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Abstract Carbon-neutral building is an important step to reach the target of carbon peak and
carbon neutrality in the society. Therefore, many scholars have conducted studies on different
aspects of carbon-neutral buildings recently and there is a need to perform a comprehensive
review on the research and development in carbon-neutral buildings. This article firstly intro-
duces the evolution and definition of carbon neutrality, its relationship with buildings, and the
definition of carbon-neutral buildings. Secondly, it presents studies on different types of
carbon-neutral buildings and different methods on the calculation of carbon emissions. Finally,
the practical application examples of carbon neutral buildings, related evaluation standards
and government policies are analyzed and suggestions and recommendations for future
research and development are provided.
ª 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. Introduction

As the severe challenges of global climate change become
increasingly prominent, carbon neutrality has become a key
goal for achieving sustainable development. Carbon
neutrality refers to achieving net zero carbon emissions
through precise measurement, active reduction, and
effective offsetting of carbon emissions, thereby curbing its
accumulation in the atmosphere and slowing down the trend
of global warming (Chen et al., 2022). As of September
2023, over 150 countries have pledged to achieve carbon
neutrality, covering more than 80% of the world’s carbon
emissions, GDP, and population (Tsinghua University School
of Environment Carbon Neutrality Research Team, 2023).
According to a report released by the United Nations
306
Environment Programme (UNEP), in 2021, the construction
industry accounted for approximately 36% of global energy
usage and 37 % of global carbon emissions (United Nations
Environment Programme, 2024). Therefore, carbon-neutral
buildings in the construction industry have become one of
the most important research areas that can help achieve the
goal of carbon neutrality.

Buildings play a key role in the transition to a carbon-
neutral society and a low-carbon energy system. If effec-
tive measures are not taken to promote decarbonization
and improve energy efficiency, energy consumption will
increase by 79% due to climate change and 83% due to
population growth between 2020 and 2050 (Feng et al.,
2022). In order to achieve the global climate goals set in
the Paris Agreement, extensive research have been
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conducted on carbon-neutral buildings, covering a wide
range of aspects from building design (Too et al., 2022),
material selection (Zhang et al., 2022), energy efficiency
improvement (Xu et al., 2023) to renewable energy utili-
zation (Pulselli et al., 2019), and calculation framework
(Bilardo and Fabrizio, 2023). These studies not only focus
on the operating energy consumption of buildings (Ibn-
Mohammed et al., 2013), but also the carbon emissions of
buildings throughout their life cycle (Hussain et al., 2023),
including the production of building materials, construc-
tion, operation, and the final demolition and abandonment
(Zhang and Wang, 2015). Therefore, it is of particular
importance to conduct a comprehensive and in-depth re-
view on carbon-neutral buildings.

Previous review studies have made valuable contribu-
tions, however with certain limitations. They normally
focus on certain specific aspects, e.g., definition of net
zero carbon emission building (NZCB) and strategies to
achieve zero operational and zero embodied carbon emis-
sions (Tirelli and Besana, 2023); definitions of zero energy
and zero emission buildings (Andresen, 2017; Marszal et al.,
2011); policy tools and strategies (Liu et al., 2023); life
cycle analysis of carbon neutral systems and strategies for a
carbon neutral economy (Chen et al., 2022); implications
and calculation methods of building life cycle carbon
emissions (Huang et al., 2024); carbon neutral building
technologies for different climate groups and building types
(Lee et al., 2023); system boundaries of carbon neutral
buildings (Pan, 2014); carbon-neutral building design (Liang
et al., 2023); construction phase; residential buildings (Fan
and Fang, 2023); embodied CO2 emissions and carbon
compensation cost (Ropo et al., 2023), and green building
technologies (Wang et al., 2023). Ohene et al. (2022) con-
ducted a comprehensive review on the current status of
research towards net-zero emissions buildings.

Based on the above literature survey, there are some
research gaps that need to be addressed in order to pro-
mote the development of carbon neutral buildings. Firstly,
previous reviews of definitions focused on zero energy and
zero emission buildings (Andresen, 2017; Marszal et al.,
2011; Tirelli and Besana, 2023) and an updated review on
the definition of carbon neutral building is needed. Sec-
ondly, the reviews of carbon neutral building technologies
or green building technologies were extracted from all the
building types, not from the corresponding type of buildings
(Lee et al., 2023; Wang et al., 2023) and there is a need to
conduct a review of building technologies that can provide
carbon neutrality solutions for each type of building and
conduct comparative analysis. Thirdly, although prior re-
views have examined the calculation models (Huang et al.,
2024), there is a need to link the calculation frameworks
and calculation models with associated databases and
simulation software to guide the practitioners in practical
implementation. Fourthly, there is a lack of updated review
on the carbon neutral rating system and the existing policy
reviews focus on certain building phase (Chen et al., 2023)
or limited country regions (Liu et al., 2023). As such, there
is a need to conduct a review to link practical case studies
with rating systems and policies across global countries at
different building phases.

To address the research gaps identified above, this paper
aims to conduct a systematic review on carbon-neutral
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building, from conceptual evolution, research advance-
ment in building technologies and calculation models to
practical application case studies, rating systems and pol-
icies. Fig. 1 presents the structural diagram of this study.
Section 3.1 provides an in-depth analysis of the definition
and evolution of carbon neutrality. Section 3.2 focuses on
the relationship between carbon neutrality and building,
and the definition and subsequent evolution of carbon-
neutral buildings. Section 4.1 outlines different types of
buildings, including residential, commercial and public
buildings and associated carbon neutral technologies. Sec-
tion 4.2 introduces the existing carbon emission computa-
tional framework, computational model, carbon emission
database and computational simulation software. Finally,
the potential for achieving carbon neutrality is demon-
strated through case studies. The environmental, economic
and social benefits of implementing carbon neutral build-
ings, as well as possible future challenges are provided
through analysis on the carbon-neutral building rating sys-
tems and policy systems.

This paper makes four key contributions: (1) an upda-
ted examination of the conceptual evolution of carbon-
neutral buildings, (2) a comprehensive analysis of building
technologies that provide carbon neutrality solutions for
different building types, (3) an integrative review con-
necting calculation frameworks and models with their
associated databases and simulation tools for practical
application, and (4) an updated analysis on practical case
examples, associated evaluating systems, and global pol-
icies across different countries at different building
phases.
2. Method

This study aims to review the current research progress on
carbon-neutral buildings in academia and industry. This
section describes the detailed process of collecting and
screening published papers, as shown in Fig. 2. In this
paper, ScienceDirect, Elsevier, Google Scholar, and Web of
Science were selected as the main databases. The following
combination of keywords were used for searching the
research papers: (“carbon neutral” or “net zero” or “zero
carbon” or “green” or “sustainable”) and (“building” or
“NZEB” or “ZEB”). Although this paper focuses on the
development of carbon-neutral buildings, “net zero”, “zero
carbon”, “net zero energy building (NZEB)”, and “zero
energy building (ZEB)” were also included as keywords
because the concepts of “carbon neutral” and “zero car-
bon” are based on research on low-energy/carbon buildings
dating back to the 1940s (Pan, 2014). Despite their in-
terrelationships, there are no internationally agreed defi-
nitions of these different concepts (Shirinbakhsh and
Harvey, 2021) and they are often used interchangeably
(Marszal et al., 2011; Panagiotidou and Fuller, 2013; Sartori
et al., 2012). Therefore, their inclusion during searching
provides a holistic analysis of the frameworks and decision
support tools related to these concepts.

The initial papers were found by the use of skimming.
Firstly, through the reading of the titles, abstracts and
keywords, a total of 876 articles were identified. Then,
VOSviewer was used for analysis and to divide the paper



Fig. 1 Structural diagram of the study.
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into two categories: carbon-neutral building research and
carbon neutral building practice, as shown in Fig. 3. Stan-
dards, specifications, reports and policy documents related
to carbon-neutral buildings were also retrieved, and prac-
tical cases of carbon-neutral buildings were collected from
official websites. After careful inspection from the ab-
stracts and conclusions sections of the papers, only the
ones that met the theme of this review paper and with good
quality were retained and others were excluded. Finally, a
total of 150 documents were selected and used as refer-
ences for this paper. Figure 4 presents a combined world
heatmap and bar chart that illustrates the global distribu-
tion of publications. It can be observed that China has the
largest number of publications, followed by USA, Italy, UK,
Australia, Canada, Sweden, etc.

3. Evolution of the definition of carbon-neutral
building

It is of particular importance to understand the concept,
requirements, scopes and boundaries of carbon neutral
308
buildings in order to reach carbon neutrality. This section
reviews the conceptual evolution of carbon-neutral build-
ing. Firstly, the concept of carbon-neutrality is introduced.
Secondly, the evolution of different related building con-
cepts based on energy and carbon emission indicators are
compared, and then definitions of carbon-neutral building
with different scopes and boundaries are discussed.

3.1. Concept of carbon neutrality

Carbon neutrality refers to the reduction of carbon foot-
print due to reduced greenhouse gas (GHG) emissions or
enhanced GHG removals over a specified period of time,
which, if greater than zero, can be balanced by carbon
offsets (International Organization for Standardization,
2023). This concept is defined as equivalent on a global
scale by the Intergovernmental Panel on Climate Change
(IPCC), referring to a situation in which anthropogenic
greenhouse gas emissions and anthropogenic greenhouse
gas removals are balanced over a specific period of time
(Chen et al., 2022). To address the urgent threat of
climate change, the public and private sectors are taking
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Fig. 2 Flowchart of the searching process.
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effective and transformative measures. International Or-
ganization for Standardization (ISO) has developed rele-
vant documents, such as ISO14068, which emphasize that
actions to reduce direct and indirect greenhouse gas
309
emissions and enhance greenhouse gas removals take
precedence over offset measures, thereby providing a
unified approach and principles for achieving carbon
neutrality worldwide.
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The path towards achieving carbon neutrality usually
involves balancing carbon footprint through offsetting
measures and gradually reducing carbon footprint zero or
negative values that no longer rely on offsetting measures
(International Organization for Standardization, 2023). This
process requires not only to implement emission reduction
measures within the boundary, but also to balance the
remaining carbon emissions through carbon offsetting
measures when it is not possible to further reduce
emissions.

Environmental degradation and global warming are the
most important ecological and environmental issues as of
today. If no effective initiatives, policies and other mea-
sures are taken, the deteriorating ecological environment
will continue to affect our future generations (Li et al.,
2021). Due to the continued consumption of fossil fuels,
global carbon dioxide emissions have reached an unprece-
dented peak (International Energy Agency, 2021), which
greatly exacerbates global warming. The increased aware-
ness of reducing fossil fuel consumption to combat with
global warming effect contributed to the promulgation of
global climate agreements, e.g., the Paris Climate Agree-
ment issued by the United Nations (UNFCCC Conference of
the Parties, 2016), which aims to limit global warming to
below 1.5 �C and stipulates that each country needs to
formulate policies or measures to effectively reduce carbon
emissions.

In summary, the definition and path to carbon neutrality
emphasizes continued efforts to reduce greenhouse gas
310
emissions and enhance greenhouse gas removal, as well as
achieving the goal of net zero emissions through offsetting
measures when necessary. This process not only helps
support countries in fulfilling their Nationally Determined
Contributions (NDCs) and achieving the goals set by the
Paris Agreement, but also provides a framework for global
sustainable development and low-carbon economic
transformation.
3.2. Definition of carbon-neutral building

Since 2006, various terms have been used to refer to
different building concepts involving various indicators
(such as energy, emissions, energy costs and exergy) as well
as import and export balances (Shirinbakhsh and Harvey,
2021). These terms such as net zero (source/site) energy
building (NZEB), near zero energy building (nZEB), zero
energy building (ZEB), zero emission building and zero
carbon building aim to reduce building energy demand and
carbon emissions. Although these concepts are broadly
related and often used as synonyms, they have different
focuses and requirements in terms of energy efficiency,
energy consumption and carbon emissions (Panagiotidou
and Fuller, 2013). Table 1 provides comparisons on the
various concepts. It can be noted that net zero energy
building focuses on achieving a balance between the energy
consumption of a building and its energy output while zero-
emission buildings offset its generated carbon emissions



Table 1 Comparisons on different building concepts.

Concept Definition Requirement Ref.

Net Zero (Source/Site)
Energy Building
(NZEB)

A highly energy efficient, grid-
connected building that produces as
much energy as it consumes annually.

Energy balanced,
renewable energy
systems.

Shirinbakhsh and Harvey
(2021); Torcellini et al.
(2015); Wells et al. (2018)

Nearly Zero Energy
Building (NZEB)

A high-performance building that
consumes “almost zero” energy,
mostly from renewable energy
generated on-site or nearby.

Very low energy
consumption, renewable
energy.

Giordano et al. (2015);
Panagiotidou and Fuller
(2013)

Zero Energy Building
(ZEB)

Reduces carbon emissions by using
“almost zero” or small amounts of
renewable energy.

Renewable energy,
reduced carbon
emissions.

Marszal et al. (2011);
Panagiotidou and Fuller
(2013)

Zero Emission Building
(Emission-NZEB)

Powered by on-site and/or off-site
renewable energy that offsets annual
carbon emissions associated with its
operations.

Renewable energy,
offsetting carbon
emissions.

Andresen (2017);
Shirinbakhsh and Harvey
(2021)

Zero Carbon Building A building that uses no energy that
results in net CO2 emissions for more
than a year, and generates enough
CO2-free energy to offset any carbon-
generating energy.

CO2-free energy, carbon
neutral.

Pan (2014); Pan and Li
(2016)
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during their operations by producing renewable energy.
Finally, a zero-carbon building aims to produce no net
carbon emissions for more than one year, achieving carbon
neutrality by generating CO2-free energy.

Despite the emergence of discussions and frameworks on
carbon-neutral buildings, there are still multiple in-
terpretations of its definition. Different terms (e.g., zero
carbon, zero energy, zero emissions) and indicators have
been used to define carbon neutrality (Satola et al., 2021)
and hence carbon neutral building. Table 2 below lists the
definitions of “carbon-neutral building” by different na-
tional organizations.
4. Research on carbon-neutral building

This section reviews the research advancement in achieving
carbon-neutrality in buildings, including the ways to reach
carbon neutrality in different types of buildings and how to
determine the level of carbon emission. Firstly, research
findings and carbon-neutral solutions applicable to
different building types are identified. Secondly, carbon
emission calculation models, including frameworks,
modeling approaches, carbon emission databases, and
simulation software, are evaluated.

4.1. Research on different types of buildings

The great variation in energy consumption among different
building types leads to different paths to achieve carbon
neutrality. In this section, the buildings are divided into
residential, commercial, and public buildings and corre-
sponding measures to reach carbon neutrality are discussed.

4.1.1. Residential building
A big proportion of the studies focus on residential build-
ings, including apartments and houses, because residential
311
buildings (including urban and rural areas) account for a
considerable part of building energy consumption and car-
bon emissions. The research and development of carbon
neutrality in residential buildings has shown a diversified
trend, especially in the comparison of carbon emissions
between single family buildings and multi-family buildings,
the potential for building renovation, and the decarbon-
ization path of residential building operations in different
countries. The carbon neutral design and implementation
strategies of residential buildings mainly focus on improving
energy efficiency, reducing energy consumption, and
renewable energy resources integration.

The energy performance of the residential building has a
great impact on the cost effective to achieve carbon
neutrality. Higher reduction on energy usage intensity (EUI)
can be achieved in single-family buildings compared with
multi-family buildings (Huang et al., 2024; Lohwanitchai
and Jareemit, 2021), which could be due to the smaller
surface area-to-volume ratio in multi-family buildings that
limits the available area for solar energy system installation
(Stephan and Stephan, 2020). Different carbon neutrality
strategies should be made according to the type and scale
of the buildings. Garriga et al. (2020) studied the optimal
retrofit options for achieving annual carbon neutrality in a
residential district in Barcelona, Spain by exploring
different renewable energy generation systems and grid-
connected technologies. Shah et al. (2020) evaluated the
potential of building a grid-connected carbon-neutral
community in an oil-rich city using energy efficiency mea-
sures and a hybrid distributed generation (DG) system and
found a 3400 kW PV system is required to achieve carbon
neutrality in the community. Krarti and Aldubyan (2021)
analyzed the impact of improving building energy perfor-
mance on the design of carbon-neutral grid-connected
residential communities in Saudi Arabia by using photovol-
taic systems and wind turbines as on-site renewable energy
resources.



Table 2 Definitions of carbon-neutral building.

Organization/Standard Definition Scope/boundary Ref.

UK Department of Energy
and Climate Change
(DECC)

Use a transparent procedure to
calculate carbon emissions,
reductions, and offset to achieve
net carbon emissions equal to zero

Scope 1 includes direct emissions from
equipment owned or controlled at the
building or facility scale, such as
emissions from combustion in an onsite
boiler or furnace.
Scope 2 includes indirect emissions
associated with the consumption of
purchased electricity, heat, steam and
cooling energy, which are not directly
generated by the building but are
related to the building energy usage.
Scope 3 includes emissions from other
related activities that are not under the
direct control at the building scale, such
as business travelling in a vehicle owned
by someone else.

Bai et al.
(2022);
Carruthers
et al. (2013)

Carbon Neutral Design
Program (The
American Institute of
Architects (AIA),
Committee on the
Environment (COTE)
Society of Building
Science Educators
(SBSE))

Carbon neutral (operational
energy): The building consumes no
GHG emitting energy from fossil
fuels during operation by using
innovative design strategies, on-
site renewable energy generation,
or purchase of renewable energy
credits.
Carbon neutral (operating
energy þ embodied energy): In
addition to the operating energy,
carbon emissions related to the
embodied energy of building
materials are accounted for.
Carbon neutral (operational
energy þ on-site
energy þ occupant travelling):
Considers the carbon costs
associated with the building
location.

Operational energy includes both scope 1
(direct emissions) and scope 2 (indirect
emissions)
Personal carbon emissions of employees
and visitors based on how and how far
they travel belongs to scope 3 emissions.

Lewis et al.
(2023)

American Society of
Heating,
Refrigerating and Air-
Conditioning
Engineers (ASHRAE)

The energy produced by the
building is equal to or greater than
the energy it consumes.

Net zero onsite energy building e

verified through onsite metering,
regardless of fuel type.
Net zero source energy building e

Accounts for source energy using site-to-
source conversion.
Net zero energy cost buildings e based
on utility bills.
Net zero energy emissions buildings e
calculates the emissions generated by
the building energy needs

Moghaddasi
et al. (2021)

Canadian Standards
Association (CSA)

Zero net greenhouse gas (GHG) emissions is achieved by offsetting greenhouse
gas emissions with verified emission reductions or removals. Carbon neutrality
is not the same as zero emissions.

Zhang et al.
(2021)

Canada Green Building
Council (CaGBC)

Net zero carbon emissions are achieved by balancing the carbon released with
an equal amount of carbon sequestered, avoided or offset.

CAGBC (2024)

Y. Lin, H. Cheng, W. Yang et al.
Compared with the new construction of carbon-neutral
buildings, the renovation of existing buildings are less time-
consuming with lower costs and is more environmentally
friendly. Therefore, building renovation has great potential
in achieving carbon-neutrality and promoting green
312
economic by selecting appropriate building components
and materials, and optimizing the energy needs of building
services. For example, a significant reduction on the 50-
year life-cycle global warming potential (GWP) was ach-
ieved by renovating a demonstration apartment building in
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Seoul, South Korea, using passive house (PH) certified
building envelope components (Amoruso et al., 2022).
When evaluating the operational energy-saving renovations
of the Swedish residential building stock, it was found
that renovation of the window has a much higher GWP
than other measures and most of the renovation
solutions can lead to a reduction of life-cycle GWP by an
average of 10�20 g CO2-e/kWh, especially through window
replacement and ventilation measures (Wang et al., 2015).
The annual electricity consumption of most households was
less than 2700 kWh in a building district in Beijing after
renovations on the envelope structure, heating system and
public area lighting, and the average household electricity
consumption in the multi-storey building was less than the
constraint value of GB51161-2016 (Chen et al., 2022).

Table 3 lists carbon-neutral renovation and design cases
of representative residential buildings, from single-family
buildings to large scale multi-family residential buildings.
Different types of buildings have their own design and
renovation challenges. In addition, carbon neutrality stra-
tegies for residential buildings need to take into account
both global best practices and local factors. For example,
building performance under extreme climate conditions
needs to be taken into account in Saudi Arabia, while in
Swedish, the impact of electricity generation scenarios on
the carbon balance is the main focus. While life cycle
assessment, energy efficiency and renewable energy inte-
gration are generally applied, the local climate conditions,
resource availability, building traditions and government
policy need to be taken into account when evaluating the
implementation strategies. It requires architects, engineers
Table 3 Representative residential building carbon neutrality solutions.

Building case Solution Key findings Limitations & future
work

Ref.

Demonstration
apartment building in
the Republic of Korea

Passive house
components þ LCA

Transparent materials
dominate carbon
footprint

Case-specific / needs
validation in high-density
Asian cities

Amoruso et al.
(2022)

Three application
buildings in the
Republic of Korea

LCA þ parametric
design

Modular elements
improve renovation
efficiency

Limited LCA database /

local material expansion
Amoruso and
Schuetze
(2022)

Large passive residential
community and green
building community in
Qingdao, China

Energy
performance þ cost
analysis

PH shows significant
cost-effectiveness

Further assessment on
building code
compliance needed

Huang et al.
(2020)

Residential community in
Barcelona, Spain

ECM þ renewable energy
integration þ 30-year
cost-benefit analysis

86 % heating reduction
potential

Region-specific /

broader renewable
technologies

Garriga et al.
(2020)

Two residential buildings
in China

LCA þ multi-method
comparison

Operational phase
dominates emissions
(60 %e70 %)

Small sample /

uncertainty analysis
optimization

Zhang et al.
(2020)

Three-story residential
building in Sweden

Material
renovation þ electricity
scenarios

Wood materials reduce
35 % non-operational
emissions

Building typology
impacts / best
practices

Piccardo et al.
(2020)

Energy community in
Saudi Arabia

ECM þ renewable energy
integration

ECM lower
decarbonization cost

EU compliance
challenges / innovative
policies

Krarti and
Aldubyan
(2021)
and policymakers to adopt a flexible and adaptable approach
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during building plan and design to ensure that carbon
neutrality can be achieved economically and effectively.

The above review shows that research on future resi-
dential buildings needs to fill in the gaps in carbon emission
boundaries, conduct historical decarbonization assess-
ments using real time or near-real-time data, and model
the future decarbonization trajectory of buildings on a
global scale. In addition, it is critical for emerging carbon-
emitting economies to prioritize building electrification and
power system decarbonization as early as possible. At the
same time, due to the differences in socioeconomic
development processes, the paths towards carbon-neutral
building in the developing countries could differ from the
developed countries.

4.1.2. Commercial building
Commercial buildings include shopping malls, hotels,
entertainment facilities, and office buildings. As observed
from Fig. 5, from 1979 to 2018, the number of commercial
buildings increased from 3.8 million to 5.9 million (56%),
and the total commercial building floor area increased from
51 billion square feet to 96 billion square feet (89%) (U.S.
Energy Information Administration, 2020). The growth
rate of the commercial building market is higher than that
of residential buildings. However, the energy demand of
commercial buildings often follows certain patterns, which
means it is easier to implement energy efficient measures
(Lee et al., 2023). Commercial buildings usually have a
large construction area with significantly higher EUIs than
those of residential buildings, which have increased
continuously in recent years (Huo et al., 2019). Therefore,
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1979 to 2018.
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it is of particular importance to find the energy-saving po-
tential of commercial buildings.

Commercial buildings consumes large amounts of en-
ergy, and leading to large amounts of carbon emissions
during the operation phase to maintain indoor environ-
mental condition and provide energy to terminal equip-
ment. As shown in Fig. 6, over 90% of commercial buildings
use electricity as energy source (Hu et al., 2022). Signifi-
cant emission reduction potential can be found in the
heating, ventilation and air-conditioning (HVAC) system,
lighting and elevator equipment during operation (Lu and
Lai, 2020).

There are multiple ways to improve the energy per-
formance of commercial buildings thus to reduce carbon
emission during operation. Passive envelope strategies
have been demonstrated to be feasible under different
climatic conditions in China (Chen et al., 2023b). Building
renovation is another key way to achieve carbon neutrality
through improving energy performance, renewable energy
integration, and implementing non-technical mitigation
strategies (Yu and Ho, 2021). Perwez et al. (2023) pro-
posed the development of a GIS-integrated hybrid urban
building energy model (UBEM) and a physics-based building
integrated photovoltaic (BIPV) potential assessment
0%
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60%

80%

100%

electricity natural
gas

propane fuel oil wood,
coal, and

other

solar district
heat

chilled
water

Percentage of commercial buildings based on energy sources

Fig. 6 Percentage of commercial buildings based on energy
sources (U.S. Energy Information Administration, 2020).
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method, which provides a new tool for assessing the
feasibility of carbon neutrality for commercial building
stocks at multiple scales. In order to achieve deep
decarbonization, especially to reduce energy intensity and
emission factors, measures such as increasing source
reduction, recycling, energy substitution, energy conser-
vation and efficiency improvement, and carbon offsetting
technology are recommended (Fig. 7). Specific technical
measures currently applied in commercial buildings are
listed in Table 4.

The above review shows that current studies most focus
on the building envelop design and renovation, integration
of renewable energy resources as well as carbon trading.
Little attention has been paid to the improvement of HVAC
system control strategies to reduce carbon and its role on
carbon-nuetrality buildings, which should be the direction
of future research.

4.1.3. Public building
Public buildings are one of the main sources of urban car-
bon emissions, including hospitals, schools, squares and
transportation hubs. They refer to buildings where people
conduct various public activities. The property owners are
clear with high enthusiasm for investing in energy-saving
technologies and implementing resource conservation
measures. Carbon emission trading is more likely to be
promoted in the field of public buildings. The carbon
emission intensity of public buildings is three times that of
residential buildings (Xu et al., 2022) with large amounts of
total carbon emissions. It can be seen that public buildings
have considerable potential for energy conservation and
emission reduction. Atanda and Olukoya (2019) conducted a
field study in Nigeria and found that the practice of carbon
neutral buildings improves the environmental condition of
public buildings, and is very important in public infra-
structure management.

Carbon emissions from public buildings mainly come
from building operation, which accounts for over 60 % of
the total carbon emissions in the entire life cycle. The
carbon emissions can be reduced through improved oper-
ation energy efficiency and the use of renewable energy
resources. Qiu and Zhou (2016) analyzed the benefits of
solar low-carbon public buildings and stressed the impor-
tance of improving energy efficiency and reducing fossil
energy use during the construction and operation phases.
Ma et al. analyzed the energy consumption of typical
public buildings in northern China and found hospital has
the highest average energy consumption of 194.64 kWh/
(m2$a) and school buildings the lowest of 103.27 kWh/
(m2$a) (Ma et al., 2017). They also revealed the challenges
and opportunities for improving energy efficiency in the
region, and also conducted in-depth research on the
measurement methods of carbon emission reduction in
public building sector in China. Chen et al. (2018) discussed
the trade-off between carbon emissions and occupant
satisfaction in public building operation strategies,
emphasizing the need for comprehensive modeling
methods to address these competing concerns. Li et al.
(2024) evaluated the key role of state-owned enterprises



Fig. 7 Five key directions for carbon neutrality in commercial buildings.

Table 4 Decarburization technologies applied to commercial buildings.

Technology Description Ref.

Renewable energy
generation and
electrification

Increase the proportion of energy from renewable energy
sources and the level of electrification of end usage to reduce
emission factors in building operations

Frapin et al. (2022); Jing
et al. (2022)

Building integrated
power generation

Widely promote building-integrated power generation,
especially rooftop photovoltaic power generation, and
increase the proportion of on-site power generation.

Chen et al. (2019); Zhang
et al. (2021)

Rooftop photovoltaic
layout planning

Unify the layout of rooftop photovoltaics design and reasonably
choose private or public forms.

Mahdiyar et al. (2016)

Building energy
efficiency
improvement

Improve building energy efficiency, reduce building energy
intensity, and achieve further carbon emission reduction.

Zhang et al. (2022)

Carbon trading Promote carbon trading processes in building operations and
formulate reasonable trading rules and prices.

Ren et al. (2022); Song et al.
(2021)

Radiative sky cooling A new passive envelope structure strategy based on radiative
sky cooling to achieve building sustainability and carbon
neutrality.

Chen et al. (2023b)

Passive design system A series of passive design methods on the envelope are
proposed to optimize the thermal performance of the building.

Chen et al. (2023a)

Daylight dimming control
and cooling system

Daylight dimming and cooling control can achieve a 40 %
reduction in EUI in office building in Hong Kong.

Yu and Ho (2021)

Insulation materials and
heating systems

District heating and glass wool insulation are potential retrofit
solutions.

Rabani et al. (2021)

Multi-objective
optimization of
building envelope

A genetic-based multi-objective framework is proposed to
quantify and minimize the energy consumption and carbon
emissions of buildings.

Kamazani and Dixit (2023)
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in the green transformation of public buildings and pro-
posed a coordination mechanism based on evolutionary
game theor. Liu et al. (2022) explored the necessity of
systematic low-carbon renovation of existing public build-
ings and proposed a carbon emission control framework
315
based on the green building rating system to guide the
renovation. These outcomes not only provide new ideas for
energy conservation and carbon reduction in public build-
ings, but also provide practical strategies and methods for
achieving carbon neutrality.
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Similar to the research on commercial buildings,
although the HVAC system accounts for a large proportion
of carbon emission during building operation, very few
studies have focused on the improvement of its energy
efficiency to achieve carbon-neutrality of the buildings.
Future research should focus on the incorporation of HVAC
system control optimization and other strategies to realize
carbon-neurality of public buildings.

4.2. Carbon emissions calculation

Carbon emissions calculation is very important in evaluating
how carbon neutrality is reached, which not only helps
develop new carbon-neutral building technologies, but also
show the direction on how to improve building technolo-
gies. The calculation framework, method and tools are
presented in this section.

4.2.1. Calculation framework
The construction industry is the main source of energy
consumption and carbon emissions and the scopes of sta-
tistics data covered on building energy consumption and
carbon emissions is very important. According to ISO-21930,
the building life cycle includes four main phases, i.e.,
building materials production, building construction,
building operation and building demolition (van Eldik et al.,
2020). Zhang et al. (2021) found that the operation phase
contributes 55%e60% of carbon emissions in the entire life
cycle, and this proportion is particularly important due to
long-term accumulation In contrast, carbon emissions dur-
ing the construction phase only account for 20%e50%, but
due to its high concentration in a short period of time, the
annual carbon emission density is actually much higher than
that of the operation phase (Luo and Chen, 2020). There-
fore, most carbon emission calculation frameworks aim to
reduce operational and construction energy consumption.
For example, the UK Green Building Council and Advancing
Net Zero (2019) provides a framework for achieving net
zero carbon buildings that prioritizes reducing the opera-
tional energy of buildings. However, in order to fully ach-
ieve carbon neutrality, it is also necessary to consider the
embodied carbon emissions and the emissions during the
demolition stage (Jalaei et al., 2022). An effective carbon
emission calculation framework should not only focus on
reducing energy consumption during the operation stage,
but also comprehensively consider the emissions during the
production of building materials and the demolition stage
of the building. A carbon emission framework for the entire
life cycle of a building is summarized in Fig. 8.

Table 5 summarized the calculation frameworks pro-
posed by the scholars for different building cases and sce-
narios and their effectiveness in analyzing the potential of
carbon-neutral buildings. For example, Habert et al. (2020)
proposed a framework to harmonize the carbon budget
from temporal, spatial and sectoral dimensions. Mastrucci
et al. (2020) introduced a spatiotemporal life cycle
assessment framework for urban-scale building renovation
by the integration of various carbon footprint assessment
models and assessment methods. Fenner et al. (2020)
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considered the embodied emissions, operating emissions,
and commuting emissions of buildings as carbon intensive
sectors (CIS) and proposed a framework for quantifying and
comparing these emissions. The frameworks are of partic-
ular important in evaluating carbon emission and design
and renovation optimization.

4.2.2. Calculation model
Currently available carbon emission calculation models can
be roughly divided into top-down models and bottom-up
models (Li et al., 2020). As shown in Fig. 9, the top-down
method is a macro calculation approach that usually pre-
dicts the trend of building energy consumption and carbon
emissions based on the correlation between macroeco-
nomic indicators (such as GDP, population growth, and ur-
banization process) and energy consumption (Huo et al.,
2021b), but it cannot reflect technical details. In
contrast, the bottom-up approach focuses on analyzing the
carbon emissions of a group of individual inventory com-
ponents, taking into account details such as temperature
and humidity, building performance, end-use equipment
and operating characteristics (Kavgic et al., 2010), and
predicting and simulating building energy demand at the
district, regional and even national scales based on repre-
sentative building energy consumption (Zhou et al., 2013).
It is a more microscopic calculation approach, but the
modeling is complex and time-consuming. In general, these
two methods have their own advantages and limitations.
Therefore, in practical applications, researchers and deci-
sion makers often choose the most appropriate model
based on specific circumstances and available resources.

Many types of carbon emission calculation models have
been proposed so far. Since the factors affecting carbon
emissions are relatively complex, variations of the out-
comes from different models may exist. Table 6 list the
existing calculation models and their application scenarios.

However, it is worth noting that embodied carbon is often
ignored in the calculation models described above, mainly
because the assessment process is complex, time-consuming
and lacks global regulation (Dixit, 2017). In addition, accu-
rate calculations are challenging due to limited building
material databases (Ramesh et al., 2010) and the lack of
consideration of data uncertainty (Yang et al., 2023).
Therefore, it is necessary to consider the dynamic develop-
ment process of buildings. Dynamic building models can be
used to evaluate the potential driving factors of building
demand and have been widely used in the field of con-
struction. For example, Xin et al. (2023) developed a system-
dynamics coupled building life cycle carbon emission model
(SD-BLCA) to predict the carbon peak and neutrality of
buildings in megacities, and proposed a technical path and
time roadmap for achieving carbon neutrality. Hussain et al.
(2023) developed a parametric life cycle carbon assessment
(PLCCA) model for automated data integration, dynamic
calculation, and online visualization of carbon emissions,
realizing continuous dynamic assessment to establish an
automated and continuous carbon assessment environment.
The development and application of these computational
models are of great significance to promoting the



Fig. 8 A framework for carbon emissions throughout the building life cycle.

Table 5 Summaries of carbon emissions calculation frameworks.

Country Scope Framework core Key advantage Main challenges Ref.

Switzerland Building carbon
budgets

Temporal-spatial-
sectoral carbon
budget
coordination

Comprehensive life cycle
approach; considers
multiple stakeholder
perspectives

Complex
implementation,
needs global
targets

Habert
et al. (2020)

UK Standardization of
carbon neutrality in
building projects

Dual-role LC
assessment
framework

Enables consistent
emissions tracking and
strategy assessment

Needs case
validation, climate
sensitivity

Too et al.
(2022)

Germany Urban residential
renovation

Spatiotemporal
LCA with
geospatial models
& scenario
generators

Provides dynamic
environmental impact
assessment with time-
adjusted carbon
footprint calculations

Data availability
limits, excludes
new builds

Mastrucci
et al. (2020)

Italy Decarbonization of
European urban
communities

City-Zen carbon
accounting model

Supports structured
policy development;
includes visualization
tools for stakeholder
engagement

Regional
adaptability
required

Pulselli
et al. (2019)

China Passive house
buildings in cold
climates

NSGA-II & ANN-
based
optimization

Optimizes life cycle cost
and CO2 emissions
through simulation-
based decision-making

Parameter
sensitivity,
climate
adaptation

Xue et al.
(2022)

Italy New and existing
building renovations

Energy-oriented
multi-objective
approach

Integrates passive/active
strategies and geometry
for improved efficiency

Requires technical
expertise

Ciardiello
et al. (2020)
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Fig. 9 Top-down and bottom-up models.
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development of building carbon emission calculation and
achieving carbon neutrality goals.

4.2.3. Carbon emission database
Currently, databases and evaluation tools for calculating
building carbon emissions play a key role in achieving
carbon neutrality in buildings (Çetin et al., 2021).
Research institutions in various countries have also
developed building life cycle assessment tools, but
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mainstream carbon emission calculation methods have
requirements for data acquisition, and it is crucial to
select a suitable database (Dervishaj and Gudmundsson,
2024). Construction materials and products databases
are often developed for specific regions with different
characteristics and assumptions (Ben-Alon et al., 2021).
Factors that influence the calculation results include the
building life span (Nwodo and Anumba, 2019), the choice
of functional units (Steubing et al., 2022) and energy



Table 6 Carbon emissions calculation model in the construction industry.

Model Type Description Method Application scenario

ECCABS (Mata
et al., 2013)

Bottom-up Calculate the net hourly energy
demand of a typical building
based on heat balance and
extrapolate it to the entire
district

Hourly heat balance
of a district;
statistical analysis

Evaluating the energy
conservation measures
(ECMs) and carbon
reduction pathways for
existing buildings

Invert/EE-lab
(Maia et al.,
2018)

Dynamic
bottom-up

Dynamic model to simulate
heating, cooling and hot water
demand, considering economic
and incentive program

Multivariate logistic
regression

Buildings at national or
regional level

Scout (Langevin
et al., 2019)

Bottom-up Models for residential and
commercial buildings in the
United States to estimate the
impact of energy renewal on
building demand

Statistical analysis Building energy
consumption and carbon
emissions assessment at
the U.S.A.

Kaya (Huo et al.,
2021a; Ma
et al., 2020)

Top-down Models to evaluate building
energy consumption and
carbon emissions by coupling
population size, economic
development level and
technology level

Emission factor Historical carbon
emission mitigation
assessment, future peak
energy demand and
carbon emission
simulation

STIRPAT (Fang
et al., 2019)

Top-down Models for identifying the
social, economic and
technological drivers behind
energy-related carbon
emissions

Statistical regression National or regional
building energy
consumption and carbon
emission trends

ELENA (Carvajal
et al., 2019)

Hybrid Evaluate changes in energy
structure, land usage rate
changes and greenhouse gas
emissions evolution

Local equilibrium
optimization with
perfect foresight

Ecuador energy structure
analysis

DREAM (Wang
et al., 2020)

Bottom-up Carbon emissions covering
building life cycle, including
construction, operation,
recycling and demolition stages

Life cycle assessment Different energy
conservation and
emission reduction
measures, building
codes, and energy
conservation renovation
of existing buildings
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categories (Sacchi et al., 2022). Studies have shown that
inconsistencies exist between different databases, which
can lead to significant differences in assessment out-
comes (Chau et al., 2015). Table 7 compares the scopes
and advantages of different databases to help the end
users for evaluation.

4.2.4. Simulation software
Integrating databases into the construction process to
develop an automated and dynamic carbon assessment
environment has become a key step in achieving carbon
neutrality, where simulation plays an indispensable role in
this process (Hussain et al., 2023). Dervishaj and
Gudmundsson (2024) reviewed computer-aided design
(CAD), BIM, and computational plug-ins available to prac-
titioners. De Wolf et al. (2023) identified LCA software tools
and classification standards available on the EU building
market to improve their usability and transparency of
319
specifications. Ferrando et al. (2020) emphasized the
importance of retrofitting existing buildings, identified new
areas for energy-saving, and developed urban building en-
ergy modeling tools to support urban sustainable
development.

Two aspects must be considered when selecting a
simulation tool: (i) model scale (i.e., the number of build-
ings in the simulation) and (ii) building type (i.e., renova-
tion or new construction). These tools were developed for
different applications (Ferrando et al., 2020). Table 8
summarizes the available building simulation tools for car-
bon emission assessment, including their main functions,
scale of application, and applicable building types.

In future work, tools and databases applied in the field
of building carbon neutrality need to be developed from
different technical and market perspectives, as well as
options to integrate new design technologies into existing
processes.



Table 7 Summary of the building material databases.

Database Country/Region Standard Scope of material Advantages

A1eA3 A4 A5 B1eB3 B4 B5 B6 B7 C1 C2 C3 C4 D

One Click LCA (Cai
et al., 2021)

Global ISO15686-5
EN16627
PD156865:2008
NS3454
NS3454:2013

U U U U U U U U U U U U U � Rapid, automated LCA
process

� Integrates with 20þ BIM/
software tools

� Supports full-life carbon
management and cost
analysis for design
optimization

TOTEM (Röck
et al., 2022)

Belgium EN15804þA2
EN15978
EN15643
TR15941

U U U U U � Standardized method for
environmental impact
assessment

� Enables direct component
comparisons considers build-
ing lifespan and energy use

ELODIE/INIES
(Delval et al.,
2018)

France ISO14040
EN15804
NFP01-010
NFEN 15978

U U U U U U U � Multi-dimensional assess-
ment covering environmental
impact, health, indoor air
quality, and comfort

Milieudatabase
(Tokede and
Rouwette,
2024)

Netherlands EN15804þA2
NEN 8006

U U U � Holistic LCA for design
comparisons

� Promotes sustainable prac-
tices by linking energy per-
formance with material
usage

LCAByg
(Birgisdottir
and
Rasmussen,
2019)

Denmark ISO14040
ISO14044
DS/EN15978

U U U U � Facilitates early design eval-
uations and material
comparisons

� Visualizes environmental
hotspots

� Integrates with BIM for pre-
construction analysis

Athena (Athena
Sustainable
Materials
Institute, 2024)

North
America

ASTME2921
ISO14040/44

U U U U U U U U U � Detailed process-based LCA
with regional calibration

� Independent data ensures
high accuracy

� Regularly updated and
transparent
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5. Practical application of carbon-neutral
building

Investigating how carbon-neutral buildings are applied in
practice can provide insights for effective carbon neutrality
strategies. This section firstly reviews the key technologies
and features of case examples of carbon-neutral building,
then evaluates the boundaries, key indicators, and calcu-
lation methods for various carbon neutral building rating
systems, and finally the policies and legislation work of
various countries for carbon-neutral buildings.

5.1. Case examples of carbon-neutral building

At present, carbon-neutral buildings are mostly still under
conceptual design. The so-called carbon-neutral buildings
are actually demonstration or experimental buildings.
Carbon neutrality strategies are used to reduce carbon
emissions in buildings, and the shortfall is compensated by
measures such as “carbon tax” and “carbon sink” to
compensate for carbon emissions throughout the life cycle
of the building, thereby achieving “zero carbon emission”
or even “negative carbon emission".

TheUK is a “pioneer” in the carbon neutrality practicewho
developed theworld’s first “zero-carbon community” as early
as in 2002. Denmark is also notable for its efforts to design
public buildings based on the concept of carbonneutrality and
plans to become the world’s first zero-carbon emission city in
2025. In addition, Sweden, Germany, Canada, the United
States and other countries have also performed practice in
carbon neutral buildings. Table 9 lists some typical cases of
carbon-neutral buildings, covering different types of build-
ings, such as public buildings, commercial buildings, com-
munities and office buildings. These buildings have achieved
zero or even negative carbon emissions by adopting advanced
technologies and design concepts, demonstrating great po-
tential in achieving sustainable development.

A variety of building types, including public buildings,
community planning, commercial and office buildings are
presented in Table 9. It can be observed that the key to
achieving carbon-neutral buildings lies in adopting appro-
priate carbon-neutral approaches to maximize energy ef-
ficiency and minimize carbon emissions. Green Lighthouse
in Denmark (Fig. 10) and Sara Cultural Centre in Sweden
have demonstrated that buildings can achieve significant
reductions in energy consumption and carbon emissions
through passive design, renewable energy integration and
sustainable materials. BedZED Eco Village in the UK
(Fig. 11) and Hotel Bauhofstrasse in Germany further
demonstrate the great potential of ecological communities
and prefabricated buildings in carbon neutrality.

These carbon-neutral building practices set good exam-
ples on how to reduce energy needs and carbon emissions
through passive design, renewable energy integration, and
optimal energy usage control. In addition, sustainable and
low-carbon materials such as wood and CLT are used not
only as structural materials but also as a means of carbon
storage. The application of these technologies and mate-
rials, combined with BIM technology and sustainable
building design strategies, improves construction efficiency



Table 8 Summary of building simulation tools.

Simulation tool Main function Scale of application Applicable building type

PHPP (Johnston
et al., 2020)

Building energy balance
calculation and planning design

Single building, building
component

Passive house planning,
energy-saving renovations

VIP-energy (Vadiee
et al., 2019)

Building energy demand
calculation and analysis

Single building or building
group

Office buildings, apartment
buildings, houses

HOMER (Bahramara
et al., 2016)

Design and planning of hybrid
renewable energy systems

Public buildings (such as
universities, hospitals,
factories, etc.)

District renewable energy
systems

EnergyPlus (U.S.
Department of
Energy, 2024)

Energy simulation, including
energy consumption and water
consumption simulation

Building projects of all sizes Heating, cooling,
ventilation, lighting for
buildings

DeST (Yan et al.,
2008)

Building environment and HVAC
system simulation

All stages of the building life
cycle

Residential buildings,
commercial buildings

DesignBuilder
(Elnabawi and
Hamza, 2019)

Sustainable building design and
evaluation

Building projects of all sizes Early design phase:
Renovation or new
construction

UMI (MIT Sustainable
Design Lab, 2022)

Building energy consumption,
sustainable transportation
evaluation

Community and city scale Design of new settlements

CityBES (Bottino-
Leone et al., 2024)

Building energy performance
simulation

Large scale Energy benchmarking,
planning, renovation
analysis

CEA (Fonseca et al.,
2025)

Energy simulation and
evaluation of various energy-
saving measures

City scale Energy performance of low-
energy district

URBANopt (Charan
et al., 2021)

District heating and cooling
system simulation

Low-energy district District heating and cooling
systems
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and reduces waste, and together promotes the progress of
achieving global carbon neutrality.
5.2. Evaluation system

The carbon neutral building rating system aims to support
low-carbon and sustainable building design by quantifying
and optimizing the carbon emissions of buildings
throughout their life cycle, and to promote the trans-
formation of the construction industry towards low-carbon
or zero-carbon emissions. Currently, there are more than
150 building standards and certification programs around
the world (Lizana et al., 2024). For example, the United
Kingdom Green Building Council (UKGBC) proposed a “net
zero carbon building” evaluation framework (UK Green
Building Council and Advancing Net Zero, 2019), aiming to
clarify the definition of net zero carbon buildings and pro-
vide methods to prove the net zero carbon qualifications of
buildings. The European Union developed a legislative
framework, including the revised “Energy Performance of
Buildings Directive EU/2024/1275” and “Energy Efficiency
Directive EU/2023/1791” in 2023, which require all new
buildings to be zero carbon buildings from 2030, and
existing buildings to be converted to zero carbon buildings
322
by 2050. The “Zero Carbon Building Design Standard Four
Edition” (Canada Green Building Council, 2024) issued by
the CaGBC provides guidance for building projects to ach-
ieve low-carbon and high-efficiency building design, and
provides a framework and standard for achieving zero
carbon emissions throughout the life cycle of buildings.
Australia’s carbon neutrality standard encourages to
calculate building carbon emissions, adopt strategies to
reduce carbon emissions, and purchase carbon neutrality
certificates for buildings (Climate Active, 2024). The United
States Green Building Council (USGBC) provides the “LEED
Zero Carbon” and “Zero Carbon Certification” (U.S. Green
Building Council, 2020) labeling frameworks. The China
Association for Engineering Construction Standardization
promotes the formulation of the “Assessment standard for
carbon-neutral building” (China Association for Engineering
Construction Standardization, 2024), which includes
assessment processes, technical measures, carbon offsets
and monitoring requirements, and stresses on using tech-
nology improvement, renewable energy utilization and
carbon offset measures to achieve carbon neutrality. Table
10 summarizes the main features extracted from the car-
bon neutral building codes and rating systems in the United
Kingdom, the European Union, Canada, the United States
and China. These codes and rating systems provide a



Table 9 Typical cases of carbon neutral buildings.

Country Case name Type Overview Key technologies Key features

Denmark Green Lighthouse
(Christensen & Co
Architects, 2013)

Public A 3-story circular building with
a total floor area of 950 m2

� Daylighting
� Thermal insulation
� Renewables, smart energy control
� Energy intelligent control system

� Denmark’s first carbon-
neutral public building

� Passive & active design

Sweden Sara Cultural Centre
(Lindman and
Burman, 2021)

Public Integrates art, performance,
literature, and hotel functions
one of the world’s tallest
timber structures

� Timber structure design
� BIM strategy
� Sustainable and climate-positive design
� Green roof

� Stores 9000 t CO2

� Carbon-negative lifecycle

UK BedZED (Chance,
2009)

Community Covers 1.65 ha, including 82
apartments and 2500 m2 of
office and commercial-
residential space the world’s
first complete eco-village

� High-level insulation
� Airtightness and passive solar heating design
� Solar photovoltaic arrays
� Wood biomass boiler and CHP (combined
heat and power) station

� 10.4 t CO2e per inhabitant
� 23% below UK average

Germany Hotel Bauhofstrasse
(M, 2020)

Commercial A four-story sustainable
prefabricated building

� Modular timber construction principles

Use of Cross-Laminated timber (CLT)

� 440 m3 wood used
� 880 t CO2 stored via tim-
ber substitution

Canada A-block building
Expansion (Applegath
et al., 2020)

Public A six-story building expansion,
providing approximately 13,935
㎡ of additional academic and
public spaces

� Cross-laminated timber (CLT) construction
� Photovoltaic panels

Onsite energy generation
and carbon offset

UK Siemens Crystal
(McManus, 2012)

Commercial A sustainable urban initiative
by Siemens a typical example
of historical building
renovation, now operating in a
carbon-neutral manner

� Integrated geothermal heating and cooling
� Rainwater harvesting technology
Solar panels
� Smart lighting and HVAC control improved
insulation

� 65% CO2 reduction
� 50% electricity savings

Norway Powerhouse Telemark
(Lomholt, 2020)

Office The northernmost positive
energy building in the world,
producing more energy than it
consumes

� Photovoltaic panels
� Passive house design
� Geothermal wells
� Triple-glazed windows
� Low-exposure system

� 70% net energy reduction
� Produces excess energy
over lifecycle
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Fig. 10 Green Lighthouse. Source: google map.

Fig. 11 BedZED Eco-village. Source: google map.
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comprehensive multi-standard framework and specific re-
quirements for the energy efficiency and environmental
health design of buildings (ASHRAE, 2023).

From Tables 10 and it can be found that rating systems
differ in the key performance indicators. The energy in-
tensity assessment is used in the United States, Canada and
China, while greenhouse gas emissions is adopted in the
European Union and the United Kingdom. In addition, it can
be found that the evaluation standards in the United States
are mainly developed by government agencies, while the
framework in the United Kingdom is mainly developed by
industry cooperation organizations and it is crucial to further
integrate it into national and local policy frameworks.

Despise the differences in key performance indicators
and standard setters, through assessment and certification
by the codes and rating system, the values of the of
buildings can be increased, and better living and working
environments can be provided (Jiménez-Pulido et al.,
2022). However, in practice, the construction industry
still faces many challenges in developing carbon-neutral
buildings using the building codes and rating system.
These challenges include limited awareness of sustainable
building practices, financial constraints, lack of incentives
(Adabre et al., 2022), insufficiently stringent building codes
and regulations, educational challenges, and limitations in
technology and material selection (Tokbolat et al., 2020).
In addition, there is currently a lack of a set of assessment
tools to comprehensively guide the building renovation
process. Mauree et al. (2019) emphasized the need to
define a holistic and comprehensive system to evaluate the
impacts associated with renovation projects. Jimenez-
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Pulido et al. (2022) further proposed that the evaluation
system should cover technical documents such as rating
protocols for building life cycle stages, assessment man-
uals, and supplementary reports, and provide information
such as certification applications, results acquisition,
compliance with the assessment process, and evidence of
compliance.

5.3. Policy system

In the journey to reduce greenhouse gas emissions from the
built environment, developing a net zero approach for
government agencies and further embedding it into na-
tional and local legislation is critical (Amoruso and
Schuetze, 2022). At the same time, planning that in-
corporates climate change resilience and adaptation is
essential to drive decarbonization and, in some cases, the
redevelopment of building stock (Satola et al., 2022). This
effort is clearly reflected in many countries, such as the
United Kingdom, China, the European Union, and the
United States. Figure 12 presents the details of the main
strategies and legislation adopted by various countries or
regions to address climate change and reduce building
emissions in different years from 2005 to 2060 (Le et al.,
2023). It not only reflects the continuous efforts of
various countries to reduce building carbon emissions, but
also shows that these policies and targets have become
more specific and stringent over time.

The policy content for carbon-neutral buildings can be
divided into four categories: building standard system
construction, material policy support, carbon audit and
accounting mechanism, and zero-carbon building promo-
tion plan. Although some progress has been made in policy,
there are still some challenges and problems. For example,
insufficient policy implementation, imperfect regulatory
mechanism, high cost of green building materials and
technologies, etc., all restrict the promotion and applica-
tion of carbon-neutral buildings.

6. Conclusion

The global climate change drives for the development of
carbon neutral buildings to mitigate greenhouse gas emis-
sions and reduce the global warming potential. This article
presents a review on the research and development of
carbon-neutral buildings, and conducts a comprehensive
analysis from definition, development, types, carbon
emission calculation method, practical applications to
evaluation system and policy system. This review provides
guidance for researchers, policymakers, and practitioners
dedicated to achieving carbon neutrality across the build-
ing sector. The following is a summary of the findings: 1)
There are different definitions of carbon-neutral buildings,
which depend on energy usage or carbon emission as well as
their covered scopes. Carbon-neutral buildings can be
achieved by reducing energy consumption, using renewable
energy and carbon offset measures. 2) Different types of
buildings have different carbon emission characteristics
and emission reduction strategies. For example, residential



Table 10 Summary of carbon neutral building codes and rating systems.

Country/Region Evaluation system/
standard

System boundary Key performance
indicators

Energy/GHG
emissions
compensation options

Calculation methods Performance goals

UK (UK Green
Building
Council and
Advancing Net
Zero, 2019)

Net zero carbon
Buildings:
A framework
definition

Full lifecycle (A1eC4) � Construction &
operational carbon

� Renewables ratio

Carbon offset credits,
on-site renewable
energy exports

RICS & EN15978
standards

Net zero
carbon(construction þ
operation)

EU (Ruta et al.,
2024)

Buildings energy
performance
Directive (Directive,
2024/1275/EU)

Full lifecycle (incl.
Renovation)

� Energy efficiency
� GHG emissions
� Renewables ratio

EU emissions trading
system (EU ETS)

Directive annex I
framework

Sectoral net zero by 2050

Canada (Canada
Green Building
Council, 2024)

Zero carbon
buildingddesign
standard v4

Operation þ embodied
carbon (A1eA5)

� Embodied/opera-
tional carbon

� Energy intensity

Green electricity,
carbon offsets

LCA; national GHG
reporting

Annual carbon neutrality
(ZCB-performance
certified)

Australia (Climate
Active, 2020)

Climate active carbon
neutral standard for
buildings

Operational phase � GHG emissions
� Energy efficiency

Offsets of outstanding
debts, prior offsets

Emission boundary
benchmarking

Carbon neutrality

USA (ASHRAE,
2023)

ANSI/ASHRAE
standard 228-2023

Operational phase � Net zero energy
(Enet�0)

� Net zero carbon
(GHGnet�0)

Off-site renewable
energy, certified
carbon offsets (CCOs)

Source energy; GWP
factors

Net zero energy/carbon
in operation

China (Guo et al.,
2024)

Carbon neutrality
rating standard for
buildings

Operational phase � Energy
consumption

� Carbon accounting

Carbon credits,
carbon allowances,
new forestry
projects, green
electricity
certificates

Energy bill;
simulation methods

Net emissions � offsets
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Fig. 12 Major policies and legislation adopted by various countries over time.

Y. Lin, H. Cheng, W. Yang et al.
buildings should focus on energy performance improvement
and renewable energy integration, while commercial
buildings should focus on reducing operating energy needs.
3) A variety of calculation frameworks and models have
been developed for carbon emission calculations, with
carbon emission databases playing a crucial role in sup-
porting building simulations. These frameworks are often
coupled with optimization algorithms to identify solutions
for carbon-neutral design. 4) Different countries and re-
gions have conducted carbon-neutral building practices,
where passive design, renewable energy integration, and
intelligent control systems are commonly adopted strate-
gies. 5) Multiple building standards and certification pro-
grams around the world have been developed to make it
feasible to develop a comprehensive multi-standard
framework and specific requirements for the energy effi-
ciency and environmental health design of buildings.

Although some progress has been achieved, the promo-
tion and application of carbon-neutral buildings still face
challenges such as insufficient policy enforcement, imper-
fect regulatory mechanisms, and high costs of carbon-
neutral buildings. Future research and practice need to
focus on the following: 1) Databases are the basis on the
calculation of carbon emission, which has temporal and
spatial characteristics. Therefore, it is advised for each
country to develop its own reference of whole building life
cycle databases with continuously updated carbon emis-
sions information. 2) Different countries are at different
stages of reaching carbon neutrality and each type of
buildings have its own carbon emission characteristics.
Therefore, when developing standards and guidelines of
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carbon neutral buildings, building types and national con-
ditions should be considered. 3) Provide financial in-
centives, such as tax exemptions, subsidies, to reduce the
initial investment cost of low-carbon buildings to expand
the market size of carbon neutral buildings, and improve
their competitiveness in the market. 4) Develop a carbon
emission calculation framework and model for the entire
life cycle of buildings to evaluate the carbon footprint of
buildings and validate with intelligent monitoring systems
by tracking the real time energy usage and carbon emis-
sions. 5) Improve public awareness and acceptance of
carbon-neutral buildings through education and public
publicity. Cultivate professional talents and strengthen the
knowledge and skills training of carbon-neutral buildings for
construction industry practitioners.

The main contributions of this paper are presented as
follows: 1) Investigated the conceptual evolution of carbon-
neutral buildingdthis paper introduced the concept of
carbon neutrality, summarized related building concepts
such as Net Zero Energy Building, Zero Emission Building
and Zero Carbon Building and compared the scopes and
boundaries of different definitions of carbon neutral
building. 2) Provided a systematic review on the research
advancement in achieving carbon-neutrality in buil-
dingsdthis paper divided the buildings into residential,
commercial and public buildings and identified carbon
neutral technologies for each type of building, it also pre-
sented the carbon emission calculation models together
with calculation frameworks, database and simulation
software to enable the practitioners to evaluate building
carbon emissions effectively. 3) Summarized practical
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applications of carbon-neutral buildingsdthis paper uti-
lized case examples to show the practical values of carbon
neutral technologies, compared carbon neutral building
codes and rating systems, and major policies and legislation
adopted by various countries. Moreover, this paper pro-
vided recommendations for future research and practice in
the carbon neutral building area.
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Designed by White Arkitekter, Skellefteå, Sweden.
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