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Net zero energy building (NZEB) is an efficient approach to boost the world's
sustainable development and climate mitigation. This paper provides a
comprehensive review of multi-objective optimization (MOO)-based case
studies of NZEB design. The critical analysis focuses on the “3Ps” criteria of
sustainability, which encompass social, environmental, and economic aspects of
protecting the people, planet, and profit. This study identifies the gaps in
exploring case studies based on MOO techniques for decision-making
regarding NZEB design in India and its requirements. Moreover, it
demonstrates various passive design strategies, energy-efficient technologies,
and renewable energy, and their impact on occupant comfort, energy model, and
the building life cycle. It presents the global needs and requirements of NZEB, and
definitions of NZEB in different countries and their policies. This review suggests a
four-step methodological framework for NZEB design in India. It provides the
potential and reliability of various algorithms, tools, and simulation engines to
solve building problems. The framework presented here can aid designers in the
decision-making of NZEB design, refurbishment, and renovation. Moreover, this
study highlights the future research direction and potential challenges for
implementing the proposed framework in India.

KEYWORDS

net zero energy building, multi-objective optimization, climate change, sustainability,
building energy simulation

1 Introduction

The prime concerns for maintaining sustainability are increasing energy demand and
global warming around the world due to rapid urbanization and climate change
(Wilberforce et al., 2023). The building sector is the major contributor to global energy
demand and GHG emissions (Zhang et al., 2018). The International Energy Agency (IEA)
reported that buildings consumed 30% of the world’s total primary energy supply (TEPS) in
2015 (Xue and Liu, 2023; Urge-Vorsatz et al., 2020). Building floor area may increase by
75% across the globe between 2020 and 2050, especially in developing countries, and up to
80% in countries like India and China. Therefore, the share of electricity may rise from 33%
in 2020 to 50% and 66% in 2030 and 2050, respectively (Bano and Sehgal, 2019; Net Zero by
2050, 2021).

From 2005 to 2030, India’s built fabric will grow at a rate of 6.6% per year against the
world growth rate of 5.2%. As per the IEA 2021 report, built area is expected to double over
the next two decades (Sen et al.,, 2021; Gupta et al, 2023). The building of dwellings
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continuously grew due to India’s economic expansion. In 2017, total
households were 272 million, which is predicted to increase to
328 and 386 million by 2027 and 2037, respectively (Sudhakar
et al, 2019). Figure 1 shows the projected built area for
residential buildings, both urban and rural. It demonstrates that
in 2020, the residential built fabric was 17.7 billion m?, and it may
increase three to four times by 2050 (India cooling action plan
operationalizing space cooling recommendations and Ministry of
Environment).

This has had a tremendous impact on electrical energy demand
and the supply chain. The building sector accounts for 33% of total
electricity generated in India, with residential buildings consuming
26%. This is projected to increase three to five times by 2031. The
sector-wise electricity consumption in India in 2017 is shown in
Figure 2 (Khosla and Janda, 2019). India generates the most energy
through fossil fuels, which will ultimately contribute to GHG
emissions. Meanwhile, India is the fourth largest carbon emitting
country, in which the power sector accounts for half of all carbon
emissions (Aggarwal et al., 2020; Jain and Rawal, 2022). Looking at
the global emission scenario, India signed the Paris Agreement in
2015 and committed to reducing the country’s GHG emissions by
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30% of its GDP by 2030. Furthermore, India set a target in COP26 of
achieving net zero by 2070 (Kishore, 2022; Summary for
Policymakers, 2018).

Therefore, transformations in the building sector are required,
along with climate-responsive envelope design, energy-efficient
appliances, bioclimatic assessment, efficient materials, efficient
cooling and heating technologies, smart control and monitoring
systems, and renewable energy (RE) (Cabeza and Chafer, 2020; Saini
et al.,, 2022). To address such building-related energy issues, the
terms “net-zero energy building” (NZEB) or “zero energy building”
describe buildings that produce as much energy as they consume
over the course of a year. “Zero energy” means that the energy
consumption of a building and the energy generated on-site through
renewable energy sources like the sun and wind are the same
(Moghaddasi et al., 2021a; Raj et al., 2021).

The concept of a net-zero building emphasizes the “3Ps”
of
environmental (energy efficiency, CO, emissions), and economic

structure sustainability—social (user satisfaction),
(cost-effectiveness) —that encompass people, planet, and profit
(Supplementary Figure S1) (Costa-Carrapico et al., 2020; Slaper

and Hall, 2011). There are usually four conventional design factors
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that lead to the formation of NZEB: passive design features, energy
efficiency measures, renewable energy, and storage backup systems
(Supplementary Figure S2) (Cabeza and Chafer, 2020; Wu and
Skye, 2021).

Several studies have reported that the hierarchy of NZEB focuses
on building sufficiency, building efficiency, and renewable energy
sources (RESs). Energy sufficiency emphasizes climate-adaptive
design and the building of passive features to reduce energy
demand. Energy efficiency includes efficient lighting, appliances,
HVAC systems, heat storage systems, and building control systems
that can reduce renewable energy demand. RESs include solar PV,
wind turbines, solar collectors, and geothermal energy to fulfil a
building’s operational demand. The biggest challenge is the
simultaneous implementation of several design strategies and
technologies ~ without  sacrificing a  building’s  social,
environmental, and economic performance to build a net-zero or
net-carbon structure. Therefore, research has used various building
simulation tools and computational algorithmic optimization
techniques for the early-stage design, refurbishment, and retrofit
of high-performance and NZEB developments (Omrany et al., 2022;
Sola et al, 2018). The intensive literature of the previous study
identified
approaches as the most promising strategies for decision-making

algorithmic-based =~ multi-objective ~ optimization
(DM) in high-performance or NZEB at the earlier design stage.
Therefore, various MOO-based studies of various climatic zones
were critically analysed; their comprehensive summaries in
chronological order are listed in the Supplementary Table SI.
Furthermore, despite this extensive research, a significant
research gap was identified for net-zero energy residential
building design in the Indian context, which is divided into two

categories.

1. A deficiency of studies using algorithmic optimization
techniques for the robust optimal solution of NZEB
development that can satisfy several target performance
objectives simultaneously while considering a wide range of
design variables.

2. No framework is available for the development of NZEB that
defines a hierarchy of performance objectives and their
associated criteria for evaluation, design variables,

optimization set-up, selection of a Pareto optimal solution

after robustness assessment, and sensitivity analysis to
investigate dominant design variables in the respective

climatic zone.

The aim of this research is to identify several building
performance objectives that encompass the social, environmental,
and economic criteria of sustainability. Moreover, it aims to reveal
the various factors and their assessment criteria for maintaining a
healthy and comfortable indoor environment. It will also
demonstrate the effectiveness of multi-objective optimization and
its potential for decision-making in NZEB development with a wide
range of design variables under various uncertain conditions. It
illustrates the reliabilities and capabilities of various algorithms,
tools, and simulation software after a critical comparative
investigation. Finally, this research recommends a four-step
framework based on MOO that demonstrates the hierarchy of
NZEB design in India. This research contains the following
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subsequential sections: NZEB definitions and their policies,

methodology, summary and discussion, the optimization
framework for NZEB in India, a conclusion and future research
directions, and potential

challenges and suggestions for

implementing the proposed NZEB design framework in India.

2 NZEB definitions and their policies

Many countries have set the target of achieving net-zero
buildings and define their own definition of net-zero emission
buildings (NZEB). Currently, more than 65 definitions and
standards are available to define net-zero/zero-carbon buildings
as per region-specific conditions. The concept of “zero-energy
building” was proposed by Esbensen and Korsgaard from the
University of Denmark in 1976 (Lin et al, 2020). After that,
many zero-energy buildings were constructed in developed
countries, and definitions of them were proposed by many
researchers. Table 1 shows the definitions of NZEB available in
different countries and their policies to achieve this goal.

Torcellini and colleagues classified net zero building into four
categories based on the balanced energy measurement process
(Torcellini et al., 2006; Pless and Torcellini, 2010).

o Net-zero site energy: A building that meets its annual energy
demand by renewable energy (RE). The generation of RE is at
least equivalent to operational energy demand.

« Net-zero source energy: A building that generates RE as much
as the amount of both operational demand and transmitted
energy losses from the grid to the building. The energy losses
are due to factors such as transmission, distribution, and
primary fuel supply.

o Net-zero cost energy: A building that covers utility bills by
selling the RE produced. It can also produce profits, but at the
very least it should entirely cover the bills.

o Net zero-emission: A building that produces enough energy
for consumption and compensates for the emissions produced
by generating enough renewable energy.

2.1 Definition according to international
organizations

According to the American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE), if energy crosses the
building’s physical boundaries after fulfilling its annual energy
demand with a renewable resources, then that building is labelled
a NZEB (ASHRAE, 2008). The Federation of European Heating,
Ventilation, and Air-Conditioning (REHVA) defines an NZEB as
any building that fulfils its annual energy demand by on-site energy
production, and excess energy is fed to the electricity grid to green
credit (Voss, 2012). According to the European Directive on Energy
Performance of Building (EPBD), any building having minimum
energy requirements and whose annual demand is fulfilled by on-
site or nearby RE resources is called a NZEB (Chiesa et al., 2019;
Chaturvedi et al., 2024a). The US Department of Energy (DOE)
defines a building having a minimum energy performance index
(EPI) and 30%-40% of its energy demand fulfilled by RE
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TABLE 1 Country-wise net-zero definition and policies (Feng et al., 2019; Hu and Qiu, 2019; Dalal-Kulkarni and Gokhale, 2011; Williams et al., 2016; Energy
Step Code Council BC Energy Step Code, 2017; basic energy plan of Japan, 2014).

Country

Term used

Most developed countries

Definition

Current policies for NZEB

Organizations

Net-zero energy
building target

Program-year

United States

Zero energy
building 2007

An energy-efficient building, for
which the actual annual delivered
source energy is less than or equal
to the on-site renewable exported
energy

California Public Utilities
Commission (CPUC)

New residential construction will be
net-zero by 2020 and commercial
construction by 2030.

50% of commercial buildings will be
retrofitted and ready for NZ by 2030

Net-Zero Energy
Action Plan 2015

United Kingdom

Zero-carbon home
2007

Total GHG emissions in favour of
energy consumption in domestic
buildings should be zero

Ministry of Housing,
Communities, and Local
Government

All new homes should follow norms
of zero carbon by 2016 and all
others buildings from 2019

National Planning
Policy Framework
2012

European Nearly zero-energy = Building should be highly energy- | Directive on Energy New construction to be nearly NZ = ZEBRA-2020 (Nearly
Union (EU) buildings 2010 efficient, and their energy demand = Performance of Building from 2020 Zero Energy Building
should be close to zero or absolute | (EPBD) Strategy 2020)
zero, also fulfilling their demand
with RE
Japan Zero-energy A net-zero house is one that has Ministry of Economy, Trade | New constructions (commercial + | Strategic Energy Plan
building and zero- = zero annual operating energy and Industry residential) are to be ZE building = 2015
energy home demand voluntarily by 2030
France Positive energy A building having overall positive | Ministry of Environment, New construction should be Act of Energy
building energy performance Energy, and the Sea energy-positive by 2020 Transition for Green
Growth 2015
Germany Energy Solar PV system integrates with EPBD By 2050, all building stock will be  Act on Promotion of
autonomous house = energy storage technologies to fulfil almost climate-neutral Renewable Thermal
1992 energy demand at all times. Energy 2010
Connections from external energy
sources are not required
Canada Net zero energy A house that consumes no more British Columbia (BC) New building must be NZE-ready =~ BC Energy Step Code

home 2013

Most developing countries

China

Zero energy
building 2015

energy than it can generate on-site
from renewable sources

Operational energy demand of
building should be met by on-site
renewable energy generation

Energy Step Code Council

Ministry of Housing and
Urban-Rural Development

by 2032

Construction of demonstration
project of ultra-low energy and near
ZE buildings will reach more than
10 million sq. mt. by 2020

2017

13™ Five-Year Plan
for Building Energy
2017

India (ECO III
project)

Zero energy
building

A building that produces at least as
much energy as it uses in the year
when accounted at the site

IGBC

Vision: all newly constructed
buildings will be net-zero energy
buildings by 2030

2018

technologies as a NZEB. If, in a residential building, the on-site
generation of RE is higher than its consumption, that building is
considered a passive net-zero house by the DOE (U.S. DOE, 2007).
The International Energy Agency (IEA) states that any building
fulfilling its energy requirements with RE resources and does not use
any conventional energy sources such as fossil fuels is termed a
NZEB. The concept of NZEB was introduced in India through the
third phase of energy conservation and commercialization (ECO)
(Kapoor et al, 2011). The motive was to enhance NZEB
construction, increase energy production by renewable sources,
and use efficient technologies and lighting systems in the
building sector. The Indian Green Building Council (IGBC)
launched the net-zero energy certification for commercial
buildings in 2018. According to this, the ratio of actual energy
performance to design energy performance should be a unity, and it

Frontiers in Energy Efficiency

should only be fulfilled by renewable energy resources (IGBC
NetZero Energy Buildings, 2021; bureau of energy efficiency).
There are multiple criteria available to define “net zero”, such as
the source of generation, variation in supply requirements and grid
dependence, emission, and cost. Based on the available literature,
Table 2 shows the NZEB definitions. The assessment criteria include
on-site energy generation demands, the generation of RE within the
building boundary (perimeter of the site) or building footprint (walls
and roof). Off-site energy generation includes importing RE outside
the building’s physical boundary or importing renewable sources to
produce on-site electricity. Balanced demand is addressed, as is RE
generation equivalent to the annual operational energy demand and
transported energy losses from the energy grid to the building
utilization process. Building design contains a building equipped
with an advanced envelope design and efficient technology

frontiersin.org


https://www.frontiersin.org/journals/energy-efficiency
https://www.frontiersin.org
https://doi.org/10.3389/fenef.2024.1430647

Chaturvedi et al.

TABLE 2 Criteria covered by NZEB definitions of different countries.

10.3389/fenef.2024.1430647

Reference Off-site Balanced demand Building design Carbon emission
United States v 4

European Union (EU) v v v v

United Kingdom v v
Japan v

France v v 4

Germany v v

Canada v

China v

India v v v

DOE v v v

REHVA v 4 v

EPBD v v 4

ASHRAE v v

USGBC v v v

DGS v v

EPA v 4

ILFI v v

NBI v v

ATA v v

IESNA v 4

1IEA v 4 v

measures. Using RE for utilities and services in buildings will be
considered as compensation for CO, emissions (Wu and Skye, 2021;
Harkouss et al., 2018a; Moghaddasi et al., 2021b).

Unfortunately, NZEB has been characterized by ambiguous
and inconsistent calculation methods. This lack of homogeneity
among NZEB definitions requires a recognized universal
definition for it due to it becoming the main research stream
across the world (Sartori et al., 2012). The lack of inherent
consistency in an accepted definition of NZEB not only affects
the creation of an unambiguous profile for it across the global
community, hindering unified goal for global energy-efficient
building policy, but also poses significant challenges to
comparing various solutions in different contexts (Chaturvedi
et al., 2024a; Liitzkendorf and Frischknecht, 2020).

3 Methodology

Climate change has a significant impact on comfort, energy
models, CO, emissions, and the life cycle cost of buildings (Wang
et al., 2023). According to the literature, the earth’s temperature is
rising by 1.5 °C per decade due to GHG emissions. This has
tremendous impacts on occupant behaviour, cooling and heating
consumption patterns, and building life (The Future of Cooling,

Frontiers in Energy Efficiency

2018; Khosla et al, 2019). Therefore, climate-adaptive high-
performance or NZEB designs have become a principal research
domain for reducing energy demand and limiting climate change. Its
optimization has the potential to identify decision variables that can
achieve objective functions and satisfy constraints. It provides the
conceptual framework for developing and contrasting new design
solutions for attaining Pareto solutions (Chaturvedi and Elangovan,
2023; Loonen et al.,, 2017).

In building design, two archetypes of optimization frameworks
are single-objective optimization (SOO) and multi-objective
optimization (MOO) (Hensen and Lamberts, 2011; Hamdy et al.,
2013). In SOO, the DM process entails the performance objective of
exploring the wide range of design variables. It is a time-consuming
process to solve the design of large space, so it is not a feasible way to
solve complex problems because of the trade-off between dealing
with maximum user satisfaction, minimum energy demand, and
life-cycle cost (Chaturvedi et al., 2023). Therefore, MOO plays a vital
role in solving complex building-associated problems. It provides a
set of mono solutions through the investigation of the wide range of
design spaces without compromising the defined performance
objectives (Bandyopadhyay and Pal, 2007; Escandén et al., 2019;
Evins, 2013). Based on this concept, we identified relevant case
studies (CS) based on inclusion and exclusion criteria. Figure 3
shows the methodological hierarchy adopted for this research. All

frontiersin.org
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FIGURE 3
Methodological structure of case study selection and their analysis.

the critically analysed case studies are systematically described in
Supplementary Table S1 and are outlined in Table 3. All reviewed CS
are critically investigated based on criteria which include
optimization design variables and social, energy, environmental,
and economic parameters. Optimization design variables were
further categorized into the building envelope, energy-efficient
systems, building control systems, and renewable energy source
parameters. Social criteria are mapped as thermal comfort, visual
comfort, and indoor air quality. Energy parameters are summarized
as energy consumption, energy demand, and energy savings.
Environmental parameters cover CO, emissions, natural resource
uses, and the life-cycle carbon footprint. The economic parameters
include life-cycle cost. The principal hierarchy of the reviewed

Frontiers in Energy Efficiency 0

primary studies covers the publication year, objective functions,
location, climate zone, building typology, design variables,
with
outcomes, and sustainability scopes (more detail listed in

simulation and optimization algorithms algorithms,
Supplementary Table S1). The characteristics of the primary case

studies reviewed are discussed below.

o The reviewed case studies mainly focus on the triple bottom
line of sustainability: social (people), environmental (planet),
and economic (profit).

o A total of 18 reviewed primary studies covered uncertainty
analysis in such areas as climate change, policy scenarios, life
cycle, occupant behaviour, thermal and surface properties, and
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TABLE 3 Detailed objective functions and design variables addressed in the reviewed case studies, listed in chronological order.

Optimization design variable

Social parameter

Energy parameter

Environment parameters  Economical

Uncertainties/ Reference

parameter sensitivity
Building Energy- Building Renewable Thermal Visual Indoor Energy Energy Energy CO, Solar LCA LCC
envelope efficient control energy comfort  comfort air dem saving consumption  emission PV
system system sources quality
v v v v v v v v v N Luo et al. (2024)
v v v v v v v v v Y Lu et al.(2024)
4 v v v v v v N Zahra Benaddi
et al. (2024)
v v v v v v v Y Chaturvedi et al.
(2024b)
v v v v N Kamazani and
Dixit (2023)
v v v Y Beninca et al.
(2023)
v v v v v v Y Yao et al. (2022)
v v v v N Wu et al. [65]
v v v v N Le et al. [66]
v v v v v v N Xue et al. (2022)
v v v v v v v N Rabani
et al. [68]
v v v v N Foroughi
et al. [69]
v % v v v v v v v v N Xu et al. [70]
v v v v v Y Jung et al. [71]
v v v v v v v v v N Zhu et al. [72]
v v v v N Acar et al. [73]
v v v v v v N Rezaee
et al. [74]
v v v v v v v v N Abdou
et al. [75]
v v v v v v N Zou et al. [76]
v v v v v N Chaturvedi
et al. [77]
v v v v v v v v Y Giouri etal. [78]
4 4 v v v v v N Rabani
etal. [79]

(Continued on following page)
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TABLE 3 (Continued) Detailed objective functions and design variables addressed in the reviewed case studies, listed in chronological order.

Optimization design variable Social parameter Energy parameter Environment parameters = Economical  Uncertainties/ Reference
parameter sensitivity
Building Energy- Building Renewable Thermal Visual Indoor Energy Energy Energy CO, Solar LCA LCC
envelope efficient control energy comfort = comfort air demand saving consumption  emission PV
system system sources quality
v v v v N Al-saadi
et al. [80]
v v v v v v v Y Ascione
etal. [81]
v v v v v v N Zhao et al. [82]
v v v N Tang et al. [83]
v v v v v N Bui et al. [84]
v v v v v v v v v N Salata et al. [85]
v v v v v v v N Mahdavi
et al. [86]
v v v v v v v v N Ciardiello
et al. [87]
v v v v N Changet al. [88]
v v v v v v v v N Amani
et al. [89]
v v v v v v v v v Y Lan et al. [90]
v v v v v v v v v v v N Ascione
etal. [91]
v 4 v v v N Bhandari
etal. [92]
v v v v v v v v v N Bingham
et al. [93]
v v v Y Jeong et al. [94]
4 4 v v v v v v Y Alkhateeb and
Abu-Hijleh
(2019)
v v v N Gagnon et al.
(2019)
v v v v v v v v v v v v Y Dagostino et al.
(2019)
v v v v Y Toutou et al.
(2018)
v v v v v v v N Kang et al.
(2018)
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TABLE 3 (Continued) Detailed objective functions and design variables addressed in the reviewed case studies, listed in chronological order.

Optimization design variable Social parameter Energy parameter Environment parameters = Economical  Uncertainties/ Reference
parameter sensitivity
Building Energy- Building Renewable Thermal Visual Indoor Energy Energy Energy CO, Solar LCA LCC
envelope efficient control energy comfort  comfort air demand saving consumption  emission PV
system system sources quality
v v v 4 v v v v v Y Harkouss et al.
(2018b)
v v v v N Ferrara et al.
(2018)
v v v v v N Harkouss et al.
(2018¢)
v v v % v v v Y Li et at. [103]
v v v v v v Y Grygierek
et al. [104]
v v v Y Bamdad
et al. [105]
v v v v v v v Y Shaikh
et al. [106]
v v v v v v v N Bre et al. [107]
v v v v v v Y Li et al. [108]
v v N Maltais
et al. [109]
v v v v v v v v N Yangetal. [110]
v v v v v v v v v v N Dino etal. [111]
v v v v N Carlucci
etal [112]
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FIGURE 5
Scope of sustainability covered in reviewed case studies.

HVAC systems. These studies revealed the impact of
uncertainty on building performance and energy models.

o CS mostly focused on social and environmental aspects to
minimize the operational and embodied energy demand.

4 Summary and discussion

Several studies of multi-objective optimization of NZEB/energy-
efficient buildings are abbreviated based on the “3Ps” scale of
sustainability. The adopted methodological structure for this
research is classified as follows.

Data collection: identify the relevant primary and secondary
data and summarize it based on objective inclusion and
exclusion criteria.

Mapping criteria: identify base case studies related to
characteristics of the published year, geographical context,
climatic boundaries, optimization tools and techniques,
derived methodology, decision variables, scientific qualities,
and standards
Assessment criteria: evaluation of a base case model
addressing socioeconomic and environmental aspects.
Identified gap: through extensive in-depth study, investigating
the application of algorithmic multivariate optimization for

NZEB development in the Indian context.
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Figure 4 illustrates the maximum number of multivariate
optimization techniques applied to residential buildings (58%),
followed by commercial buildings (29%), educational buildings
(7%), hotels (2%), (3%).
optimization strategies for decision-making regarding NZEB are

and prototypes Computational
highly attentive to residential buildings due to the higher building
footprint; these buildings have considerable energy-saving potential.
Limited studies are also available on other building typologies.

All reviewed CS emphasized the triple bottom line of sustainability,
followed by socio-economic and environmental aspects. Figure 5 shows
that 85% of the reviewed primary studies covered the environmental
scope, followed by social and economic aspects (64% and 51%,
respectively). The extensive literature of case studies identified that
most of the optimization employed building envelope parameters
(96%), followed by energy efficiency systems including lighting and
HVAC (45%), controlling and monitoring systems (36%), and
renewable energy systems (27%). These design variables satisfied the
objectives of minimizing energy demand, environmental impact, cost,
and improving thermal and visual comfort and health productivity.

Moreover, sensitivity analyses were performed by the authors,
and they observed which design variable was highly used in MOO as
the decision matrix. The influence variables are listed in Figure 6:
advanced envelope, floor plan, solar shading, insulation, WWR,
blinds control system, advanced glazing, thermal mass, natural
ventilation, HVAC system, lighting control, equipment, solar PV
area, and tilt angle.
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The advanced thickness, thermal
conductivity, and the density of walls and roof. It is the most
optimized and explored parameter undertaken by 97% of case
studies for DM. HVAC parameters encompass air-conditioning
type, size, schedule, thermal zoning, heat recovery systems, and
radiant cooling. Lighting and control parameters comprise efficient
lighting, advanced lighting control, skylights, and solar tubes.
HVAC and lighting parameters taken for optimized decision-
making in the defined case studies are 49% and 47%,
respectively. Renewable energy systems and parameters such as
photovoltaic systems, geothermal heat pumps, PV tilt angle and
efficiency, and solar PV area are explored in 22% of the studies.
Different tools are used for computational optimization that

envelope comprises

work on static and dynamic simulation approaches. For example,
the EnergyPlus optimization engine was used in 54% of studies, and
TRNSYS, Design Builder, IDA IDC, and Rhino were used in 14%,
18%, 4%, and 10% of reviewed CS, respectively.

5 Optimization framework for NZEB
in India

Previous studies have suggested various NZEB design
frameworks for different regions of the world. Piderit et al.
(2019) developed the NZEB framework based on building
performance criteria suited to Chilean climatic conditions and an
expert group discussion of the Chilean and European regions. This
framework provides a dual approach for integrating thermal
comfort, active systems, and internal loads and highlights the
socio-economic feasibility of implementing NZEB in Chile. This
framework’s adaptability is crucial for other regions due to varying
technological and economic capabilities. Harkouss et al. (2018a)
suggested a three-stage flowchart for decision-making in designing,
optimizing, and categorizing NZEB. This framework often focuses
on advanced simulation tools for optimization and ensuring high
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levels of precision and accuracy. However, this European framework
does not involve the impact of uncertainties including weather and
operations on building design and life-cycle performance. Hence,
this framework cannot be adopted in other regions due to different
economic and technological landscapes. Barber and Krarti (2022)
provide a comprehensive framework aligned with an easy-to-use
combined design and a control-oriented optimization toolset for
building professionals to make informed decisions about net-zero
design. This framework focuses on achieving net-zero building
design by optimizing the integrated energy system and peak load
management. Barber and Krarti (2022) do not explain the
capabilities of building simulation tools and the robustness of the
Pareto solution to enable net-zero design. Satola et al. (2021)
presented a framework for net-zero carbon building design in the
tropical climate of developing countries. They discussed the various
regulatory options for implementing net-zero carbon emission
standards into national and local policies. However, this study
mainly pertains to operational energy demand and carbon
emission during the entire life cycle of building and overlooks
socioeconomic performance such as occupant comfort, IAQ, and
life-cycle cost. Ascione et al. (2019) proposed a novel optimization
paradigm using the Harlequin algorithm to consider the comfort,
energy, and economic indicators of NZEB design for the Italian
climate. Similarly, Lan et al. (2019) illustrated a holistic two-step
optimization structure for DM of NZEB design for Singapore.
Cabeza and Chafer (2020) revealed various technological design
options and strategies for carbon-neutral building design.
Meanwhile, little research has focused on NZEB design regarding
the “3Ps” criteria (social, environmental, and economical) of
sustainability. In this study, through an extensive investigation of
previous studies (Table 3 and Supplementary Table S1), a systematic
framework is provided for NZEB development in India. This
framework emphasizes the MOO technique to primarily focus on
the “3Ps” criterion of sustainability. Moreover, it enables computing
a large set of design variables including active, passive, and RE
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FIGURE 7
Optimization framework for net-zero energy building.

parameters, and helps provide the mono solution of NZEB design.
Moreover, this framework discusses the various uncertainties in
assessment for robust building design solutions. It contains four
sequential steps (Figure 7). Step 1 shows the optimization
framework, step 2 discusses the multi-criteria decision-making
(MCDM) approach, step 3 demonstrates the robustness analysis,
and step 4 reveals the grid connectivity to make the NZEB.

5.1 Optimization framework

The optimization framework consists of an optimization setup,
objective functions, and design variables. It investigates the various
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building performance objectives and provides the Pareto optimal
solutions by exploring the wide range of design variables using a
computational algorithmic optimization approach. Multi-objective
optimization processes require two types of input: building
performance matrices (BPM) and decision variable matrices
(DVM). BPMs include challenges such as thermal comfort, visual
comfort, indoor air quality (IAQ), energy efficiency (operational and
embodied), and life cycle cost, which can be investigated
simultaneously due to their iterative relationships. DVMs include
the typical building parameters and energy measures, which can be
explored to identify the optimal combinations without sacrificing
BPM (Fang and Cho, 2019; Ascione et al., 2015). The subsections of
the optimization framework are discussed below.
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5.1.1 Optimization setup.

The optimization workflow hierarchy consists of a collection of
tools, algorithms, and software. The software provides the user
interface to formulate the MOO problem (Hong et al., 2018).
Tools support tracking the problem coupled with an adequate
optimization algorithm to provide the set of mono solutions. In
building design and construction, two optimization search strategies
(EC)
techniques. NEC techniques are primitive practices for the

are used: non-evolutionary (NEC) and evolutionary
building sector in terms of decision-making because of several
pitfalls and user input limitations. The EC technique is a sub-
branch of computational intelligence inspired by natural
evolution (human being as a biological organism; foraging and
social behaviour of swarming and locating food, movement;
pattern of an ant for searching food) (Hajela and Lin, 1992;
Fancello et al,, 2014; Cheung and Lee, 2012). However, several
EC technique-based algorithms are accessible for expert-based
optimization in the construction industry. EC generally integrates
with dynamic energy simulation tools through an iterative
stratagem. Previous studies have reported that various algorithms,
such as deterministic, stochastic, and fuzzy logic, are available to
solve the building associate problem. The stochastic algorithm is
mostly used because probability and statistical methods randomly
select the next calculation step in the expectation process. It has
higher efficiency in solving complex problems (Mahmoud and
Ahmed, 2015; Machairas et al., 2014). Some of the metaheuristic
algorithms used by NZEB for decision-making are described below.

Genetic algorithms (GA) are the most famous evolutionary
algorithm inspired by the Darwin’s theory of survival of the fittest.
This concept was introduced in Holland around the 1960s and
implemented in the 1980s by Schaffer to solve the machine learning
problem. It is the most robust heuristic approach to solving multi-
objective problems, working on the principle of population-based
natural selection phenomena (Holland, 1992; Deb et al., 2002)

Non-dominated sorting genetic algorithm-IT (NSGA-II) was
introduced by Deb with a modified version of NSGA in the 2000s. It
is the most reliable tool for building optimization. In this method,
the initial population of size N is generated through the operations
of selection, crossover, and mutation; in the second phase, the two
parent populations and their offspring populations are combined,
and fast non-dominated sorting is performed (Seshadri, 2006).

Multi-objective particle swarm optimization (MOPSO),
proposed by Moore and Chapman, is characterized by a high
computational  process, excellent  manoeuvrability, and
convergence. The first population archive set is initialized, and
the second non-dominated solutions are calculated and sorted in
the archive. Thence, the velocity and position of the particles are
updated and crowding is calculated. Finally, the non-dominated
solution in the archive is updated (Bai, 2010).

Multi-objective differential evolution (MODE), introduced by
Rainer Storn and Kenneth Price, has the inherent potential for
randomly selecting the optimized population. The initial population
is generated in a Gaussian distribution. Due to the uncertainties in
input parameters, the outliers exceed the distribution, and then
distance matrix relations are used for sorting the outliers and
generating the Pareto solutions (Wang et al., 2014).

Artificial bee colony (ABC) works on the mechanism of an
artificial neural network (ANN) and therefore enhances the
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convergence and computational process of optimization.
Sometimes, disparity in input parameters and user bias mean
that it is unable to meet the objective criteria and Pareto solution
(Yan and Li, 2011; Pernodet et al., 2009).

Octopus is a multi-objective optimization parametric design
algorithm that works on the evolutionary principle. It is used to
design and model the space for rotational daylight distribution, solar
heat gain, and reduced energy intensity with the Grasshopper
plugin. It can automatically adjust variables, generate design
iterations, trigger simulations, and toggle and record solutions

(Dino and quluk, 2017; Besbas et al., 2022; Sun et al., 2020).

5.1.2 Multi-objective optimization tools

Various building energy optimization tools (BEOTs) have been
used in previous research. Table 4 shows the features of optimization
tools used in building design. These BEOTs are classified into
different categories based on their computational mechanisms
(Bingham et al., 2019; Jeong et al., 2019) which are detailed below.

« Simulation-based generic optimization tools, in which the
optimization algorithm is linked with the simulation
engine. It provides the user interface for the external inputs
to accomplish energy optimization. (e.g., Gen-Opt, Opt-E-
Plus, Be-Opt, Design Builder Optimization module) (Abdou
et al., 2021; Chaturvedi et al., 2020; Rabani et al., 2020; Salata
et al, 2020; D’Agostino et al, 2019; Ferrara et al, 2018;
Carlucci et al., 2015).

Congenital optimization tools are used to perform energy

simulation and data analysis. They have their own
optimization engines through which users can choose any
optimization algorithm. (e.g., JE Plus +EA, Grasshopper,
MOBO, ENEROPT, MultiOpt) (Chaturvedi et al., 2024b;
Kamazani and Dixit, 2023; Benincd et al., 2023; Xu et al.,
2021; Rezaee et al., 2021; Zhao and Du, 2020; Lan et al., 2019;
Bhandari and Sundaram, 2019; Bamdad et al., 2018)

o Customized tools can be used to optimize any objective
function written in several programming languages, and
they can be integrated with any energy simulation tool.
(e.g., Fortran, C++, C, Visual Basic in Microsoft Excel)
(Jung et al., 2021; Giouri et al., 2020; Bui et al., 2020; Kang
et al., 2018).

A number of energy performance simulation engines available,
such as Energy Plus, TRNSYS, eQuest, IDA-ICE ESP-r, BLAST, and
HVAC-SIM, work on dynamic and static modelling approaches.
Table 5 shows the available building simulation engines and their
modelling features that support the optimization tools. The US
Department of Energy developed EnergyPlus. It is an open-source
platform, and users can provide text-based inputs and outputs coupled
with external software such as “design-builder”. TRNSYS is the second
most popular and user-friendly software. It was developed by the
University of Wisconsin Madison (United States). It is a transient-
based simulation tool and provides the flexibility to demonstrate
different configurations. DOE-2 was developed in Lawrance Barkeley
national laboratory in California and eQUEST was developed by
IDA-ICE and
graphical modelling tools such as Open Studio, SketchUp, and Revit,

energy-model.com San  Francisco. some other

are also available to compute the optimization process.
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TABLE 4 List of available optimization tools and their features.

Open-source Optimization User interface Parametric simulation Parallel computation

MATLAB v v v 4
Gen-Opt 4 v 4 4
MOBO v v v 4
TRNOPT 4 v

Rhino grasshopper v v v v v
Opt-E-Plus v v v v
Be-Opt v v v v

TABLE 5 List of building simulation software and their modelling features (Cl, completely implemented; PI, partially implemented; Ol, optionally
implemented; NI, not implemented) (Harish and Kumar, 2016; Crawley et al., 2008).

Modelling feature TRNSYS ESP-R Energy plus IDA-ICE eQUEST
Simulation CI CI CI CI CI
MOO CI CI CI CI NI
Parametric simulation CI PI CI PI o1
Tools coupled CI CI CI CI NI
HVAC modelling CI CI CI CI PI
Daylight modelling PI PI PI PI NI
Solar gain/shading analysis CI PI CI CI PI
Natural ventilation CI NI CI CI PI
Weather data CI CI CI CI PI
LCA PI OI PI PI NI
Mathematical model CI NI NI NI NI
Emission modelling (@) NI CI OI NI
ANN support CI PI CI PI NI
5.1.3 Building performance objectives categorized into four parts: passive parameters, energy efficiency

NZEB is concerned with a number of building performance  measures, renewable energy sources, and building control
objective scenarios that are closely linked to social, environmental,  systems (Table 6).
and economic building behaviour. Social criteria are mapped as
thermal comfort by natural ventilation, visual comfort through
natural contact, and indoor air quality by maintaining an indoor 5.2 Multi-criteria decision making
environment. Environmental criteria encompass energy efficiency
by installing efficient lighting, HVAC, and appliances and by Multi-optimization runs multiple input data sets in real time and
reducing GHG emissions by adopting sustainable materials.  provides the set of mono solutions. The MCDM technique is used to
Economic criteria focus on reducing the building life cycle cost  identify the optimal Pareto solution using a defined objective
(LCC) (Supplementary Figure S3). function with a trade-off. Therefore, various methods can be
We deeply analysed these case studies and identified various  applied to solve the trade-off problem in MOO. The most
factors that affect the building performance objectives based on ~ common are aggregating and outranking methods. Aggregating
sustainability criteria (Figure 8. The dominance and impact of these ~ methods include the weighted sum method, £-constraint method,
parameters on building performance and energy modelling depend ~ weighted matric method, and analytical hierarchical process (AHP).
on climatic conditions. In this category, the user assigns the weight to each objective
function. Outranking works on the principles of concordance
5.1.4 Design variables and discordance. It compresses the solutions into a binary
Case studies that were investigated reveal that the DM for NZEB  outranking relationship and includes elimination and choice
explored a wide range of design variables. These variables are  expressing reality (ELECTRE), preference ranking organization
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Identified parameters that affect the social, environmental, and economic criteria of sustainability.

TABLE 6 List of design variables for optimization.

Design variable  Category Technologies

Passive design Building geometry

Form, orientation, shape, volume, and aspect ratio

Advance envelope Wall, roof material thermal properties (conductivity
specific heat gain, solar absorbance, and density), thermal
insulation, thermal mass, reflective/green roof, static and
dynamic shading configuration (overhang depth and projection
angle), and airtightness

Openings Advance glazing system, window-to-wall ratio, thermophysical properties of glazing (visual light
transmittance, solar heat gain coefficient, and conductivity), natural ventilation, internal and external
design configuration, (windowsill height, louvers depth, distance between slits, slit angle, external shade
depth, and shade slits) count, and light shelves

Energy efficiency Heating, ventilating, and air-conditioning | Mixed-mode ventilation, type of cooling and heating system, air source heat pump, ground source heat
measures (HVAC) pump, mechanical ventilation, and heat recovery system

Lighting Efficient lighting, LEDs

Appliances Low energy star rating appliances, domestic and kitchen appliances, and internet of things (IoT)
Renewable energy sources Solar photovoltaic (PV), fuel cell, hybrid solar energy PV-thermal (PV/T), building integrated PV

(BIPV), biomass, wind generation, and micro combined solar wind generation

Building control systems Lighting sensor, occupancy sensor, building operation control, and monitoring

method for enrichment of evaluation (PROMETHEE), technique
for order of preference by similarity to ideal solution (TOPSIS), and
Benson’s method. Some of these are described as below:

o Weighted sum method, in which each objective function is
mapped with its assigned weight. This strategy has the
potential to solve convex problems with the desired Pareto
solution. However, it cannot provide a well-distributed set of
solutions due to the non-linear relationships between variables
and their weights (Delgarm et al., 2016).
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o £-constraint method has the potential to generate different

Pareto solutions for convex and non-convex types of problems
by changing the £ value. It depends on the minimum and
maximum values of the individual parameters (Gossard
et al., 2013).

Weighted matrix method is applicable to both convex and
non-convex problems. It has special characteristics for solving
the conjunctive and reciprocal behaviours of objective
functions (Nguyen et al., 2014; Mekhilef et al., 2011; Marler
and Arora, 2010; Xu et al., 2020).
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« Elimination and choice expressing the reality (ELECTRE-III)
was introduced by Roy. It works on the accordance/
discordance principle and compares solutions using binary
outranking relationships (Marzouk, 2011).

5.3 Robustness/sensitivity analysis

Robustness analysis focuses on the robustness of the optimal
Pareto solutions. Sensitivity analysis is used to identify the most
influential design parameters affecting the building energy model
and behaviour. Methods such as partial rank correlation coefficient
(PRCC), standardized rank correlation coefficient (SRRC), and the
Morris method are widely used for sensitivity analysis. Uncertainty
analysis focuses on identifying and integrating uncertain variables
such as environmental conditions, occupant behaviour, envelope,
energy price, utility price, and life cycle costs that inherently show an
impact on building life cycle performance. Research has found two
types of uncertainty: aleatory and epistemic. Aleatory uncertainty,
often known as “statistical uncertainty”, refers to the inherent
uncertainty caused by probabilistic variability. This aleatory
uncertainty is irreducible, and it is typically represented by a
probability distribution. Epistemic uncertainty is caused by a lack
of knowledge, such as a lack of comprehensive knowledge of the
underlying processes, limited knowledge of the phenomena, or an
inaccurate assessment of the related parameters and their behaviour.
Two approaches are commonly used to analyse uncertainty:
probabilistic and non-probabilistic. The probabilistic approach
includes methods such as Monte Carlo, adaptive sequential,
perturbation, eigenvector dimension reduction, active subspace,
and polynomial chaos expansion. The non-probabilistic approach
includes methods such as interval analysis, convexity, fuzzy theory,
and possibility theory (Tian, 2013; Acar et al, 2021; Pang
et al., 2020).

5.4 Net zero approach

This final step illustrates the category of net-zero energy
buildings according to balance type grid connectivity.

o If a building’s annual generation is greater than its annual
consumption, it falls under net-positive buildings.

« If annual generation is equal to a building’s annual operation
energy demand, this is considered a balanced NZEB.

6 Conclusion and future
research direction

6.1 Conclusion

This paper demonstrates the potential of a multivariate
optimization approach for decision-making and the suitability
and usability of the Pareto solution compared to exhaustive
NZEB approaches.
primary case studies, and critically analysed and summarized

It identified and synthesized relevant

them in textual and tabular format. This review has focused
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specifically on climate-adaptive net-zero buildings designed to
reduce the global earth temperature, achieve net-zero emissions,
and meet 100% of their energy demand with renewable energy by
2050. In several climatic regions of India, there are no guidelines
and standards available for net-zero designs in any building
typology. This review suggests a multi-objective optimization-
based methodological framework for NZEB. The framework
contains four hierarchical steps: optimization framework, multi-
criteria decision-making, robustness assessment, and net zero
approaches. This framework can help designers, stockholders,
policymakers, and building industry experts in decision-making
in the design, refurbishment, and renovation of high-performance
and net-zero energy buildings. This paper summarizes the social,
environmental, and economic criteria of building performance
objectives and their trade-offs. Furthermore, it identifies and
emphasizes passive design, HVAC systems, lighting, and
renewable energy parameter accounting as decision variables
and illustrates their impact on occupant comfort, building
performance, and energy models. Moreover, it suggests that
algorithm-coupled MOO can various

compute building

uncertainties and their impact on building performance objectives.

6.2 Future research direction

This review has certain limitations, and future research is
needed. As discussed above, NZEB design is a complex structure
that focuses on the integration and optimization of various design
and operational strategies. India has a diverse range of climatic
boundaries, so it is crucial to optimize uncertain parameters such as
weather, occupants, and operations to satisfy building performance
objectives. Future research should thus focus on the development of
a more robust framework and their experimental validation with
actual scenarios to improve reliability.

The proposed framework in this study employed existing
algorithms to solve the architectural problem and DM of NZEB
design. However, optimizing the large set of design variables, control
parameters, and advanced energy systems in real-time, along with
evaluating on-site RE generation and storage while reducing grid
dependency, is crucial. Hence, a novel hybrid nature-inspired or
physics-based metaheuristic optimization algorithm is needed that
enables informed decisions for NZEB design. Moreover, the design
of an advanced computational package for predictive analytics and
the real-time optimization of building energy systems could be
beneficial for future NZEB research.

Policy and regulatory frameworks are essential for adopting and
implementing NZEB in India. Therefore, an advanced framework
along with a user-friendly graphical user interface (GUI) to integrate
energy codes and standards is essential to facilitate the architects,
designers, and policymakers of NZEB development.

7 Potential challenge and suggestion

In addition to suggesting the NZEB design framework in India,

the authors critically analyse the potential challenges of
implementing the proposed net-zero framework and highlight

the corresponding solutions to address them.
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7.1 Financial challenges

The high upfront cost of high-performance building
HVAC the
installation of on-site RE generation and storage systems has a
substantial impact on occupants and stakeholders. Additionally,

materials, advanced lighting, systems, and

the adoption of the proposed framework for NZEB design in
realistic scenarios becomes challenging and expensive due to the
longer payback period, high investment costs, poor economy, and
market. Thus, government subsidies and incentives can help
compensate for the financial burden. Developing cost-effective
strategies such as additional floor-to-area ratio (FAR) not only
encourages stockholders but also reduces operational cost and
energy savings, thus contributing to achieving India’s net
zero target.

7.2 Technical challenges

Technical challenges include the lack of advanced building
material inventory, efficient technology, and the integration of
hybrid energy sources. Additionally, the absence of advanced
building simulation tools to perform multivariate optimization,
accurate and comprehensive information regarding building
energy models, and expertise and specialized skills further
complicate the implementation. Thus, enforcing research in the
development of advanced optimization computational packages and
innovative cutting-edge research in net zero building solutions will
ensure the implementation of the NZEB framework. Moreover,
conducting a training program and hands-on experience in
advanced building tools for architects and designers to build
technical proficiency will ensure the integral adoption of
NZEB practices.

7.3 Social and institutional challenges

Significant challenges in the widespread adoption of the NZEB
framework rise from the deficiency in unified benchmarking criteria
aligned with net-zero energy codes and standards, the absence of
policies, guidelines, and regulations for NZEB design construction,
and the lack of awareness and understanding about net zero among
the stakeholders and occupants. Thus, a comprehensive regulatory
mechanism, a stringent building energy code, and ensuring their
practical implementation and enforcement can lead NZEB
development.
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