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Facing the challenges of global climate change, the construction

of low-carbon cities has become an inevitable pathway, where
carbon emission assessment is a critical part to the transition
towards digitalized urban planning and design of low-carbon cities.
However, comprehensive review on carbon assessment tools
applied to urban planning and design is absent. As a response, this
paper selected and reviewed typical digital assessment tools of
carbon emissions at both the city and district/neighborhood scales,
and summarized their measuring dimensions and reference data.

Currently, tools based on energy system planning and operational
energy simulation dominate the field, while tools for carbon
emission and carbon sink estimations based on land use types or
materials are rapidly developing due to the increasing refinement

of carbon emission assessments and shifts of decarbonization
policies. At present, these tools are primarily used in energy
planning and design, governmental decision-making, and building
structural design and material choice, and their application in urban
planning and design practice, especially in the early stages, remains
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limited. Hence, this study further underscored the limitations and
potential development directions of existing carbon emission
assessment tools by case studying low-carbon practices worldwide
that have not utilized digital assessment tools—in the future,
improving tools’ flexibility and adaptability for diverse scenarios,
building comprehensive databases, incorporating the calculation

of operational carbon, embedded carbon, and carbon sinks, and
aligning with the needs for multi-dimensional, multi-criteria, and full-
process assessments should be put into more efforts.
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1 Introduction

With the promotion of carbon neutrality and carbon peaking goals,
the construction of low-carbon cities and related quantitative
assessments have become hot topics in the field of urban planning
and design''"”, One important driver for promoting low-carbon
concepts is global climate change. The Intergovernmental Panel

on Climate Change (IPCC) points out that the net emissions of
anthropogenic greenhouse gases have continued to rise over the
past decade, with the average annual emissions higher than any

previous decade™

. Without additional climate change mitigation
policies, global warming could lead to a temperature increase of
3.5°C by 2100". Therefore, advancing the implementation of low
carbon policies is of utmost urgency.

Currently, the focus of low-carbon urban construction at home
and abroad has shifted from macro-level conceptual introduction
and review towards the analysis of specific issues and the
application of digital technologies at the micro level® "), As the first
step of carbon reduction actions, precise quantitative assessment
of carbon emissions has increasingly been incorporated into urban
planning and design. Analyzing the impact of urban spatial planning
on carbon emissions and estimating the effectiveness of carbon-
neutral action plans can help determine carbon reduction objectives
and provide guidance for policy-making and planning design'®.
Emerging frameworks and tools for carbon emission assessment
applicable at varied scales" enable digital carbon assessment for
planning strategies and design schemes, progressively promoting
the cross-integration of energy planning and urban planning
design™"1"%,

However, existing reviews on carbon assessment tools have
several limitations. First, these reviews primarily focus on energy
system planning and design, as well as life cycle assessments of
buildings. Under climate policies, carbon emission has become a
new quantitative indicator in urban planning and design practice.
Since carbon assessment tools serving early-stage planning and
design have been developed and applied in practice in recent

13][14 . . .
1314 there is a lack of comprehensive reviews on carbon

years
assessment tools for urban planning strategies and design
schemes*"®!, Second, existing reviews often focus on a single scale
or discipline, lacking cross-scale and interdisciplinary systematic
analysis™*""”) from a macro-level comprehensive perspective that
could better guide planners and designers in selecting appropriate
carbon assessment tools based on specific usage scenarios and
stages. Third, although the development of assessment tools sees

a diversification trend, these tools are still less used in planning



and design practice, the reasons behind which are worth exploring;
in addition, the research on the application limitations and future
development directions of different sorts of carbon assessment
tools remains insufficient™*~*",

To address the aforementioned limitations, this paper
systematically categorizes, reviews, and compares the functional
features, assessment dimensions, and applicable scenarios of
existing assessment tools for digitalized low-carbon urban planning
and design, and discusses their application shortcomings in
planning and design practice. Finally, the paper summarizes the
development trends of various assessment tools and points out
potential development directions to provide references for future

research and practice of low-carbon planning and design.

2 Research Methods

Typical carbon assessment tools as the research subjects in this
study were selected through the literature screening and validation
by Google Scholar. Google Scholar offers extensive coverage,
including both Chinese and English literature in the Architecture
category from core-collection journals (e.g., SCI, A&HCI) and non-
core collection journals, as well as conference papers.

First, initial searching was conducted by using both Chinese and

» o«

English keywords, including “carbon assessment tools,” “carbon

emission evaluation,” “low carbon urban planning,” “low carbon

» o« » o«

urban design,” “low-carbon city,” “urban energy planning,” “carbon-
neutral city,” “BRiTAh T H,” “MRBRITAEFE AR, “BRiPAl T H L5
TSR, T RRAI, DREREAR,” and “Bi HORI T R
This study retrieved literature published after January 1, 1980

to December 31, 2023. And then frequently mentioned carbon
assessment tools were selected from the search results. Citation
counts and frequency of mentions reflect, to a certain extent,

the gained attention and application of the tools. Meanwhile, the
relatively new tools that were less mentioned in the retrieved
literature were compared with conventionally typical tools, to select
the relatively mature, highly innovative ones that can represent
recent development trends. Finally, the obtained tools were
preliminarily categorized, and tools with well-documented official
descriptions in each category were retained for the final analysis.

3 Research Results

3.1 Overview of Assessment Tools
A total of 19 assessment tools were finally selected for the study,
which are categorized into two major types by scale and function

(Table 1). 1) Urban-scale tools that mainly aid in the formulation
of larger-scale planning policies, by predicting carbon emissions,
financial costs, and environmental impacts under different energy
planning and master planning policy measures or various scenarios
based on macroeconomic data and energy consumption data. 2)
District-/neighborhood-scale tools that are mainly used to evaluate
planning and design schemes at smaller scales”" by predicting
carbon emissions based on information such as building form and
attributes, and climatic data.

The development and evolution of carbon assessment tools
are closely related to the development of low-carbon policies and
associated demands (Fig. 1). Carbon assessment tools at both city
and district/neighborhood scales have been initially developed
since the 1980s, witnessing a significant increase in number
over the past decade, especially the district-/neighborhood-scale
assessment tools. This reflects the trend of refined low-carbon
assessments and the shift in decarbonization policy focus—
from reducing energy demand and the carbon intensity of energy
systems towards decreasing embodied carbon emissions and

promoting ecological restoration to enhance carbon sinks*?.

3.2 City-Scale Carbon Assessment Tools

City-scale carbon assessment tools can be roughly classified into
three categories by function: energy system and policy analysis,
urban climate policy analysis, and carbon emission prediction
based on land use types.

1) Tools for energy system and policy analysis. These tools are
used to assess carbon emissions under different energy planning
strategies and scenarios, predicting funding, costs, and the impact
of environmental changes, primarily in areas of energy system,
electricity, heating and cooling, etc.

2) Tools for urban climate policy analysis. These tools are of high
comprehensiveness and typically used for cross-sectoral planning in
construction, transportation, industry, etc.; although the numerical
values used in calculations are relatively coarse, they can provide
an overall picture to help decision-makers choose effective climate
intervention measures.

3) Tools for carbon emission prediction based on land use
types. These tools predict a city’s carbon emissions under different
development scenarios based on the changes of land use types of
real plots, reflecting high-precision geographic spatial distribution
characteristics and interactions by analyzing energy consumption
data of different land use types. In recent years, many researchers
have started exploring more refined carbon emission prediction
methods'™, but which are still in early stages and require users
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Table 1: Overview of carbon assessment tools

City-scale tools

Category Applicability Tool Developed Function description Advantages/disadvantages Source
year
Energy - Energy system LEAP 1982 Scenario-based energy-environment Simply consider energy system Ref. [32]
system simulation econometric model planning, poor guidance for urban
and policy - Energy planning for spatial planning and design
analysis heating and cooling, etc. EnergyPLAN 2000 Design and evaluation tool for smart energy Ref. [46]
systems based on renewable energy
Urban - Comprehensive CURB 2016 Energy, emissions, and financial evaluation Outstanding comprehensiveness, Ref. [30]
climate assessment of macro- tool for different intervention measures applicable to global cities
policy level climate measures
analysis - Urban planning VIA Tool 2020 Evaluation tool for identity barriers and Assess the implementation process  Ref. [47]
for buildings, opportunities of integrated, cross-scaled and effects of climate measures,
transportation, climate strategies not supporting quantitative carbon
industry, etc. emission assessment
ALasSken 2020 Evaluation tool for the impact of urban Limited data and calculation Ref. [31]
climate measures and prediction of methods, only applicable to cities
greenhouse gas emissions in Finland
Carbon - High-precision LUCEs 2021 Urban-scale land-use carbon emission High precision, but require Ref. [48]
emission simulation of land-use estimation model extensive datasets of land use and
prediction type changes energy consumption
based onland - Study and decision- CarbonVCA 2022 Carbon emission calculation and prediction Ref. [45]
use types making for residential, tool for actual micro-scale plots
industrial, and other
land-use types
District-/neighborhood-scale tools
Category Applicability Tool Developed Function description Advantages/disadvantages Source
year
Operational - Quantifying carbon Ladybug Tools 1996 Workflow for predicting operational energy Suitable for small-scale site Ref. [33]
energy emissions and loads through microclimate simulation operational energy consumption
consumption other sustainability simulation, not involving regional
simulation indicators for early energy demands and energy
stages of planning and system types
design
- High-precision umi (Urban 2012 Energy demand-and-supply analysis tool, Applicable for early and later Ref. [25]
prediction on Modeling including operational energy, embodied stages of planning and design,
operational energy Interface) energy related to energy systems and supporting the analysis of
consumption for building materials operational energy consumption,
buildings and districts embodied carbon emissions,
daylighting, and other
environmental performance
(Continued)
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Table 1: Overview of carbon assessment tools (Continued)

District-/neighborhood-scale tools

Category Applicability Tool Developed Function description Advantages/disadvantages Source
year
Operational - Quantifying carbon CEA (City 2013 Tool for predicting spatio-temporal Highly integrated with geographic Ref. [34]
energy emissions and Energy Analyst) distribution changes in urban information systems, suitable for early
consumption other sustainability energy demand and optimizing stages of planning and design, with
simulation indicators for early energy system design high-precision prediction
stages of planning
and design CitySim 2015 Tool considering renewable energy Simulate energy consumption of large- Ref. [35]
- High-precision conversion systems, energy demand scale areas with a high precision, not
prediction on for buildings, and high-precision suitable for early stages of planning and
operational energy supply simulation design
consumption for
buildings and Autodesk Forma 2016 Cloud-based sustainability analysis Suitable for early stages of planning and  Ref. [49]
districts tool design, not considering building energy
systems, user behaviors, etc.
CESAR 2018 Building stock modeling tool for Suitable for energy planning and design,  Ref. [26]
bottom-up prediction for energy supporting current energy demand
transition strategies analysis and future demand estimation
UrbanSOLve 2018 Simulation tool for sunlight Only suitable for early stages of Ref. [50]
exposure and energy performance planning and design, not considering
to assist block design decisions building energy systems user
behavior, etc.
Embodied - Predicting carbon One-Click LCA 2002 Comprehensive toolset for building Simply measure building embodied Ref. [36]
carbon and footprints based on life cycle assessment, embodied carbon, applicable for multiple stages of
carbon sink land use type and carbon estimation, and design design (including early ones)
estimation materials optimization
- Urban spatial design
such as buildings and  Tally 2013 Design decision tool for life Simply consider building embodied Ref. [51]
landscapes cycle assessment of buildings by carbon
quantifying implicit environmental
impact of building materials
Pathfinder 2019 Quantitative tool for greenhouse Simply quantify landscape embodied Ref. [52]
gas emissions and carbon sink carbon
potential in landscape and site
design projects
Carbon 2021 Assessment tool for embodied Simply measure embodied carbon Ref. [29]
Conscience carbon emissions based on land use of buildings and landscapes, not
type and materials considering other urban infrastructure
Urban Decarb 2023 Integrated carbon assessment Suitable for early stages of planning Ref. [28]

tool for evaluations of buildings,
landscapes, infrastructure
systems, etc.

and design, supporting the evaluation
of the entire urban system, but over-
emphasizing scenario interactions and
lacking detailed quantitative data

013
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1. Development trends of carbon assessment tools (One-Click LCA and Tally, marked by circles, are early-developed tools for embodied carbon assessment of buildings).

having a high level of expertise (academic researchers mainly).

In summary, city-scale carbon assessment tools guide
government policy-making by predicting carbon emissions. With
the increasing trend of refined assessment of carbon emissions,
predictions based on macro statistical data are relatively mature,
whereas those upon local urban spatial characteristics requiring
further efforts.

3.3 District-/neighborhood-Scale Carbon Assessment Tools
Over the past decade, carbon assessment tools at the district-/

while others focus on predicting energy consumption and
optimizing energy systems at the district/neighborhood scale and
support high-precision real-time prediction of operational carbon
emissions, considering urban morphological factors in energy
consumption calculations.

2) Tools for embodied carbon and carbon sink estimation.
Although a few operational energy consumption simulation tools
(such as umi®' and CESAR™®) also support embodied carbon
assessment, they can simply quantify the embodied energy
consumption generated by building construction and renovation,

— © Meng Xu, Yue Zhong, Yu Ye

neighborhood-scale have become a focus of attention for yet without considering landscapes and other urban environmental

universities and research institutions"”. They combine energy factors. As full-life-cycle assessment of urban construction has been

[23]

system analysis and energy demand prediction to evaluate the paid more and more attention"”, emerging carbon assessment

carbon emissions and environmental performance of planning and tools increasing target assessing embodied carbon from operational

design schemes™""** Such tools can generally be divided into carbon. They can predict embodied carbon and carbon sinks of

two categories: operational energy consumption simulation, and projects at various scales based on data of land use types and

[19][27]

embodied carbon and carbon sink estimation. materials , offering a more comprehensive perspective for the

1) Tools for operational energy consumption simulation.
These tools are often developed in earlier years, and mainly used
to predict the operational energy consumption of buildings and

environmental impacts of large-scale urban planning and design
projects. Among them, Urban Decarb"® can conveniently perform
comparative analysis of the differences of carbon emissions and

districts based on climate data and building forms and attributes. costs between various design schemes, and are suitable for diverse

Some of such tools can assist early-stage design schemes from types of design projects. The Carbon Conscience tool developed by

[29]

multiple sustainable dimensions (including carbon assessment), Sasaki“” can calculate the embodied carbon generated by buildings
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and landscapes separately, supporting not only the estimation

of carbon emissions and environmental impacts per unit under
given land use scenarios at the early planning stages but also the
calculation of carbon emissions and carbon sinks by building types,
structures, materials, etc., at later design stages.

In summary, there is still a lack of comprehensive assessment
tools at the district/neighborhood scale that consider both
operational carbon and embodied carbon, while also integrating
data of climate, energy systems, land use types, and materials.

3.4 Measuring Dimensions and Reference Data

Based on the energy demands, carbon emissions, and sustainable
development elements of different sectors in cities, the study
summarizes the 12 and 9 measuring dimensions of the city-scale and
district-/neighborhood-scale carbon assessment tools, respectively
(Table 2).

For the city-scale tools, building, industrial and manufacturing,
commercial and business, and transportation are the main sectors
of urban carbon emissions"”, which also constitute common
dimensions among the carbon assessment tools. Other major
dimensions include electricity, sewage treatment, and solid waste
management.

City-scale carbon assessment tools quantitatively evaluate the
above dimensions mainly based on macro energy consumption data
in economy and land use. Both such types of data have long updating
cycles and low accessibility that would fundamentally affect the
accuracy and applicability of assessment results.

1) Economic energy consumption data are typically sourced from
annual government statistical reports, and often updated every 2 or
3 years, resulting in a certain lag in data acquisition””"*"., So for the
globally universal tools, such as LEAP®? and CURB"”, timely data
acquisition and updates across global cities poses a significant
challenge. To ensure data accuracy, these tools require users to input
data from various sectors of the case city. On the contrary, tools

developed for a specific country or region, such as ALasSken", a

re
easier to access and update data from the government, and they
are usually equipped with built-in databases that do not require
additional data input from the user. Additionally, tools like LEAP
allow users to develop extra functional programs based on cities’
realities and specific assessment needs, enhancing the applicability
of assessment tools.

2) Land use energy consumption data consist of land use type
data and carbon emission coefficient for land use types. Land use
type data also come from government agencies and are annually

updated. However, carbon emission coefficients must be precisely

015

measured based on the specific land use situations of the
given city, which is crucial for the accuracy of carbon emission
predictions.

At the district/neighborhood scale, simulation tools for
operational energy consumption are mainly used to predict
energy demand and usually combined with microclimate and
thermal comfort assessments. Some tools can support energy
system analysis and renewable energy assessments. Tools for
early stages of planning and design also include other sustainable
analysis modules (such as daylighting), providing designers with
a more comprehensive lenses. In contrast, the embodied carbon
and carbon sink estimation tools measure narrower dimensions,
primarily focusing on buildings and landscapes, with less
consideration of transportation, infrastructure, etc.

The tools for operation energy consumption simulation mainly
refer to building form and attributes data and climate data, and the
ones for embodied carbon and carbon sink estimation primarily
refer to data of the land use types, materials, and structures of
buildings, landscapes, and infrastructure (Table 3).

1) Climate data and building form and attributes data are
accessible from meteorological statistics websites, OpenStreetMap,
and official databases of cities®”. Usually these data are input
by users; in cases where the data do not align with the reality,
designers need to validate and adjust by collecting data from
additional sources such as satellite images, so as to improve data
accuracy. The tools mainly for energy system optimization and
demand-supply analysis (e.g., CEA®*, CitySim™*, CESAR™", etc.) can
utilize the information of building energy supply system types and
user behavior data to conduct high-accuracy energy consumption
calculation and prediction. These data can be extracted from
OpenStreetMap, but which usually does not cover all the urban
areas of a given city, requiring the supplement with census data
for some tools™™®.

2) There is no directly available data of land use type, site area,
materials, site management, etc., for the embodied carbon and
carbon sink estimation tools, which requires an integration of
multidisciplinary knowledge with existing research and practical
experiences. Meanwhile, databases need to be continuously
updated with new knowledge and experience to meet the diverse
project needs. For example, Carbon Conscience has established
separate specialized building and landscape datasets"**'—
the building dataset references existing tools for full-life cycle
assessment of buildings, while the landscape dataset is derived
from relevant academic research papers. In the absence of direct
reference data, drawing on data sources from first-hand academic
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Table 2: Summary of dimensions of carbon assessment tools

City-scale tools

Tool Buildings Industrial Commercial Transportation Electricity Heating Sewage Solid Agriculture, Warehousing Tele-
and manu- and trading and treatment waste forestry, communications
facturing cooling recycling animal
and Husbandry,

treatment and Fishery

LEAP N

EnergyPLAN

CURB

VIA Tools

ALasSken

S S S I S S S

LUCEs

S S S S S
S Y N N

CarbonVCA

District-/neighborhood-scale tools

Tool Operational Microclimate  Energy system Renewable  Daylighting Embodied Embodied carbon Embodied
energy and thermal design energy carbon in and carbon sinks in carbon in
demand comfort buildings landscapes infrastructure

Ladybug Tools v v

umi

CEA

CitySim

Autodesk Forma

CESAR

T S T N e

UrbanSOLve

One-Click LCA

Tally

Pathfinder

Carbon Conscience

Urban Decarb v N v
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Table 3: Summary of referencing data for the district-/neighborhood-scale assessment tools

Category Data Climate Building Building Building User Building material = Land use type, area,
data form attribute energy system behavior and structure and material
Tool
Operational Ladybug Tools Vv v
energy simulation
umi Vv v v V
CEA v v v v v
CitySim Vv v v
Autodesk Forma Vv v v
CESAR v v v v v
UrbanSOLove Vv v Vv
Estimation of One-Click LCA
embodied carbon
and carbon sinks Tally
Pathfinder

Carbon Conscience

Urban Decarb

research effectively improves the accuracy of embodied carbon
and carbon sink estimations.

4 Discussion

4.1 Application Limitations of Carbon Assessment Tools

Carbon assessment tools have developed rapidly with a
variety of measuring dimensions, but their application in specific
planning decisions and design practices is still limited. Compared
with district-/neighborhood-scale tools, city-scale carbon
assessment tools see relatively mature applications, primarily for
energy planning and climate planning decision-making, with less
application in the early stages of planning and design. Therefore,
this study collects and compares authentic cases of low carbon
practices that do not utilize assessment tools, in order to identify
the shortcomings of existing assessment tools.

Due to the significant disparity between countries and cities,
it is challenging to develop universal standards and strategies of
carbon emission assessment. This often necessitates the creation

of context-specific assessment frameworks and standards®”),

leading to the limited application of existing city-scale tools in
urban planning decision-making. Cities in China and abroad have
constructed their own assessment frameworks and implementation
methods of low-carbon construction. For example, Tianjin, as one of
China’s low-carbon pilot cities, proposed its low-carbon assessment
framework and indicators for urban planning with both carbon

reduction and carbon sink goals"”

, and explored a carbon reduction
roadmap integrated with its existing territorial spatial planning
framework™. Similarly, Malaysian cities have proposed their own
frameworks and assessment systems of low-carbon city, to bridge
the gap between government policies and the green city rating tools
available in the market, so as to better guide cities in implementing
carbon reduction measures'*”. However, the inability to obtain
accurate data from other case cities makes these tools fail to be
employed in broader regions.

At the district/neighborhood scale, carbon emissions are
typically assessed alongside indicators such as microclimate/
thermal comfort and daylight potential. Multi-dimensional
assessment tools like Ladybug Tools"* have already been effectively
utilized at early stages of planning and design. Additionally,
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tools for embodied carbon and carbon sink estimation have
become increasingly mature in the context of building materials
and structural design, but their application in comprehensive
urban planning and design is just beginning and gradually being
incorporated into practice projects, such as Carbon Conscience®.

The following limitations of district-/neighborhood-scale
assessment tools are worth discussing.

First, most planning and design practices still do not consider
carbon emission as a key factor yet; instead, treating it only as one
of the evaluation options after the completion of design scheme.

Second, most tools focus on a single aspect of carbon emissions
(operational carbon, or buildings’ embodied carbon). However,
urban planning and design requires an overall consideration on
carbon emissions and carbon sinks from multiple urban systems,
such as buildings, landscapes, and transportation; also, combined
use of multiple tools would easily ignore the correlations
between data. Therefore, a holistic approach to the assessment is
necessary to help identify trends of correlations between various
components. For example, the Lihu New City Planning Project in
Wuxi improved existing assessment models and constructed a
new carbon-neutral assessment system, which can simultaneously
assess carbon emissions and carbon sinks!*"; in the case of the
planning of Jinan Western New District, a planning scheme
assessment was conducted on the accessibility of road network
and the carbon emission potential of transportation*”. These cases
mark the gap of multi-dimensional carbon emission assessments
for spatial planning and design among current assessment tools.

Third, most of the existing tools focus on qualifying carbon
emission, and cannot offer design optimization suggestions, low-
carbon strategies, and recommended implementation methods
based on the assessment results. However, practical technical
roadmaps and pathways in critical to its implementation. For
example, the and practical cases of seven communities, including
the Xietu community and other six communities in Shanghai
developed their low-carbon renewal strategies and implementation
paths by using traditional methods such as status surveys, carbon
emission baseline assessments, and data analysis[43].

Finally, the district-/neighborhood-scale tools generally lack
the full-process awareness and the monitoring and verification
of carbon emissions during project management and operation.
Some cities are currently exploring this. For instance, the Shanghai
Digital Jianghai Industrial Park has constructed an overall control
mechanism: by building a digital twin platform for intelligent
carbon reduction, carbon emission data can be collected and fed
back from aspects of building energy use, transportation, carbon

VOLUME 12/ ISSUE 2 / APRIL 2024

sinks, etc., forming a technical framework of carbon reduction in
urban neighborhoods covering the full-process from planning,
construction to management and operationm].

In summary, both city- and district-/neighborhood-scale carbon
assessment tools should improve their comprehensiveness and
flexibility to make them suitable for more diverse scenarios and to

assist planning and design practices more accurately and efficiently.

4.2 Trends of Carbon Assessment Tool Development

Based on the above comparative analysis, this paper summarizes
the future development trends of assessment tools for digitalized
low-carbon urban planning and design as follows.

First, enhancing tools’ practicality by promoting the
interdisciplinary integration, to provide optimized, cohesive
design solutions for carbon emission issues. At both the city and
district/neighborhood scales, future efforts could delve into the
development of comprehensive digital assessment tools that
integrate knowledge from architecture, planning, landscape,
transportation, structural engineering, MEP (mechanical electrical,
and plumbing), and sustainability.

Second, database construction is the key to improving the
application breadth and result precision of carbon assessment
tools. For city-scale tools, the open access to data from multiple
sources can facilitate the database building that contain assessment
standards and strategies for different countries and cities, thereby
increasing the tools’ flexibility and competitiveness and minimizing
the waste of resources and time caused by duplicated development.
Although the district-/neighborhood-scale tools share some energy
and material data, establishing comprehensive and continuously
updated databases remains challenging. In addition, studies using
cross-scale data for refined assessments at both scales offer a new
perspective for carbon assessment. For example, city-scale tools
are used in bottom-up digital carbon assessments of micro sites
based on land use data!*"’; using city-scale data (e.g., census data),
district-/neighborhood-scale tools are employed in site-specific
carbon assessments through a combination with GIS?**,

Third, the research on multi-criteria low-carbon assessment
needs to be deepened. The use of multi-criteria assessment
methods—such as considering the complexity of circular economy
and carbon tracking, and the dynamics of carbon sinks influenced
by climate change and vegetation growth cycle—can maximize the
simulation performance of carbon emissions of authentic projects.

Fourth, improving the economic feasibility and convenience of
carbon assessment tools. In the application of carbon assessment
tools, calculating the payback period and costs will help investors



balance different factors to ensure that the selected solution
meets the low-carbon and energy-saving requirements and is
economically viable. In addition, visualized forms and displays
can help investors and designers better understand the carbon
emissions between different design schemes, facilitating option
comparison and decision-making.

Fifth, with the advancement and widespread application of
artificial intelligence (Al) technology, carbon assessment tools
will also usher in the iterative innovation of intelligence in digital
future. With the help of Al algorithms, large amounts of data
can be processed quickly, greatly enhancing the efficiency of
calculations related to energy simulation. Al can also be utilized for
environmental predictions, such as forecasting climate changes by
training past climate data, to better help decision makers formulate
and implement low-carbon policies.

4.3 Research Limitations

This study collected carbon tools through literature screening
on Google Scholar. This may have led to the exclusion of some
emerging carbon assessment tools, especially those that are less
mentioned in the literature but have recently arisen owning to the
advent of Al Also, in studying global low-carbon urban planning
and design cases, the methods of literature review and information
searching were mainly used, where a systematic approach
to comprehensively examine the application cases of carbon
assessment tools needs more efforts in future research.

5 Conclusions

This study systematically categorized and compared the
characteristics and application of the carbon assessment tools for
digitalized low-carbon urban planning and design. Overall, the
application of these tools at multiple stages of planning and design
is of great significance to the construction of low-carbon cities. At
the policy-making stage, carbon assessment tools can predict the
city’s carbon emissions under different development scenarios,
visions, and measures, helping decision-making on carbon
reduction options. At the early stages of planning and design, many
assessment tools can measure the carbon emissions of conceptual
design schemes from the beginning of the project, including
embodied carbon, and life-cycle carbon sinks and operational
carbon. At the mid-to-late stages, many carbon assessment tools
can quickly and accurately simulate the carbon emissions of design
schemes. At the post-construction stage, some carbon assessment
tools can continuously track the operational carbon of the project,
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providing constructive suggestions for future design optimization.
In the future, carbon assessment tools will see advance in global
applicability, multidisciplinary coverage, full life-cycle calculation,
economic balance, and data visualization. The combination of Al
and other intelligent technologies will greatly increase the efficiency
of carbon assessment in practice and enable carbon assessment
tools to better support urban planning and design practices.
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