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Abstract: Buildings contribute to greenhouse gas emissions that cause environmental impacts on
climate change. Net Zero Energy (NZ) buildings would reduce greenhouse gases. The current
definition of NZ lacks consensus and has created uncertainties, which cause delays in the adoption
of NZ. This paper proposes a Process for Clarification to Accelerate the Net Zero (PC-A-NZ) through
three integrated steps: variations, strategies, and requirements. We expand on the results in published
NZ literature to clarify the differences in definition and strategy. The objective of this review is to
(1) distinguish current variable parameters that are slowing the acceptance of NZ, and (2) focus the
discussion internationally on moving faster toward applying NZ to a larger common agreement.
The publications of global NZ target assessment and energy efficient strategies will be reviewed
to address the main requirements in expediting NZ’s successful progress. Our NZ review analysis
highlights (1) how the existing NZ definitions and criteria differ, (2) how calculation strategies vary,
and (3) how standards and requirements are often localized. The proposed PC-A-NZ will help
policymakers and stakeholders to re-evaluate the existing definitions, standards, and requirements to
optimize the use of renewable technologies, improved energy efficiency and electrification to speed
up achieving the NZ targets. Definition: There are multiple NZ definitions that vary in source and
supply requirement, timescale, emission source, and grid connection.

Keywords: climate action target; net zero energy building; net zero variation; energy efficiency
strategy; electrification; renewable energy; decarbonization; net zero standard

1. Introduction

Net zero energy (NZ) is an increasingly important topic to the environment and
climate change mitigations. According to the United Nations (UN) [1], the global pop-
ulation is predicted to increase to 8.5 billion by 2030 and reach 9.7 billion by 2100. This
increasing population and continued use of non-renewable resources have caused severe
environmental impacts on the climate [2–4]. The World Health Organization (WHO) [5],
reported that “air pollution kills an estimated seven million people worldwide every year.”
In 2015, the Paris Agreement [6] raised an international effort toward climate mitigations,
where 197 countries, including the three largest emitters of the world, China, the United
States (US), and the European Union (EU) have released climate action targets to become
carbon neutral [7–12]. In the US, 33 states have adopted the Paris Agreement and some
states, including New York and California, released carbon-neutral, NZ, or Net Zero Energy
Building (NZB) projects, as the primary solution to their greenhouse gas (GHG) reduction
targets by 2050 [13]. The Department of General Services [14] in California State considers
NZ as “a strategy with tactical approach towards achieving the GHG reduction goal or a
zero carbon [15].” A variety of technologies, standards, and strategies have been published
for buildings to achieve NZ, including improved energy efficiency, fuel source shift, and
on-site power generation [14,16–23]. The European Climate Foundation [24] presented
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that, despite “the urgency to decarbonize Europe’s buildings, the sector is not currently on
a trajectory to zero greenhouse gas emissions by 2050,” and emphasized that the current
policies are inadequate to meet the target [24]. It was reported that “under current poli-
cies, annual emissions from residential buildings will decrease by only 30% by 2050” [25].
Vasquez et al. [26] claimed that the NZ regulations were sufficient for achieving 20% energy
efficiency by 2020, which is inadequate to meet the 2050 energy and carbon dioxide (CO2)
emission reduction targets.

The US and EU have committed to becoming carbon neutral by 2050, and China
pledged for achieving the 100% NZ emission target before 2060 [9,12,27,28]. To achieve
these goals, the current NZ regulations need to be clarified. Competing definitions from
worldwide organizations with various calculation methods created uncertainties in defin-
ing a project NZ. Williams et al. [29] noted that “there are in excess of 70 low or zero
energy/carbon building definitions/standards in circulation around the world. However,
there are few zero energy or zero carbon buildings.” The authors stated that “despite, or
possibly because of, a continuing debate over definitions, aspiration has not been met by
reality” [29]. Harkouss et al. [30] were concerned that “there is no common definition for
NZEBs”, and stated that “the definition depends completely on the purpose intended by
the designer [30].”

Torcellini et al. [31] categorized the main variations in NZ into four definitions: NZ
source energy, NZ site energy, NZ energy emissions, and NZ energy costs. The definitions
were influenced by the national energy concerns on primary energy sources, designers’
interest in site energy regarding the energy code requirements, climate concerns on CO2
emission reductions, and stakeholders’ desires on cost savings [31]. NZ concepts were
analyzed to address the need for a common and clear definition, and its impact on achieving
the targets [31]. The result from applying each definition to a set of selected low-energy
buildings highlighted (1) the impact of each NZ definition on the design, and (2) the large
variations in NZ definitions [31].

This review reports the current variations in the NZ concept as the main cause of
uncertainty, thus a barrier for achieving the targets. Current NZ literature underlined
the necessity of clarifying the NZ concept and energy analysis strategies, before further
implementation, shown in Table 1.

Table 1. Limitations in NZ concept.

References Year Citations on NZ Clarification

Torcellini et al. [31] 2006 Despite the excitement over the phrase ‘zero energy,’ we lack a common definition,
or even a common understanding, of what it means.

Crawley et al. [32] 2009

Broad definition leaves plenty of room for interpretation—and for
misunderstanding among the owners, architects, and other players in an NZEB
project. Agreeing to a common definition of NZEB boundaries and metrics is

essential to developing design goals and strategies.

Marszasl et al. [33,34] 2011
Before being fully implemented in the national building codes and international

standards, the ZEB concept requires clear and consistent definition and a commonly
agreed energy calculation methodology.

Deng et al. [35] 2014 As for the definition of a NZEB, until now there is no consensus on a common
expression, which can be satisfied by all participators in this research field.

Peterson et al. [36] 2015 Definitions differ from region to region and from organization to organization,
leading to confusion and uncertainty around what constitutes a ZEB.

Lu et al. [37] 2017 There is no exact approach at present for the design and control of buildings to
achieve the nearly/net zero energy target.

Wells et al. [38] 2018

The NZEB concept lacks a holistic, quantifiable and widely accepted definition.
Some of the risks associated with a lack of a common definition are that NZEBs

could be poorly executed and risk becoming a status symbol for building owners
rather than a practical goal in alleviating environmental, social or ethical issues.
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Table 1. Cont.

References Year Citations on NZ Clarification

Attia [39] 2018

Without a clear and consensus-based national NZEB definition, we cannot achieve
environmental targets to reduce greenhouse gas (GHG) emissions from buildings.

Definitions are essential to benchmark NZEB performance and be able to push
building codes while training designers and workers and perform appropriate

monitoring for different building types.

Wei et al. [40] 2021 There is a lack of systematic literature review focused on recent progress in
residential NZEBs.

Black et al. [27] 2021

Entities should be clear about what they are pledging—which greenhouse gases, on
what timescale, with what use of offsets. An entity that has not published these

essential details cannot reap any of the benefits of declaring a predictable path to net
zero, such as sending an unequivocal signal to investors, nor can it expect every

observer to take its commitment seriously.

Studying the current comprehensive NZ literature, this paper proposes a Process for
Clarification to Accelerate Net Zero (PC-A-NZ) through three steps: variations, strategies,
and requirements. Clarifying the ambiguity of the current concept, and thus the existing
calculated methodologies before further development of the NZ is highlighted. We expand
on the existing NZ literature to address the variations in definition and strategy from the
commonly used NZ developments and the potential requirements to clarity the NZ and
enhance its acceptance. The PC-A-NZ is a process to re-evaluate how to improve or modify
what has been done on NZ by presenting three flowcharts.

This review covers (1) background on the Paris Agreement and climate action targets;
(2) current NZ definition variations and uncertainties; (3) existing NZ reviews from peer-
reviewed publications; (4) different metrics in NZ requirements; (5) global NZ target
assessments; (6) energy efficient strategies; and (7) results and recommendations.

2. Climate Action and Net Zero Targets

In 2015, 197 countries adopted the Paris Agreement [6] to reduce their GHG emissions
and limit the global temperature rise from 2 ◦C to 1.5 ◦C [41]. The Intergovernmental Panel
on Climate Change (IPCC) Special Report on Global Warming of 1.5 ◦C [42] simplified the
required actions to take by the governments to achieve their emission reduction pledge.
A report by the Energy and Climate Intelligence and Oxford Net Zero (ECIU-Oxford
NZ) [27] presented IPCC’s timescale in achieving 45% CO2 emission reduction by 2030 and
becoming NZ CO2 emission by 2050 (from 2010 level) globally. IPCC’s timescale provides
a 50% chance of keeping global warming below 1.5 ◦C [43]. Currently, 121 countries
released climate action targets to become NZ or carbon neutral along with 509 cities, and
2163 companies [44].

3. Net Zero Definitions and Uncertainties

The European Performance of Buildings Directive (EPBD) [45] requires all new build-
ings from 2021 to become nearly NZ, defined it as “Nearly Zero-Energy Building (NZEB)—a
building that has a very high energy performance, as determined in accordance with ‘An-
nex I’.” The EPBD’s Annex I emphasizes HVAC systems, sensitivities of climate, and
orientation of the buildings [38,45]. EPBD stated that “the nearly zero or very low amount
of energy required should be covered to a very significant extent from renewable sources,
including sources produced on-site or nearby” [45]. The Federation of European Heat-
ing, Ventilation and Air-conditioning Associations (REHVA) [46] defined nearly NZBs
as “nZEB—a grid connected building with very high energy performance”, where nZEB
“balances its primary energy use so that the primary energy feed-in to the grid or other
energy network equals to the primary energy delivered to nZEB from energy networks.”
According to REHVA [46], “annual balance of 0 kWh/(m2 a) primary energy use typically
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leads to the situation where significant amount of the on-site energy generation will be
exchanged with the grid.”

The US Department of Energy (DOE) [36] released a standard definition for NZBs as
“Zero Energy Building (ZEB)—an energy-efficient building where, on a source energy basis,
the actual annual delivered energy is less than or equal to the onsite renewable exported
energy.” A list of key terms defined by the DOE is shown in Table 2.

Table 2. DOE’s key terms definition in NZ standard release (2015).

DOE, 2015 [36] Key Terms Definition in NZ Energy by DOE

Delivered energy Any type of energy that could be bought or sold for use as building energy.

Building site Building and the area on which a building is located where energy is used and produced.

Site boundary Line that marks the limits of the building site(s) across which delivered energy and exported
energy are measured.

Site energy/building energy Energy consumed at the building site as measured at the site boundary.

Source energy
Site energy plus the energy consumed in the extraction, processing and transport of primary fuels
such as coal, oil, and natural gas; energy losses in thermal combustion in power generation plants;

and energy losses in transmission and distribution to the building site.

Renewable energy Energy resources that are naturally replenishing but flow-limited, and include biomass, hydro,
geothermal, solar, wind, ocean thermal, wave action and tidal action.

On-site renewable energy Includes any renewable energy collected and generated within the site boundary that is used for
building energy and the excess renewable energy could be exported outside the site boundary.

Exported energy On-site renewable energy supplied through the site boundary and used outside the site boundary.

According to the International Living Future Institute (ILFI) [47], NZB is defined as
“NZEB—one hundred percent of the building’s energy needs on a net annual basis must be
supplied by on-site renewable energy. No combustion is allowed.” The US Environmental
Protection Agency (EPA) [48] defined NZB as “Net Zero Energy (NZE)—producing, from
renewable resources, as much energy on-site as is used over the course of a year.” The New
Buildings Institute (NBI) [49] defined NZB as “Zero Energy (ZE)—buildings, or groups of
buildings, with greatly reduced energy loads such that, totaled over a year, 100% or more of
the energy use can be met with renewable energy generation.” The Department of General
Services (DGS) in California [50] issued NZ definition for buildings as “Zero Net Energy
Building (ZNEB)—an energy-efficient building where, on a source energy basis, the actual
annual consumed energy is less than or equal to the on-site renewable generated energy.”

The existing definitions declared variations, mainly in supply and source requirements.
According to ASHRAE [51], a single definition is necessary to determine “if a building can
be universally considered as being an NZEB.” ASHRAE noted that the only way to count a
building NZB is “to look at the energy crossing the boundary” [51]. To estimate the source,
emission, and cost in NZ definitions, conservation coefficients are required for the metric
of interest [30,51]. Due to the complexity of assessing coefficients, ASHRAE along with the
US Green Building Council (USGBC), the American Institute of Architects (AIA), and the
Illumination Engineering Society of North America (IESNA) agreed to adapt site energy
measures in defining their NZB [51]. ASHRAE defined NZB as “NZEB—as much energy
collect from renewable sources as the building uses on an annual basis while maintaining
an acceptable level of service and functionality,” where “buildings can exchange energy
with the power grid as long as the net energy balance is zero on an annual basis [51].”

4. Existing Review Publications on Net Zero Variations

Four types of variations, including definitions, calculation methodologies and tools,
climate zones, and energy load balance extrapolated from the existing NZ reviews [22,26,29–
38,40,45–47,49,51–72] shown in Table 3, are summarized below:
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Table 3. A comprehensive literature list on NZ variations and uncertainties.

Reference Def. Calc. Method
Tools

Climate
Zones

Load-
Balance NZ Analysis NZ Limitations NZ Recommendation NZ Future Study

Torcellini et al., 2006 [31] 3 3
Definitions and
building design

Lack a common
understanding Consistency

Crawley et al., 2009 [32] 3
Lack a common
understanding

Clarification on source
requirements

-Community and campus
-Energy storage

Marszal et al., 2011 [34] 3 3

Key parameter
variations in
definitions

-Lack a clear definition
-Lack a common energy
methodology
-Lack a requirement

-Fixed value for max
allowed energy use
-Indoor air
requirements

-Economic analyses and
Life Cycle Cost (LCC)
-Renovation of existing
buildings

Mlecnik et al., 2011 [52] 3

Lack a common
international concept

and standardized
method

Sartori et al., 2012 [63] 3 3
Load matching and

grid interactions

-Lack an internationally
common definition
-Insufficiency of annual
balance regarding the
energy grid analyses

-Mandating energy
efficiency and energy
supply requirements
-Measured rating in
NZ targets

Hourly time resolution
data to address energy
price fluctuations and

peak loads

Attia et al., 2013 [54] 3 3
Optimization of NZB

performance

Uncertainty,
computation time, and

complexity of the model

Improved methodology,
visualization, and
standardized costs

Berggren et al., 2013 [60] 3

Life Cycle Energy
(LCE) analysis of
embodied energy

-Lack of embodied
energy requirements
-Lack of a standard
method for LCE
-Lack a common
national database for
building materials

-Set a requirement to
include embodied
energy in buildings
-Preform embodied
energy analysis on
structural elements

-Accepting and utilizing
the total LCE analysis in
building design
-Using low embodied
energy insulation material
in new construction
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Table 3. Cont.

Reference Def. Calc. Method
Tools

Climate
Zones

Load-
Balance NZ Analysis NZ Limitations NZ Recommendation NZ Future Study

Deng et al., 2014 [35] 3 3 3

Life Cycle Assessment
(LCA) and its role in

defining NZ
Load Match (LM),

Grid Interaction (GI),
and energy storage

-Lack of comprehensive
review on evaluation
energy and
environmental impact
-Uncertainty on
definition and method

-Clarifying NZ and
energy efficiency
measures
-Including LCA
application in NZB
verifications

-LCA application in NZB
and the updates
-Developing evaluation
indicator for LM and GI
-Standard NZ evaluation
process

Peterson et al., 2015 [36] 3 3 3

Energy measurements
and source energy

calculations

Lack a commonly
accepted definition and

calculation methods

Annual delivered
energy to be less or
equal to the on-site
renewable exported

energy

Harkouss et al., 2018 [30] 3 3 3 3

A comprehensive
literature on design,
optimization, and

classification

-Lack a common
definition
-Purpose-based on the
existing NZ definitions

-Demand reductions
-Energy efficiency
-Renewable
productions

Maintenance of existing
NZBs with integrating

energy-efficient
technologies

Koutra et al., 2018 [70] 3

Sustainable planning
model with NZ

character

Limited evaluation
literature and

optimization method at
the district level

Optimize urban strategic
planning

Wells et al., 2018 [38] 3 3 3

-Comprehensive
literature on
low-energy buildings
and NZ
-Why current
buildings are not NZ?

-Ambiguity of NZ
-Poorly execution for the
building owners
-Energy demand
unpredictability

-Existing buildings
-Occupant behavior
-Renewables
-Energy storage
technologies

-Update demand
regulations to meet the
2050 NZ targets
-Building code with a
higher compliance

Feng et al., 2019 [66] 3 3 3

Energy performance
of case studies in hot
and humid climates

-Lack of NZ policies
-Lack of energy
efficiency requirements

Passive strategies,
energy-efficient

systems, and
renewable sources

Documentation of NZBs’
best practices
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Table 3. Cont.

Reference Def. Calc. Method
Tools

Climate
Zones

Load-
Balance NZ Analysis NZ Limitations NZ Recommendation NZ Future Study

Gupta et al., 2019 [68] 3 3
Literature on NZ

concepts

A small number of
NZBs that are highly

energy efficient

Use of solar source for
energy savings and

cost-efficiency

Wimbadi et al., 2020 [58] 3 3

Systematic Literature
Review (SLR) method

for data collection

Lack of consensus
concept on climate

change mitigation and
decarbonization

Clarifying visions and
approach to achieve it

Expansion of current CO2
reduction factors toward

NZ to different
geographic contexts

Wei and Skye 2021 [40] 3 3

Literature on
successful residential
NZBs (last 10 years)

Lack of schematic
literature review on
recent progress in
residential NZBs

-Set of technologies
and building
parameters based on
local specifications
-Annual performance
simulations for design
comparisons

Impact of technology
advancement and energy

performance on
economic factors
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1. Definition: There are multiple NZ definitions that vary in source and supply require-
ment, timescale, emission source, and grid connection.

2. Calculation Methodologies and Tools: Different definitions create various strategies
that demand different measured ratios and calculated method tools.

3. Climate Zones: Climate affects energy consumption patterns and the use of renewable
technologies. The NZ codes and standards need to be adaptable to include worldwide
climate zones, including cold, hot–humid, and hot–dry.

4. Energy balance: When energy supply meets the demand, which can be identified
as load–generation balance or import–export balance. The parameters, including
renewable sources, period, energy type, indoor comfort, load matching and grid
interactions, energy infrastructure, and energy efficiency vary in different definitions.

Table 3 presents previous NZ review publications on these four variations and sum-
marizes (1) NZ analysis, the key investigation; (2) NZ limitations, main cause of current
uncertainties; (3) NZ recommendations, required clarifications; and (4) NZ future studies,
potential solutions to achieve NZ targets.

Selected papers from Table 3 reviewed different concepts, strategies, and recom-
mended solutions toward clarifying NZ. Each review highlighted different categories that
contribute to current NZ variation, which are summarized below.

4.1. Marszal et al. in 2011, NZ Variation Parameters

This study reviewed the NZ topics and proposed the adaptation of a “common and
unambiguous” definition as well as calculation methodologies in analyzing the energy
balance [34]. The main differences in current NZ definitions were recognized as a lack of
agreements in:

1. Metrics (primary energy, CO2 emissions, exergy [64], cost);
2. Timescale (annual, monthly, hourly);
3. Energy types (cooling, heating, embodied energy);
4. Balance types in grid-connected NZBs;
5. Renewable energy supply alternatives (on-site or off-site);
6. Energy infrastructure connections (on-grid or off-grid);
7. Requirements (energy efficiency measures, indoor climate, comfort, grid interactions).

Marszal et al. [34] emphasized deliberating the mentioned issues before further devel-
opment of NZBs.

4.2. Sartori et al. in 2012, NZ Energy Balance Concept and Requirements

The cause for the existing NZ variations at the international level was presented due to
each country’s specific conditions and different political targets [63]. Sartori et al. proposed
a consistent framework as a set of adaptable NZ characteristics for different regions. The
main variation criteria were recognized as balancing energy demand and supply, which
was suggested to be verified at:

1. Building boundary (physical, balance, conditions);
2. Weighting system (metrics, symmetry energy carrier, time);
3. NZB balance (period, type, energy efficiency, energy supply);
4. Temporal energy match (load matching, grid interaction);
5. Measurement and verification [63].

Sartori et al. prioritized the importance of energy efficiency and renewable supply
in achieving NZ targets and recommended enforcing minimum requirements for these
parameters in NZ definition. The authors also suggested including measured rating,
operational energy use, and boundary condition specifications (comfort, climate, occupancy,
and period) in defining NZB [63].
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4.3. Harkouss et al. in 2018, NZ Design, Optimization, Classification

A comprehensive NZ review was conducted on definitions, measured ratios, opti-
mization strategies, and climate zones [30]. A lack of a global NZ definition that covers all
the mentioned concepts and the limited number of literature in existing NZ energy perfor-
mance buildings were presented [30]. The most common definition from the literature was
summarized as “a building with considerably low energy demands which are assured by
both: the grid and site RE resources in an annual balance that is at least zero or in favor of
the RE,” where RE is an acronym for renewable energy [30]. The authors recommended
demand reduction strategies, energy efficient systems, and renewable energy generations
as key solutions to achieve NZ targets [30]. Harkouss et al. emphasized the importance
of energy optimization methods in providing solutions for different objectives, including
energy (saving, thermal loads, renewables); environment (CO2 emissions); and economy
(investment cost, life cycle cost) [30].

4.4. Wells et al. in 2018, Common NZ Limitations

This paper reviewed case studies that meet NZ targets through different definitions
and strategies [38]. Two factors were found in common in most cases: the use of renewable
technologies and energy efficiency measures. The embodied energy, as the main factor in
building material, and transport energy were ignored from most of the definitions [38].
Wells et al. raised the question of “what is required to ensure that every building is a
NZEB?” The authors presented the current limitations in NZ due to the lack of agreements
on a universal definition; energy efficiency standard; governmental NZ documentation;
manufacturing energy usage; and economic feasibility validation. Well et al. recom-
mended policies with stronger building codes to promote and ensure a higher level of
compliance [38].

4.5. Feng et al. in 2019, High Performance Net Zero Building (NZB) Analyses

The authors investigated 34 worldwide NZB cases, and the result recommended
the integration of passive design, energy efficient systems, and renewable technologies
as primary NZ solutions in hot and humid climates in developing countries [66]. The
reason for lacking NZBs in these areas was presented as the high initial investment costs
and payback periods. Passive strategies were suggested as a cost-effective solution to
the economic barriers [66]. Feng et al. used the ASHRAE 90.1-2016 standard’s energy
intensity for climate zone 1 to analyze the energy performance of middle-size office NZB
cases. The result for some of the NZBs showed a higher energy intensity rate than the
ASHRAE 90.1-2016 standard. It was concluded that NZBs are not necessarily high energy
performance. Buildings can become NZ by providing ample on-site renewable energy, even
without severe energy efficiency measure requirements [66]. Feng et al. recommended
the adaptation of NZB’s advanced technology based on the buildings’ local codes and
standards; incentives to alleviate the high initial cost; documentation of occupant comfort
and air quality; and publication of successful governmental NZBs.

4.6. Results from Current Net Zero Review Studies

Previous reviews highlighted key barriers in achieving the NZ targets including
(1) lack of consensus in the existing NZ definitions and strategies; (2) lack of consistent
standard and code requirements in different regions; and (3) lack of recent documented
reports to track the progress on NZ cases. These barriers need to be addressed, otherwise
they create uncertainties and cause delays in actions. This paper emphasized the need
to clarify and update the NZ to include all the current concepts and requirements with
adaptable codes and standards.
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5. Assessment of Global Net Zero Targets
5.1. International Energy Agency (IEA) in 2020, Analysis of Global NZE2050

The analysis provided the requirements for the next 10 years (2019–2030) to be on a
pathway of NZ CO2 emissions by 2050 globally (NZE2050) [73]. In the NZE2050 analysis,
IEA addressed the required level of investments and implementation of clean energy
technologies, and fuel mix to track the process of CO2 emission reduction by 2030 and NZ
emission by 2050 [73]. With consideration of the impact of the COVID-19 pandemic on
behavior changes, IEA reported the result from the NZE2050 analysis as follows:

1. A 17% reduction in primary energy demand and a 15% reduction in total final energy
use between 2019 to 2030 (from 2006 level), due to the application of electrification,
improved efficiency, and behavior changes.

2. A 60% CO2 emission reduction from the power sector, mainly based on the increased
share of renewable sources in electricity supply globally.

3. A 33% CO2 emission reductions from end-uses through retrofitting “existing buildings
in advanced economies,” where both the number of retrofits and the achieved savings
from each retrofit needed to be increased. The retrofits were supposed to be improved
enough to make the buildings NZ or near NZ emission by 2022 through highly
insulated floors, walls, and ceilings; triple or double glazing windows; and passive
heating and cooling alternatives [74]. IEA noted that energy retrofit causes a 50%
reduction in heating energy demand and lowers the need for cooling [73].

4. Triple investment levels in the power sector from $760 billion in 2019 to $2.2 trillion
in 2030, which is considered the largest investment in renewables in history [73]. IEA
reported a $3 trillion required investment in clean energy technologies over the next
three years. This investment was projected to enhance the economic recovery, create
more jobs, and provide significant structural emission reductions globally [73].

By August 2020, 125 countries announced NZ emission targets [73]. The targets
varied in scope and timescale. Most timescales were set to meet the targets in 2050, and
some in 2030. GHG considerations also varied in different regions with including all
GHG versus only CO2 emission reduction in defining the NZ targets. With analyzing the
current NZ commitments, IEA recommended the use of NZ carbon power systems with
consideration of integrated, long-term planning; electrification, based on low emission
electricity; innovative technologies; increases in the installed capacity of PV, wind power,
and energy storage systems; electrification of end-use sectors; improved efficiency; electric
storage, water heater, and heat pumps; and planned regulations and markets for NZ
emissions [73].

5.2. International Energy and Climate Intelligence and Oxford Net Zero (ECIU-Oxford NZ) in
2021, Systematic Analysis of Global NZ Targets

This study conducted a systematic analysis of the main emitters and NZ targets
globally [27]. Black et al. [27] noted that “the growth in net zero target-setting has been
matched by a growth in the volume of criticism, from civil society, academia, and some
businesses.” Current projects lack consistency in defining a common emission source,
timescale, and offsetting (eventual CO2 removal) on NZ targets [27,75–77]. The report’s
objective was to provide an “opening snapshot” to track the progress on the claimed NZ
targets over time [27]. “The Race to Zero” was identified as a widely agreed criterion for
tracking NZ and GHG reduction targets, with setting steps in pledge, plan, proceed, and
publish [27,78–82]. This analysis [27] reviewed 202 countries, 806 states from the world’s
25 largest emitting countries, 1170 cities with 500,000 populations, and 2000 companies to
study their commitments on “net zero emissions,” or “carbon neutrality,” and “climate
neutrality” [27]. The analysis considered the fraction of global emissions, population, and
economic value set by the targets. The covered parameters included:

1. Timing, the expected year that target reaches NZ in CO2 emission.
2. Status, documentation, and publication of the commitment and its progress.
3. Coverage, clarifications on the type and source of emissions.
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4. Offsetting, the complications of emissions removal and thus the importance of offset-
ting in NZ commitments [83,84].

5. Governance, publication of a plan to meet the target, and a clear timescale for account-
ability, report, and documentation of the progress [27].

The analysis presented that overall, 769 entities of the samples (19% of total) have
committed to NZ, including 124 countries (61%), 73 states (9%), 155 cities (13%), and
417 companies (21%) [27]. Most targets were set to meet NZ by 2050, with 212 entities
planning for 2030. The status presented that the defined targets by the entities were either
aspirational or in a policy document, and only seven countries and four cities have met their
commitments in law. The result showed a net negative for 21 countries, while 44 companies
met their NZ targets [27]. The source of GHG emissions was not clarified by 14% of the
targets. Most entities presented an unclear commitment to carbon offset utilization. Only
10% of the total entities accounted for the quality while defining their NZ targets [27].

The importance of NZ was highlighted with the commitment of the world’s three
largest emitters to the climate action targets: China, the US, and the EU [27,85]. However,
the report stressed the need for robust NZ plans and progress assessments to meet the
target. The authors advised that “if nations, states & regions, cities and companies are
serious about reaching their net zero targets it is entirely reasonable to expect them to enact
measures that will help them get there; net zero is a land inaccessible to those without a
plan” [27]. Three levels of improvements were recommended to the existing NZ concept,
including:

1. Expansion, setting a common target and planning to meet it;
2. Clarification, mandating publication of the specific requirements (emission source,

offsetting, timescale);
3. Upgrades, gauging the efficiency and adequacy of the NZ commitments [27].

6. Efficient Strategies and Recommendations in Achieving Net Zero Targets

Recent studies highlight the significance of electrification, renewable resources, inte-
grated grid, and NZ codes as critical strategies in achieving the NZ target [39,71–73,86–89].
NREL [87] introduced electrification as an emerging movement in energy markets globally,
and defined it as “the shift from any non-electric source of energy to electricity at the point
of final consumption” [73]. EIA [90] presented that most end-uses are electrified with the
main exceptions in water heating, space heating, and cooktop, which account for 46% of
the total energy use [91]. Electrification could provide up to 52% of water heating, 61%
of space heating, and 94% of cooking services in combined residential and commercial
sectors by 2050 [87]. NREL stated that electrification promotes power production economic
enhancements besides mitigating fossil fuel use [87]. The Energy and Environmental
Economics [92] evaluated the GHG savings, economics, and gird impacts of electrification
in six residential homes in six different climate zones in California and stated that “elec-
trification is found to reduce total greenhouse gas emissions in single-family homes by
~30–60% in 2020, relative to a natural gas-fueled home.” The study also noted that “as the
carbon intensity of the grid decreases over time, these savings are estimated to increase to
~80–90% by 2050” [92].

Ebrahimi et al. [93] calculated a detailed model to evaluate the emission impact of
electrifying end-uses on the GHG emission reductions in two cases: (1) decarbonizing
power production, and (2) partially electrifying end-use sectors. The result presented 2%
and 20.3% GHG reductions for cases (1) and (2), respectively (from 1990 level). Dennis [94]
assessed decarbonized electricity supply and recommended incentivizing end-use elec-
trification policies in supporting heat pump technology; promoting the use of renewable
sources; and balancing on-site energy demand with supply to minimize CO2 emissions.
Wei et al. [95] presented the existing fossil fuel-related source policies as appropriate
short-term yet insufficient long-term solutions to address the GHG reduction targets. The
authors recommended renewable energy for an extra 80% reduction in electricity-related
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emissions [95]. Williams et al. [96] noted that the long-term cost stability for electrification
reduces investment risk compared to the volatile oil and gas prices, shown in Figure 1.
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Current debates identify electrifications as the major step in reaching NZ and GHG
reduction targets, where building code accounts as a requirement to accomplish this
goal [99–102]. NBI [103] identified pathways to get to NZ goals, including:

1. Zero Energy Construction Code, where projects are required to assure that the sub-
mitted building plans are designed to meet the NZ outcome;

2. Zero Carbon Code or Policy, where carbon is considered as the metric and covers two
aspects of the policy such as combustion removal at the building level and shift from
energy (cost/site/source) to GHG metrics.

The literature on efficient strategies showed a significant impact of electrification
and renewables on GHG emission reductions. NBI recommended that building codes
need to be upgraded at the national level to include electrification and mandate all new
construction to be electric and carbon neutral by local code [99–102]. The main end-use
sectors that have not yet been fully electrified were summarized as space heating, water
heating, and cooktop, which are required to be further investigated.

7. Results and Discussion

Numerous worldwide organizations have come a long way in advancing and promot-
ing NZ today. On 22 April 2021, President Biden declared that the US “has resolved to take
action” on climate change and pledged that his country would cut its GHG emissions by at
least 50% from the 2005 level by 2030 [104]. The literature presented that advanced tech-
nology and scientific calculation methods are available to perform NZ, yet commitments
on 2020 NZ targets have failed to meet the goals. The reviews in this paper presented the
main cause for this failure as the lack of clarity and uncertainty of the existing definition
due to the large variation in requirements and confusion due to this variation.

Using comprehensive reviews on NZ, this paper proposed a Process for Clarification
to Accelerate the Net Zero (PC-A-NZ) to clarify what needs to be accomplished. Devel-
oping advanced technologies and well-calculated methodologies upon an ambiguous NZ
concept leads to inefficient standards and unpractical solutions, which eventually causes
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delays in the adoption of NZ. We defined the PC-A-NZ as a process to clarify the existing
variations and update a common NZ concept to enhance NZ’s applicability and increase its
acceptance. The proposed PC-A-NZ will help policymakers, building and grid designers,
and lead engineers to re-evaluate the existing definitions, standards, and requirements to
promote and optimize the use of renewable technologies, improved energy efficiency, and
electrification toward achieving 2050′s NZ targets. The PC-A-NZ process is categorized
into three integrated steps: (1) verification; (2) strategy; and (3) requirement, where strategy
follows the verification that depends on the requirement, shown in Figure 2.
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Figure 2. Schematic net zero clarification diagram.

The primary differences between NZ strategies were recognized as fundamentally
defining NZ in balancing out the energy demand and supply over a year from the literature.
Current definitions mainly differ in supply and source requirements. Torcellini et al. [31]
presented four renewable energy supply options that a building can utilize, shown in
Table 4.

Table 4. Net zero renewable energy supply options, Torcellini et al. [31].

Options Net Zero Supply Side Options Examples

0 Reduce site energy use through low-energy
building technologies

Daylighting, high-efficiency HVAC equipment, natural ventilation,
evaporative cooling, etc.

On-Site Supply Options

1 Use renewable energy sources available
within the building’s footprint PV, solar hot water, and wind located on the building.

2 Use renewable energy sources at the site PV, solar hot water, low-impact hydro, and wind located on-site, but
not on the building.

Off-Site Supply Options

3 Use renewable energy sources available off
site to generate energy on site

Biomass, Wood pellets, ethanol, or biodiesel that can be imported
from off site, or waste streams from on-site processes that can be used

on-site to generate electricity and heat.

4 Purchase off-site renewable energy sources Utility-based wind, PV, emissions credits, or other “green”
purchasing options. Hydroelectric is sometimes considered.

Torcellini et al. defined the NZ site energy for a building that “produces at least as
much energy as it uses in a year when accounted for at the site,” and the NZ source energy
as a building that “produces at least as much energy as it uses in a year, when accounted
for at the source” [31]. The source and site energy were defined in Table 2.

The PC-A-NZ is presented by three flowcharts. Flowchart I summarizes the existing
source and supply requirements that are defined differently in current NZ definitions,
extrapolated from the literature [23,31,36,45–49,51,105], shown in Figure 3.

Allowing only on-site generation would exclude purchasing power from remote
wind and solar farms as an acceptable source when counting toward NZ. As shown in
Flowchart I, NBI, ASHRAE, USGBC, AIA, and IESNA used site energy and allowed for
off-site energy use (i.e., windfarm and solar farm power) to count for their NZ definition;
however, the DOE, DGS, EPBD, and REHVA used source energy and on-site energy in
defining NZ [23,31,36,45–49,51,105].
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Flowchart II highlights parameters that vary in different NZ definitions and require
verifications in defining a common concept, included period, metric, energy type, balance
type, infrastructure connection, and requirements from review [21,22,30,34,38,39,63,66], as
shown in Figure 4.
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This paper recommends the PC-A-NZ, rather than delivering a single solution, to clar-
ify the current NZ’s ambiguities and enhance its acceptance through three steps as follows:
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1. Variations: Consensus parameters need to be included in NZ definitions, including
source and supply requirements, energy type, timescale, emission source, balance
type, NZ progress, and grid connection.

2. Strategies: Electrification, load balancing, renewable technologies, integrated grid,
fuel shifts, and electrification of the end-use consumers (space heating, water heating,
and cooktops) need to be optimized.

3. Requirements: Standard measured rating and calculated NZ methods adaptable to
different geographic and climate contexts, updated building codes and standards to
promote electrification and renewables, track and documentation of the progress on
the committed NZ practices, renovation of existing NZBs, and energy efficiency and
supply requirements need to be included or mandated as required.

Flowchart III summarizes the PC-A-NZ process in addressing variations, strategies,
and requirements, which is adaptable to different geographic contexts, Figure 5.
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8. Conclusions

This paper summarized:

1. NZ design principles can be realized at the building level;
2. Transforming a building to NZ requires clarifications and fully verified parameters

and strategies;
3. Integration of energy efficient strategies, renewable technologies, and optimization

approaches would cause a shift in source and consumption patterns.

The Net Zero concept has become an increasingly important topic in response to the
climate action targets. NZ for buildings is recognized as a promising solution toward
decreasing source energy consumption and GHG emissions by promoting renewable
energy productions. An increasing number of countries are targeting to become 100%
renewable energy and achieve zero emission by 2050. A common standard definition and
strategy is needed with adaptable codes and standards to achieve NZ targets and enhance
practical solutions to support stakeholders, including policymakers, building and grid
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designers, operators, and engineers in attaining their goals. This paper proposed a Process
for Clarification to Accelerate the Net Zero (PC-A-NZ) through variations, strategies, and
requirements shown in three flowcharts.

The NZ literature analysis is mainly focused on the building sectors. Additional
research is needed toward achieving 2050’s NZ targets by extending the NZ knowledge
to a larger scale of communities and nations. Tracking successes need to be reported so
that others can better understand the difficulties and how to solve these. Future studies are
needed in (1) community level solutions to reducing energy/emissions including buildings,
community power systems, and transportation sectors; (2) standardizing electrification
systems so that a wider range of individual buildings and communities can move toward
full electrification; and (3) developing new methods and technologies to enable achieving
NZ in 2050.
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Nomenclature

NZ Net Zero Energy
NZB/NZEB/ZNEB/ZEB/NZE/ZE Net Zero Energy Building
NZEB/nZEB Nearly Net Zero Energy Building
NZE2050 Net zero CO2 emissions by 2050
PC-A-NZ Process for Clarification to Accelerate the Net Zero
GHG Greenhouse gas
RE Renewable energy
LCC Life cycle cost
LCE Life cycle energy
LCA Life cycle assessment
SLR Systematic literature review
LM Load matching
GI Grid interaction
HVAC Heating, ventilation, and air conditioning
CHP Combined heat and power plant
PV Photovoltaic
DOE Department of Energy
EPA Environmental Protection Agency
AIA American Institute of Architects
DGS Department of General Services
NBI New Buildings Institute
ILFI International Living Future Institute
EPBD European Performance of Buildings Directive
REHVA Federation of European Ventilation and Air-conditioning

Associations
USGBC Green Building Council
IESNA Illumination Engineering Society of North America
IPCC Intergovernmental Panel on Climate Change
ECIU Energy and Climate Intelligence
NREL National Renewable Energy Laboratory
EIA Energy Information Administration
IEA International Energy Agency



Energies 2021, 14, 3760 17 of 21

References
1. United Nations (UN). World Population Prospects 2019; UN: Geneva, Switzerland, 2021; Available online: https://www.un.org/

en/sections/issues-depth/population/ (accessed on 2 February 2021).
2. Halofsky, J.E.; Peterson, D.L.; Marcinkowski, K.W. Water Resources, Land Use & Land Cover, Ecosystems & Biodiversity, Adaptation;

US Global Change Research Program: Washington, DC, USA, 2015. Available online: https://www.globalchange.gov/sites/
globalchange/files/ASIWG_Synthesis_4.28.15_final.pdf (accessed on 2 February 2021).

3. Webb, N.P.; Marshall, N.; Stringer, L.C.; Reed, M.S.; Chappell, A.; Herrick, J. Land degradation and climate change: Building
climate resilience in agriculture. Front. Ecol. Environ. 2017, 15, 450–459. [CrossRef]

4. Perera, F.P. Multiple threats to child health from fossil fuel combustion: Impacts of air pollution and climate change. Environ.
Heal. Perspect. 2017, 125, 141–148. [CrossRef]

5. World Health Organization. Air Pollution; WHO: Geneva, Switzerland, 2021; Available online: https://www.who.int/health-
topics/air-pollution#tab=tab_1 (accessed on 31 January 2021).

6. United Nations (UN). Paris Agreement; UN: Geneva, Switzerland, 2015; Available online: https://unfccc.int/files/essential_
background/convention/application/pdf/english_paris_agreement.pdf (accessed on 2 May 2021).

7. United Nations (UN). United Nations Secretariat Climate Action Plan 2020–2030; UN: Geneva, Switzerland, 2019; Available
online: https://www.un.org/management/sites/www.un.org.management/files/united-nations-secretariat-climate-action-
plan.pdf (accessed on 2 February 2021).

8. Center for Climate and Energy Solutions. U.S. State Climate Action Plans; Center for Climate and Energy Solutions: Arlington, VA,
USA, 2020; Available online: https://www.c2es.org/document/climate-action-plans/ (accessed on 2 February 2021).

9. European Union (EU). 2050 Long-Term Strategy; EU: Brussels, Belgium, 2021; Available online: https://ec.europa.eu/clima/
policies/strategies/2050_en (accessed on 28 April 2021).

10. Myers, S.L. China’s pledge to be carbon neutral by 2060: What it means. NY Times. 23 September 2020. Available online:
https://www.nytimes.com/2020/09/23/world/asia/china-climate-change.html (accessed on 12 April 2021).

11. Schreurs, M.A. The Paris Climate Agreement and the three largest emitters: China, the United States, and the European Union.
Politi. Gov. 2016, 4, 219–223. [CrossRef]

12. Lu, X.; Zhang, S.; Xing, J.; Wang, Y.; Chen, W.; Ding, D.; Wu, Y.; Wang, S.; Duan, L.; Hao, J. Progress of air pollution control in
China and its challenges and opportunities in the ecological civilization era. Engineering 2020, 6, 1423–1431. [CrossRef]

13. International Energy Agency (IEA); United Nations Environment Programme (UNEP). Global Status Report Towards a Zero-Emission,
Efficient and Resilient Buildings and Construction Sector; UNEP: Nairobi, Kenya, 2018; Available online: http://hdl.handle.net/20.5
00.11822/27140 (accessed on 2 February 2021).

14. U.S. General Services Administration (SGC). Net-Zero Energy: The Next Frontier in Green Building; Building Design Construction:
Arlington Heights, IL, USA, 2011. Available online: https://www1.eere.energy.gov/buildings/publications/pdfs/rsf/netzero_
energy_buildings_and_homes.pdf (accessed on 3 February 2021).

15. Gupta, S.; Smith, J. Research Gap Analysis for Zero-Net Energy Buildings: Final Project Report; Itron, Inc.: Davis, CA, USA,
2019. Available online: https://ww2.energy.ca.gov/2019publications/CEC-500-2019-031/CEC-500-2019-031.pdf (accessed on
3 February 2021).

16. Wright, G.S.; Klingenberg, K. Climate-Specific Passive Building Standards; National Renewable Energy Lab (NREL): Golden, CO,
USA, 2015. Available online: https://www.nrel.gov/docs/fy15osti/64278.pdf (accessed on 3 February 2021).

17. Abergel, T.; Dean, B.; Dulac, J. Towards a Zero-Emission, Efficient, and Resilient Buildings and Construction Sector. Global Status Report;
UN Environment and International Energy Agency: Geneva, Switzerland, 2017; Available online: https://www.worldgbc.org/
sites/default/files/UNEP%20188_GABC_en%20%28web%29.pdf (accessed on 3 February 2021).

18. Solar Heating and Cooling Technology Collaboration Programme. Towards Net Zero Energy Solar Buildings; SHC Task 40
(EBC Annex 52; Solar Heating and Cooling Technology Collaboration Programme: Cedar, MI, USA, 2015; Available online:
http://www.iea-shc.org/data/sites/1/publications/IEA-SHC-NZEB-Position-Paper.pdf (accessed on 3 February 2021).

19. Intergovernmental Panel on Climate Change (IPCC). Renewable Energy Sources and Climate Change Mitigation; IPCC: Cambridge,
UK; New York, NY, USA, 2012; Available online: https://www.ipcc.ch/site/assets/uploads/2018/03/SRREN_Full_Report-1.pdf
(accessed on 3 February 2021).

20. Pless, S.; Torcellini, P. Net-Zero Energy Buildings: A Classification System Based on Renewable Energy Supply Options; National
Renewable Energy Laboratory (NREL): Golden, CO, USA, 2010.

21. Salom, J.; Marszal, A.J.; Widén, J.; Candanedo, J.; Lindberg, K.B. Analysis of load match and grid interaction indicators in net zero
energy buildings with simulated and monitored data. Appl. Energy 2014, 136, 119–131. [CrossRef]

22. Lopes, R.A.; Martins, J.; Aelenei, D.; Lima, C.P. A cooperative net zero energy community to improve load matching. Renew.
Energy 2016, 93, 1–13. [CrossRef]

23. Almehizia, A.A.; Al-Masri, H.M.K.; Ehsani, M. Integration of renewable energy sources by load shifting and utilizing value
storage. IEEE Trans. Smart Grid 2018, 10, 4974–4984. [CrossRef]

24. European Climate Foundation. Bringing Buildings on Track to Reach Zero-Carbon by 2050; ECF: Paris, France, 2020; Avail-
able online: https://europeanclimate.org/resources/bringing-buildings-on-track-to-reach-zero-carbon-by-2050/ (accessed on
12 April 2021).

https://www.un.org/en/sections/issues-depth/population/
https://www.un.org/en/sections/issues-depth/population/
https://www.globalchange.gov/sites/globalchange/files/ASIWG_Synthesis_4.28.15_final.pdf
https://www.globalchange.gov/sites/globalchange/files/ASIWG_Synthesis_4.28.15_final.pdf
http://doi.org/10.1002/fee.1530
http://doi.org/10.1289/EHP299
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://www.un.org/management/sites/www.un.org.management/files/united-nations-secretariat-climate-action-plan.pdf
https://www.un.org/management/sites/www.un.org.management/files/united-nations-secretariat-climate-action-plan.pdf
https://www.c2es.org/document/climate-action-plans/
https://ec.europa.eu/clima/policies/strategies/2050_en
https://ec.europa.eu/clima/policies/strategies/2050_en
https://www.nytimes.com/2020/09/23/world/asia/china-climate-change.html
http://doi.org/10.17645/pag.v4i3.666
http://doi.org/10.1016/j.eng.2020.03.014
http://hdl.handle.net/20.500.11822/27140
http://hdl.handle.net/20.500.11822/27140
https://www1.eere.energy.gov/buildings/publications/pdfs/rsf/netzero_energy_buildings_and_homes.pdf
https://www1.eere.energy.gov/buildings/publications/pdfs/rsf/netzero_energy_buildings_and_homes.pdf
https://ww2.energy.ca.gov/2019publications/CEC-500-2019-031/CEC-500-2019-031.pdf
https://www.nrel.gov/docs/fy15osti/64278.pdf
https://www.worldgbc.org/sites/default/files/UNEP%20188_GABC_en%20%28web%29.pdf
https://www.worldgbc.org/sites/default/files/UNEP%20188_GABC_en%20%28web%29.pdf
http://www.iea-shc.org/data/sites/1/publications/IEA-SHC-NZEB-Position-Paper.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/SRREN_Full_Report-1.pdf
http://doi.org/10.1016/j.apenergy.2014.09.018
http://doi.org/10.1016/j.renene.2016.02.044
http://doi.org/10.1109/TSG.2018.2871806
https://europeanclimate.org/resources/bringing-buildings-on-track-to-reach-zero-carbon-by-2050/


Energies 2021, 14, 3760 18 of 21

25. Van de Poll, F.R.F.; Vendrik, J.; Kruit, K.; Van Berkel, P. Zero Carbon Buildings 2050. Sustainable Heat, International Energy, Built
Environment (National Policy); CE Delft: Delft, The Netherlands, 2020; Available online: https://cedelft.eu/publications/zero-
carbon-buildings-2050/ (accessed on 12 April 2021).

26. Vásquez, F.; Løvik, A.N.; Sandberg, N.H.; Müller, D.B. Dynamic type-cohort-time approach for the analysis of energy reductions
strategies in the building stock. Energy Build. 2016, 111, 37–55. [CrossRef]

27. Black, R.; Cullen, K.; Fay, B.; Hale, T.; Lang, J.; Mahmood, S.; Smith, S. Taking Stock: A Global Assessment of Net Zero Targets;
Energy and Climate Intelligence Unit: London, UK, 2021; Available online: https://eciu.net/analysis/reports/2021/taking-
stock-assessment-net-zero-targets (accessed on 29 April 2021).

28. United Nations (UN). Meetings Coverage and Press Releases; UN: Geneva, Switzerland, 2020; Available online: https://www.un.
org/press/en/2020/sgsm20411.doc.htm (accessed on 28 April 2021).

29. Williams, J.; Mitchell, R.; Raicic, V.; Vellei, M.; Mustard, G.; Wismayer, A.; Yin, X.; Davey, S.; Shakil, M.; Yang, Y.; et al. Less is
more: A review of low energy standards and the urgent need for an international universal zero energy standard. J. Build. Eng.
2016, 6, 65–74. [CrossRef]

30. Harkouss, F.; Fardoun, F.; Biwole, P. Optimization approaches and climates investigations in NZEB—A review. Build. Simul. 2018,
11, 923–952. [CrossRef]

31. Torcellini, P.; Pless, S.; Deru, M.; Crawley, D. Zero Energy Buildings: A Critical Look at the Definition; National Renewable Energy
Laboratory (NREL): Golden, CO, USA, 2006. Available online: https://www.nrel.gov/docs/fy06osti/39833.pdf (accessed on
25 December 2020).

32. Crawley, D.; Pless, S.; Torcellini, P. Getting to Net Zero; National Renewable Energy Laboratory (NREL): Golden, CO, USA, 2009.
Available online: https://www.nrel.gov/docs/fy09osti/46382.pdf (accessed on 3 February 2021).

33. Marszal, A.J.; Heiselberg, P. A Literature Review of Zero Energy Buildings (ZEB) Definitions; DCE Technical Reports No. 78;
Department of Civil Engineering, Aalborg University: Aalborg, Denmark, 2009; Available online: https://vbn.aau.dk/ws/
portalfiles/portal/18915080/A_Literature_Review_of_Zero_Energy_Buildings__ZEB__Definitions (accessed on 4 February 2021).

34. Marszal, A.J.; Heiselberg, P.; Bourrelle, J.; Musall, E.; Voss, K.; Sartori, I.; Napolitano, A. Zero Energy Building—A review of
definitions and calculation methodologies. Energy Build. 2011, 43, 971–979. [CrossRef]

35. Deng, S.; Wang, R.; Dai, Y. How to evaluate performance of net zero energy building—A literature research. Energy 2014, 71, 1–16.
[CrossRef]

36. Peterson, L.; Torcellini, P.; Grant., R. A Common Definition for Zero Energy Buildings; US Department of Energy (DOE): Washington,
DC, USA, 2015. Available online: https://www.energy.gov/sites/prod/files/2015/09/f26/A%20Common%20Definition%20
for%20Zero%20Energy%20Buildings.pdf (accessed on 3 February 2021).

37. Lu, Y.; Wang, S.; Yan, C.; Huang, Z. Robust optimal design of renewable energy system in nearly/net zero energy buildings under
uncertainties. Appl. Energy 2017, 187, 62–71. [CrossRef]

38. Wells, L.; Rismanchi, B.; Aye, L. A review of Net Zero Energy Buildings with reflections on the Australian context. Energy Build.
2018, 158, 616–628. [CrossRef]

39. Attia, S. Net Zero Energy Buildings (NZEB): Concepts, Frameworks and Roadmap for Project Analysis and Implementation; Butter-worth-
Heinemann: Oxford, UK, 2018.

40. Wu, W.; Skye, H.M. Residential net-zero energy buildings: Review and perspective. Renew. Sustain. Energy Rev. 2021, 142, 110859.
[CrossRef]

41. United Nations (UN). Climate Action; UN: Geneva, Switzerland, 2021; Available online: https://www.un.org/en/climatechange/
paris-agreement (accessed on 2 May 2021).

42. Masson-Delmotte, V.; Zhai, P.; Pörtner, H.-O.; Roberts, D.; Skea, J.; Shukla, P.R.; Pirani, A.; Moufouma-Okia, W.; Péan, C.;
Pidcock, R.; et al. Global Warming of 1.5◦C.An IPCC Special Report on the Impacts of Global Warming of 1.5 ◦C Above Pre-Industrial
Levels and Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat of
Climate Change, Sustainable Development, and Efforts to Eradicate Poverty; IPCC: Geneva, Switzerland, 2019; Available online:
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_High_Res.pdf (accessed on 2 May 2021).

43. Energy and Climate Intelligence (ECIU). Net Zero: Why Is It Necessary? ECIU: London, UK, 2021; Available online: https:
//eciu.net/analysis/briefings/net-zero/net-zero-why (accessed on 2 May 2021).

44. United Nations Framework Convention on Climate Change (UNFCCC). Global Climate Action, Paris. 2021. Available online:
https://climateaction.unfccc.int/?coopinitid=94 (accessed on 2 May 2021).

45. European Commission. NZEB; European Commission: Brussels, Belgium, 2021.
46. Kurnitski, F.A.J.; Braham, D.; Goeders, G.; Heiselberg, P.; Jagemar, L.; Kosonen, R.; Lebrun, J.; Mazzarella, L.; Railio, J.;

Seppänen, O.; et al. How to Define Nearly Net Zero Energy Buildings nZEB—REHVA Proposal for Uniformed National Implementation of
EPBD Recast; REHVA: Brussels, Belgium, 2011; Available online: https://www.rehva.eu/fileadmin/hvac-dictio/03-2011/How_
to_define_nearly_net_zero_energy_buildings_nZEB.pdf (accessed on 22 April 2021).

47. International Living Future Institute (ILFI). Living Building Challenge 3.1: A Visionary Path to a Regenerative Future; ILFI: Seattle, WA,
US, 2016; Available online: https://living-future.org/wp-content/uploads/2016/11/LivingBuildingChallenge_v3point1.pdf
(accessed on 3 February 2021).

https://cedelft.eu/publications/zero-carbon-buildings-2050/
https://cedelft.eu/publications/zero-carbon-buildings-2050/
http://doi.org/10.1016/j.enbuild.2015.11.018
https://eciu.net/analysis/reports/2021/taking-stock-assessment-net-zero-targets
https://eciu.net/analysis/reports/2021/taking-stock-assessment-net-zero-targets
https://www.un.org/press/en/2020/sgsm20411.doc.htm
https://www.un.org/press/en/2020/sgsm20411.doc.htm
http://doi.org/10.1016/j.jobe.2016.02.007
http://doi.org/10.1007/s12273-018-0448-6
https://www.nrel.gov/docs/fy06osti/39833.pdf
https://www.nrel.gov/docs/fy09osti/46382.pdf
https://vbn.aau.dk/ws/portalfiles/portal/18915080/A_Literature_Review_of_Zero_Energy_Buildings__ZEB__Definitions
https://vbn.aau.dk/ws/portalfiles/portal/18915080/A_Literature_Review_of_Zero_Energy_Buildings__ZEB__Definitions
http://doi.org/10.1016/j.enbuild.2010.12.022
http://doi.org/10.1016/j.energy.2014.05.007
https://www.energy.gov/sites/prod/files/2015/09/f26/A%20Common%20Definition%20for%20Zero%20Energy%20Buildings.pdf
https://www.energy.gov/sites/prod/files/2015/09/f26/A%20Common%20Definition%20for%20Zero%20Energy%20Buildings.pdf
http://doi.org/10.1016/j.apenergy.2016.11.042
http://doi.org/10.1016/j.enbuild.2017.10.055
http://doi.org/10.1016/j.rser.2021.110859
https://www.un.org/en/climatechange/paris-agreement
https://www.un.org/en/climatechange/paris-agreement
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_High_Res.pdf
https://eciu.net/analysis/briefings/net-zero/net-zero-why
https://eciu.net/analysis/briefings/net-zero/net-zero-why
https://climateaction.unfccc.int/?coopinitid=94
https://www.rehva.eu/fileadmin/hvac-dictio/03-2011/How_to_define_nearly_net_zero_energy_buildings_nZEB.pdf
https://www.rehva.eu/fileadmin/hvac-dictio/03-2011/How_to_define_nearly_net_zero_energy_buildings_nZEB.pdf
https://living-future.org/wp-content/uploads/2016/11/LivingBuildingChallenge_v3point1.pdf


Energies 2021, 14, 3760 19 of 21

48. U.S. Environmental Protection Agency (EPA). Net Zero Concepts and Definitions; US Environmental Protection Agency: Washington,
DC, USA, 2016. Available online: https://www.epa.gov/water-research/net-zero-concepts-and-definitions#:~{}:text=Net%20
Zero%20means%20consuming%20only,solid%20waste%20sent%20to%20landfills (accessed on 3 February 2021).

49. New Buildings Institute (NBI). Getting to Zero Status Update and List of Zero Energy Projects; New Buildings Institute (NBI): Portland,
OR, USA, 2018; Available online: https://newbuildings.org/wp-content/uploads/2018/01/GTZ_2018_List.pdf (accessed on
1 December 2020).

50. California Energy Commission Efficiency Division. California Energy Efficiency Strategic Plan: Codes and Standards Action Plan; CEC:
Sacramento, CA, USA, 2016.

51. ASHRAE Vision 2020 Committee. ASHRAE 2020: Producing Net Zero Energy Buildings. Providing Tools by 2020 That Enable the
Building Community to Produce Market Viable NZEBs by 2030. A Report from American Society of Heating, Refrigerating and Air
Conditioning Engineers; ASHRAE: Peachtree Corners, GA, USA, 2007; Available online: https://www.ashrae.org/File%20Library/
About/Strategic%20Plan/ASHRAE---Vision-2020-Report.pdf (accessed on 22 April 2021).

52. Mlecnik, E.; Attia, S.; Van Loon, S. Net zero energy building: A review of current definitions and definition development
in Belgium. In Proceedings of the 15th Passive House Conference, Innsbruck, Belgium, 7–28 May 2011; Available online:
http://hdl.handle.net/2268/167481 (accessed on 3 February 2021).

53. Marszal, A.J.; Bourrelle, J.S.; Musall, E.; Heiselberg, P.; Gustavsen, A.; Voss, K. Net Zero Energy Buildings-Calculation Methodolo-
gies versus National Building Codes. In Proceedings of the 8th EuroSun Conference, Graz, Austria, 28 September–1 October 2010;
Available online: http://www.task41.iea-shc.org/data/sites/1/publications/Task40a-Net_Zero_Energy_Buildings_Calculation_
Methods_and_Input_Variables.pdf (accessed on 2 February 2021).

54. Attia, S.; Hamdy, M.; O’Brien, W.; Carlucci, S. Assessing gaps and needs for integrating building performance optimization tools
in net zero energy buildings design. Energy Build. 2013, 60, 110–124. [CrossRef]

55. Sartori, I.; Candanedo, J.; Geier, S.; Lollini, R. Comfort and energy performance recommendations for net zero energy
buildings. In Proceedings of the 8th EuroSun Conference, Graz, Austria, 28 September–1 October 2010; Available
online: https://www.researchgate.net/profile/Lorenzo-Pagliano/publication/239607719_COMFORT_AND_ENERGY_
PERFORMANCE_RECOMMENDATIONS_FOR_NET_ZERO_ENERGY_BUILDINGS/links/02e7e5347218ba9acd000000/
COMFORT-AND-ENERGY-PERFORMANCE-RECOMMENDATIONS-FOR-NET-ZERO-ENERGY-BUILDINGS.pdf (accessed
on 23 April 2021).

56. Wang, N.; Gorrisse, W.J. Commercial Building Energy Asset Score Program Overview and Technical; Protocol (Version 1.0) Prepared for
the U.S. Department of Energy (DOE) under Contract DE-AC05-76RL01830; Office of Scientific and Technical Information: Oak
Ridge, TN, USA, 2012. Available online: https://www.pnnl.gov/main/publications/external/technical_reports/pnnl-22045.pdf
(accessed on 23 April 2021).

57. Chastas, P.; Theodosiou, T.; Bikas, D.; Kontoleon, K. Embodied Energy and Nearly Zero Energy Buildings: A Review in Residential
Buildings. Procedia Environ. Sci. 2017, 38, 554–561. [CrossRef]

58. Wimbadi, R.W.; Djalante, R. From decarbonization to low carbon development and transition: A systematic literature review
of the conceptualization of moving toward net-zero carbon dioxide emission (1995–2019). J. Clean. Prod. 2020, 256, 120307.
[CrossRef]

59. Parra, D.; Swierczynski, M.; Stroe, D.I.; Norman, S.; Abdon, A.; Worlitschek, J.; O’Doherty, T.; Rodrigues, L.; Gillott, M.; Zhang, X.;
et al. An interdisciplinary review of energy storage for communities: Challenges and perspectives. Renew. Sustain. Energy Rev.
2017, 79, 730–749. [CrossRef]

60. Berggren, B.; Hall, M.; Wall, M. LCE analysis of buildings—Taking the step towards Net Zero Energy Buildings. Energy Build.
2013, 62, 381–391. [CrossRef]

61. Voss, K.; Sartori, I.; Napolitano, A.; Geier, S.; Gonçalves, H.; Hall, M.; Heiselberg, P.; Widén, J.; Candanedo, J.A.; Musall, E.; et al.
Load matching and grid interaction of net zero energy buildings. In Proceedings of the 8th EuroSun Conference, Graz, Austria,
28 September–1 October 2010. [CrossRef]

62. Ismail, K.; Hamdy, M.; Maher, A. Net Zero Energy Buildings (NZEBs) Potential in MENA region: Critical review on Egypt
case. In Plant-Microbes-Engineered Nano-particles (PM-ENPs) Nexus in Agro-Ecosystems; Springer Science and Business Media:
Berlin/Heidelberg, Germany, 2019; pp. 117–131.

63. Sartori, I.; Napolitano, A.; Voss, K. Net zero energy buildings: A consistent definition framework. Energy Build. 2012, 48, 220–232.
[CrossRef]
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