreover, besides the involvement of all relevant stakeholders in appropriate activ-
ity/instrument categories, the framework implies active communication, collaboration,
and synergism among them, favoring an integrated design process (IDP) and educative-
communication approach as important facilitators of BIPV adoption [12] and knowledge
management (KM) [36] which could also help reconcile the differences in stakeholders’
views and encourage adoption of PV. In order to improve the current situation in the
building sector in terms of PV and transform it into a favorable and encouraging situation
for BIPV, besides other measures mentioned, the established framework also proposes
changing management (CM) [37] measures in encouragement of PV uptake in practice.
The mechanism categories are explained in the following sub-sections.

3.1. Regulations, Certifications, Incentives, Initiatives and PV Implementation in Design and
Planning Process
3.1.1. Development of Guidelines for Facilitating Compliance with the Building Codes
Including Development of BIPV Specific Building Codes

The experts participating in the survey deemed that the development of guidelines for
facilitating compliance with the building codes, including development of BIPV specific
building codes (e.g., fire safety codes [38], structural safety [39,40], etc.) (block 1.1, Figure 3),
to guide and standardize the BIPV installation and execution process [15,41,42] is the
mechanism with the highest expected impact and, at the same time, with the highest
priority to be developed (Figure 2). Therefore, this is the mechanism assigned priority 1 on
which authorities should focus. In particular, experts interviewed in the first part of the
study emphasize the urgency of consolidating and facilitating fire safety requirements,
i.e., design and installation criteria, to allow more design flexibility (e.g., in design of PV
rooftop canopies, PV façade integrations, etc.).

3.1.2. Fostering Green Mark and Other certifications That Can Encourage/Demand
PV Integrations

The Green Mark certification, generally important for the construction practice, was
ranked in the recently conducted local study of Lu et al. [15] as the second most significant
driver for BIPV. The Green Mark, which is seen by experts as the most developed measure
(see Figure 2), as well as other certifications (block 1.2, Figure 3), is envisaged as an
important mechanism in the proposed framework. However, more holistic policies and
regulatory systems related to building energy perfomances and targeting net-zero/very
low energy use in buildings, already present in some European countries, also influence,
directly or indirecly, the implementation of BIPV on buildings [43].

3.1.3. PV/BIPV Initiatives and Incentives

PV/BIPV initiatives and incentives (block 1.3, Figure 3), acknowledged as the vital
driver for the expansion of BIPV [15], are measures with priority 1, based on the survey
results. Despite the provided local incentives, such as the Solar Capability Scheme (SCS)
and Green Mark Scheme (GMS) in Singapore [15], this mechanism is rated as the most
undeveloped among eleven mechanisms, as shown in Figure 2. Hence, several survey
respondents in the first part of the study proposed a bonus Gross Floor Area (GFA) incentive
and launching of architectural competitions with solar BIPV awards as important incentive
mechanisms [17]. Differentiation of incentives per sector (residential, institutional, and
commercial) is also recommended in order to respond to their specific interests [44].

3.1.4. Sound Integration of PV/BIPV in the Planning and Design Process

Fostering an interdisciplinarity and integrated design process (IDP) from initial project
phases, together with adequate technical support in the form of software, design guidelines,
instructions, etc., is critical for sound integration of PV/BIPV in the planning and design
process (block 1.4, Figure 3). Further, potentials for building information model (BIM)
system integration as the platform to manage data and share information from design
to building completion of PV integrations could also be explored [45]. Although the
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mechanism related to the design process is not seen as one with high priority focus (see
Figure 2), the framework implies that new, user-centered design methods and strategies
enabling a paradigm shift in designing of PV integrations would greatly support a long-
term strategy for PV implementation in Singapore.

3.2. Research and Innovation
3.2.1. Assessment of BIPV/BAPV/PV Properties and Performance

The mechanism related to assessment of PV properties, rated as priority 2 (see
Figure 2), responds directly to the identified problem of insufficiently examined PV systems’
performance [17] and helps to explore the real possibilities and limits of PV technology in
the construction sector. Therefore, assessment of characteristics including glare, fire safety,
durability, maintenance, etc. (block 2.1, Figure 3), which were identified as concerns by
the survey respondents in the first part of the study [17], could build confidence in the
technology, and bridge the gap between PV and the construction sector, while enabling the
merging of PV technologies with other building envelope materials in the market. Besides
electricity production, other benefits of PV systems related to contribution to comfort in
buildings in Singapore, have attracted the attention of scientists in recent years, who recog-
nized the large overall potential of BIPV solutions [46], publishing more and more papers in
still under-researched areas such as, e.g., ventilation and thermal behavior of BIPV [47,48].
Such research should be encouraged, given that, by eliminating the unknowns about the
PV technology, it plays a direct role in the promotion of BIPV and offers knowledge to be
fed into the design process.

3.2.2. Performing of Life-Cycle Assessment (LCA) and Life-Cycle Cost (LCC) Analysis of
Different PV Projects

LCA and LCC assessment of various PV projects including both BAPV and BIPV
in new and existing buildings (block 2.2, Figure 3) occupies a significant place among
the mechanisms since it can help resolve the main identified issue of dispute among
stakeholders [17], i.e., convince them of the financial soundness of BIPV and especially
PV façade integrations. Particularly helpful is the LCC assessment of different design
solutions within the same project, which clearly shows how different designs affect the
cost-effectiveness of the project, giving clear evidence that careful design and proper
decision-making minimize the costs without a negative impact on the aesthetics. LCC
assessments are advisable for different kinds of projects, as shown by case studies presented
in the the first part of the study [17].

3.2.3. Testing and Working toward Social Acceptance of Various BIPV/PV

Given that consideration of environmental, energy, and economic issues and user-
focused aspects is key for the success of green buildings [49], and given that social and psy-
chological aspects, interrelated with disputing issues (see Figure 1), also play a role [14,50],
the barriers related to them need to be overcome in order to accelerate BIPV implemen-
tation. Hence, testing and working toward social acceptance, including the surveys and
interviews with various stakeholders and end-users, as well as observations, are singled
out as a separate mechanism in the model (block 2.3, Figure 3). Three dimensions of
acceptance identified in the literature are reflected in the mechanism: (1) socio-political
acceptance by the public, key stakeholders and policy-makers, (2) market acceptance by
consumers and investors, and (3) acceptance/trust of the wider community [51–53]. Re-
cently, the productive façade concept, developed by Tablada et al. [54], demonstrated how
a survey among potential end-users [55] and experts was employed in the process of façade
development leading to improved façade prototypes [56].

3.2.4. Investing in Research and Development and Conducting Research Projects

Conducting research projects (block 2.4, Figure 3), especially the applied research
linking academia and industry, is the key mechanism for development and innovation and
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is also seen as the priority 2 measure according to experts (see Figure 2). Timely publishing
of results and their forwarding to relevant stakeholders in the PV integration chain enables
a two-way information flow and open and dynamic knowledge creation, being a critical
factor for the development of the whole PV-focused field. Previous studies have also
highlighted the importance of research and innovation to overcome BIPV implementation
barriers and to improve collaboration and comunication channels between BIPV stakehold-
ers [3]. The increase of 80% in public energy-related research and development investment
directed to low-carbon technologies in 2019 in comparison with the prior year reflects the
global awareness of the importance of investing in research and development to assure
succesful implementation of new technologies and to reach energy transition goals [57].

Furthermore, demonstration projects bring PV closer to stakeholders. For example,
the projects such as NUS-CDL Tropical Technologies Laboratory (T2 Lab) [54,58] and
Zero Energy Building (ZEB) [59,60] have the benefit of displaying various systems in one
place. Besides “showcasing” technology, they offer the possibility to test and monitor
different systems, providing performance data which are very helpful in the case of new
technologies. After testing, the data should be translated into “lessons learned” and
passed on to the construction industry and research institutions in the form of guidelines
and recommendations, etc. The level of ambition and replicability of pilot projects has
been found crucial for successful creation of market niches and knowledge transfer to the
industry [61]. A convenient place for such projects could be colleges, schools and even
kindergartens, enabling young people and kids to be in touch with solar technology.

3.3. Information, Education and Training
3.3.1. Information Exchange, Education and Training Activities for Various Stakeholders

The lack of information and awareness was identified as one of the main barriers
to implementing “green” building technologies all around the world [62]. Therefore,
information exchange and education and training activities for various stakeholders in
the form of courses, training, and teaching modules focused on PV integration (block 3.1,
Figure 3), already from early educational stages are intended to produce sound practice,
with quality staff equipped with valuable knowledge and skills for working in a PV-
supportive working environment [13]. This, together with congresses, conferences, and
expositions, should help synergize PV with the local construction sector and create a
supportive ground dominated by knowledge, learning, and information exchange. That
would promote understanding of BIPV/BAPV in the professional community and fill the
gaps identified on the path of development of fertile ground for PV [17].

3.3.2. Creating Web Information and Exchange Platforms

Similar to the previous mechanism, web information and exchange platforms (block
3.2, Figure 3) are intended to supply stakeholders with knowledge and information relevant
for PV integration into the built environment, as well as to facilitate mutual understanding
and stakeholder collaboration [16]. They include websites and photo/video sharing social
media platforms, loaded and constantly updated with different information which is,
above all, relevant to the local market and related to products, distributors and installers,
projects, guidelines, events, training, etc. (such as e.g., the website of the Swiss BIPV
Competence Centre [63] and the recently launched website of the Centre of Excellence for
Building-Integrated PV (BIPV) at Solar Energy Research Institute of Singapore (SERIS) [64]
intended to act also as a collaborative platform for stakeholders from the private and public
sectors). Further, besides providing information on planning, design, and construction of
PV, the websites of manufacturers and distributors of PV products could be updated with
the cost-benefit development trend of installing BIPV systems [16].

3.3.3. Handbooks, Booklets/Brochures, Books and Journals

Handbooks, booklets/brochures, books, and journals related to PV integration, either
printed or in electronic form, as the sources of knowledge in the defined framework, are
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intended to equip stakeholders with knowledge, actual information, guidelines, and recom-
mendations in the domain of planning, design, and construction of PV (block 3.3, Figure 3).
Although various handbooks (e.g., Green Handbook-Photovoltaic (PV) systems in build-
ings [39], Handbook for Solar Photovoltaic (PV) Systems [40], etc.) and research articles
on design methodology [50,54,56,65] have been published, 28% of survey respondents in
the survey performed by Lau et al. [17] deem that the lack of handbooks and practical
guidelines on BIPV and PV façade integrations in Singapore is an important obstacle to
BIPV implementation. In addition, 74% of survey respondents think that a handbook with
guidelines on all steps in the PV building integration design process is important or very
important for BIPV development. It can be concluded that the development of periodical
state-of-the-art handbooks and booklets focusing on the design process would be a signifi-
cant contribution to BIPV development in Singapore. Such up-to-date handbooks should
be technically well-substantiated, but easy to understand and in some ways appealing
to a broad range of stakeholders, comprising guidelines on all steps in the PV building
integration design process. The guidelines should include both realized and hypothet-
ical projects with roof and façade PV integrations, as well as construction/installation
details, clearly showing benefits of PV. Examples of successful projects from the tropics
and all around the world would inspire and motivate readers. Besides techno-economic,
functional, and formal–aesthetic characteristics, booklets with PV product overviews are
intended to clearly present the integration capacity of PV systems, i.e., PV modules, includ-
ing their possibilities in terms of customization [66] (sizes, colors, etc.), and overall recent
advancements acknowledged in the literature, which should help change the perception
of PV from a technical constraint to a true raw element to be taken into account from the
early design stages [14]. This should help eliminate the identified obstacle related to low
awareness of and confidence in “integrability” of PV modules [17].

4. General Design Framework for PV Implementation into Singapore’s Built Environment

Figure 4 schematically presents the general design framework consisting of: (1) the
main design principles, (2) general project instructions and (3) general design guidelines.

The framework relies on approaches oriented toward sustainability and goes one
step further, also including restorative and regenerative approaches. Such thinking and
design approaches are laying the groundwork for a future in which an ecologically sound
environment, healthy society, and a vibrant economy can equally flourish [18]. This implies
placing a stronger focus on human and social aspects in design thinking [18]. Accord-
ingly, as can be noticed in Figure 4, the design framework includes both quantitative
and qualitative dimensions, and besides environmental and economic aspects, the social
aspect plays a crucial role within the proposed framework. Therefore, apart from being
techno–economically sound, PV integrations should provide more, i.e., contribute to the
health and wellbeing of occupants, enhance aesthetic, ambient, and cultural values of the
built environment, reconnect people with nature, etc. With the nowadays PV technolo-
gies [13,14], outstanding solutions could be achieved: from those providing protection
from adverse weather conditions, e.g., in the form of walkway shelters, through the ones
providing contributions to visual, thermal, and acoustic comfort in the form of diverse
integrations of PV into the building envelope, to solutions enhancing pleasant multisensory
subjective experiences of users and their perception of the space. The framework implies
that, through enrichment of the built environment and the quality of life of individuals and
the community, PV integrations would demonstrate strong power to act multifunctionally
which would directly help consolidate the place of PV technologies in the construction prac-
tice. To achieve this, a wide application of bio-climatic design, biophilic design, topophilic
design, salutogenic design, etc., is encouraged [18]. Accordingly, the attributes such as
place, environmental consciousness, economical feasibility, social cohesion and community,
arts and culture, wellbeing, communication, and education and awareness, as well as
innovation and creativity, define the design vision related to PV integrations.
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For example, the attribute “place” plays an important role in the design framework.
The framework calls for respecting, connecting with, and designing PV integrations ac-
cording to the local context, thus making a positive lasting contribution to the context. The
context is comprised of a wide range of interrelated characteristics and conditions, includ-
ing the physical surroundings of topography, movement patterns and infrastructure, built
form and uses, weather and microclimate, the governance structures, and the cultural, so-
cial, and economic environment [67–69]. In a metaphorical sense, place carries information
and memories from the past [18]. Taking this into account, the design framework implies
even, for example, the understanding of aspects such as topophilia (“love of place”) [70]
and terraphilia (“the affective bond between people and territory which induce action in
favor of development”) [71].

As shown in Figure 4, in order to ensure the best outcome, the general design guide-
lines should be applied inseparably with the design principles and project instructions. The
framework is applicable and adaptable to a wide range of projects and can well support
unique design approaches that are necessary to achieve the success of each individual
project. The synthesis of the general design framework (see Figure 4) and previously
defined multilevel mechanism framework (see Figure 3) is intended to effectively act as a
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holistic strategy for successful PV implementation into Singapore’s built environment (see
Figure 1).

4.1. The Main Design Principles for PV Integration into Singapore’s Built Environment

Six design principles and twenty-three sub-principles are defined to help reach high-
quality PV integration solutions, which would pave the road for PV and especially BIPV in-
tegrations. In view of the nature and interconnectedness of design principles (see Figure 4),
and with a view to ensuring a comprehensive approach, simultaneous consideration of
design solutions against different design principles and sub-principles is highly recom-
mended. Furthermore, the defined sub-principles could serve as a checklist for exploring
potentials in the domains related to them. However, not every PV integration has to follow
each of them completely. Some types of projects and decision-making are simply not
compatible with certain design sub-principles.

4.1.1. 1st Design Principle: Compatibility and Coherence of PV Integration with the
Local Context

The first design principle implies a high level of awareness and recognition of the local
context in design and construction. It takes into account all characteristics and conditions
defining the context [18,67–69], with a focus on the spatial and environmental context.

Compatibility and coherence arising from a well-matched PV structure refer to its
ability to be in harmony with the built environment on both building and urban scales.
PV systems should be placed, oriented, tilted, sized, shaped, and overall designed so as
to use as much as possible the annual solar irradiation, but always in accordance with
other design integration criteria. In order to ensure high-quality solutions, integration
should be considered at different spatial levels, including micro-, meso-, exo- and macro-
systems [19,72,73]. PV integrations should be designed in such a way as to properly
respond to the characteristics of the context (e.g., tropical climate, the building composition
grid, dimensions of envelope elements, etc.), while considering simultaneously broad
integration aspects defined in the literature [6], in order to reach functional, constructive,
and “aesthetic compatibility” [74], and ensure harmonious, symbiotic relation with the
context [6]. It should be emphasized that harmony and symbiosis here do not necessarily
imply that the PV system should be incorporated invisibly, being mimetic with the existing
built environment. In fact, a full range of approaches from practice and the literature are
possibly applicable, including solutions in which a PV system is added to the design or to
the architectural image, or a PV system determines the architectural image or even leads to
new architectural concepts [1]. Conducting surveys to investigate aesthetic acceptabilities
of PV designs prior to their approval and implementation, especially in the case of aestheti-
cally non-standard and bolder design solutions, could help ensure future acceptance of
PV systems.

Hence, the key considerations within PV integration include the characteristics of
the tropical climate, Singapore’s high-rise and high-density built environment, and the
scarcity of land and energy resources, all of which present challenges, but also potentials
for innovations. Also, the special significance of urban farming as one of the “Grow
Local” strategies to achieve the “30 by 30” vision of the Singapore Food Agency (SFA) [75]
and Singapore’s transformation from the Garden City into a “City in Nature” should be
taken into account [76]. Having in mind all the above, three design sub-principles can be
distinguished: (1) design in accordance with the local climate, (2) design in accordance
with the local built environment on both the building and urban scale (incl. functional
quality, formal-aesthetic quality, etc.), (3) combining with farming systems (urban farming,
vertical farming, etc.), and (4) connecting with nature (greenery, landscape, water, etc.)
(see Figure 4). Also, the first main design principle should be employed together with the
design principle of technical soundness in searching for innovative design solutions for
Singapore. Examples of such types of solutions are the floating PV test bed [77,78] and
the concept of productive façades, a promising technological response to the city’s heavy
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reliance on food and energy import, which also contributes to the reduction of greenhouse
gases and the increase in high-rise greenery coverage [54].

4.1.2. 2nd Design Principle: Technical Soundness of PV Integration

PV integrations, including the system with all the equipment and construction/
supporting structure, should offer technically sound solutions, meeting primarily the
criteria defined by Kaan and Reijenga, according to which the system should be long-
lasting and high-performing, as well as “well engineered”, not only in terms of the technical
necessities of PV modules (e.g., PV module safety qualifications [79,80]) and the overall PV
structure (e.g., waterproofing, compliance with a set of fire safety requirements [38], etc.),
but also in terms of the “elegance of the details” [1]. Furthermore, PV integrations should
have the lowest possible ecological footprint and the highest possible positive impact on
the environment [81].

Accordingly, the second design principle includes the following sub-principles: (1) elec-
tricity generation, (2) contribution to energy efficiency of buildings, (3) technical quality
including compliance with PV system-related requirements, but also quality building
processes, operation, and maintenance, and (4) environmental performance (see Figure 4).

4.1.3. 3rd Design Principle: Economic Viability of PV Integration

As confirmed by the survey conducted by Lau et al. [17], the most critical general ob-
stacle to widespread PV building integration, in particular BIPV, is costs. In the calculation
of economic feasibility and payback period, one should take into account the cost savings
from not using conventional cladding, shading devices, or roofing material in the case
when PV systems replace building skin elements, as well as the impact of potential energy
savings owing to PV utilization [17]. A proper treatment of PV within the design process
and design optimization offers the opportunity to deliver solutions with reduced or at
least well-optimized costs. In accordance with all of the above, the third design principle
includes two sub-principles: (1) economic viability over lifetime and (2) affordability (see
Figure 4).

4.1.4. 4th Design Principle: User-Centered Design

The purpose of the principle of user-centered design is not only to prevent PV inte-
grations from failing to be adopted [82], but to ensure that the design meets users’ needs,
thus contributing to their specific comfort requirements (visual, thermal, acoustic, security,
privacy), health, and well-being. Additionally, this principle fits with “hedonistic sustain-
ability”, improving the quality of life and human enjoyment and providing collectively
beneficial solutions [20,21]. Finally, in addition to providing information on PV perfor-
mance, by providing feedback on user satisfaction and experience after the PV system
has been built and occupied, the post-occupancy evaluation is of great importance for
user-centered design and future projects.

Accordingly, the fourth design principle includes the following five sub-principles:
(1) contribution to users’ comfort and experience (e.g., contribution to thermal, visual,
acoustic comfort, etc.), (2) contribution to users’ health and well-being, (3) design according
to end-users’ specific needs, (4) co-design and participative design process, and (5) post-
occupancy evaluation of PV integration (see Figure 4).

4.1.5. 5th Design Principle: Connecting with the Community and Socio-Cultural Context

This principle includes “community-stakeholders” [20] participation in PV projects,
allowing for community-integrated design [20,83] and fostering and contributing to di-
mensions of the sense of authentic human attachment and belonging [84]. Also, it includes
the bonding of PV integrations with cultural factors and attributes which are crucial for
long-term community well-being and sustainability, whose potentially important role in en-
vironmental spheres has been acknowledged in the literature [85–88]. In some studies, the
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emerging “culture and sustainability” paradigm [89] has been recognized as equally impor-
tant as the one placing emphasis on ecological, economic, and social sustainability [85,88].

Accordingly, this can involve a variety of different BIPV/BAPV solutions, such as semi-
transparent façades, skylights, shelters and diverse canopies within spaces/contents with
social interaction, and public assets (e.g., city parks, community gardens, community cen-
ters, libraries, schools, venues for art and cultural activities, etc.). Thus, PV integrations can
take part in creative placemaking, nurturing symbiotic relationships between arts, space,
and people following some of the concepts and strategies proposed by Trivic et al. [90].
Inspiring PV integrations demonstrating feasibility and design excellence make PV tech-
nology more tangible, thus motivating stakeholders to use PV systems in their projects [91].
Further, considering PV’s strong brand of “green energy”, it is assumed that PV inte-
grations providing pleasure to users, and being strongly connected with the community
and socio-cultural context, coupled with appropriate information and communication
campaigns, could help achieve wide-spread positive effects of motivating people towards
sustainability. This means potentially encouraging positive spillover effects [92] in the form
of a wider range of environmental awareness and pro-environmental behaviors [93], which
are “needed in a truly sustainable energy transition” [92].

Accordingly, this design-principle includes: (1) integration into/bonding with spaces/
contents with social interaction and community assets, (2) community belonging, cultural
identity, and sense of place, (3) ability to influence behavioral change, and (4) positive
public acceptance. Finally, the fifth principle offers to developers the challenging, inspiring,
and fruitful task of exploring how to best use this principle to maximize social benefits of
PV integrations (see Figure 4).

4.1.6. 6th Design Principle: Adaptability and Flexibility

Given the constant transformation and change in the built environment, buildings
respond to changes in external and internal environments and conform to different pat-
terns of use (e.g., size, organization, and other physical attributes of space) [94]. Due to its
nature, PV systems are modular, allowing a great level of flexibility in design and specifica-
tion [95], and could have the capacity to follow in a broader sense the principle of flexibility
and adaptability (e.g., application of movable adaptable PV louvres). The advanced PV
products and emerging approaches, such as soft-robotic-dynamic PV building envelopes
for adaptive energy and comfort management [96], and design driven-dynamic pattern
PV façades [97], confirm that PV technologies offer increasingly different and promising
design features.

Accordingly, the sixth design principle includes: (1) flexibility, modularity, and up-
gradeability, (2) adaptability to various future functional requirements of space, (3) adapt-
ability to users’ comfort, and (4) responsiveness to changing environmental conditions (see
Figure 4).

4.2. General Project Instructions for PV Integration

Since PV building integration is a complex process requiring a holistic approach and
problem-solving strategies [50], and including a range of different stakeholders, project
management and general PV design process-related instructions are of fundamental im-
portance. Defined with the aim to direct the project from the beginning to the completion,
general project instructions include:

(1) Identification of stakeholders’ needs. After the identification of all stakeholders relevant
for the project, their views, needs, interests, and expectations should be identified. For this
purpose, the techniques such as focused group interviews, questionnaires, Delphi studies,
etc. could be used [19];

(2) Identification of project’s potentials and constraints/risks. The constraints, including
those related to shading effects of the surrounding area and those related to the project’s
budget or timeline should be explored and detected as early as possible. Accordingly,
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the project should be directed towards feasible design solutions that comply with the
project’s constraints;

(3) Setting project goals. The project goals should be set based on stakeholders’ needs,
project’s potentials and constraints/risks, and all other relevant information;

(4) Fostering effective stakeholders’ communication and encouraging end-users’ participation.
In order to pre-empt potential problems related to stakeholders, discussed in Lau et al. [17],
which could undermine the quality of the design process flow and the delivered design
solution, fostering of efficient stakeholders’ communication from the outset, and encourag-
ing end-users’ participation, as in the case of other types of projects [19,98,99], could also
play a key role in the accomplishment of a PV integration project;

(5) Integrated urban planning and design process. Due to numerous highly complex and
mutually related factors involved already at the urban planning level, PV projects should be
supported by multidisciplinary approach and methodologies that combine solar assessment
methods and tools with other qualitative assessment approaches, methods, and tools [100],
such as IDP methodologies, including multi criteria decision–analysis (MCDA) techniques
and advanced platforms based on a geographic information system (GIS) [101], as well as
BIM technologies facilitating PV system analytics, simulation, and optimization [102]. In
this regard, in their study framed in the IEA SHC Task 51 “Solar Energy in Urban Planning”,
Lobaccaro et al. [31] reported on the planning process in 34 international case studies
covering existing urban areas, new urban areas, and solar landscapes, including successful
examples such as Solar in Halifax Regional Municipality (CA), Eco Neighborhood of
Ravine Blanche in Saint-Pierre (Réunion Island), etc. According to their study, approaches,
methods, and tools in urban planning play a key role in promoting the implementation of
solar energy strategies [31]. Moreover, in light of the growing importance of the combined
implementation of PV and agricultural systems, in case of such integrations, the estimation
of photosynthetically active radiation (PAR) and Daily Light Integral (DLI) should be
necessary. Likewise, as demonstrated in the recent study of Palliwal at al. [103], 3D city
models could help identify suitable farming locations and have the potential for urban-scale
applications. In later design stages, for example at the level of design of building envelope,
design optimization could also help to adequately cope with the requirements related to
various aspects and find the right balance between them while considering at the same
time project potentials and constraints.

4.3. The Main Design Guidelines for PV Integration into Singapore’s Built Environment
4.3.1. Integration of PV into Buildings

Regardless of project type, the design and construction of PV integration could follow
a certain structure including the criteria and recommendations given in the relevant litera-
ture. Such structure comprises the following phases: (1) definition and identification of
project objectives and challenges, (2) estimation of the potential of building/built structure
for PV integration, (3) generation and optimization of PV integration design variants,
(4) evaluation of PV design variants, (5) selection of the optimal PV integration design
variant, (6) construction and installation, and (7) operation and monitoring [50,66].

An important starting step within the design process is the site analysis. With the help
of CityGML [104], on-site climate-related characteristics including solar exposure, wind
pattern, dust condition, etc. could be estimated. In addition, total and partial shading
conditions caused by buildings and vegetation [105,106] should be detected. In this regard,
indicating that a proper shading analysis during the design phase can highly improve
PV systems performance by combining similarly shaded modules in the same string
design, Zomer et al. [107] demonstrated that, as long as the electrical design has properly
addressed any partial shading issues, even a PV installation with non-optimal combination
of azimuthal deviations and tilt angles can still perform well. Further, the analysis focuses
on urban and architectural quality of the context, including the architectural sensitivity
of the location and visibility of the surface considered for PV integration from the public
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domain [108,109]. All this is critical for achieving high-quality PV integration outcomes,
well embedded in the context.

In the case of planning of new buildings, due to the significant impact of the building
design on the potential for solar energy harvesting and also on daylight access to buildings
and PV systems as well as their surroundings, a number of building typology and morphol-
ogy related parameters should be considered already at the level of urban planning and
building design. Some of these parameters, analyzed in local studies [110,111], are as fol-
lows: building location on the plot, plot ratio, site coverage, building dimensions (ground
floor area, height), shape i.e., inclination of building envelope parts, and orientation.

At the building level, the analysis considers the following: load-bearing capacity of
the built structure, orientation and inclination of building envelope surfaces, volumetry,
shading effects of building parts, and the planed PV system itself, i.e., self-shading, identifi-
cation of functionally favorable areas of roof/façade for PV integration, favorable building
envelope surface (m2), capacity of the building (e.g., number of apartments, offices, etc.),
electricity consumption, indoor visual and thermal comfort (e.g., in case of application of
PV as solar shading), formal-aesthetic aspect of building envelope, mounting options and
ease of installation on building envelope construction, maintenance issues and cleaning,
etc. [50,65].

Inevitably, and as early as possible, in order to properly conceive a set of feasible solu-
tions, the requirements of relevant Singaporean authorities including BCA structural safety
requirements, set of fire safety, i.e., SCDF requirements and URA planning guidelines, as well
as Civil Aviation Authority of Singapore (CAAS) (aviation zone restrictions) [38–40,112,113],
must be complied with. Further, it is of key importance to conduct the economic analysis.
In order to adequately plan where and how to set up the system, a range of issues should be
considered, including ventilation below PV modules, waterproof issues (e.g., for existing
buildings, a mounting system causing extensive drilling of the roof should be avoided),
glare impact on surrounding areas, and accessibility to users. Market research should be
conducted about available PV products on the market. In certain projects, high demands,
primarily of aesthetic nature, can be placed on PV integration design solutions. However,
the latest generation PV components open various and interesting design perspectives,
offering sophisticated solutions in the domain of new and existing, and even historic,
buildings [114]. Some of these technologies, including colored Kromatix modules, are
available in the local market.

Also, the needs of users and their aspirations and priorities related to PV integration
should be identified and adequately considered as early as possible.

The next set of criteria that needs to be at least considered if not fully followed is
that related to the quality of solar architectural integration [6,65], comprising functional
and constructive, as well as formal-aesthetic criteria taking into account the project’s
geometry (position and dimension of PV field), materiality (visible materials, surface
texture, colors), and modular pattern (size, shape of PV modules, jointing types) [6]. This
helps to achieve a successful, well-thought-out PV integration and good client satisfaction,
thereby contributing to greater acceptance of PV technology [1].

Given the complexity of decision-making within a PV design and the fact that the opti-
mal solution is not necessarily the one with the highest possible generation of electricity, but
rather the one that meets different, often conflicting requirements, from techno–economic
ones, including those related to approval from the Singaporean authorities for the solar
PV installation [113], e.g., SCDF requirements, to those related to aesthetics—the design
optimization and utilization of MCDA methods and tools play the key role in design of
PV systems [50,54,65]. Accordingly, the design process should look for long-term optimal
user-oriented solutions, which can compensate, with other functional–aesthetic advantages,
for their lower techno–economic performance compared to other better techno–economic
performing solutions. For example, as Zomer et al. [107] have shown in their study, in the
tropics, rooftop BIPV systems can perform with relatively small losses while being much
more aesthetically appealing, compared to optimally-oriented and tilted BAPV solutions.
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Also, through defining the criteria weights in the MCDA methods, these methods help
decision makers to reconsider priorities and correctness in decision making.

Finally, the fundaments in the form of concrete design solutions are derived for PV
integration into: (1) roofs and (2) façades on existing and new buildings in Singapore.

PV Roof Design Solutions

Based on LCC assessments performed by Lau et al. [17] showing positive economic
performance of roof canopies, we suggest that all new buildings should have PV on the
roof in some form or, at the very least, should have such rooftop’s spatial-functional
organization and a load-bearing capacity that will allow easy installation of PV in the
future. For example, to further this goal, HDB introduced solar-ready roofs (see Figure 5b)
enabling PV modules to be easily installed and maintained [50,115]. Also, we strongly
suggest that, wherever possible and beneficial, implementation of PV onto roofs of existing
buildings should be considered. Relying on the conclusions derived in Lau et al. [17]
and the thoroughly researched literature, we find that various design solutions could be
considered for implementation onto roofs of existing and new buildings. Classified by
the role of PV, the main types are listed and illustrated with some examples in Figure 5.
Undoubtedly, in deciding on the design solution, the emphasis should be placed on
compliance with SCDF, URA, and BCA requirements and guidelines, as well as on spatial,
structural, functional, and formal–aesthetic aspects of the building and the roof itself, while
the cost analysis plays an important role.

(1) BIPV rooftop canopies.

BIPV rooftop canopies (see Figure 5a–f) offer multiple design possibilities. However,
depending on the design, BIPV canopies could consequently result in increased GFA.
Therefore, they may have limited use in the case of some buildings (especially in the
case of existing buildings), primarily due to the challenges related to URA and SCDF
requirements as well as limited suitability of those buildings for PV installation (e.g.,
unfavorable functional organization, structural issues, etc.). However, in the cases of some
other buildings, they may bring multiple benefits, serving as weather (sun/rain) shelters,
or potentially offering pleasant places for sitting and relaxing such as swimming pools,
gardens, etc. For example, a local built example of that is the PV installation on the rooftop
of Hospital Khoo Teck Puat (Figure 5e).

The “PV Sky Garden” (see Figure 5c), the concept developed by Kosoric et al. [65],
features an appealing structure composed of semi-transparent PV modules designed to
be perforated with small openings (“missing” PV modules) for a visual effect, as well as
for natural ventilation purposes. The concept features planned rainwater harvesting for
rooftop garden irrigation, cooling of PV for their better performance, and improving the
thermal comfort of the space beneath, as well as creating a pleasant ambience—if flowing
of water is visually exposed, the solution shows high contextuality by symbiotically using
three of Singapore’s important resources: sun, greenery and rain. The concept has potentials
for development into modular canopies which are very lightweight, easy to (de)mount and
economically affordable. Their design can be further optimized (e.g., proper utilization
of opaque/semi-transparent PV modules to enable proper transmission of light, etc.) to
adjust to the specifics of the project.

Further, in light of the special significance of urban farming in Singapore [75], po-
tentials and technological solutions for integrating PV canopies combined with farming
systems in the form of agrivoltaic rooftop systems and various roof gardens (see Figure 5f)
should be urgently explored.
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BTO project (Housing & Development Board (HDB)) [50,115]; (c) rooftop envelope “PV Sky Garden” [65]; (d) CleanTech
Park-1 canopy, Phoenix Solar Pte Ltd., Singapore; (e) PV canopy on Khoo Teck Puat Hospital, Singapore; (f) PV rooftop
garden—“PV Rooftop Garden” project in Vienna (by Institute for Structural Engineering (IKI), AG Ressourcenorientiertes
Bauen, BOKU Wien) [116]; (g) skylight (“Solar skylight“, National Academy of Sciences building in Washington, DC,
by GPA Photo Archive/Tim Brown, 2016, CC BY-NC 2.0 [117]); (h) shading devices—Colt louvre system (“Ministry of
Justice Building, Berlin”, by Colt International Limited/Darren Civil; Colt Tollfab–Victoria (Artist), 2010, CC BY-NC-ND
2.0 [118]); (i) framed in-roof system (“Panneaux photovoltaïques”, by David TREBOSC, 2007, CC BY-ND 2.0 [119]); (j) full
roof solution—Cornwall Gardens, Guz Architects + Energetix Pte Ltd.; (k) flexible solar roofing (“Thin Film Flexible 003”,
by david westmore, 2008, CC BY-SA 2.0 [120]); (l) BAPV on concrete roof, KSL Commercial warehouse project, Singapore,
Energetix Pte Ltd.; (m) BAPV on metal sheet roof, SAFRA Mount Faber, Singapore, Energetix Pte Ltd.; (n) BAPV on sloped
roof with tiles, Terang Bulan Avenue residential project, Energetix Pte Ltd. (Photo Credit for: (e): Abel Tablada; (d,j,l–n):
Christophe Inglin, Energetix Pte Ltd. [121]).
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(2) BIPV skylights/solar glazing.

BIPV skylights/solar glazing (see Figure 5g), replacing the traditional roof glazing
and external louvers, and providing the proper daylighting control are suitable for almost
any shape of roof (flat, sloped, etc.) [122]. However, due to their specificity, they are more
suitable for new buildings. Besides their benefits related to electricity generation and
visual/thermal comfort, it is precisely varying patterns of light and shadows throughout
the daytime created by the light entering through PV modules that make BIPV skylights
very suitable for application in commercial, administrative, medical, and other institutional
buildings [123]. Therefore, they can create a lively ambiance improving the overall users’
experience of the space.

(3) BIPV shading devices.

Having the potential to reduce heat gain and to improve daylighting conditions in the
interior, PV in the form of BIPV shading devices (see Figure 5h) are applicable over atria or
skylights, e.g., on commercial buildings, office buildings, and other institutional buildings.
Therefore, they can provide the visual effect of interchange of light and shadows during
the day, thus greatly improving the interior and enriching the users’ experience of space.

(4) BIPV opaque roofing system.

Related to various types of BIPV roofing materials, including in-roof mounting system,
full roof BIPV solutions, flexible PV products and solar tiles, differing in the way they are
laid on the roof, as well as in terms of other technical and also formal–aesthetic character-
istics, BIPV opaque roofing systems (see Figure 5i–k) are applicable to sloped, rounded,
and even, in the case of flexible products, flat roofs. Unlike in-roof mounting systems (see
Figure 5i), in the case of the full roof solution, as shown in example of Cornwall Gardens
project, a small detached house in Singapore (see Figure 5j), PV do not represent an “inser-
tion” within an already defined surface but serve as a dominant factor of design involving
both aesthetic and functional/constructive integration [122]. However, in tropical regions
and for the summer conditions in temperate climates, a ventilated air gap is recommended
to increase PV performance and to reduce heat transfer to the roofing layers under the PV
cells and hence to the indoor space [124]. Flexible PV (see Figure 5k), usually attached as
PV flexible laminates in a building element such as watertight membranes, BIPV, or directly
applied onto the complete roof, e.g., flat roof as BAPV, are characterized by flexibility of
form and ease of installation.

(5) Free-standing/rack mounted PV installations.

BAPV/BIPV free-standing/rack mounted PV installations (see Figure 5l–n) on flat
and sloped/curved roofs, if applied according to a widely used, simple, and inexpensive
methodology [125], merely imply fastening clipping elements onto roof metal sheets or
roof tiles, or assembly of metal ballasted structures onto concrete-based rooftops. These
solutions usually involve optimizing PV modules for maximum energy production, with
aesthetic priorities being rather in the background. However, given that roofs, as the
“fifth façade”, have a significant role in Singapore’s high-rise urban environment, precisely
due to the “higher” rooftop visibility from the higher floors of the surrounding buildings,
the aesthetic aerial image of created PV patterns on rooftops should also be taken into
consideration as shown in several projects by Energetix Pte Ltd. in Singapore (see Figure 6).
Although usually referring to retrofits, BAPV free-standing/rack mounted PV installations
are also suitable solutions on roofs of new buildings, if estimated that for certain reasons,
e.g., energy generation, costs, or even aesthetics, they are more suitable than BIPV solutions.
For example, this is the case where PV are not intended to blend with the building, but are
intentionally “separated”, i.e., added to another building part. Given the importance of
the roof as the fifth façade, attention should also be paid to their areal image (see Figure 6),
and the aesthetic capacity of building “added” PV solutions.
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PV Façades Design Solutions

The performed LCC assessments in the first part of the study [17] demonstrated the
potentials of PV façade integrations. However, as noted by Lau et al. [17], different types
of projects may differ significantly in economic viability. Lau et al. [17] have shown that
costs savings from not using conventional façade elements (e.g., cladding, etc.), as well as
reduced air conditioning needs, have a direct positive influence on the economic feasibility
of PV façades. Based on discussions with PV experts, it follows that the application of PV
could be economically reasonable even on existing HDB building façades, already as the
replacement of paint finishes. Plaster and paint finishes of HDB building façades need to
be repainted every five years. For example, taking into account the painting cost of SGD
50/m2, this results in costs of SGD 300/m2 in 30 years, which possibly coincides with the
cost and warranty of PV cladding. In addition, PV modules produce electricity and lower
indoor air temperature, thus resulting in reduced air conditioning in the apartments.

Given the lower energy production capacity of the façade compared to the roof [17],
the application of PV modules on façades may be driven by needs such as reducing users’
thermal/visual discomfort and increasing the appeal of the building through “green”
façade solutions. Relying on findings from the study of Lau et al. [17] and the literature
review, various design solutions, listed in Figure 7 and explained below, are proposed for
PV integration into façades.

(1) BAPV/BIPV façade cladding.

BIPV/BAPV cladding solutions (see Figure 7a–g) could result in an appealing look
of buildings. If functionally and aesthetically reasonable, PV modules do not have to
follow the vertical inclination of the façade, enabling higher energy yield (see Figure 7e).
According to Kosoric et al. [50], visually dominant, aesthetically varied PV integration
designs could promote individual identity of Housing & Development Board (HDB) blocks
and, apart from fulfilling environmental and economic goals, could also promote social
sustainability and motivate sustainable behavior. This coincides with the tender related to
the development of a PV vertical system for HDB blocks, launched at the end of 2017, which,
besides strong technical requirements (effectiveness of the design, easy (dis)mounting and
maintenance, etc.), also required that the system should be aesthetically pleasing and
improve visual identity.

Given the sporadic PV integration on façades in Singapore, the attractive, well-
integrated PV on the façade, especially if applied onto well-known buildings, or built
near public and highly visited areas (e.g., MRT stations), can be encouraging and effectively
bring these systems closer to practice. Thanks to nowadays PV technologies, BIPV cladding
solutions offer different aesthetic solutions, in different colors, as also shown in design
created with colored Kromatix PV modules (Facade Global Master Pte Ltd., Singapore) in
Figure 7c.
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Typically presenting a continuous building envelope system, BIPV warm façade [122],
besides being able to fulfil all building envelope requirements including load bearing,
weatherproofing, and thermal, visual, and acoustic comfort, offers diverse formal and
aesthetic possibilities (see Figure 8d–g). Acknowledged as a promising design catalyst of
energy efficient envelopes of highly glazed high-rise buildings [128,133], semi-transparent
BIPV have good energy saving potential according to the study of Ng et al. [46]. However,
due to their complexity, they require a variety of window–wall-ratios and other design
optimizations to achieve the highest energy and other benefits [46].

Finally, similar to roofs, the possibility of combining PV and building integrated
architecture (BIA) should be urgently explored, which would contribute to food secu-
rity and bring the nature to users, thus also improving indoor comfort and worker
productivity [134].

(2) BIPV solar shading devices.

On glazed/window areas or balconies/loggias, BIPV solar shading devices (see
Figure 7h–j) in the form of different solar shading elements, productive façades [54,56] or a
canopy around the roof-edge or at the entrance to the building, are also applicable on both
existing and new buildings.

On large glazed/window areas or balconies/loggias with no solar shading ele-
ments, experiencing thermal and visual discomfort due to high amounts of solar irra-
diation, BIPV shading devices, whose potentials have been locally examined in studies of
Wittkopf et al. [60], Saber et al. [135] and Ong and Tablada [136], could be used to reduce
solar gains in the building, thereby increasing the thermal and visual comfort of occupants.
For example, large energy consumption, large surfaces of glazed façades, and a favorable
relation between the building functions and electricity generation [137–139], make office
buildings suitable for application of BIPV solar shading devices. However, they can be
applied on almost all building types including residential buildings, school buildings,
commercial buildings, medical buildings, etc., and the multi-objective optimization in
their planning might play a crucial role to achieve the balance of building performance
factors influenced by PV integrated shading devices, such as cooling energy consumption,
artificial lighting energy consumption, electrical energy generation, indoor visual comfort,
and others [139].

If the design/construction of the building envelope allows, productive façade systems
that integrate PV, such as shading devices and farming planters [54,56] (see Figure 7i),
could be considered for integration into existing and new façades, on windows, or on
parts of balconies/loggias. According to Tablada et al. [56], preferable designs range
from PV modules in the form of a single continuous and relatively narrow overhand
for north and south façades, to a multiple-layer PV system for east and west façade
orientations [56]. Apart from improving indoor comfort by enabling the inhabitants of
dense urban environments to produce food by themselves, those systems could have
multiple health and well-being benefits [140–142].

Applied in the form of a canopy around the roof-edge or at the entrance to the building,
PV overhangs (see Figure 7j) play a role in weather protection (sun/rain), while also having
a decorative role by the aesthetic accentuation of the entrance or the roof-edge.

(3) Various other BAPV/BIPV elements—“accessories” (railings, balconies, balustrades, etc.).

Besides producing electricity, ensuring the safety rail, and providing privacy, with a
variety of PV products ranging from different opaque to semi-transparent ones, various
BIPV (BAPV) elements—“accessories” (railings, balconies, balustrades, etc.) integrated
into balcony railings (Figure 7k), loggia rails, or stair railings, present aesthetically pleasing
solutions applicable to a wide range of design concepts.

4.3.2. Integration of PV into Non-Building Structures

When integrated into the public space, PV, if carefully designed considering six design
principles, could play a significant role in the overall experience of the city and become
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a very important factor within a holistic strategy for PV implementation in Singapore.
Accordingly, various PV canopies over pedestrian walks, bicycle pathways, and open areas
or visual/acoustic barriers can contribute directly to the spatial variety and environmentally
friendly design and user comfort—HARDware attributes that are crucial for the nodal,
spatial, and environmental performance of urban spaces [27,28]. Similarly, various PV
seating amenities and unique outdoor sculptures could enrich social activities and identity—
SOFTware attributes that focus on the relationship between people and space and its social
and perceptual values [27,28]. Finally, PV implemented in various information signs and
boards, street lighting, refreshment points, and safety and visual barriers (fences, etc.)
may ensure provisions and safety—ORGware attributes which refer to operational and
management aspects of the public space [27,28].

Based on the literature, offering a variety of design possibilities, a wide range of non-
building structures [143–145] are proposed for PV implementation and listed in Figure 8.

(1) PV canopies.

In the form of shelters over open space, areas used for sports, leisure and recreation
purposes, walkways, bicycle paths, and parking areas, designed in different forms and
materializations, PV canopies (Figure 8a–f) provide protection against solar radiation and
rain, thus enabling users to feel pleasant and comfortable when walking, cycling, playing,
and spending time in open spaces. Various design solutions should be explored, including
large canopies between buildings and those that even connect buildings as shown in the
example of the design concept in Figure 8c.

(2) PV as urban equipment.

In the form of various bus shelters, information signs and boards, street lighting, seat-
ing amenities, kiosks (pavilions, refreshment points, etc.), safety, visual and acoustic barri-
ers (fences, etc.), and outdoor art sculptures, various PV urban equipment (Figure 8g–(i.2))
makes public space comfortable, attractive, and inspiring [146], thus contributing to the
establishment of livable spaces as a “vital ingredient of successful cities” [147,148]. In this
regard, presenting a “fusion of nature, art and technology”, Supertrees in Gardens by the
Bay (Figure 8(i.1,i.2)) are good examples, reflecting well the defined design principles. PV
cells are embedded into their canopies for lighting up, while orchids, ferns, bromeliads,
and flowering vines grow on panels on their trunks [149].

(3) Transport facilities.

Different infrastructure areas should be investigated and considered for PV imple-
mentation. For example, they include covered railway tracks of the Mass Rapid Transit
(MRT), with a preliminary SERIS’ estimated length of 56 km above ground, which is due to
its small width and the elevated (and exposed) construction recognized as a suitable area
for PV integration [150], as well as covered bicycle paths (Figure 8j). They could further
include different solar-powered equipment (solar traffic signs and signals, solar-powered
petrol pumps, PV sound barriers (Figure 8k), etc.) [151].
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developed for the central town square of Podgorica, Montenegro City (design concept by Vesna Kosorić in collaboration
with Soleks d.o.o. and the City of Podgorica); (d) walkway canopy, Heliatek + vTrium Energy Pte. Ltd., Red Dot Power [153];
(e) PV panels over parking lot (“Solar Panels Covering Parking Lot—Arizona State University, Tempe”, by Tony Webster,
2020, CC BY-SA 2.0 [154]); (f) parking canopies—canopy at the Autonomous University of Madrid (UAM), Spain (“PV Solar
parking”, by Hanjin, 2013, CC-BY-SA-3.0 [155]); (g) PV pergola—Solar Pergola, Barcelona (“Solar Pergola, Barcelona”, by
Max D, 2008, CC BY 2.0 [156]); (h) Waterfront Promenade Breeze Shelter (by Cripton Environmental Engineering(S) Pte
Ltd. [157]; (i.1) aerial view of Supertrees in Gardens by the Bay, Singapore (“Singapore Supertree-Grove-in-The-Gardens-03”,
by CEphoto, Uwe Aranas, 2015, CC BY-SA 3.0 [158]); (i.2) a night view of Supertrees in Gardens by the Bay, Singapore
(“2016-04-03 Supertree Grove, Gardens by the Bay 15”, Maksym Kozlenko, 2016, CC-BY-SA-4.0 [159]); (j) covered bicycle
paths, a highway in Korea [160]; (k) acoustic barrier (design concept by author: Vesna Kosorić); (l) floating solar system—
Walden Floating PV (“Walden Floating PV”, by National Renewable Energy Lab/Dennis Schroeder, 2018, CC BY-NC-ND
2.0 [161]). Photo Credit for: (a) Christophe Inglin, Energetix Pte Ltd. [121].

(4) Floating solar systems.

A solution for countries with land constraints but lots of water areas, floating solar
systems (see Figure 8l), already seen as a “third pillar” of solar power deployment in
Singapore, after ground mounted systems and rooftop PV, with the cumulative installed
capacity having surpassed 1 GWp in 2018, have the potential to unlock 400,000 km2 of
installation space on freshwater reservoirs alone and are thereby a new terawatt range
opportunity for PV [78,162]. Upon completion in 2021, Singapore’s largest floating solar
PV system (60 megawatt-peak (MWp)) on Tengeh Reservoir will be one of the world’s
largest single floating solar PV systems [163].

5. Conclusions

Based on the findings from the first part of the study [17] and comprehensive consid-
eration of factors related to the local PV and construction industry, as well as characteristics
of the built environment, this paper proposes a holistic strategy for successful PV imple-
mentation into Singapore’s built environment, consisting of the multilevel mechanism and
general design frameworks.

Considering technology, processes, and stakeholders, the multilevel mechanism frame-
work (see Figure 3) shows, in a systematic manner, a roadmap for the successful setup of
eleven mechanism categories of activities and instruments which are necessary for obstacle-
free and stimulating growth of PV implementation and especially BIPV projects. Relying
on a survey conducted among PV experts on established mechanisms, the present study
suggests that building codes (e.g., fire safety, structural safety, etc.) and initiatives and
incentives related to PV/BIPV should be the highest priority for authorities, followed by
assessment of BIPV/PV properties, working toward social acceptance, conducting research
projects and information exchange, and education and training activities. Primarily, con-
solidating and facilitating fire safety requirements, i.e., design and installation criteria, to
allow more design flexibility (e.g., in design of PV rooftop canopies, PV façade integrations,
etc.), should be urgently considered and undertaken.

The general design framework (see Figure 4) defines (1) six main design principles,
(2) general project instructions, and (3) the main design guidelines for PV integration into
the built environment, which should ensure the elimination of design-related obstacles
and lead to high-quality PV integration solutions. Created with the aim to provide bal-
anced interaction of qualities related to environmental, economic, and social sustainability,
besides technical soundness and economic viability, the main design principles include:
compatibility and coherence with the local context, user-centered design, connecting with
community and socio-cultural context, and adaptability and flexibility. For example, among
other things, the design framework implies that, when applied in the form of different
structures (canopies, urban equipment, etc.), PV can properly participate in all interrelated
HARDware, ORGware, and SOFTware components that are crucial in shaping the urban
space [27,28]. However, in order to achieve outstanding climate-responsive urban solutions,
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proper visual communication [164,165] as well as the involvement of multidisciplinary
teams will probably be needed, including landscape architects and urban designers, since
“they intervene physically at various scales in the landscapes where people live, com-
mute, and recreate” [164,166]. The framework promotes a good design potential of PV.
Through concrete design recommendations, it points the way to architectural excellence
of PV integrations, which can potentially result in better positioning and raising the rep-
utation of PV systems within design and construction, not only in Singapore, but at the
international level.

This paper emphasizes the need for rethinking and changes within common design
methods and strategies in practice. In this regard, specific guidelines and instructions are
given. Due to their ability to enable simultaneous evaluation of various qualitative and
quantitative parameters of different solutions, the utilization of MCDA methods and tools
is highly recommended. The solutions achieved with their help are not only aesthetically
sophisticated, but meet both environmental and financial targets, thus serving as obvious
economically viable examples, role models for solutions to come, and directly helping to
break down the existing obstacles to PV and especially BIPV in Singapore [17].

The main design guidelines are given for PV integration into both buildings (see
Figures 5 and 7) and non-building structures (see Figure 8), and are tabularly presented.
For PV building integration, the fundaments are systematically derived for roofs and
façades, covering both existing and new buildings. With defined principles, instructions,
and guidelines, the design framework is intended to help the PV integration into the built
environment play a key role in the reduction of fossil fuel electricity consumption, which
would result not only in reduced CO2 emissions and economic gains, but also in various
functional–constructive, formal–aesthetic, and other social benefits. Accordingly, PV imple-
mentation into the built environment could help the tropical island city-state achieve the
national climate change targets, thus promoting a more sustainable built environment. To
that end, the defined strategy includes, but is not limited to, various solutions presented
through main design guidelines. Further, considering the significance of urban farming
in Singapore [75], it is recommended to urgently explore and find viable technological
solutions of agrivoltaic systems for implementation into Singapore’s built environment.

Finally, the mutually interacting mechanism framework and general design frame-
work (see Figure 1) should act together as a process intended to create a fertile ground
for boosting BIPV and other PV integrations, including the merging of PV with the con-
struction industry and helping to deliver high-quality PV design solutions. This implies
not only stakeholder cooperation, but a sustainable process in which the whole commu-
nity is involved and oriented towards achieving the set solar target of at least 2 GWp by
2030 [167–169].

Considering Singapore’s enormous potential for exploring green principles in building
design [170], with a true understanding of local values, potentials, and constraints, by com-
bining technological advancements and creativity, unique and innovative PV integration
solutions could be achieved. This would make the city a leader in sophisticated urban and
tropical solar solutions.

Future studies can be focused on verification and optimization of proposed solutions
in design guidelines, including analysis of their techno–economic performance (incl. en-
ergy yield, costs, carbon reduction, etc.) and other qualities. Further, the general design
guidelines can serve as a basis for the development of frameworks which will go more
into detail, covering specific types of buildings, e.g., residential, office buildings, etc., or
urban open spaces, landscape, etc. Although the two frameworks are created for Singapore,
they can also be applied to other cities or serve as a role model for creating tailor-made
frameworks elsewhere, given that local climatic, economic, and socio-cultural context is
considered. The methodology and frameworks including design principles and guidelines
outlined in this paper may also provide valuable insights for other tropical, high-density,
and any other regions which aim to intensify BIPV and other PV implementation into
the built environment. Furthermore, in the wider international community dealing with
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sustainability and built environment, the proposed strategy emphasizes the importance of
considering all three pillars of sustainability, including both quantitative and qualitative
dimensions, together with proper understanding and interconnectedness of technology,
processes, and stakeholders.
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