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for tall structures with constrained roof space. However, 
their adoption has been hampered by the market shortage 
of “plug-and-play” BIPV. In this study, the design concept 
of BIPV systems will be explored; however, to facilitate 
the adoption of BIPV in buildings, the study will focus on 
the prefabrication technology. The innovative BIPV system 
is renowned for its comprehensive “all-in-one” structure, 
featuring multiple functional layers enabling autonomous 
operation of each part. The exceptional design of interlock-
ing joint enables easy installation and ensures compliance 
with air and water tightness standards. Design methodolo-
gies incorporated in this system encompass PV mounting 
strategies, 2D cross-sectional planning, 3D modelling, in 
addition to prototype development. Remarkably, the pro-
posed system allows for manual installation on-site within 
the building by three individuals lacking electrical exper-
tise, eliminating the need for scaffolding because each part 
is pre-wired and pre-assembled before being brought to the 
site at the factory. The results in the literature demonstrated 
the prefabricated BIPV system’s potential and usefulness.

The construction industry contributes significantly to 
CO2 emissions. The building sector consumes 40% of 

Introduction

One of the main issues the globe is currently dealing with is 
the rising demand for homes. The home construction indus-
try uses much energy. The impact is going to get worse as 
the population and the number of homeowners increase. 
A wave of green and sustainable techniques is growing to 
decrease some negative environmental impacts. Construc-
tion is a sector that is constantly changing to become more 
energy-conscious [18, 25, 26] Building-integrated photo-
voltaics (BIPV) encourage low-energy structures and enable 
the production of on-site clean energy. According to [12], it 
is preferable to install BIPV on building façades for roof-
top solar systems in densely populated cities, particularly 
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global energy and generates 36% of global carbon emis-
sions. Construction is an essential industry in a nation’s 
economy. This industry consumes many construction mate-
rials and produces much pollution and significant carbon 
dioxide [27]. According to Belussi et al. [8] the building 
industry accounts for 40% of the total energy consumption 
in European countries and the United States.

Most countries have a target to reach Zero Energy Build-
ing [5]. The need to change design principles to include 
renewable energy became vital. There are different ways to 
include solar panels in buildings; for instance, solar panels 
can be installed onto roofs or used as roofs or windows and 

as a building facade. Research literature showed fragmented 
solutions and guidelines to integrate solar energy in building 
design. This study will cover this gap by selecting the best 
methods to integrate solar energy in the early design stage.

This research aims to identify innovative methods to 
integrate renewable energy production into buildings. The 
study focuses on including passive solar design principles in 
early design stages in various building types and climates.

Research inquiry framework

This research embarks on a comprehensive investigation, 
delving into a series of well-defined questions, as shown in 
Table 1, that collectively aim to enrich the understanding 
of the topic. The exploration begins with focusing on the 
historical context, seeking to uncover the historical interest 
and significance of the subject matter. This involves deep 
diving into the past and understanding how historical devel-
opments have shaped current practices and theories.

Moving forward, the research takes a closer look at vari-
ous building types. This part of the inquiry centers on exam-
ining different architectural forms and styles, assessing their 
evolution, and understanding their unique characteristics, 
purposes, and functionalities.

Another critical aspect of this study is the examination 
of region and climate. Here, the aim is to analyze how 
geographical factors and climatic conditions influence the 
subject of study. This involves understanding the interplay 
between the environment and the subject and how this rela-
tionship impacts theory and practice.

The role of technology is also a key focus of this research. 
This section investigates advancements and integration of 
technology in the field, exploring how technological inno-
vations have influenced and shaped the current landscape.

Lastly, the research delves into the realm of passive solar 
design. This segment is dedicated to thoroughly examining 
the benefits and drawbacks of passive solar design, pro-
viding a balanced view of its effectiveness, efficiency, and 
potential limitations.

Overall, this research is structured to provide a compre-
hensive and multifaceted understanding of the subject, mak-
ing significant contributions to the academic field through 
its investigative depth and breadth.

Study boundaries

The research includes papers published in related areas of 
interest, for instance, Engineering, Energy, and Building 
journals. Data was gathered using the Scopus database, 
Google Scholar, Purdue Library, and Journal websites. The 
time frame extended from 2000 to 2023. On the other hand, 

Table 1 Research questions
Question 
Group

Questions Sub questions

Historical 
interest

When did 
the interest 
in integrating 
solar design 
begin?

How many papers have been pub-
lished in this issue?
What are the top countries?
How is the volume of research on 
building energy compared to other 
energy fields?

Building 
Types

What building 
types are most 
convenient 
to include 
passive 
solar energy 
design?

What are the most popular types of 
buildings convenient for integrating 
solar design?
Can passive solar design be used in 
residential buildings?

Region and 
Climate

What is the 
best climate/
location for 
solar energy?

What are the regions and cli-
mates with higher solar energy 
production?
What are the regions and climates 
with the lowest solar energy 
production?

Technology What are the 
technologies 
used?

What are the types of technologies?
What are the most effective 
technologies?
Is the technology available in most 
countries?
Is the technology expensive?
Will the owners accept the 
technology?

Benefits and 
drawbacks of

What are the 
benefits and 
drawbacks 
of integrat-
ing passive 
solar design 
principles into 
buildings?

What is the feasibility of including 
solar design?
Will the change affect the overall 
cost?

Passive solar 
design

Will designers 
consider the 
change?

Will the designers accept to include 
passive solar design in the design 
stage?
Does it need specific experience?
Is passive solar design complicated?
Which building elements (Roofs/
walls/floors) are considered for the 
change?
Is it worth including passive solar 
design?
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the Scopus database was used to collect data on the size 
of publications on passive solar design. The combination of 
keywords “novel AND method AND design AND solar OR 
buildings OR houses” was used to filter the search results. 
Following that, the data results were filtered based on Sub-
ject Area “Engineering”, Document type “Article”, Source 
“any building or construction-related sources”, Publication 
Stage “Final” and all open access to narrow the results to be 
more related to the study topic (Table 2).

Bibliographic analysis

To understand the extent of the issue, a review of current 
literature on passive solar design was conducted through the 
Scopus database. Figure 1 Shows the number of publica-
tions on solar design per year. Different keywords were used 
to show the lack of research on the main topic.

At first glance, the figure shows that the building indus-
try still has a research gap on solar design. However, with 
the massive interest in “solar and renewable energy”, the 

building industry comes behind with a few articles on the 
topic. Figure 2 shows that most countries worked on passive 
solar design (Fig. 3).

Research methodology

Papers published in similar areas of interest, such as Engi-
neering, Energy, and Building publications, will be included 
in the research. The Scopus database, Google Scholar, the 
Purdue Library, and journal websites were used to collect 
data. The period was extended from 2000 to 2023 (Fig. 4).

The key phrases “novel AND method AND design AND 
solar OR buildings OR houses” were used to narrow the 
search results. Following that, the data results were filtered 
based on Subject area “Engineering”, Document type “Arti-
cle”, Source “any building or construction related sources”, 
Publication Stage “Final,” and all open access to restrict the 
findings to be more relevant to the research subject.

Green roofs

The excessive consumption of fossil fuel and the rise of 
carbon emissions in urban cities have heightened the sig-
nificance of green structures, for instance green roofs, in 
cityscapes. Addressing this, Mousavi et al. [35] introduced 
an advanced smart energy-comfort system to enhance the 
design and functionality of green roofs on buildings. This 
system incorporates the use of DesignBuilder software, 
Taguchi method simulations, and integrated machine learn-
ing algorithms. The optimization focuses on improving 
energy efficiency and thermal comfort in green roof build-
ings. Notably, the most effective solutions compared to 

Table 2 Top 10 countries published on passive solar design from 2000 
till 2023
Ranking Country Number of publications
1 United Kingdom 48
2 United States 19
3 China 16
4 Italy 10
5 Australia 10
6 Sweden 6
7 Canada 6
8 Switzerland 5
9 Spain 5
10 Norway 5

Fig. 1 Number of publications on 
solar design in buildings (Scopus 
database)
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Fig. 4 Research methodology 

Fig. 3 Number of publications 
on passive solar design per field 
from 2000 till 2023

 

Fig. 2 Countries published on passive solar design from 2000 till 2023. (Scopus database)
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the milled timber alternative, the design alternative whole 
timber performed better than milled timber by 30% and 
23% in carbon and cost, respectively. This was established 
by contrasting the two design concepts’ carbon footprint and 
life cycle costs. Figure 5 illustrates the Integra House Con-
struction steps (Fig. 6).

Gan et al. [21] proposed a BIM-based framework to 
predict and optimize lifecycle carbon. A suggestion for a 
standardized approach that uses general formulas to deter-
mine embodied carbon. Investigation of parametric model-
ing with BIM support for enhancing low-carbon alternative 
design. Investigation of the compatibility of energy simu-
lation and BIM for lifecycle analysis. Due to embodied 
and operational carbon emissions, resource-intensive resi-
dential building construction has a negative environmental 
impact. The research aims to optimize the performance of 
the lifecycle carbon of residential buildings by designing 
and using material alternatives. The project was analyzed, 
and the carbon emission was predicted using A BIM-based 
method. Considering 1.5 °C Net-Zero World and 3 °C Hot 
House World climate scenarios, the BIM model was built to 
simulate energy and carbon emissions throughout the build-
ing lifespan of 50 years. Future residential building projects 
can benefit from improvements in material selection and 
operational savings, including using low-carbon building 

standard scenarios reduced energy consumption by 14%, 
and increased comfort hours by 12.8%. According to the 
machine learning results, the adaptive-network-based fuzzy 
system was the most accurate method for predicting energy 
and comfort functions. This cutting-edge method repre-
sents a significant stride in promoting energy efficiency and 
thermal comfort in urban environments through intelligent 
green roof design on buildings.

Low-carbon construction materials

The construction industry significantly impacts climate 
change, contributing to CO2 emissions and water and soil 
pollution. Industrial construction, renewable energy use, 
and heavy civil and highway construction are crucial for 
managing climate change. Awareness and proactive actions 
are needed to minimize these impacts and mitigate climate 
change [17].

One of the most important ways to address the current 
housing issue and combat climate change is using new con-
struction techniques based on wood. the “Integra House” 
case study is presented by [44], as a proof of concept for the 
new truss technology. The project is an excellent example of 
low-cost and carbon-efficient housing. Utilizing cutting-edge 
wood truss technology for the house’s floor, walls, and roof 
allows the proposed structure to decrease on-site operations 
and waste while offering a low-cost, low-carbon emissions 
design. The model was subject to several stages of devel-
opment, including design refinement and options analysis, 
creation and testing of component prototypes in workshops, 
construction and assessment of full-scale residential proto-
types, analysis of both initial and lifecycle costs, and evalu-
ation of environmental impacts. To improve its performance 
in terms of cost and carbon, it also underwent simulation-
based optimization to switch out Rockwool insulation for 
wood wool insulation and milled timber trusses for whole 
timber trusses. The best design option (whole timber) has an 
EC of 261 kg CO2 per m2 and costs £682 per m2, excluding 
substructure and services. It emits 7.9 kg of CO2 per square 
meter per year, costing £3.30 to run. Due to being signifi-
cantly more economical and needing less processing than 

Fig. 6 Impact of substituting existing materials with low-carbon mate-
rials on carbon emissions. Adapted from [21]

 

Fig. 5 The construction steps of Integra House. Adapted from [44]
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to assess their environmental impact. This analysis was 
focused on their respective influences on sustainability cri-
teria. The study found that building with RC-frame have a 
less negative effect on the environment due to lower carbon 
emissions and energy consumption. RC-framed construction 
consumes less electricity and natural gas by 2.3% and 2.7%, 
respectively. And over a 50-year lifecycle, it can reduce 88 
tonnes of CO2 emissions or more than 5% of the building’s 
overall CO2 output. This research provides a fresh option 
for decision-makers to consider sustainability factors during 
the design process, highlighting the importance of sustain-
able building frames in reducing environmental impact.

The Indian Concrete Institute (ICI) and industrial col-
leagues conducted a focus group meeting to address the high 
demand for sustainable and affordable housing in India. The 
findings revealed that India’s current design methodolo-
gies for buildings and structures need improved service life 
enhancement, real-time monitoring, and whole-life energy 
consumption. Over 50% of respondents expressed dissat-
isfaction with current building design rules, as they do not 
contribute to reducing energy use. High construction speeds 
exacerbate material inefficiency and lack of durability, high-
lighting the need for precast elements in modular home con-
struction [9] (Fig. 7).

Building-integrated solar techniques

Photovoltaic systems are increasingly used in modern struc-
tures to create zero-energy structures. However, architects 
still lack understanding of this approach. Celadyn and 

materials like cement substitutes, steel by-products, and 
green hydrogen steel. This study offers insights into the 
lifespan performance of residential structures and the 
potential of using alternate materials to reduce carbon emis-
sions. For instance, cement manufacturing can be replaced 
with materials such as ground granulated blast-furnace slag 
(GGBS) at 75% and pulverized fly ash (PFA) at 35%. Green 
hydrogen steel, a novel low-carbon material, was also 
explored, converting iron ore into water instead of carbon 
dioxide. The total carbon emissions can be decreased by up 
to approximately 42% when substituting existing cement 
and steel with 25% fly ash and hydrogen steel, as illustrated 
in Fig. 5.

In 2022, Zuluaga et al. introduced a novel approach that 
synergistically combines seismic and energy retrofitting. 
This method leverages wood’s mechanical strength and 
bio-based materials’ thermal insulation qualities. Named 
Strong Thermal and Seismic Backs (STSB), this technique 
is designed to improve existing masonry structures’ seismic 
resilience and energy efficiency. Seismic-Energy-Retrofit-
ting-Scoreboard (SERS) measures seismic performance, 
energy efficiency, and carbon footprint to evaluate these 
improvements. The study explores three retrofitting alter-
natives: wooden beams, cork, and recycled natural grass, 
for their energy and seismic retrofitting advantages. Multi-
Criteria-Decision-Making (MCDM) process is employed to 
identify the most effective retrofitting strategy.

In a separate study by Ranjbar et al. [38] DesignBuilder 
software was utilized on two predominant structural frames: 
structural steel (SS) and reinforced concrete (RC) frames 

Fig. 7 Building integrated pho-
tovoltaic (BIPV) water heating 
system. Adapted from [14]
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in an office building façade, Pereira and Aelenei [36] 
investigated the optimization of a BIPV/T-PCM using the 
Genetic Algorithm technique. Theoretical simulations used 
an updated mathematical model for the current configura-
tion, including system layers, air cavity width, and ventila-
tion. Field testing validated the model, and the simulated 
and experimental results were in excellent agreement. The 
system’s total energy efficiency was analyzed for winter and 
summer conditions, resulting in a total efficiency of 64% 
and 32% for winter and summer configurations, respec-
tively (Fig. 10).

In 2022, Liu and Wu introduced an innovative BIPV 
smart window designed to improve energy efficiency 
besides visual comfort. The innovative system involves a 
switchable layer made from hydrogel crystalline silicon 
photovoltaic cells and encased in clear glass. The unique 
feature of the thermotropic layer is its ability to automati-
cally adjust its visible and optical properties in response to 
temperature changes. Additionally, the BIPV smart window 
is engineered to redirect some light, reflected by the ther-
motropic layer, to its integrated PV cells, thereby generating 
extra electricity.

A new approach has been developed to predict the per-
formance of the BIPV smart window under various environ-
mental conditions. Using numerical models in a simulated 
office environment in Nottingham, UK, the study examined 

Filipek [10] presented the problem according to standard 
design stages, starting with large-scale urban issues and 
progressing to building forms and components. Various 
photovoltaic (PV) system designs were considered based 
on effectiveness, relationships with building materials, ther-
mal insulation potential, and aesthetic effects. They recom-
mended conducting in-depth studies at the beginning and 
throughout the design stages to apply these systems prop-
erly (Fig. 8).

Building-integrated photovoltaics (BIPV) offer a prom-
ising avenue for reducing energy use in structures, yet the 
current market is deficient in ready-to-install BIPV systems. 
Chen et al.‘s [12] study investigated the development of a 
prefabricated BIPV wall system that utilizes light gauge steel 
structure prefabrication technology. This system is charac-
terized by an integrated design incorporating several func-
tional layers, enabling each unit to function independently 
and facilitating swift installation. The design process covers 
photovoltaic (PV) mounting strategies, 2D cross-sectional 
planning, creating system prototypes, and 3D modeling. In 
a significant advancement, each unit is pre-built and wired 
at the factory, simplifying installation by a team of three 
non-electrically trained workers without scaffolding. This 
study’s findings underscore the feasibility and practicality 
of the prefabricated BIPV system, identify its limitations, 
and open directions for future research (Fig. 9).

Fig. 8 Building integrated photovoltaics BIPV installed on the building roof. Adapted from [37]
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can increase building energy efficiency and achieve homo-
geneous daylight distribution, resulting in a 22% savings 
compared to conventional double-glazed windows. The 
study offers design recommendations and material develop-
ment ideas for incorporating this innovative window system 
into structures.

BIPV systems, primarily designed for roof integration, 
have gained popularity due to their ability to protect against 
wind-driven rain. However, there is limited research on 
their water intrusion capabilities. A novel framework was 
developed by [19].

to enhance testing methods for BIPV systems, focusing 
on quantifying water penetration. The study demonstrated 
that performance-based data can be used to design BIPV 
systems as climate screens more effectively, demonstrating 

the impact of different window design parameters, including 
Window-to-Wall Ratio (WWR), orientation, and transition 
temperature of the thermotropic layer. The research findings 
suggest that the BIPV smart window could lead to an annual 
energy saving of 36.6% and improve indoor lighting qual-
ity compared to traditional BIPV windows. Sun et al. [43] 
introduced a smart window design featuring thermotropic 
Parallel Slat Transparent Insulation Material for energy 
conservation and daylight autonomy. The design improves 
indoor comfort, achieves building energy conservation, and 
provides dynamic adjustment of solar energy and daylight. 
The Parallel Slat transparent insulation material (PS-TIM) 
structure provides additional thermal resistance and auto-
matic daylight and sun adjustment. The study evaluated the 
system using building energy and daylight simulation soft-
ware, revealing that thermotropic PS-TIM window systems 

Fig. 9 BIPV system configuration. Adapted from [36]
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support the claim that depending on climate, the impact of 
SWFG relative to WFG changes; SWFG offers energy sav-
ings ranging from 47.41 to 78.01%.

Building energy dynamic modelling

Using machine learning approaches, recent research has 
begun developing daylight prediction models early in the 
design stage to better understand building daylighting per-
formance. Most studies significantly restrict the daylight 
model’s potential uses by setting the input parameters for 
model training the same as the design variation parameters. 
Lin and Tsay [30] proposed a unique daylight model that 
pre-processes the design model into “Intermediary features” 
that serve as input parameters for daylight penetration per-
formance. The daylight model was then trained using a 
synthetic neural network by projecting the daylight perfor-
mance of several types of façades. The results revealed that 
the recommended daylight model would hasten daylighting 
evaluation by 9 to 10%, compared to the daylighting simu-
lation. It is important to include the assessment within the 
early design phase.

the potential of BIPV systems as a valuable alternative to 
traditional electricity generators.

In Mediterranean cities, a popular street-scale shading 
tactic, “Sun sails,” significantly reduced cooling require-
ments for buildings. Finite Element Methods (FEM) were 
used by [22] to conduct thermal simulations, revealing that 
the deployment of street sun sails can significantly reduce 
surface and air temperatures within buildings, reducing 
cooling requirements by between 12% and 46%. The results 
offer design recommendations for installing sun sails to 
maximize their effectiveness.

The Smart Water-filled Glass (SWFG) control system is 
a novel approach to reducing energy consumption in glass 
facades. It allows for changing the façade element’s opacity 
over a year in response to seasonal variations. In seven cit-
ies from all major climatic zones [24], evaluated the energy 
performance of a reference office space equipped with a 
wide-glazed facade. According to climatic conditions and 
the reusability of the collected heat in the water layer, the 
simulation research evaluates the overall effectiveness of 
two operational strategies (insolation-based and storage-
based) for modifying water layer settings. The findings 

Fig. 10 Map and street view of sun sails over the pedestrian zone, Calle Conde de Gondomar, near Plaza de las Tendillas, Cordoba, Andalucia, 
Spain in 2019. Adapted from [22]
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parameter choices in reducing building energy consump-
tion. The authors concluded that a single solution minimiz-
ing two objective functions leads to optimum results. The 
cooling-based optimization revealed that the optimum room 
has the northern window with the most extended over-
hang and the largest window size, reducing annual cooling 
electricity consumption by 90%—conversely, the lighting-
based minimization results in a building with the southern 
window and no overhang. Tables 3 and 4 introduces the 
study findings.

According to [13, 34, 48], Pareto proposes one of the 
most prominent approaches for presenting multi-criteria 
optimization solutions. The multicriteria method yields a 
collection of non-dominated solutions known as the Pareto 
front.

Passive design recommendations for reducing 
energy consumption

To explore the impact of energy efficiency requirements in 
building design on energy consumption, investment cost, 
and thermal comfort in five cities in China, Lin and Yang 
[31] applied an enhanced multi-objective genetic algorithm 
(NSGA-II) to building simulation. Compared to a refer-
ence building, the optimizations revealed an average AEC 
reduction of 29.08% and 38.6% with 3.18% greater cost on 
the original expenditure. The study suggests new rules for 
building design characteristics to modify key energy effi-
ciency standards. The study offers several key recommenda-
tions regarding building energy efficiency. Firstly, it reveals 
that employing energy-saving measures at the design stage 
can yield an average energy savings of 29.8% compared to 
buildings designed as per current standards, with a potential 
maximum saving of 38.6% for a marginal increase in initial 
construction costs of 3.18%. Secondly, it identifies discrep-
ancies between current energy efficiency design standards 
and the Pareto solutions, especially regarding building 
orientation, suggesting a need for revising these standards 
across various cities. Thirdly, the study emphasizes that in 
regions experiencing hot summers and cold winters, roof 
and exterior wall insulation are crucial factors influencing 
building energy consumption. Additionally, selecting wall 

Grassie et al. [23] conducted a dynamic modelling study 
on indoor environmental conditions for future energy retro-
fit scenarios in UK school buildings. EnergyPlus UK class-
room archetype models have been developed to evaluate 
performance on multiple criteria, considering stock-wide 
heterogeneity and long-term dynamic changes. Passive ven-
tilation’s effectiveness in reducing overheating improved 
with increased retrofit area, and additional energy demand 
decreased. However, low ceiling heights in classrooms built 
between 1945 and 1967 impact the effectiveness of Energy 
modifications.

The COVID-19 pandemic has heightened the need for 
fresh air supply in buildings, increasing energy demand. 
This has necessitated passive cooling methods, such as 
natural ventilation, to improve indoor air quality. Li et al. 
[28] developed a novel dual-channel windcatcher desi fea-
turing a rotary wind scoop and a chimney to supply fresh air 
regardless of wind direction. This design improves thermal 
performance by integrating heat recovery, passive cooling, 
and dehumidification technology. A computational fluid 
dynamic (CFD) model was created and validated to further 
assess the system’s ventilation performance. The outcomes 
showed that the system could produce enough fresh air even 
in shifting wind directions.

Genetic algorithm

EnergyPlus is a powerful tool for optimizing building 
energy performance. By combining a multi-objective 
genetic algorithm with the EnergyPlus building energy 
modeling tool, the researchers [15] proposed optimum solu-
tions that improve energy efficiency. The study investigated 
the impact of architectural elements like building orienta-
tion window size on energy consumption in four major cli-
matic areas. The optimization studies reveal that bi-criteria 
optimization reduces yearly cooling energy usage by 55.8–
76.4% in different regions, while yearly lighting electricity 
demand rises by 1–4.8%. The optimal layout reduces yearly 
total building energy usage by 23.8–42.2%. The findings 
highlight the importance of climate and suitable design 

Table 3 The proposed optimum design parameters of Tehran’s multi-
objective genetic algorithm optimization approach. Adapted from [15]
Variable Unit of 

measure
Baseline 
Scenario 
Values

Lighting-
based Opti-
mization 
Values

Cooling-
based 
Optimiza-
tion Values

Building 
orientation

(°) 0 0 180

Overhang tilt 
angle

(°) 90 0 34

Overhang depth (m) 0.3 0 0.5
Window length (m) 2 2.99 0.6
Window height (m) 2 2.99 0.7

Table 4 Optimal objective functions in Tehran. Adapted from [15]
Objective Function Base-

line 
Value 
(GJ)

Lighting-based 
Opt.

Cooling-
based Opt.

Value 
(GJ)

Diff. 
(%)

Value 
(GJ)

Diff. 
(%)

Annual lighting 
electricity

1.89 1.87 −1.5 2.20 + 17.5

Annual cooling 
electricity

2.66 6.03 + 126.5 0.62 −76.6

Annual total electricity 4.55 7.90 73.3 2.82 −37.5
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and life cycle assessment (LCA) are the biggest obstacles to 
achieving the ZEB goal. Solutions to these issues have been 
proposed to overcome these obstacles.

Energy retrofits for solid wall homes are crucial in the 
UK to achieve net-zero goals and combat fuel poverty. 
Seifhashemi and Elkadi [41] reveal that aesthetics plays a 
significant role in integrating energy and aesthetics in inter-
nal wall insulation (IWI). Over 90% of participants agree 
that incorporating aesthetics can outweigh drawbacks like 
cost and loss of internal space. The study suggests changes 
by the retrofit industry, legislators, and designers to maxi-
mize the benefits of aesthetics in Solid Wall Insulation SWI 
renovation.

To address the challenges of adopting ZEB technology, 
Salem and Elwakil [40] presented a study to explore the 
cost barriers preventing countries from implementing Zero 
Energy Building (ZEB) concepts. The research highlights 
gaps in energy-saving calculations, comparative studies 
between NZEB and conventional buildings, life cycle cost 
analysis, and the high initial cost of ZEB.

The constant issue for governments in the EU and UK is 
meeting rising housing demand while creating zero-carbon 
structures. Structurally insulated panels (SIPs) can meet 
these objectives using a novel conceptual framework and 
empirical findings. To analyze energy performance using 
game theory, Finnegan et al. [20] identified potential incen-
tive conflicts between SIP makers and UK/EU regulators. 
Medium-sized investments are advantageous for both par-
ties, but a commitment from both parties is crucial.

Energy-efficient building design requires an appropri-
ate renewable energy system (RES) design, particularly 
zero-energy buildings. A novel sizing technique for a single 
U-tube ground heat exchanger (GHE) is proposed by Baek 
et al. [6] considering ground temperature recovery and other 
design factors. Transient simulations for various design sit-
uations validate the technique. Results show that the coef-
ficient of variation of root mean square error (CV(RMSE)) 
is lower than 15% for all ten design situations, allowing for 
early sizing of a GHE at an early design stage.

The sharp increase in interest in cost-optimal zero-energy 
building solutions has led to numerous investigations and 
new techniques [4] provided a methodology using Multi-
Objective Parametric Analysis (MOPA) to help choose 
cost-effective zero-energy buildings. Using a theoretical 
Reference Building in Belgium, the methodology considers 
wall, roof, and window alternatives for the building’s super-
structure. The results show that the design factors for the 
building envelope are both zero-energy and cost-optimal, 
expanding the field of roof stacking construction.

and window types is critical for reducing energy consump-
tion. Finally, the study proposes an optimization approach 
applicable to the design phase of new buildings and for 
assessing and enhancing energy savings in existing struc-
tures through retrofitting.

Towards zero energy buildings

By reducing building energy consumption while adding 
some techniques for energy production to buildings, inte-
grating passive solar design in buildings during the design 
stage accelerates the goal of zero-energy buildings. To 
reduce energy consumption and greenhouse gas emissions, 
the construction sector is increasingly adopting net-zero 
Energy. However, challenges remain, particularly in high-
rise residential structures. A study byAlawode and Rajago-
palan [2] in Australia examined net zero energy performance 
delivery methods for these structures using building simu-
lation. Despite some restrictions, NZE performance can be 
achieved in Australia, particularly in tropical, subtropical, 
and cold temperate climates. The main barrier to energy 
production through the façade was the shadowing effects of 
nearby structures.

Salem and Elwakil [39] studied the obstacles to adopt-
ing Zero Energy Buildings. They found that countries plan 
to convert traditional buildings to Zero Energy, but this is 
faced with challenges like high initial costs for renewable 
energy systems compared to overall building costs. Accord-
ing to the authors, the philosophy has gained more interest 
and support despite these obstacles.

Also, Almutairi et al. [3] explored the potential of zero-
energy buildings in Muscat, Oman. The study identified 
the best locations for solar-absorbing surfaces using cli-
matic data and climate maps and considered unique design 
aspects. The Solar Radiation model showed that one square 
meter of solar cells could produce nearly 1710 kWh of 
energy annually. The 290 m2 building, with a total area of 
that size, consumed 25,200 kWh of total energy and 19,900 
kWh of annual production. To address this energy need, 23 
m2 of PV panels were suggested to be installed as canopies 
at a rate of 61000kWh per year.

Zero Energy Building (ZEB) is gaining popularity as a 
solution to environmental issues. However, there is a lack 
of bibliometric analysis for this topic. Souley Agbodjan et 
al. [42] examined ZEB publications’ collaborative networks 
and subject patterns using tools like VOSviewer and Bib-
lioshiny. Scopus extracted 1051 papers between 1976 and 
2020, revealing three stages of research growth: slow from 
1076 to 1999, 2000 to 2010, and rapid from 2011 to 2020. 
The most commonly referenced scholars, most published 
countries, and widely collaborated scholars are China, the 
United States, and the United Kingdom. Energy efficiency 
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Results

The literature review concentrated on examining research 
on integrating passive solar design in buildings, spanning 
the years 2000 to 2023. Primarily, the Scopus database 
served as the foundational source for this investigation. To 
augment this, additional scholarly articles relevant to the 
research question were selectively sourced from various 
other databases, including Google Scholar, Purdue Library, 
and specific academic journal websites.This study revealed 
the following results:

Innovative passive design techniques

Table 5 summarizes the innovative techniques used to inte-
grate passive design into buildings.

Potential passive design recommendations for 
reducing building energy consumption

Utilizing low carbon-low energy material alternatives in 
construction represents a critical strategy for achieving 
sustainability in the built environment. This approach pri-
oritizes selecting materials with a minimal carbon footprint 
and requires low energy for production and utilization. The 
construction industry can significantly contribute to energy 
efficiency and environmental sustainability by focusing 
on such materials. This method addresses the immediate 
energy conservation needs and aligns with long-term goals 
for sustainable development.

Integrating plug-and-play solar panels as an alternative 
to conventional glass in façades is highly recommended 
in building design, particularly for office and residential 
buildings. This innovative approach offers a dual benefit: 

Action plans

The EU’s energy strategy focuses on reducing energy con-
sumption in buildings by implementing energy efficiency 
policies. This vital component has been updated over the past 
half-century with policies like the SAVE Directive. The EU 
has made significant progress in energy efficiency in build-
ings over the past 50 years. The policymakers’ approach to 
energy efficiency is influenced by political priorities. The 
EU’s energy strategy aims to save energy from buildings by 
highlighting the importance of energy efficiency in achiev-
ing sustainable development [16].

BIPV performance

The energy performance of a naturally ventilated BIPV 
system in Limassol, Cyprus, was investigated using theo-
retical analysis and experimentation [1]. The total energy 
efficiency was 26.5% and 33.5% at its worst and its best, 
respectively.

A fan-assisted double skin façades PV integrated office 
building energy performance were evaluated by [7]. The 
findings revealed substantial variability in energy perfor-
mance to climatic variables. It resulted in a power excess 
in the ‘cool’ climatic zone. In mild climates, PV-generated 
power could only cover approximately 30% of the HVAC 
energy usage. With just 15% of electricity from PV systems, 
Energy savings were lowest in the ‘hot’ zone.

Table 5 Innovative passive design techniques
Proposed technique Design method Simulation and optimi-

zation tools
Energy and carbon emissions reduction Study 

references
Green roofs smart energy-comfort system Integrated machine 

learning (ML), Design-
Builder (DB) software 
and Taguchi design 
computations.

14% reduction in energy consumption 
compared to the base case.

 [35]

Low-carbon alterna-
tive materials.

low-carbon materials such as green 
hydrogen steel, cement substitutes, and 
steel scraps.

parametric BIM model carbon emissions can be reduced by over 
50% by using hydrogen steel.

 [21]

Timber truss (floors, 
walls, and roofs)

Modern methods of construction based 
on timber

Prototype house (Pilot 
case study)

Reducing on-site operations, reducing 
waste, a low-carbon, and low-cost.

 [44]

Wind catcher A novel design consisting of a rotary 
wind scoop and a chimney

A Computational Fluid 
Dynamic model

The dual-channel design results in passive 
cooling, dehumidification, heat recovery 
and enhancing thermal performance.

 [28]

Prefabricated 
Building-integrated 
photovoltaics 
(BIPV)

The new BIPV wall system is char-
acterized by an “all-in-one” design 
that allows fast installation due to the 
independent operation of each unit and 
an interlocking joint design that

Clean energy on site.
Three workers without electrical experi-
ence can handle the on-site installation 
manually from indoors in the building

 [1, 
29, 33, 
36, 37, 
45–47]
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critical analysis of these studies indicates a nascent stage in 
evaluating Photovoltaic system performance, with a nota-
ble scarcity of comprehensive assessments on total system 
(BIPV) performance.

The research underscores that integrating passive solar 
design into buildings is still in its developmental phase, and 
significant research is required to realize the goal of zero-
energy buildings. The study identifies critical research gaps, 
including Solar System Performance, Optimizing Solar Sys-
tem Location, and applying passive solar systems at a city 
scale. To address these gaps, the study advocates for future 
research focusing on optimizing passive solar design perfor-
mance and extending the study of passive solar designs to 
city-wide scales.

This study’s scope was confined to open-access papers 
published between 2000 and 2023, specifically those per-
taining to building design. It recommends including research 
from energy-specific journals in future analyses to broaden 
the perspective and deepen the understanding of this critical 
subject.
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