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ABSTRACT

The construction industry contributes a considerable portion of the world’s energy demand and emissions of greenhouse

gases; therefore, it is an important area where efforts should be directed in reducing the climate change. Building codes

and standards. Low-carbon building codes and standards have become major controlling tools with the aim of enhancing

building performance and minimizing environmental impacts. This review offers a comparative analysis of key low-carbon

building codes and standards across the world, how they are designed, how they are implemented, and what environmental

impacts they report. Both the mandatory building codes and voluntary standards are taken into consideration in both mature

and developing areas with varied climates, economic, and institutional backgrounds. The analysis draws out the significant

difference in regulatory strategies, such as prescriptive and performance-based models, disparities in implementation

capacity, and uneven adoption of carbon-based and life-cycle performance indicators. Literature evidence suggests that

reinforced building codes have provided substantial operational energy consumption and emissions containment, especially

where a robust compliance system is in place. Voluntary standards tend to show a better level of performance, but are

restricted by the market coverage. With the decarbonization of electricity systems, the proportion of embodied carbon

and life-cycle emissions becomes significant, and the drawbacks of the existing regulatory frameworks, which continue

to emphasize mainly operational energy efficiency, can be seen. The review provides such methodological issues in the

evaluation of environmental effectiveness as the use of ex-ante modeling and a lack of post-occupancy data. It concludes

with policy implications and further suggestions for improving the low-carbon building regulation through life-cycle-
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oriented metrics, enhanced enforcement, and the exchange of international knowledge.
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1. Introduction

The construction industry is a key participant in the

world in the quest to reduce climate change, considering it

comprises a significant portion of the total energy use and

greenhouse gas (GHG) emissions internationally [1,2]. Inter-

national analyses indicate that buildings contribute about

one-third of the total final energy consumption and a similar

percentage of the energy-related carbon dioxide emissions

in the world when the operational and construction-related

effects are taken into account [3]. The fast urbanization and

population growth, as well as the improvement of living stan-

dards, especially in the emerging economies, will further put

pressure on energy consumption by buildings in the next few

decades. It is in this context that a redesign of regulation

structures that define building design, construction, and op-

eration has emerged as a key strategy of attaining national

and world climate targets.

Building codes and standards that focus on low carbon

have become one of the best policy tools to guide the build-

ing industry towards low energy consumption and carbon

emissions [4,5]. These regulatory tools can affect decisions

that are made at the earliest building life cycle stage, and

long-term environmental effects are formed mostly by estab-

lishing minimum levels of performance or encouraging best

practices. Compared to retrofit-oriented policies, building

codes and standards are especially effective as a source of

climate mitigation because they can ensure decades of en-

ergy and carbon savings. Consequently, governments in the

global arena have increasingly tightened building energy re-

quirements, created performance metrics with a carbon focus,

and advanced voluntary green building criteria to support

the mandatory requirements.

Although all aim at minimizing environmental impacts,

the low-carbon building codes and standards in different re-

gions are different in their regulatory design, technical scope,

and implementation mechanisms. In other jurisdictions, e.g.,

European Union, building standards are linked to long-term

decarbonization strategies and focus on performance-based

standards, including almost zero-energy building goals. In

other countries, especially in the developing and emerging

economies, codes might prioritize the slow gains in energy ef-

ficiency and put them into practice without certain difficulties

regarding enforcement capabilities and market preparedness.

Voluntary requirements like green building certification pro-

grams also contribute to this heterogeneity since they bring

market-based methods that usually extend beyond minimum

regulatory expectations. This heterogeneity makes it diffi-

cult to determine the effectiveness of low-carbon building

regulations in general and to determine best practices that

can be transferred [6,7].

Another complexity is caused by the changing mean-

ing of the low-carbon performance of the building sector.

Conventionally, the building codes have been more oriented

toward operational energy efficiency, which covers the ar-

eas of thermal insulation, heating and cooling, and lamp

performance. Nevertheless, increasing awareness of the im-

portance of embodied carbon, the emissions related to the

manufacture, distribution, construction, and other end-of-life

processes of building materials, has led to a progressive in-

crease in regulatory coverage in certain areas. Although few

jurisdictions have started to implement life-cycle assessment

methods or embodied carbon limit-setting in building stan-

dards, these and other approaches are not well-adopted and,

in many cases, do not feature in compulsory codes. This

raises exquisite concerns about the fullness and viability

of current frameworks of low-carbon buildings in the long

term [8,9].

The methodological difficulties about building code

and building standards are also about the evaluation of the

environmental impacts of design. A modeling study, compli-

ance simulation, or post-occupancy evaluation with different

assumptions and system boundaries is usually used to pro-

vide empirical evidence on actual energy saving and emission

reduction. The disparity in their climatic conditions, types of

buildings, and the use of buildings also makes cross-regional

comparisons difficult. In addition, although numerous pa-

pers have documented high potential energy savings and

carbon pollution that can be ascribed to tighter codes, few

have offered a strong ex-post analysis of actual performance.
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Consequently, how much low-carbon building regulations

achieve their desired environmental dividend is a research

and debate concern [10,11].

The literature has looked at individual national or re-

gional building codes, individual green building standards,

or individual technical measures that seek to enhance build-

ing performance. Nevertheless, detailed comparative re-

views that critically assess the building regulatory frame-

works worldwide, as well as the environmental impacts they

have recorded, are few. Specifically, it has a lack of syn-

thesis that brings together regulatory design characteristics,

implementation settings, and evidence of empirical impact

under one analytical framework. This kind of review is fun-

damental to the discovery of effectiveness trends, contextual

dependence, and to the subsequent development of regula-

tions on building policies in line with the more and more

ambitious climate targets [12,13].

To address these gaps, the proposed review article is

a comparative assessment of significant low-carbon build-

ing codes and standards across the world, considering their

regulatory nature and environmental performance. The re-

view covers both the compulsory building energy and carbon

codes and those that are popular as voluntary standards in

the developed and developing areas. The article attempts to

determine how regulatory design impacts environmental per-

formance by analyzing the differences in stringency, scope,

compliance mechanisms, and carbon coverage. Moreover,

the empirical data regarding energy conservation and GHG

emission cuts are integrated to determine the efficiency of

these frameworks in various climatic, economic, and institu-

tional scenarios [14–16].

This review has threefold objectives. The first one is

to chart the low-carbon building codes and standards around

the world and showcase some major similarities and dif-

ferences between major regulatory approaches. Second, it

reviews the environmental effects that are mentioned in the

literature and defines both successes and shortcomings of the

current evaluation methods. Third, it explains the implica-

tions to policymakers and researchers, such as an opportunity

to make regulations more ambitious, increase enforcement,

and become more life-cycle carbon conscious. It is in this

comparative view that the article attempts to make a contri-

bution to the current debate on how building regulations can

better aid the transition towards a low-carbon built environ-

ment [4,17,18].

This review distinguishes itself from previous synthe-

ses in three key respects. First, while existing reviews have

largely focused on specific regions (e.g., Li et al. [17] on

China, Yu et al. [19] on the US) or isolated technical dimen-

sions (e.g., Enker andMorrison [4] on transition effects, Lu et

al. [20] on non-compliance), the present study offers a system-

atic cross-regional comparison that includes both mature and

developing economies under varying climatic, economic,

and institutional conditions. Second, unlike prior work that

treats regulatory design and environmental outcomes sepa-

rately, we explicitly link regulatory features (prescriptive vs.

performance-based, carbon coverage, enforcement mecha-

nisms) to reported empirical impacts, including operational

and emerging life-cycle considerations. Third, we address

a critical and rapidly evolving gap, the shift from opera-

tional to embodied carbon as electricity grids decarbonize,

which has not been systematically integrated in earlier com-

parative reviews. Collectively, these elements provide a

novel contribution to the literature on low-carbon building

regulation.

2. Overview of Major Low-Carbon

Building Codes and Standards

The building codes and standards Low-carbon building

codes and standards, represent a wide range of regulatory

and quasi-regulatory tools that are intended to minimize

energy use and greenhouse gas emissions throughout the

building life cycle [4,5]. These frameworks have vastly dif-

ferent scopes, legal status, and technical focus, but tend to

drive building performance by minimum requirement, per-

formance objectives, or incentive-based means. In a global

sense, the low-carbon building regulations can be generally

interpreted in terms of their regulatory nature, the nature of

their regions, and the technical aspects to which they are

addressing. This part gives a summary of these frameworks

in order to have a point of reference to make further compara-

tive assessments. Examples of building codes and standards

representative of low-carbon building codes in different re-

gions of the world differ in terms of type, focus, and legal

status, as summarized in Table 1.
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Table 1. Representative low-carbon building codes and standards across regions, including type, primary focus, and legal status.

Region Regulatory Framework Type Primary Focus Legal Status

North America IECC Building code Operational energy

efficiency

Mandatory (adopted

locally)

North America ASHRAE 90.1 Technical standard Energy performance Mandatory/Referenced

Europe EPBD (EU) Directive Nearly zero-energy

buildings

Mandatory

Europe National NZEB codes Building codes Energy and carbon

performance

Mandatory

China Building Energy Codes Building codes Climate-zone-based

efficiency

Mandatory

Japan Building Energy Efficiency

Act

Building standard Performance evaluation Mandatory

Global LEED Green building standard Energy, carbon,

sustainability

Voluntary

Global BREEAM Green building standard Environmental performance Voluntary

2.1. Mandatory Building Codes and Voluntary

Standards

One of the main differences between low-carbon build-

ing schemes is the difference between themandatory building

codes and the voluntary standards [20,21]. Mandatory codes

are regulations that are legally binding and embraced by gov-

ernments in the country or sub-country, and usually define the

minimum acceptable energy efficiency, thermal performance,

and system efficiency. Building permits and occupancy ap-

provals usually need compliance with these codes, such that

they become one of the key tools to realizing baseline im-

provements throughout the building stock. Most jurisdictions

have, over time, increasingly increased these requirements,

with an expansion in building technologies and growing pol-

icy ambition in dealing with climate mitigation.

Conversely, voluntary standards and certification sys-

tems are market-driven tools that co-exist with mandatory

codes [22]. These frameworks are usually created by industry

organizations or non-governmental organizations and pro-

mote greater levels of environmental performance through

issuing certification, recognition, or in terms of market dif-

ferentiation. Voluntary standards often cover more of the

criteria of sustainability, such as energy efficiency, carbon

emissions, water consumption, materials, and indoor envi-

ronmental quality. Although these standards are not legally

obligatory, they can have a strong impact on the market de-

mands, the policy of public procurement, and correspond to

the corporate sustainability objectives. Voluntary standards

have also been used in various areas as an experimental

ground for new performance measures that are subsequently

used to create compulsory standards.

2.2. Regional Characteristics of Low-Carbon

Building Frameworks

Low-carbon building codes/standards have been de-

signed and implemented differently in different regions de-

pending on the climate conditions, economic development,

institutional capacity, and priorities of policy. The building

energy regulation in North America is typified by the use of

model codes and standards, which are adopted and adapted

by the states or local jurisdictions. Traditionally, these frame-

works have focused on energy efficiency via prescriptive

and performance-based routes, and more recent versions

have been adding more measures to carbon emissions and

grid interaction. The region has also been promoted in the

use of high-performance buildings in voluntary certification

systems [17,19].

Supranational policy efforts and long-term goals have

been important influences on low-carbon building regula-

tion in Europe. The regulatory environment has focused on

performance-based requirements and has gradually shifted

to almost zero-energy building concepts in new construction.

European building standards tend to be more holistic in their

assessment, most often incorporating standardized calcula-

tion processes and benchmarking, which allow comparability

and enforcement between member states. There has been

a movement as well towards life-cycle-oriented regulation,

with many countries starting to consider regulatory strategies

specifically based on embodied carbon [23,24].

There is a great diversity in building structures across
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the Asia-Pacific region with low carbon. Other developed

economies like Japan and South Korea have introduced ad-

vanced building energy standards which lay focus on per-

formance assessment and ongoing enhancement. There is

a multi-level system of building energy codes that China

has come up with, depending on the climate region and type

of building, which is backed by the national policy goals

in the areas of energy security and reduction of emissions.

Most economic urbanization processes in the rapidly urbaniz-

ing countries have building codes geared towards enhancing

baseline efficiency whilst keeping affordability and building

capacity at par, which is more incremental than transforma-

tive regulation [25–27].

The implementation and application of low-carbon

building codes are not evenly spread in developing areas such

as parts of Africa, Latin America, and South Asia. Although

some countries have established building energy policies

or voluntary green building policies, institutional capacity,

compliance monitoring, and informal building are some of

the issues that limit the extent to which they work. This

notwithstanding, the spread of building energy codes and

the localization of global best practices have been growing

with the support of international cooperation programs and

development efforts [28,29].

2.3. Technical Scope and Performance Dimen-

sions

The low-carbon building codes and standards vary not

only in their regulation form and their location but also in

the technical aspects on which they focus. Historically, the

majority of frameworks have concentrated on the operational

energy efficiency, which strives to meet the building enve-

lope performance, heating, cooling, lighting, and equipment

energy efficiency. These actions will help cut the energy

requirement at the utilization period of structures, which

has been recorded to contribute the greatest proportion of

life-cycle emissions [30].

The more recent developments in regulation have

broadened this to cover more dimensions that are pertinent

to mitigating carbon. Inclusion of renewable energy systems

on-site, demand-side management abilities, and electrifica-

tion of building services are now encouraged or mandated by

some codes and standards. Whole-building energy or carbon

measures are becoming more popular as the foundation of

performance-based approaches without compromising en-

vironmental goals. Meanwhile, voluntary standards have

been on the leading edge in regard to the implementation

of life-cycle assessment practices to consider the embodied

carbon of materials and processes used in construction [31,32].

Although these have been made, the incorporation of

life-cycle carbon considerations into mandatory building

codes is not widespread globally. In the case of embodied

carbon, it is typically done in the form of reporting require-

ments, benchmarking, or pilot programs as opposed to com-

pulsory limits. This disproportionate technical scope stresses

that present building regulations on low-carbon are transi-

tional and emphasize that more comprehensive strategies

are required, which would consider both operational and

embodied emissions [33].

2.4. Evolution and Convergence of Regulatory

Approaches

Building codes and standards on low-carbon buildings

are not fixed tools, but they change through the advancement

of technology, transformation of the market, and learning

about policies. Several jurisdictions have, over time, moved

beyond prescriptive requirements to performance-based, or

result-oriented regulation, which is the desire to promote

innovation and, at the same time, deliver quantifiable envi-

ronmental advantages. Voluntary standards have frequently

been a catalyst to this movement through proving the validity

of higher performance goals and more inclusive sustainabil-

ity measures [34,35].

On the international level, gradual convergence in reg-

ulatory practices can also be observed as a result of inter-

national climate commitments, knowledge sharing, and har-

monization. Some of the prevailing trends are the rising

energy performance requirements, the rising importance of

carbon measures, and the recognition of life-cycle impacts.

Nonetheless, there remains a substantial disparity regarding

the ambition, capacity, and market preparedness related to

the regulation. It is necessary to understand these similari-

ties and differences in order to determine the environmental

performance of low-carbon building frameworks, which is

discussed in the following parts of the present review [9].
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3. Comparative Evaluation of Regu-

latory Design and Implementation

Although low-carbon building codes and standards

have similar goals, they both vary in terms of their efficacy

depending on the regulatory design and application. The

comparative analysis of these frameworks must be done by

not only paying attention to the strictness of the technical

requirements, but also to how compliance is obtained, ob-

served, and executed. The paper will discuss some of the

critical aspects of regulating design, such as the performance

strategies, coverage of carbon, structure of compliance, and

contextual factors influencing the results of implementation

in the regions [17].

3.1. Prescriptive and Performance-Based Reg-

ulatory Approaches

The decision between prescriptive and performance-

based regulation methods is one of the greatest areas of con-

tention between low-carbon building frameworks. The pre-

scriptive codes describe specific technical standards of the

components of a building, e.g., minimum insulation, window

performance, or equipment efficiencies. These methods are

easy to understand and implement, especially where there

is low technical expertise or experience in energy modeling.

Consequently, prescriptive requirements are still common

in most jurisdictions, particularly in developing areas and to

smaller-scaled residential construction [21].

In comparison, performance-based strategies establish

general goals of building energy consumption or carbon emis-

sions, which gives designers more room to achieve the reg-

ulatory goals. These methods are becoming popular in the

more progressive regulatory community, where they are able

to support multiple solutions to design and promote creativity.

Performance-based codes tend to be based on a standardized

method of calculation or simulation to illustrate compliance,

which can enhance congruence with actual building perfor-

mance when it is implemented adequately. Nevertheless, the

methods also need more technical skills, strong modeling

assumptions, and efficient verification procedures that can

restrict their fitness to some situations [34,36].

Practically, most building codes implement hybrid de-

signs that incorporate requirements like using backstop pre-

scriptively and optional performance pathways. Table 2 con-

trasts major design elements concerning prescriptive codes,

performance-based codes, and voluntary standards, pointing

out the differences in compliance, flexibility, and integration

of carbon metrics [20]. This twin strategy is a sign of trying

to strike a compromise of regulatory simplicity and flexi-

bility, but slowly moving markets to more result-oriented

regulation. The degree to which performance-based options

are used is quite varied, and it is conditioned by the level of

local professional capacity, the regulatory culture, as well as

visualized compliance risks.

Table 2. Comparison of main regulatory design features of prescriptive codes, performance-based codes, and voluntary standards.

Feature Prescriptive Codes Performance-Based Codes Voluntary Standards

Compliance method Component requirements Whole-building metrics Certification scoring

Design flexibility Low High High

Carbon metric usage Rare Emerging Common

Life-cycle assessment Absent Limited Often included

Innovation potential Moderate High High

3.2. Scope of Carbon Coverage and Life-Cycle

Considerations

The other important facet of regulatory design is the

area of carbon emission that is covered by building codes

and standards [4]. Conventionally, the majority of the obliga-

tory rules have been concerned with the operational energy

consumption, implicitly presupposing that the decrease in

energy demands would directly result in a decrease in car-

bon emissions. Although this assumption was true in fossil

fuel-dominated energy systems, decarbonization of electric-

ity grids has changed the relative significance of operational

and embodied emissions.

In their turn, certain regulatory frameworks have started

to directly include carbon-based performance indicators,

whether through the application of the carbon intensity fac-

tors to energy consumption or through the establishment of di-

rect operational carbon emissions limits [37]. These methods
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serve to enhance consistency between building governance

and the bigger environment, climate policy goals, particu-

larly in jurisdictions having distinctly dynamic energy mixes.

However, explicit carbon metrics are much less widespread

than energy-based requirements, and are commonly done as

pilot programs or voluntary standards.

Life-cycle carbon considerations are an even more re-

cent and less widely adopted low-carbon building regulation.

Wanted criteria have front-run the incorporation of embodied

carbon assessment utilizing life-cycle assessment techniques,

material statement needs, and benchmarking. Contrary to

this, voluntary codes that deal with embodied emissions are

illustrious and even exclusive to certain building categories

or major projects. This is because the absence of standard

data, the complexity of methods, and regulatory burden have

hindered larger-scale adoption, despite the increasing evi-

dence of the importance of embodied emissions throughout

the building life-cycle [38].

3.3. Compliance, Enforcement, and Institu-

tional Capacity

Low-carbon building codes and standards are not only

effective based on their formal requirements, but also based

on the strength of the compliance and enforcement mea-

sures [4,39]. In locations where there is a high institutional

capability, compliance is normally incorporated into building

permitting procedures, backed by standardized documenta-

tion, third-party verification, and post-construction inspec-

tions. These systems would help to increase the credibility

of regulations and decrease the performance differences be-

tween the design and the real use.

In comparison, in areas where administrative staff are

limited, building code enforcement can be unevenly applied

or not achieved. The compliance may be compromised by

informal construction standards, lack of unified regulatory

control, and lack of inspector training, even with formal reg-

ulations. In that regard, stringent regulatory provisions can

have few environmental payoffs when they fail to be accom-

panied by the proper implementation frameworks. Voluntary

standards embrace other compliance models and frequently

use indirect methods based on independent certification agen-

cies and market forces instead of law enforcement. Although

this may allow a greater performance level and experimenta-

tion, it is usually restricted to certain market segments like

commercial or high-end residential buildings. Consequently,

voluntary standards do not in and of themselves provide the

means of achieving large-scale emissions cuts, but can be

used in complement to these controls through awareness cre-

ation, capacity building, and future regulatory revisions [14].

3.4. Adaptability, Policy Alignment, and Mar-

ket Readiness

Another aspect that determines the performance of the

low-carbon building frameworks is that they are flexible to

the fluctuating technological, economic, and policy environ-

ments [17,40]. Standard codes and standards that are updated

frequently and according to national climate strategies can

be in a better position to stand the test of time. Construction

standards are also clearly associated with decarbonization

strategies in the long run, in multiple areas, which allows the

requirements to be tightened gradually in accordance with

the transformation of the market and the decrease in the cost

of the technologies.

The market readiness is also important in the feasibility

and effects of regulatory measures [41,42]. Compliant materi-

als, technologies, and qualified professionals are available,

which impacts compliance costs and industry acceptance.

Where ambition to regulate is faster than the capacity of

the market, stakeholder resistance and imbalanced applica-

tion are possible. On the other hand, correctly tuned regula-

tions have the potential of spurring innovation, economies

of scale, and learning effects that will save costs over time.

Combined, these dimensions indicate that the environmental

performance of low-carbon building codes and standards

cannot be evaluated only by referring to their pronounced

requirements. The design decisions of regulations, the im-

plementation capacity, and context interact complexly to

influence actual results. This knowledge of these interac-

tions would give us the necessary background to discuss the

environmental impacts of low-carbon building frameworks,

as we shall see in the next section. Figure 1 illustrates how

regulatory design elements, compliance mechanisms, and

contextual factors interact to determine implementation out-

comes.

1067



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

Figure 1. Conceptual pathway from regulatory design to implementation outcomes, highlighting enforcement, market readiness, and

performance gaps.

4. Environmental Impacts and Effec-

tiveness Assessment

Evaluation of the environmental effects of low-carbon

building codes and standards is critical in evaluating whether

these regulatory measures attain the desired effect of mit-

igation. Although the regulatory ambition and design are

essential indicators, their final worth is quantifiable in terms

of energy-saving and greenhouse gas emissions [43]. This part

is a synthesis of the literature on reported environmental out-

comes and how methodology is applied to determine or test

effectiveness, as well as the significant sources of variability

and uncertainty in impact assessments.

4.1. Reported Energy and Emission Reduction

Outcomes

There is a large body of literature that suggests that

building energy code’s introduction or tightening is linked to

large-scale modeled and measured energy use in new build-

ings. Comparisons of higher intensity of energy in buildings

built using more stringent codes or regulations are always

recorded in the studies involving various regions. The most

significant of such reductions can be seen in the demand

for space heating and cooling, which shows an increase in

building envelope performance as well as system efficiency.

In countries where codes have long and frequent renewal,

cumulative energy savings at the building stock level can be

high over time [44,45].

Greenhouse gas emission reductions across the board

have been reflected in the trends of energy use, but find-

ings are more situation-specific. Table 3 summarizes the

representative studies that report on energy and emission

reduction by various frameworks. When the generation of

electricity is still carbon-intensive, efficiency in building en-

ergy is converted into significant operational reductions in

emission levels. On the other hand, at sites where grids are

decarbonizing at a high rate, the marginal carbon payoff of

additional operational energy savings becomes less, and the

focus changes to other sources of emissions. Consequently,

the building code environmental effectiveness is becoming

more and more reliant on how compatible building codes are

with greater energy system transitions [46].

Table 3. Reported environmental impacts associated with low-carbon building codes and voluntary standards, including study type,

region, building type, and outcomes.

Study Type Region Building Type Reported Impact

Simulation-based Europe Residential 20–40% energy reduction

Post-occupancy North America Commercial Lower EUI than baseline codes

Comparative analysis China Urban residential Significant heating energy savings

Certification analysis Global Commercial Reduced operational emissions
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Voluntary building standards often have better-reported

energy and carbon savings than mandatory codes because

they have ambitious performance targets [14]. Certified build-

ings typically have reduced intensities of energy use and, in

other cases, net-zero or net-positive energy use. They are

mainly, however, restricted to a fairly small portion of the

total building market, limiting their aggregate effects on the

environment on the national or regional level.

4.2. Evidence from Empirical and Post-

Occupancy Studies

In addition tomodeling-basedmeasurements, empirical

research, and post-occupancy analysis, offers the essential

information about the practical performance of the buildings

that have been controlled in terms of the low-carbon schemes.

These studies demonstrate that, though code-compliant build-

ings tend to perform well as compared to the aged ones, there

are usually differences between expected and actual energy

consumption. Elements like building construction, practices

in commissioning, and occupancy behavior may greatly af-

fect the performance in terms of operations, and as such, the

result is commonly referred to as an energy or performance

gap [47,48].

There is also post-occupancy evidence that regulatory

methods that focus upon integrated design, commissioning,

and verification have a higher probability of providing consis-

tent environmental results [49]. To this end, there are certain

voluntary standards that involve continuous performancemon-

itoring or disclosure, which have shown better coordination

between design and operational outcomes. However, the em-

pirical assessment of impact is limited in value by the fact that

the presence of large-scale, longitudinal post-occupancy data

after occupancy is limited, especially in developing regions.

4.3. Comparative Effectiveness acrossContexts

Comparative studies suggest that building codes and

standards of low-carbon buildings are not effective in all

climatic, economic, and institutional settings. Stringent en-

velope requirements in cold and temperate climates result in

large savings of heating energy demand, and in hot climates,

savings are attributed more to cooling efficiency and passive

design measures. The economic aspects, such as the cost of

energy and the cost of construction, also determine the size

of the achieved savings and the reaction of the stakeholders

to the regulatory demands [50].

There is also the decisive role of the institutional ca-

pacity and rigor of enforcing institutions to the outcome of

the environment [51]. Courts that uphold compliance systems

are also likely to record more steady gains in performance,

whereas lax enforcement can decimate anticipated gains by

a significant margin. These results highlight that regulatory

stringency is not a sufficient predictor of environmental effec-

tiveness, but that quality of implementation has to be taken

into consideration in comparative assessments.

4.4. Co-Benefits, Trade-Offs, and Broader Im-

pacts

Besides direct energy and emission reductions, low-

carbon building codes and standards have a variety of co-

benefits that enhance sustainability objectives on a broader

scale. Higher thermal performance and system efficiency

may boost the quality of the indoor environment, thermal

comfort, and occupant health, and minimize exposure to

energy price volatility. On the macro level, energy-saving

buildings will help to reduce the load on energy infrastructure

and serve to achieve energy security [52,53].

Meanwhile, there are trade-offs and unintended con-

sequences, which are found in the literature. Higher ini-

tial construction costs due to higher performance standards

can become an issue of affordability, especially in the low-

income housing markets. Poor incorporation of operational

and embodied carbon may also result in burden shifting, with

a decrease in operational carbon partially being compensated

by increases in embodied carbon in materials or technolo-

gies [54]. Such trade-offs demonstrate the significance of

assessment frameworks in the assessment of environmen-

tal impacts that are holistic. Table 4 defines several issues

of low-carbon building regulation and possible options to

improve the situation in the future.

4.5. Methodological Limitations and Evidence

Gaps

Although there is an increasing amount of evidence

of beneficial environmental effects, current evaluations of

low-carbon building codes and standards have a number of

methodological shortcomings. Numerous research works are
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based on ex-ante modeling instead of measured performance

data, which may overstate the real savings in case of assump-

tions that do not apply to the actual situation. The cross-study

comparisons are further complicated by the differences in

the boundaries of the systems, the definition of the baseline,

and performance measures [55].

Table 4. Challenges and future directions in low-carbon building regulation across carbon coverage, enforcement, data availability, and

market readiness.

Dimension Current Challenge Future Direction

Carbon coverage Focus on operational energy Life-cycle carbon regulation

Enforcement Inconsistent compliance Capacity building and verification

Data availability Limited post-occupancy data Performance monitoring and disclosure

Market readiness Cost and skill barriers Gradual tightening and incentives

Besides, a significant absence of standardized meth-

ods of determining the effects of life-cycle carbon impacts

among regulatory assessments also exists [17,38]. Limitations

of data, especially of embodied emissions, make it difficult

to come up with strong comparisons across regions and build-

ing types. With regulatory schemes steadily broadening on

carbon-based and life-cycle-based measures, it will be cru-

cial to address these gaps in the methodology in order to

measure effectiveness properly.

All in all, the evidence available indicates that low-

carbon building codes and standards have provided signifi-

cant energy consumption and operational emissions savings,

especially with effective enforcement and supplementary

policies [20]. Nevertheless, their overall environmental per-

formance will become more reliant on the introduction of

life-cycle carbon aspects, better empirical assessment tech-

niques, and compatibility with the changing energy systems.

The latter are also addressed in the conclusion of this review.

5. Conclusions

Building codes and standards. Low-carbon building

codes and standards are emerging as a focus tool in world

policies to minimize energy use and greenhouse gas emis-

sions in the built environment. The present review has given

a comparative analysis of the key regulatory frameworks

in the world with an analysis of their design features, the

implementation settings, and the environmental effects re-

ported. Collectively, the results highlight howmuch progress

the construct of regulation has made and the challenges that

still persist that restrict the mitigating capacity of regula-

tion. The review notes that mandatory building codes have

been useful in creating a basis of improvement on building

energy performance, especially where there are a strong in-

stitutional capacity and frequent revision of the regulations.

Such performance-based methods and increasingly strict re-

quirements have allowed achieving significant decreases in

energy consumption in operations and the resultant emissions

in new buildings. These attempts have been supplemented by

voluntary standards that show a greater degree of ambition,

increase the scope of sustainability concerns, and provide

trial grounds for novel performance measures. Nevertheless,

their total effectiveness is limited due to the low penetration

into the market and dependence on voluntary adoption.

Comparative analytical work indicates that the effec-

tiveness of low-carbon building frameworks in terms of the

environment is influenced by regulatory stringency as well as

the quality of implementation and themechanisms of enforce-

ment, and the willingness of the market. The jurisdictions

that have a strong compliance framework and professional

ability are likely to experience a more stable performance

results, and the ineffective enforcement and the off-the-book

construction activities can undermine the projected advan-

tages considerably. These results underline the fact that the

design of regulations and institutional setting are intertwined

in the aspect of establishing actual environmental effects.

The production of evidence on impact suggests that

current codes and standards have provided significant opera-

tional energy consumption and emission reductions, although

their comparative effectiveness is being subjected to greater

restructuring of energy systems changes. With decarboniza-

tion of electricity grids, marginal carbon gains associated

with additional operational efficiency gains are smaller, and

embodied emissions and life-cycle effects are brought into the

limelight. Although voluntary standards and a limited range

of regulatory programs have started to focus on these aspects,

life-cycle carbon implications have not been incorporated

into a large percentage of required building standards.
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This review has a number of gaps in existing regulatory

and research practices. In impact assessment, methodolog-

ical constraints such as the use of ex-ante modelling and

the absence of post-occupancy data limit the accuracy of

the quantification of the environmental outcomes and com-

parison of effectiveness between regions. Also, the lack

of standardized life-cycle assessment methods and quality

embodied carbon data can create a serious challenge to the

further implementation of carbon-based regulation. These

gaps will be critical to address as the building codes will

develop to meet more ambitious climate goals.

In the future, a more adaptive and integrated regulatory

paradigmwould be needed in order to shift to truly low-carbon

buildings. The priorities are the progressive integration of

life-cycle carbon measures in obligatory codes, enhancing

the ability of the building regulation to meet the national de-

carbonization strategies, and stepping up reinforcement and

capacity-building processes, especially in developing worlds.

Evidence-based policy development can also be advanced

by improved data collection, performance monitoring, and

exchange of knowledge across the borders. To sum up, low-

carbon building codes and standards have already become

potent means of decreasing the environmental footprint of

the building industry, yet the role thereof has to be further

modified due to the technological and policy context changes.

Through the lessons of comparative international experience

and the reduction of existing shortcomings, policymakers and

researchers can increase the role played by building regulation

in the global shift towards a low-carbon built environment.
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