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The rapid urbanization, population growth, and technological advancement have exacerbated global warming and environmental impacts. Buildings are one of the primary contributors to anthropogenic pollution and climate change. While net-zero energy buildings powered by renewable energy systems can help alleviate carbon emissions, a major challenge remains in addressing embodied carbon throughout the entire life cycle of buildings, including material processing, manufacturing, construction, and end-of-life phases. Therefore, it is important to implement carbon removal strategies in buildings and cities. Carbon removal strategies primarily include two categories: nature-based solutions such as reforestation, wetland restoration, and blue carbon strategies and technology-based carbon removal such as carbon capture and storage and direct air capture. This paper outlines nature-based solutions suitable for a built environment while still actively improving additional environmental benefits such as human wellbeing and overall ecosystem health. In particular, the research focuses on multifunctional microalgae-integrated building enclosures for efficient carbon sequestration. Due to their strong photosynthetic capability and rapid growth, microalgae have received significant attention for their carbon capture potential. Photobioreactors fabricated into buildings and industrial infrastructure allow microalgae to sequester more carbon while simultaneously producing biomass feedstock and other valuable biomass commodities. This study tested a microalgae photobioreactor-integrated window system using Chlorella and Chlorococcum. Our results indicated that Chlorella’s daily yield in a microalgae window was 175 mg/L-day, while Chlorococcum’s daily yield was 80 mg/L-day, which are consistent with the data published in the literature. These results demonstrate the viability of microalgae building enclosures for real-world carbon capture. The research suggests that a range of microalgae strains coupled with well-controlled growing environments has potential for cost-effective large scale carbon sequestration in the built environment; however, the combination of regulating ideal growing environmental conditions with the building energy efficiency of the microalgae enclosure system are areas of future research. Algal carbon sequestration, when combined with net-zero buildings, can address global warming and help sustainable urban development.
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1 INTRODUCTION
It is expected that two out of every three people worldwide will reside in cities, leading to more construction and demolition. As the global population continues to grow, alongside the rapid urbanization, improved living conditions, and the expanding use of technology, the frequency of catastrophic climate disasters resulting from global warming is expected to intensity. Before the Industrial Era began in the late 18th century, historical atmospheric CO2 levels were consistently below 300 parts per million (ppm), today numbers are increasing at over 400 ppm. The CO2 increase is primarily attributed to anthropogenic activities, including increased construction and demolition, manufacturing, and consumption. Today, with the artificial intelligence (AI) era, data centers have further contributed to environmental impacts, accounting for approximately 4.4% of total U.S. electricity use and with cooling systems consuming up to 40% of this energy usage (Lawrence Berkeley National Laboratory, 2024; U.S. Department of Energy, 2023). To limit global warming to below 1.5°C above pre-industrial levels, it is critical to reduce CO2 emissions by approximately 45% from 2010 levels by 2030 and achieve carbon neutrality by 2050 (IPCC, 2018).
Energy-efficient and even net zero energy buildings are key measures toward carbon neutrality. For example, if all buildings, including data centers, are built to zero energy standards supplied by renewable energy systems, it would help to greatly lower CO2 emissions. At the same time, it is important to recognize the embodied carbon inherent in all building materials, as they entail embodied carbon emissions, even when their operations are powered by clean energy. Embodied carbon is the total greenhouse gas emissions (GHG emission) during the whole life cycle of materials and systems. It encompasses emissions from ore mining, their manufacture to transportation, construction, and the end phase of the system. Even renewable energy technologies such as solar panels, wind turbines, and hydronic energy systems, entail embodied carbon as a result of their production, transportation and installation. Concrete and steel, two of the most used construction materials, contribute to around 10% of the international carbon emissions (IEA, 2022).
Therefore, after minimizing carbon (C) emissions through net-zero energy building strategies, improved manufacturing processes, and the recycling of materials throughout a building’s life cycle, it becomes essential to incorporate carbon sink methods to offset the unavoidable embodied carbon. Carbon removal can be achieved through two methods: 1) nature-based carbon sequestration and 2) technology-based carbon sequestration such as carbon capture and storage (CCS) and direct air capture (DAC). Nature-based carbon removal includes forestation and reforestation, soil carbon sequestration, restoration of wetlands, and blue carbon strategies. This allows the ecosystem to grow and store more CO2 over a given period. For example, plants use sunlight and CO2 during photosynthesis, generating glucose and oxygen. In other words, CO2 serves as an essential external substance for the plant to produce energy, which subsequently supports plant growth. Nature-based carbon removals are reliable and symbiotic whereas CCS and DAC processes pose technological challenges, such as scalability and longevity in real-world applications (Tripathi et al., 2023).
For this paper, the authors examined the nature-based solutions in the built environment, focusing on microalgae building systems. By embedding plant systems into buildings, site surroundings, and communities, nature-based solutions achieve carbon reduction while providing additional benefits. People will be attached to natural environments as these solutions support biophilic effects leading to positive user experience (Kellert, 2018)
2 NATURE-BASED CARBON REMOVAL
Global warming has been caused by the imbalance between anthropogenic emissions and natural carbon sinks. The global carbon cycle is important in storing carbon in the Earth’s systems–atmosphere, lithosphere, biosphere, and hydrosphere. These primary Earth systems not only store carbon but also engage in carbon exchanges. According to the Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (202), nearly 5.1 GtC is accumulating annually in the atmosphere, which accelerates global warming. This accumulation translates to approximately 18.7 GtCO2 annually using the conversion ratio, further emphasizing the urgent need for international mitigation efforts.
2.1 Terrestrial carbon sinks
The biggest carbon flux in the biosphere is terrestrial photosynthesis, or gross primary production (GPP), although its global scale and spatiotemporal dynamics are still not fully understood (Anav et al., 2015). The quantity of CO2 that is extracted from the atmosphere annually to support photosynthesis is known as GPP (Prentice et al., 2024). Terrestrial ecosystems have absorbed approximately 30% of anthropogenic CO2 emissions through photosynthesis during the past 60 years (Friedlingstein et al., 2022). However, in recent research, correlations have been observed between global warming and the efficiency of photosynthesis and carbon uptake capabilities. Yuan et al. (2025) integrated several NEE datasets from climate datasets, Earth system models, eddy-covariance data-driven techniques, and atmospheric CO2 inversions to demonstrate that, over the past 40 years, tropical regions have contributed 81% ± 48% of the total global carbon update, but this capacity has reduced during extreme heat events (Yuan et al., 2025). Other research assessed how climate, growing season length, and maximum seasonal photosynthesis affect the yearly GPP in plant areas of the Loess Plateau using multi-source remote sensing and climatic data from 2001 to 2021 (Li et al., 2024). The results enhance the assessment of future terrestrial carbon cycle dynamics and the direction of landscape management in semi-arid ecosystems by indicating that drought limits ecosystem carbon sequestration by limiting photosynthetic capacity than through changes in plant phenology.
Soil is another important carbon reservoir. An estimated 1,500 Gt of soil organic carbon (SOC), or about twice as much carbon as the atmosphere, is found in soils worldwide (Schlesinger, 2000). Land alterations have played a large role in the increase of CO2 in the atmosphere, even if the burning of fossil fuels has been the primary source. According to some estimates, many American soils have lost between 30 and 50 percent of their pre-cultivation carbon content (Kucharik et al., 2001). Forest soils have a major influence on the global or regional cycling of carbon (C) and are the largest sink of terrestrial C. The persistence of plant residues or the stimulation of soil microbial activity and the increase in the contribution of microbial necromass to the slow cycling soil organic matter (OM) pools are the two ways that belowground input contributes to C storage. Therefore, important characteristics that regulate the quantity and placement of C inputs in the soil profile include plant architecture and rooting depth of species (Beniston et al., 2014).
Plants have two effects on soil organic matter. First, because they are autotrophic, plants are the primary source of organic carbon soil through litter deposition (both shoots and roots), the release of root exudates (both passive and active), and symbiotic functions (nitrogen-fixing and mycorrhizal relationships). Second, through the production of low degradable chemicals and promotion of stable aggregation formation, plants support the stabilization of soil organic matter. About one-third of all litter inputs in grassland soils and half in forest soils originates from root litter (Freschet et al., 2013). Recent research indicates that belowground inputs are the main contributors to long term OM stability in soils (Balesdent and Balabane, 1996). In addition, there was typically little chance that deteriorated grassland soils might store more organic carbon (OC) (Wiesmeier et al., 2015). The comparatively significant contribution of labile soil organic carbon (SOC), which is preferentially lost during soil deterioration, may be the cause of this. Additionally, silt and clay particles are significantly lost due to wind erosion, which directly reduces the capacity to stabilize more OC. According to research, heavy land use-induced SOC loss in semi-arid areas is mostly irreversible. It is not possible to consider observed increases in SOC following improved land management as a contribution to long-term OC sequestration since they primarily lead to the buildup of labile SOC that is susceptible to changes in land use and climate.
2.2 Blue carbon sinks
To keep global warming below the 1.5°C threshold established by the Paris Agreement; nature-based climate solutions have become essential approaches in the fight against climate change (Girardin et al., 2021). The phrase “blue carbon,” which was first used by Nellemann (2009) in the interagency report “Blue carbon: the role of healthy oceans in binding carbon” highlighted the enormous potential of coastal and marine ecosystems for carbon sequestration. While earlier carbon efforts focused mainly on terrestrial green systems, blue carbon has gained recognition for its substantial sequestration potential (Chen et al., 2024). Because of their significant carbon sink, long-term carbon storage, and effective removal of greenhouse gases, blue carbon ecosystems have attracted attention (Macreadie et al., 2021). However, the carbon cycle of natural ecosystems is expected to be severely impacted by significant environmental changes, such as sea level rising and global warming, as the atmospheric CO2 rises (Fang and Guo, 2007). The basic biological processes—soil accretion, carbon sequestration, and primary productivity—that govern the productivity of coastal wetlands are being impacted by these changes (Langley et al., 2013). Coastal such as seagrass bed meadows, salt marshes, and mangroves are especially important as they store carbon in sediments, above-ground (leaves, stems, and branches), below-ground (roots), and non-living biomass (dead wood) (Mcleod et al., 2011). Together, these ecosystems absorb over 70% of the organic carbon stored in marine sediments, making them essential carbon sinks even though they make up less than 0.2% of the world’s ocean area (Duarte et al., 2005). Blue carbon ecosystems play an important role in the global carbon cycle because of their high efficiency in converting CO2 to plant biomass, which results in high productivity and net carbon uptake (Bouillon et al., 2008); the fact that they are found in depositional environments makes it easier for both autochthonous and allochthonous carbon sources to accumulate (Saintilan et al., 2013); the fact that seawater inundates them maintains high sulfate concentrations in the sediment, which lowers methane emissions (Poffenbarger et al., 2011); and the anaerobic and waterlogged conditions significantly slow down decomposition processes (Atwood et al., 2017) so that organic carbon deposits can be stored over millennial time-scales through vertical accretion (Rogers et al., 2019). These ecosystems absorb 75–220 Tg C (terragrams of carbon), or 270–820 Tg CO2 (terragrams of CO2 equivalent), which accounts for 0.7%–2.3% of the world’s current fossil fuel emissions (Serrano et al., 2019).
2.3 Algal carbon capture
Microalgae live in freshwater, seawater or saline water, and convert sunlight and CO2 into chemical energy. As a result, they play a key role in the global carbon cycle as well as serve as the foundation of aquatic food chains (Barsanti and Gualtieri, 2022). The fact that microalgae are responsible for almost half of the carbon fixation on Earth, despite making up less than 1% of the world’s photosynthetic biomass, helps us visualize the scale of their contribution (Poorter et al., 2015). Microalgae can be classified into eukaryotic algae and prokaryotic algae. Eukaryotic algae have a more complex cellular structure with a nucleus enclosed by a nuclear membrane. They include green algae, diatoms, and dinoflagellates. Prokaryotic algae are blue-green algae (cyanobacteria) and do not have a nuclear membrane.
2.3.1 Photosynthetic efficiency
The carbon uptake rate is directly related to their photosynthetic efficiency. Microalgae’s single or multi-cells are tailored for capturing and converting light energy into chemical energy at a high rate. One of the efficient photosynthetic attributes is their higher surface area-to-volume ratio. The large surface-to-volume ratio enhances their carbon dioxide and nutrient uptake efficiently, hence leading to fast growth rates in microalgae. Most microalgae use the C3 photosynthetic pathway, but some species exhibit characteristics similar to C4 photosynthesis, particularly under carbon-limited conditions. The C4 pathway is characterized by concentrating CO2 around the enzyme Rubisco, thereby reducing photorespiration and increasing carbon fixation efficiency (Kupriyanova et al., 2023). Their superior photosynthetic capabilities absorb significant amounts of CO2. With optimum growing environments, microalgae can double their biomass in a few hours due to their highly efficient cellular structures (Benedetti et al., 2018).
2.3.2 Carbon sequestration potential and environmental benefits
13 million acres of microalgae can uptake an average of 0.5 gigatons of CO2 out of the atmosphere, while producing in excess of 300 tons of biomass during microalgal farming (Tripathi et al., 2023). In other words, the area of North Carolina, for example, could sequester 5 gigatons of CO2 per year, that the entire United States is responsible for. Once biomass is obtained, it can be converted into value-added products and biofuels. In addition, microalgae can serve as a nature-based solutions for wastewater treatment while removing carbon dioxide. Using CO2 available in the water or air for photosynthesis increases the concentration of carbon in biomass. Carbon retains a significant portion in the biomass, taking up 1.8 g of CO2 relative to 1 g of dry biomass assuming 50% of the biomass is carbon. The molecular weight of carbon is 12 g/mol while CO2 is 44 g/mol, which means 3.67 g of CO2 are needed to fix 1 g of carbon. Because we assume 0.5 g of carbon is contained in 1 g of biomass, the calculated amount of CO2 absorbed for every gram of dry biomass with 0.5 g of carbon results in 0.5 × 3.67 equaling approximately 1.8. This confirms that the microalgal biomass captures contributes significantly to CO2 from the atmosphere.
2.3.3 Applications and integration
Microalgae cultivation can be integrated at many biological levels and incorporated into wider applications, such as building enclosures, infrastructure, and waste treatment sites. Urban or industrial areas with space constraints will benefit greatly from microalgae applications since they use less land area than terrestrial plants to achieve similar carbon sequestration performance. When a photobioreactor directly integrates with the chimney or machine in manufacturing or power plants, industrial and power facilities can feed CO2 emissions directly, thereby improving their sequestration efficiency (Dineshbabu et al., 2019). Another benefit of microalgae application is its high-performance carbon uptake and biomass production per unit area compared to other terrestrial plants.
2.3.4 Year around growing environments
Photobioreactors allow microalgae to grow year-round because they provide optimum growing environments, unlike terrestrial plants, which exhibit different growth responses depending on the season or climate changes. The photobioreactor enables the growing environment to be efficiently adjusted in optimum settings in light intensity, temperature, CO2 concentrations, and nutrient concentrations, leading to the achievement of optimum carbon sequestration. As an end-of-life cycle of the photobioreactor, harvested biomass can have diverse economic uses in the form of biofuels, bioplastics, animal feed, fertilizers, and biochemical compounds. As a result, the biomass that stores carbon remains sequestered in the ecosystem.
Microalgae offer an effective nature-based solution for carbon dioxide removal through their fast growth and excellent photosynthetic capability. The coupling of microalgae photobioreactors with building applications and industrial processes offers the possibility of significant uptake of carbon emissions as well as the production of biomass for biofuel and high value-added applications.
2.4 Microalgae integrated building enclosures
The integration of microalgae systems into architectural design has garnered increasing attention in the pursuit of environmentally responsive and energy-efficient buildings. Algae façades serve as dynamic building envelopes capable of reducing carbon emissions, enhancing indoor comfort, and generating biomass for biofuels or other uses. Initial implementations of algae façades in New South Wales, Australia, highlighted both the promise of energy reduction and on-site biofuel production and the significant challenges related to design integration, construction logistics, and long-term maintenance (Wilkinson et al., 2017). The application of algae as a material system has been examined for infill design, noting its role in improving indoor environmental quality and visual connectivity with nature (Martokusumo et al., 2017). Algae façades have also been evaluated as viable strategies for green building regulation compliance and aesthetic integration, particularly in office and commercial settings (Poerbo et al., 2017). From a techno-economic perspective, algae building technology has been evaluated for its lifecycle benefits within net-zero energy frameworks, highlighting cost savings over the lifecycle and emphasizing algae façades’ compatibility with sustainable architectural design (Biloria and Thakkar, 2020). Further supporting its relevance, algae-powered buildings have been positioned as integral to closed-loop regenerative systems, providing both waste management and energy production (Sedighi, Pourmoghaddam Qhazvini and Amidpour, 2023). These authors estimated that microalgae façades can sequester an average of 5 g of CO2 per square foot per day under optimal conditions.
Advancements in cultivation techniques have expanded the potential of algae in architecture. For example, plasma-enhanced algae cultivation has emerged as a promising method to boost biomass productivity in high-density urban settings by optimizing light absorption and biochemical reactions within microalgae cells (Çelekli and Zarić, 2024a). In parallel, the integration of artificial wetlands and algal biofilters into building systems has been proposed to increase biodiversity and enhance air and water purification, showcasing interdisciplinary approaches to environmental design (Zarić and Çelekli, 2024). In a more visionary context, algae’s role in terraforming Mars has been proposed, based on its potential to contribute to atmospheric formation in extraterrestrial environments (Çelekli and Zariç, 2024b). The same study indicated that algae’s biotechnological contributions—including CO2 capture, nutrient recycling, wastewater remediation, and biomass valorization—position it as a key tool for sustainable development. This speculative application reinforces the biological and environmental adaptability of algae. Domestically, the future of algae technology in green buildings has been reviewed with emphasis on its capacity for thermal insulation, carbon uptake, and visual integration (Çelekli, Yeşildağ and Zariç, 2024).
3 MICROALGAE CARBON REMOVAL EXPERIMENTS
The primary objectives of this experiment were to measure the carbon removal potential and the viability of the system within a real building environment.
3.1 Experiment setup
A performance mock-up of an algae façade was installed behind existing west-facing windows to provide effective shading, control visual glare during sunset hours, and remove CO2. The algae facade measured 3.7 m wide by 2.5 m tall and integrated modular X-shape photobioreactors (Figure 1). This modular photobioreactor design enabled rapid installation and efficient adaptability for various window shapes and sizes. The microalgae growth in the system was supported by various operational systems. For CO2, the algae façade utilized room air and biogenic CO2 produced by users. CO2-enriched room air was drawn through an intake box equipped with an air pump, mounted on one side of the system. The intake air was then distributed to the algae facade via air distribution pipes and aeration stones located at the base of the facade system. The oxygen-rich, clean air filtered by the algae facade was collected at the top of the system and returned to the interior space via the outtake air box installed on the opposite side of the system. Both the intake and outtake boxes were equipped with air quality sensors to compare the carbon removal efficiency and air quality improvements of the microalgae system. Additionally, UV-C lights were installed in both the intake and outtake boxes to prevent the introduction of unwanted microorganisms into the system and room air. For operation of the system, young algae and nutrient medium were introduced through the top inlet while grown algae were harvested at the bottom outlet through a gravity-driven harvesting technique. Microalgae samples were also collected from the bottom outlet.
[image: Figure 1]FIGURE 1 | Microalgae window demonstrating carbon removal and shading efficacy (left). The system comprises bioreactor modules designed for quick installation and easy adaptation to various window sizes and shapes (right).
3.2 Microalgae species and cultivation conditions in microalgae facade
The microalgae façade system was designed to grow six different microalgae species: Chlorella and Chlorococcum in addition to other algae with different end use potentials. The experiment focused on the carbon removal performance of Chlorella and Chlorococcum. Chlorella has been studied for its potential use in wastewater treatment and carbon capture, with recent studies leveraging AI-assisted environmental optimization and species selection to enhance environmental performance and operational efficiency (Abuhasheesh et al., 2025). Additionally, its ability to grow in municipal and industrial effluents can be utilized for nutrient recovery and environmental pollution reduction (Abuhasheesh et al., 2025). As a result of its fast growth and high lipid content, it has proven to be a promising candidate for sustainable biofuel energy sources (de Oliveira et al., 2024). Similarly, Chlorococcum, a single-celled green microalgae has a great biofuel potential due to its high lipid concentration. The species also helps with bioremediation, as it can uptake effluent nutrients in wastewater treatment. The free access to nutrients could significantly lower the cost of biofuel production (Mahapatra and Ramachandra, 2013).
The Chlorella and Chlorococcum algae were individually inoculated into each layer of the algae bioreactor. The bioreactor layers were then filled with fresh growth medium and gently bubbled with sterile filtered room air to move the microalgae and provide biogenic CO2 for photosynthesis under sunlight. The growth medium used for the algae facade was Alga-Gro™, a proprietary medium (Carolina Biological Supply Co., Burlington, NC). Illumination was primarily sunlight penetrating from the west-facing window and by ambient overhead fluorescent room light. In addition to air quality sensors, the algae facade was equipped with photosynthetically activated radiation (PAR sensor measuring 400–700 nm), visible light (measuring 380–770 nm), and solar radiation (measuring 350–1100 nm) as well as pH and water temperature sensors to monitor the environmental conditions supporting microalgae growth. The algae façade was installed on the interior side, drawing in room temperature air and ambient relative humidity. As a result, the algae water temperature remained relatively stable without significant fluctuations. Similarly, the daily sunlight exposure on the algae façade was relatively lower compared to outdoor installations.
3.3 Sampling and analysis
Each bioreactor layer was sampled twice per week over 4 weeks by draining approximately 10 mL from the bottom port. The samples were then brought to a biology laboratory and measured for optical density at 600 nm (OD 600) and dry biomass. The OD 600 was measured using a Bio-Rad Smart Spec Plus UV/VIS Spectrophotometer, which determine the cell concentration per mL. For measuring dry cell weight (DCW), the weight of a dry filter was measured first using a precision scale. The filter was then loaded with microalgae cells and dried in the oven at 110°C for 4 hours. The weight of the filter with the dried microalgae cells was measured after drying. The DCW was then calculated by subtracting the weight of the dry filter from the weight of the filter with the dried microalgae cells. The same procedure was performed twice per week over 4 weeks and the measured dry mass was used to track biomass productivity over time.
3.4 Results
At the start and end of the experiment, the data indicated stagnant or negative growth. These days were excluded from the average daily growth rate, focusing only on the periods with positive growth. As a result, the total number of experimental days used for our analysis were 25 days for Chlorella and 28 days for Chlorococcum respectively (Figure 2). The averaged daily biomass was calculated by dividing the total biomass growth by the total experimental days, expressed in mg/L-day. Daily biomass yield of Chlorella and Chlorococcum overall was 175 mg/L-day and 80 mg/L-day respectively, which were good compared to the data published in literature (Table 1).
[image: Figure 2]FIGURE 2 | Dry mass (mg/L) comparisons (left) and the biomass productivity rates (mg/L/day) of Chlorococcum and Chlorella over time (right).
TABLE 1 | Comparison of daily biomass yields and CO2 removal for Chlorella and Chlorococcum across different algae growing systems.
[image: Table 1]The daily yield is indicative of the efficiency of capturing and removing CO2 from the built environment. Microalgal biomass typically consists of approximately 50% carbon. This equates that a dry weight of 1 g of biomass removes 0.5 g of carbon or 1.8 g of CO2 using the molecular ratio of C (12 g/mol) and CO2 (44g/mol). Therefore, Chlorella’s daily yield (175 mg/L-day) and Chlorococcum’s daily yield (80 mg/L-day) translates into a CO2 removal rate of up to 315 mg CO2/L-day for Chlorella and 144 mg CO2/L/day for Chlorococcum. As microalgae grow, they convert atmospheric or dissolved CO2 into biomass through photosynthesis. This makes the observed growth rates directly related to their carbon removal capabilities.
The productivity rate was calculated by assessing the changes in biomass between consecutive days, expressed in milligrams per liter per day (mg/L-day). Faster productivity rates are visually represented by steeper slopes in the graphs, signifying quicker biomass accumulation. These growth rates served as indicators of whether the bioreactor provided an optimal environment for rapid cell division and overall microalgal productivity. For Chlorococcum, growth rates were observed to range from 0 mg/L/day to a peak of 13 mg/L/day. These findings highlight the distinct characteristics of the two microalgae species. Both Chlorococcum and Chlorella offered consistent carbon removal. It is important to provide good environmental conditions and cultivation practices to maximize environmental benefits. Figure 2 shows the comparison of dry mass and biomass productivity rate of Chlorococcum and Chlorella.
4 CONCLUSION
The study highlights the effectiveness of microalgae building enclosures in curtailing carbon emissions in the built environment. The microalgae enclosures incorporated Chlorella and Chlorococcum, allowing for the measurement of their growth and carbon sequestration performance in real-world settings. The system achieved a good carbon removal rate, leveraging the algae’s ability to convert atmospheric or dissolved CO2 into biomass via photosynthesis. The study demonstrated that Chlorella in our algae facade achieved a daily biomass yield of 175 mg/L-day while Chlorococcum reached 80 mg/L-day. These yields translate to estimated CO2 removal potentials of approximately 315 mg CO2/L-day for Chlorella and 144 mg CO2/L-day for Chlorococcum. Faster growth periods, marked by steeper slopes in biomass productivity rate graphs, indicated optimal growth environments and efficient resource utilization. The biomass productivity could be further improved by optimizing growing conditions such as light, nutrient levels, and CO2 availability.
The study also underscores the potential for microalgae-based photobioreactors not only to enhance urban carbon capture but also to provide additional benefits, such as building energy efficiency, better user experience, and biomass production for biofuels or other high-value bioproducts. Although our study focuses on measuring the carbon capture potential of microalgae-enclosed building systems, understanding the overall environmental and economic impact of the system remains crucial. In upcoming studies, we will conduct a life cycle assessment (LCA) to evaluate resource inputs such as water and nutrient medium as well as energy consumption from aeration and harvesting cycles. Alongside this, a techno-economic analysis (TEA) will be performed to assess costs pertaining to installation, operation, and maintenance against economic benefits from carbon capture, building energy savings, and biomass production. The LCA and TEA will enable us to understand the sustainability and commercial feasibility of the system at a large scale. Reflecting on these analyses, we intend to refine system designs and implementation strategies for widespread application in urban and industrial settings. In addition, future studies will include the evaluation of their long-term performance and maintenance requirements. Key aspects such as biofouling prevention, cleaning frequency, nutrient replenishment cycles, and system durability over time are essential to determine operational feasibility in algae window applications. Future research will involve multi-seasonal testing to monitor the effects of environmental fluctuations and usage patterns over extended periods. These efforts will help inform system design refinements, maintenance protocols, and lifecycle expectations to support the broader deployment of algae-integrated façades in sustainable urban infrastructure. This research highlights the multiple co-benefits of carbon removal and resource generation potential through nature-based solutions in the built environment.
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