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Abstract. The impacts of climate change require a strategic improvement in design decision-
making. Leading professionals are aiming for carbon-positive buildings that can achieve carbon 
sequestration by adding vegetation to buildings. Multiple references and case studies explored 
in this paper suggest that there is theoretical potential for cities to become carbon sinks by 
constructing carbon-positive buildings. However, determining effective strategies, and 
quantifying and monitoring carbon sequestration in buildings, requires a standardised approach 
so that this carbon sequestration potential can be measurably established. This paper provides 
two key outputs: firstly, the paper identifies strategies that could shift buildings towards being 
capable of active carbon sequestration. Secondly, the paper provides a methodological 
framework with four key considerations that building professionals can use to design for carbon 
sequestration. These are: understanding the site’s ecological, climatic, cultural and legal context; 
identifying response, pressure, state and benefits indicators to set carbon sequestration targets; 
considering site ecosystem functioning and carbon dynamics to strategise carbon sequestration 
through design; and preparing long-term monitoring, evaluation and management plans. This 
paper identifies two areas for further investigation: linking manual quantification methods with 
computer-aided methods; and utilising biomass data and growth models at the landscape, 
regional, and global levels for carbon sequestration assessment.  

1. Introduction 
Approximately 55% of the world’s population resides in urban areas, which is expected to rise to 68% 
by 2050 [1]. With this rise in urban population, urban areas are also expanding. There are numerous 
consequences of rapid urbanisation and urban growth, including changes in land use and land cover, 
which directly or indirectly contribute to climate change and biodiversity loss [2]. Furthermore, the 
urban built environment is one of the most significant contributors to greenhouse gas (GHG) emissions 
and accounts for approximately 38% of annual global carbon emissions [3, 4]. It should be recognised 
that the built environment plays a critical role in preventing global temperature rise beyond the Paris 
Agreement’s 1.5°C [5]. Several countries have introduced targets to achieve net-zero emissions by 2050 
[3, 6]; in that regard, the building sector is also focusing on strategies to achieve lower embodied and 
operational emissions or net-zero emissions. The United Nations Environment Programme (UNEP) 
global status report for building and construction states, “Using the mean across all scenarios modelled 
by Climate Action Tracker [6], the total direct CO2 emissions reductions from the [building] sector 
should be at least 45% by 2030, 65% by 2040, and 75% by 2050 relative to 2020” [3]. Therefore, it is 
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well-understood that the faster countries decarbonise, the higher the probability of reaching net-zero 
emissions by 2050 and of limiting peak warming to 1.5°C [7].  

Often built environment professionals implement strategies to reduce carbon emissions and use 
renewable energy sources as a response to climate change mitigation agendas. However, instead of 
minimising the negative impacts or targeting net-zero, there is a need to shift the focus toward 
regenerative goals or net-positive goals, and from carbon emission reduction to net-positive carbon 
buildings [8-11]. Renger et al. [12] showed that a building could sequester more carbon over its life 
cycle than it emits by using onsite renewable energy technology and extensive building-integrated 
vegetation; and, therefore, could contribute to net-positive carbon storage. The process of actively 
capturing carbon dioxide from the atmosphere through the growth of vegetation is known as carbon 
sequestration (biotic). Refer to Varshney et al. [13] for a detailed definition of carbon sequestration and 
to understand the carbon sequestration process through building-integrated vegetation, i.e., through 
trees, grass, and soil. There is significant literature regarding building materials that store carbon and 
can, therefore, offset the embodied and operational carbon emissions over the longer term [14-16]. 
However, the research reported on here is limited to vegetation-based carbon sequestration. Figure 1 
represents a conceptual diagram to strategise the decarbonisation of the urban built environment, where 
the dotted circle highlights the research area.   
 

 

Figure 1. Strategising decarbonisation of the urban built environment: research area highlighted 
Source: Adapted from Deo Prasad, Kuru [17], p. 17 

 
Long-term carbon removal through sequestration by strategically planting vegetation is an 

anthropogenically driven natural process to help decarbonise the urban built environment [12, 18]. 
Studies suggest that domestic gardens in urban centres have greater soil organic carbon (SOC) 
concentrations and, therefore, more carbon stocks compared to non-domestic urban green spaces [19]. 
Furthermore, Davies et al. [20] suggested that even within a typical dense urbanised city centre, urban 
vegetation has the potential to offset embodied and operational carbon emissions by sequestering and 
storing carbon. Zirkle et al. [21] compared lawn, landscape and forest annual carbon sequestration rates 
and demonstrated that lawns and landscapes could sequester carbon dioxide at a rate equal to a natural 
forest stock. Moreover, they concluded that trees store most of the carbon above ground in wood and 
grassed areas store most of the carbon below ground in the soil. 

This research has two main objectives. The first objective is to know what strategies could be 
employed to increase the green vegetative space and create a permanent canopy for active carbon 
sequestration through building design. The second objective is to know how those strategies could be 
implemented; therefore, to provide a methodological framework that building professionals can adopt 
while designing. Because there has been little research available on vegetation-based carbon 
sequestration at a building scale, the aim is to fill the gaps by reviewing landscape level to urban forest 
sequestration studies that underpin the objectives of this research. For this purpose, ecological studies 
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concerning ecosystem functioning were analysed and then translated into the built environment context. 
The literature review was undertaken to determine strategies and methodological frameworks that 
contribute to active carbon sequestration in urban settings. The criterion for preparing the 
methodological framework is to create simple procedural guidelines that the building professionals 
could easily apply into building design. 

2. Vegetation-based carbon sequestration strategies  
Nature-based solutions, ecological design, and regenerative design are new paradigms that designers 
and decision-makers are employing to accentuate health and wellbeing co-benefits for humans and 
ecosystems. Carbon sequestration is one such strategy that strengthens these paradigms and could 
synergistically contribute to increased biodiversity and climate change mitigation and adaptation 
agendas [12, 22]. The commonly used strategies to sequester carbon through building-integrated 
vegetation were determined by a systematic literature review. They are as follows: 

2.1. Conserving existing urban biodiversity 
Carbon is sequestered and stored in the above-ground biomass of stems, leaves, and branches; and 
below-ground biomass of roots and soil. As the tree matures, tree density, leaf area index (LAI), canopy 
coverage, and root mass increase proportionately in the form of carbon stocks [23]. Urban biodiversity 
and indigenous vegetation are part of the living space of the urban dwellers. Preserving indigenous 
vegetation is one of the strategies to conserve urban biodiversity while planning and designing for urban 
development. Therefore, it is important to assess and recommend strategies to conserve existing 
vegetation by identifying ecological functions and connectivity, and representing the ecological 
potential of safeguarding the existing flora and fauna [24]. 

2.2. Adding vegetation on and around buildings  
Building-integrated forests could increase the vegetated area of cities by utilising horizontal and vertical 
surface areas of a building, and therefore, increasing carbon stock within urban space and land-use 
limitations [12, 25]. Strategies to add vegetation to buildings include green walls, green roofs, internal 
courtyards/atriums, in-ground landscaping, urban agriculture, indoor gardens and living machines 
(Figure 2).  

 

  
Figure 2. Increasing ecological area by integrating vegetation on and around buildings 

 Source (Left): Apartment building; CC0 1.0, (Right): Rod Waddington, CC BY-SA 2.0 

2.3. Vegetation species selection 
Another important strategy is to select vegetation species based on their carbon sequestration rates for 
above- and below-ground biomass. Several approaches for species selection that significantly enhance 
carbon sequestration rates are: increase woody biomass longevity; increase pest and disease resistance; 
improve photosynthetic efficiency; consider growing seasons of plants; increase root: shoot ratios; and 
improve water efficiency, nutrient utilisation, salt tolerance and pH tolerance [21, 26]. Carbon 
sequestration in urban areas and/or residential landscapes is often calculated based on the vegetated area 
coverage multiplied by per square meter carbon sequestration rates [21, 27]. However, this method does 
not consider the dynamics of carbon sequestration rates. Therefore, scientific and research-based data 

https://www.rawpixel.com/image/3285587/free-photo-image-condo-plant-green-city-campus
https://creativecommons.org/publicdomain/zero/1.0/
https://www.flickr.com/photos/rod_waddington/27428306290/
https://creativecommons.org/licenses/by-sa/2.0/?ref=ccsearch&atype=rich
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on species selection and the aforementioned strategies are required to improve the carbon sequestration 
rates [28]. 

2.4. Amending abiotic conditions to maximise carbon sequestration rates 
The abiotic conditions; such as soil composition, fertility and depth, water quality and availability, 
temperature, sunlight availability, and wind and air quality; regulate and influence carbon sequestration 
rates [21]. Therefore, strategies for increasing carbon sequestration rates revolve around improving the 
abiotic conditions that support and maximise carbon stocks in building-integrated vegetation. Waste 
byproducts (such as fly ash, sewage sludge and biochar) could be used to improve soil characteristics 
for maximising carbon sequestration [26, 29] and simultaneously could be a climate change mitigation 
strategy [30]. According to Razzaghi et al. [31], adding biochar to the course- or medium-textured soil 
can increase the water retention capacity. Strategies to retain soil organic carbon (SOC) and soil 
inorganic carbon (SIC) include mineral carbonation and the addition of black carbon to the subsoil layer 
[32].   

2.5. Post-occupancy maintenance and management strategies 
Net-carbon sequestration is the difference between the amount of carbon absorbed through 
photosynthesis and released through respiration, decomposition, deforestation and other management 
practices [33]. Therefore, it is essential to maintain and improve existing tree health to maximise 
sequestration and minimise mortality losses or decomposition. Moreover, the relation between lifetime 
analysis of maintenance requirements and long-term carbon storage needs to be focused on while 
targeting net-positive carbon sequestration goals. The higher the level of management of vegetation and 
lawns, the higher the hidden carbon cost (HCC) related to fertilisation, pest control, mowing and 
irrigation, and the lesser the net-carbon sequestration rate [34]. Strategies to minimise water 
requirements and/or greywater use for irrigation reduce carbon emissions (and HCC), thus improving 
carbon sequestration rates [35]. Monitoring and reporting of carbon sequestration strategies, accounting 
for both carbon emissions and sequestration, are essential to designing more efficient and effective 
solutions for carbon management. For example, trees require energy inputs during establishment, 
maintenance (pruning, site prep, fertiliser, leaf litter, chipping, and/or transport) and disposal; however, 
trees offset the energy that would be required for cooling buildings if they were not present through 
shading, evapo-transpirative cooling and reducing the heat-island effect [26].  

3. A methodological framework for implementing carbon sequestration strategies  
Outlining how designers can practically implement carbon sequestration strategies defined in section 2 
is the focus of this section. Existing frameworks for design and decision-making concerning regenerative 
architecture were analysed to prepare a crafted methodological framework for carbon sequestration 
considerations. The key regenerative frameworks reviewed were: society for ecological restoration [36], 
regenerative development and design: a framework for evolving sustainability [37], the ecosystem 
services analysis [10], and net-positive design and sustainable urban development [9]. Moreover, carbon 
sequestration assessment methods from the literature were reviewed in order to integrate them into the 
regenerative design framework. The key assessment methods reviewed were: net-positive building 
carbon sequestration [12], carbon sequestration through urban ecosystem services [27], modelling 
carbon sequestration in the U.S. residential landscape [21] and mapping an urban ecosystem service: 
quantifying above-ground carbon storage at a city-wide scale [20]. Assessment methods that evaluate 
carbon sequestration for a neighbourhood and/or city level were also studied. Based on this literature 
review, a methodological framework was prepared that can be adapted to different ecological, climatic, 
cultural and legal contexts. Figure 3 summarises the carbon sequestration methodological framework. 
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Figure 3. Carbon sequestration methodological framework 

3.1. Step 1: Understanding the context, identifying issues, and setting out the conditions, constraints 
and opportunities  
The first step is to understand the site context and its surroundings. For this purpose, it is crucial to 
analyse the site’s current and predevelopment ecological, climatic, cultural and legal contexts [10, 36]. 
The current and retrospective analysis will provide a basis for setting the prospective regenerative targets 
or carbon sequestration goals.  

• Predevelopment and existing ecology: Study the ecological history and existing ecology of the 
site and analyse the current and historical data for biotic (indigenous and exotic species at the 
site, species composition) and abiotic components (soil type, topography, habitat types, natural 
resources, and water availability and quality) through historical and current maps, the survey of 
existing conditions (natural and built), Geographical Information System (GIS) mapping, 
photographs, and other representations of areas (sketches, for example). The abiotic conditions 
of the site play a significant role in being able to select appropriate vegetation species and to 
know how to employ them to enhance carbon sequestration rates. Moreover, this step calls for 
monitoring and evaluation of the drivers of degradation of ecosystems or ecological stressors 
on or nearby the project site. Such analysis suggests which interventions are required to 
regenerate the degraded ecosystem and understand the capacity for eventual self-organisation 
or enhanced resilience to future stresses [36].  

• Climatic context: Study the current climatic conditions, weather patterns, precipitation, wind 
and sunlight for the region and analyse the microclimate of the site, including: ventilation 
factors, solar radiation, sun path, temperature, slope, shading, and heat island considerations. 
This climate data will help to determine strategies that support vegetation to thrive. This data is 
typically available for most regions through weather information websites. Moreover, this step 
calls for the analysis of current and potential future climate change impacts in order to determine 
appropriate vegetation species and conditions.  

• Cultural ecologies: Study cultural and local practices for maintaining native ecosystems and 
working with climate. These management strategies will help to design a unique regenerative 
built environment system mimicking traditional cultural understandings of how to live in a 
particular environment. The data could be collected through participatory design approaches, 
interviews, literature review, consultation, and expert judgement. Cultural intelligence or 
knowledge and time to build relationships with local peoples are typically required for this step. 

• Legal obligations: Study the local legal obligations, rules, policies, recommendations, or 
regulatory protection mechanisms for the site and /or nearby sites of ecological significance to 
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safeguard native vegetation and biodiversity. Policies and guidelines specific to that region are 
typically available on local government websites.  

The output of this step is the Project/site report, which includes conditions, constraints, and 
opportunities concerning carbon sequestration. This report underpins the following step to establish 
carbon sequestration goals, objectives and priorities. 

3.2. Step 2: Setting carbon sequestration goals, objectives and priorities 
This second step is to select a core set of indicators for quantitative assessment. Once the measurement 
criteria are set, the next step is to evaluate existing carbon sequestration provision on site. Subsequently, 
the goals, objectives, and priorities for carbon sequestration through building design can be set based on 
results from the site evaluation.  

Pressure, state, benefits, and response indicators should be established to evaluate the current state 
of the site and to set the regenerative goals [38, 39]. Moreover, their measurement method in the context 
of decarbonising the built environment through building-integrated vegetation should be determined.  

• Pressure indicators monitor the extent and intensity of the causes of climate change that 
responses aim to address, e.g. carbon emissions.  

• State indicators analyse the condition and status of the aspects of carbon sequestration, e.g., 
above-ground and below-ground biomass. Allometric equations [40], modelling approaches 
[21], and/or ecosystem services assessment tools (ESAT) [41, 42]  can be used to measure these 
indicators.  

• Benefits indicators quantify the benefits from anthropogenically driven vegetation-based carbon 
sequestration, e.g., the amount of carbon sequestered per year and improved biodiversity.  

• Response indicators measure the implementation of policies or actions to prevent or reduce 
carbon emissions and remove atmospheric carbon (if any), e.g., net-zero carbon policy by 2050.  

Evaluate carbon sequestration rates as the baseline using the above data to help set the goals and 
priorities for long-term carbon sequestration over time. Furthermore, map all the opportunities and 
limitations/constraints to set goals and priorities in stages.  

3.3. Step 3: Planning and design implementation  
In this step, utilise the goals and priorities set in step 2 to prepare the concept plans and alternatives and 
further develop and refine detailed designs. The following inputs required for carbon sequestration 
designing are analysed to prepare the concept and detailed plans:   

• Site ecosystem functions: It is essential to analyse site ecosystem functions, such as species 
dependencies and interactions. The ecosystem functions and services analyses, along with 
carbon sequestration goals, will help to design for regenerative targets strategically, e.g., 
reintroducing carbon sequestration ecosystem services that may be absent in urban areas due to 
conventional ways of constructing urban environments, i.e. with mostly impervious and non-
living materials [10]. 

• Carbon sequestration strategies: Strategies identified in section 2 could be employed and 
analysed with respect to site-specific solutions. Understanding the role of indigenous (native) 
and exotic (non-native) species in terms of their carbon sequestration rates is crucial. Evaluating 
the appropriateness of the identified strategies and their contribution to improving carbon 
sequestration rates is required. Moreover, assessing the short-term and long-term benefits of 
employing those strategies in the building design must be completed.  

• Carbon sequestration dynamics: Carbon sequestration through building-integrated vegetation 
could be improved by identifying and analysing the dynamics of biotic and abiotic components. 
For example, the phenological stage of a plant (young or mature) and its required growing 
conditions (water, nutrient, and sunlight availability) significantly affect net-carbon 
sequestration rates over a plant’s lifetime [21]. 

• Synergies and trade-offs with other ecosystem services: Synergies and trade-offs are essential 
to identify because they play a significant role in preparing an integrated approach toward 
regenerative development. Synergies provide long-term compatible solutions by symbiotically 
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benefitting or (re)generating two or more ecosystem services. Trade-offs indicate the limitations 
of the proposed strategies; that is, how increasing one ecosystem service could negatively affect 
others. When trade-offs are identified, careful considerations must be taken regarding whether 
to mitigate or offset the impacts or avoid them altogether [43]. 

The final part of step 3 is to map and assess the design strategies with respect to carbon sequestration 
rates in order to achieve positive-carbon targets. This mapping and assessment, along with the 
comparison of alternatives, will help to determine detailed designs. Detailed designs must be 
continuously reviewed and refined with involvement and suggestions from indigenous landowners, 
other stakeholders, and policymakers. 

3.4. Step 4: Monitoring, evaluation and management 
This step identifies methods to monitor likely changes in species, structure, and functionality of building 
integrated vegetation over short, medium and long-term regenerative targets. Considering the dynamic 
nature of ecosystems or smaller plant communities, as they continue to adapt and evolve in response to 
anthropogenic interventions, climate change, and degrading ecological conditions, it is essential to 
monitor carbon sequestration rates over time [36]. This requires short-, medium- and long-term 
management plans and re-evaluation of response, pressure, state and benefits indicators across the 
measurable goals and objectives determined in step 2. This monitoring and evaluation identify the future 
need for adaptive management [36]. Monitoring, evaluation and management planning must be included 
in the pre-design and design stages to ensure that the goals considered are measurable and achievable. 
Photographic (time-series) and quantitative tools (indicators) could be used to monitor the performance 
and success of the project prior to commencement and at regular intervals subsequent to development 
to show changes over time. The final part of step 4 is to prepare outreach and educational programmes 
for the building occupants, and neighbours in relation to the management of vegetation on and around 
the building at pre-design and design stages. 

4. Findings and Discussion 
This research had two main objectives. Section 2 presented broad strategies that can be implemented for 
vegetation-based carbon sequestration in a building design. Section 3 presented a methodological 
framework that building professionals could adopt to implement building-integrated carbon 
sequestration strategies suitable for different climatic, ecological, cultural, and legal contexts. Section 3 
also includes linking of strategies given in section 2 to the framework. The methodological framework 
is flexible and straightforward and could be updated as new information is received. 

There are two significant gaps in the research area. The first gap relates to assessing carbon 
sequestration rates, i.e., linking manual quantification methods with computer-aided simulation methods 
specific to the built environment context. Ecosystem services assessment tools available are often 
applied to a neighbourhood, city, or regional level rather than a single site. This linking will improve 
the ability to measure and verify net carbon sequestration and expedite the process of quantification. 
However, the robustness of the computer-aided methods must be evaluated by regular updating in terms 
of indicators and carbon sequestration dynamics and ‘ground-truthing’ fieldwork. The second gap is the 
resource availability of biomass data and vegetation growth models at the landscape, regional, and global 
levels that could be utilised for rapid net carbon sequestration assessment. Global carbon pool data is 
available for biotic, oceanic, geologic and pedologic carbon sequestration [33]. However, the 
availability of carbon sequestration data (based on present ecological and climatic conditions) at a 
landscape or neighbourhood scale is still needed. This data would further facilitate the design process 
for net-positive carbon urban development. 

5. Conclusions and further research 
The built environment is one of the most significant sources of carbon emissions, but it could become a 
sink of atmospheric carbon if strategic design occurs. This would be based on total carbon management, 
including reducing GHG emissions, offsetting GHG emissions with renewable energy generation, and 
increasing vegetation-based carbon sequestration. A significant contribution from the building sector is 
required to achieve the ambitious climate policy target of limiting global average temperature warming 
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to 1.5°C in line with the 2015 Paris Agreement. Green spaces on and around buildings have significant 
potential to sequester and store carbon in their biomass (including the soil). However, while 
implementing carbon sequestration strategies in building design, carbon emissions from the 
provisioning of those strategies must also be considered across whole life cycles. The amount of 
sequestered carbon varies within different parameters, and therefore, careful consideration must be taken 
concerning carbon sequestration dynamics to make building-integrated vegetation design as effective as 
possible. A biological understanding of carbon sequestration processes and ecosystem functions can 
help to guide the selection of appropriate strategies for building-integrated vegetation-based carbon 
sequestration.  

The research reported here is part of a larger research project. The next stage of this research includes 
further developing and refining this proposed methodological framework by conducting surveys and 
interviews with architects, sustainability consultants, ecologists, academic researchers and other design 
professionals. Furthermore, the refined methodological framework will be tested on a site evaluating the 
probability of success in achieving carbon-positive buildings. This research aims to illustrate the positive 
impact potential of strategic vegetation-based carbon sequestration as part of the wider strategy of 
decarbonising the urban built environment. To conclude, carbon sequestration through building-
integrated vegetation has multiple co-benefits that could improve ecological health and human 
wellbeing by increasing biodiversity. Buildings with regenerative performance goals that embrace 
ecosystem-based approaches have significant potential to enhance urban resilience, biodiversity 
regeneration, and climate change mitigation and adaptation simultaneously. 
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