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This paper provides an overview of building-integrated 
Carbon Sequestration (CS) techniques focusing on their 
potential environmental impact and associated costs. CS 
techniques are classified into three categories: 1) Biotic 
(Green Roofs, Vertical Greenery Systems (VGS), and Algae 
Facades); 2) Materials (carbon-negative and carbon absorb-
ing building materials); and 3) Equipment (filter towers). 
Preliminary literature review shows that Green Roofs and 
VGS can capture 150gC/m2 – 650gC/m2, while algae facades 
go up to 2430gC/m2 - 2970gC/m2. Biomass and filter towers 
could absorb a relatively high amount of approximately 1 x 
10^15 gC and 687.5 x 10^9 gC, respectively (without normal-
ization). By analyzing and summarizing each CS technique 
based on performance indicators like prerequisites, CS 
potential, costs and area required, it was found that Biotic 
techniques can be applied to a structure’s roof and facades 
for a large range of projects having low to high budgets. 
Biomass must be highly encouraged to be mixed with all 
the construction materials which can sequester up to 10^15 
gC. Equipment, which has one of the highest potentials to 
sequester carbon and are highly expensive, can be used in 
urban spaces like parks and markets. A comparative analysis 
is finally done specifically showing the CS potential associ-
ated with the Biotic CS techniques to allow architects and 
designers to evaluate these technologies and analyze their 
integration potential in architectural practice.

BACKGROUND
Anthropogenic climate change is a reality of our times (Cawley 
2011). The greenhouse effect which has made life on Earth 
possible by absorbing the sun’s radiation and keeping the 
Earth’s surface warm is now becoming one of the causes of 
climate change. A number of greenhouse gases (GHG) such as 
methane (CH4), carbon dioxide (CO2), water vapor, ozone (O3) 
contribute to this process (Farrelly et al. 2013), out of which 
CO2 is the most dominating absorber after water vapor and 
clouds. (Schmidt et al. 2010). Due to anthropogenic activities, 
the amount of CO2 has seen a drastic rise in the last two cen-
turies estimated to result in a temperature rise of 3-5 deg C by 

the year 2100 (IPCC 2014). Such increase in emissions of car-
bon might push our planet to cross a threshold beyond which 
Earth’s stabilization could not be achieved by human actions 
(Oreskes 2004). Thus, the fate of this planet may lie predomi-
nantly on mastering the ability to cycle carbon efficiently 
and avert it from becoming the reason for the destruction of 
humankind (Antonietti and Müllen 2010). 

NEED FOR CARBON SEQUESTRATION
Carbon Sequestration (CS) is the process of capturing carbon 
from the atmosphere and storing it securely (Jain et al. 2012). 
This is largely undertaken to reduce the excessive CO2 concen-
tration in the air caused by industries, burning of fossil fuels, 
automobiles, which otherwise lead to heat being trapped, 
resulting in global warming (Sood and Vyas 2017). 

Moreover, while forests, soils and oceans have been a major, 
as well as the oldest carbon sinks, there have been several 
evidences of their deterioration such as water acidification and 
changes in the soil content, due to increased anthropogenic 
carbon emissions (Sundquist et al. 2008). As per IPCC’s report, 
it is required to halt the temperature rise 1.5 deg C above pre-
industrial levels otherwise it would lead to worse heatwaves, 
drought and flooding. (Zhou 2018). To avert this, it is impor-
tant that the structures which cover large areas of the earth 
start contributing to CS. The integration of CS techniques in 
architecture has increased significantly recently even though 
some of the techniques mentioned in this literature review, 
like Vertical Gardens and Green Roofs, were being used in 
buildings for a long time, however, for other purposes. 

METHODOLOGY
What are various CS techniques that have been integrated 
in buildings? How much carbon can a structure capture after 
the application of CS techniques? To address these ques-
tions, this study employed an exploratory research method. 
Various precedent studies published in peer-reviewed journal 
and conference papers on building-integrated CS techniques 
which were retrieved by a database search were reviewed 
for a systematic literature review. This being a comparatively 
recent topic, information was also collected from articles and 
reviews of reliable governmental and organizational websites. 
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Figure 2. Proposed classification of Building-integrated CS techniques. 

Figure 1. Literature review process for classification of Carbon Sequestration techniques. (Author).
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CLASSIFICATION OF CS TECHNIQUES
After a systematic literature review (Figure 1), building-inte-
grated CS techniques were proposed to be categorized into 
three major groupings – Biotic, Materials and Equipment 
(Figure 2). Materials and Equipment are in their emerging 
stages for the purpose of Carbon Sequestration when com-
pared to Biotic techniques. Therefore, limited information was 
found when focusing on cost and maintenance. Consequently, 
they were both not reviewed as extensively as Biotic tech-
niques in the sections to follow.

QUANTITATIVE LITERATURE REVIEW (BIOTIC 
TECHNIQUES)
Living organisms such as trees and plants, often termed as 
biotic (Lal 2008) are one of the major sources of CS (Getter et 
al. 2009). The process of photosynthesis that allows them to 
assimilate atmospheric CO2 and release back O2 falls under the 
biotic process of carbon sequestration. Biotic elements are, 
thus, used in various forms to sequester carbon, out of which 
Green Roofs and VGS are commonly used techniques (Pérez 
et al. 2014). To quantify the amount of carbon sequestered by 
each technique, a literature study was conducted for each.

GREEN ROOFS
Green Roofs are vegetated roofs which have been established 
for around 100 years. They are generally divided into three cat-
egories – Intensive Green Roofs, semi-intensive Green Roofs 
and extensive Green Roofs (Li and Yeung 2014).

Working Mechanism and Prerequisites
Imitating landscape on a part of a structure may be a chal-
lenging process. Specifically, with having to deal with the 
extremities on the rooftop, it takes 9 layers to fabricate a work-
ing Green Roof which includes the vegetation layer followed 
by the growth substrate layer where the growing medium is 
laid. The type and properties of the substrate chosen has a 
huge influence on the growth rate of vegetation and the Green 
Roof’s performance. Other layers include filter layer, drainage 
layer, protection layer, root barrier, insulation layer and the 
water proofing membrane. These layers might not contribute 
to the CS potential of a Green Roof, but they have a critical role. 
Any issue with these layers like leakage leads to the failure of 
the Green Roof. Rectification in these layers also increases the 
maintenance cost significantly (Vijayaraghavan 2016). 

CS Potential
Green Roofs have been used for various purposes such as improv-
ing stormwater management, energy saving, mitigating urban 
heat island effects, but not mainly for CS (Getter et al. 2009). The 
first study, which was conducted by Getter et al, was performed 
on 13 roofs in Michigan and Maryland. All the roofs (1-6 years old) 
primarily comprised Sedum species and substrate depths rang-
ing from 2.5 to 12.7 cm. After continuous evaluation for 2 years, 
they found that the above ground plant material sequestered 
an average of 168gC/m 2̂, with the average being 107gC/m 2̂ 

and 913gC/m 2̂ for belowground biomass and substrate carbon 
content, respectively. It was concluded that the entire extensive 
Green Roofs could sequester 375gC/m 2̂ (Getter et al. 2009). The 
second research was performed by Kuronuma in 2018. They cal-
culated the annual CS potential of Green Roofs by three species 
to be 459.3gC/m 2̂ - 681.9gC/m 2̂. The study shows how carbon 
capture depends on various factors such as the plant species, sub-
strate, the age of the Green Roof, wind speed (Kuronuma et al. 
2018). While most of the studies recorded CS values on the lower 
side of the spectrum, a study by Whittinghill showed enormously 
high values of 4.67gC/m^2 – 65.25gC/m^2 (Whittinghill et al. 
2014). Although, the values might be correct due to varying fac-
tors, the results have been considered an anomaly for this study.

Cost
Setting up of a Green Roof requires a significant initial invest-
ment. Vijayraghavan has documented and summarized in their 
paper the findings of various scientists and researchers who 
have tried to calculate the initial cost of creating a Green Roof 
as well as performed the cost benefit analysis. The results have 
varied because of different factors such as the type of Green 
Roof, the location, substrate and vegetation used, equipment 
used and the labor (Vijayaraghavan 2016). The initial cost is 
approximated to be $129/m^2-$161/m^2 for British Columbia 
and Canada (Bianchini and Hewage 2012), $107.64/m^2-
$161.46/m^2 for extensive Green Roofs in Chicago whereas it 
is $161.46/m^2-$269.1/m^2 for intensive Green Roofs (Yang, 
Yu, and Gong 2008). For Chennai, India, the Green Roof cost 
varies between $33.33m^2 - $55.5/m^2 (Vijayaraghavan 2016). 

Though setting up of a Green Roof is expensive, there has been 
research where future cost savings have been calculated and 
incorporated to view an overall return on investment (ROI). 
Various factors are included such as energy saving costs, prop-
erty appreciation value, air quality and carbon costs, which are 
still difficult to be included to their precise values. While some 
have proved the overall valuation to be positive (Rowe 2011)
(Niu et al. 2010), others have presented contrasting results 
(Carter and Keeler 2008). Thus, this aspect needs further study 
and has not been fully considered in this study. 

Maintenance
Green Roofs require attention and care, especially during 
the first two years of their installation. Maintenance costs 
include irrigation costs, labor costs and a few other compara-
bly smaller costs (such as removing seedlings). According to a 
Life Cycle Cost (LCA) assessment done in 2003 for Germany, 
USA, and Brazil, the annual maintenance cost is $1/m^2 for 
extensive Green Roofs and $8/m^2 for intensive Green Roofs 
(Porsche and Köhler 2003). The prices for the resources keep 
increasing, thus, a more recent study by Sproul in 2014 for 
the United States mentions the annual maintenance cost for 
the same situation as $2.90/m^2 (Sproul et al. 2014). It is less 
expensive to maintain extensive Green Roofs than intensive 
Green Roofs (Porsche and Köhler 2003). 
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VERTICAL GREENERY SYSTEM/VERTICAL GARDENS/
LIVING WALLS
Vegetation has often been used in structures for exterior as 
well as interior walls for aesthetic purposes. VGS are “rela-
tively light structures anchored on building facades with plants 
embedded on felt layers and nurtured by a hydroponic water-
ing system” (Pulselli et al. 2014). 

Working Mechanism and Prerequisites 
VGS has four main considerations - 1) Climate type 2) Plant 
species used 3) Construction System and 4) Mechanism of 
operation (Pérez et al. 2014). 

Though, being a vertical element makes the implementation of 
vertical facades and walls difficult, it has been found from vari-
ous studies that their effect is greater than Green Roofs due 
to the larger surface area of walls as compared to roofs. With 
increasing numbers of skyscrapers being constructed in the 
world, the surface area covered by the walls is approximately 
20 times greater as compared to the roofs (Pérez et al. 2014). 

There are several construction methods for VGS. Green 
facades have been classified into double-skin green façade, 
grid system, cable wire system, mesh system, whereas living/
green walls have been classified into pocket system, geotextile 
felt system, modular system, and many others (Radić, Dodig, 
and Auer 2019). They all have a growing medium and a panel 
system, but the prerequisites as well as the working mecha-
nisms differ for each construction method. 

CS Potential
Vertical greenery system Carbon Sequestration and Living 
walls Carbon Sequestration were the phrases used for the 
search. A life cycle assessment (LCA) of VGS was carried out in 
Italy as a part of a project named “GREENED.” A VGS installa-
tion was hypothesized on a 98m^2 facade for simulation. The 
results showed that plants used (herbaceous perennial) in 
VGS capture carbon from the atmosphere at a rate of 250gC/
m^2 (Pulselli et al. 2014). Another simulation experiment was 
performed by Marchi in 2015. The carbon captured was in 
the range from 37.32gC/m^2 - 270gC/m^2 with the average 
being 169gC/m^2 approximately. A species of S.nemorosa also 
showed some exceptional CS potential in the range of 610gC/
m^2 - 4565.6gC/m^2 (Marchi et al. 2015). 

Cost
A VGS consists of various components and has a considerable 
initial cost. According to Perini and Rosasco, who performed 
a Cost Benefit Analysis in 2013, $41.1/m^2 – $61.67/m^2 was 
the cost of direct greening system. With plants and supporting 
material it increases to a range of $54.8/m^2 – $102.75/m^2, 
with planter boxes, to $205.5/m^2, and even $1097/m^2 for 
plastic material. For living walls, the cost varies between $548/ 
m^2 - $1644/m^2 (Perini and Rosasco 2013). 

Rosasco in their paper calculates the initial cost for indirect 
green façade. One made with high density polyethylene (HDPE) 
costs around $140/m^2, with steel mesh costs $268.8/m^2 
and with planter boxes, it ranges from $184.8/m^2 - $369.6/
m^2. The initial cost for living walls is $207.2/m^2 - $560/m^2 
(Rosasco 2018). Similar results have been achieved in another 
study by Huang in 2019 (Huang et al. 2019).

Maintenance
The maintenance requirements for VGS differ for each construc-
tion system. While for direct and indirect green facades, only 
pruning is required, planter box system additionally requires 
substitution of water tubes and plant species. Living walls also 
require a change of panels. Pruning is approximately $3.84/m^2 
annually, plant species replacement is $1.9/m^2 – $3.76/m^2 
annually and annual panel replacement for living walls can cost 
up to $8.28/m^2. Irrigation is required to be done annually at 
a rate of $1.31/m^2. There can be further other costs such as 
cladding renovation, irrigation system costs that might differ 
from case to case (Perini and Rosasco 2013).

ALGAE FACADE/CURTAINS
Algae is often seen in a negative light due to its less aesthetically 
pleasing characteristics as compared to other plants, but it is 
considered to be an essential plant in the world since it gener-
ates approximately 50% of the total oxygen produced (Chapman 
2013). For the same reason algae is being considered in recent 
years as a sustainable alternative to the predominantly used 
glazed facades to address climate change (Kyoung-Hee 2013). 

Working Mechanism and Prerequisites 
Algae can be grown by two methods – open pond and closed 
system known as photobioreactor. While the open pond sys-
tem is more economical, it faces a lot of challenges in terms of 
external contaminants, whereas the photobioreactor prevents 
cross contamination by encapsulating algae in tubes (Kyoung-
Hee 2013). The latter method is being used to integrate algae 
with structures in the form of facades and curtains. Algae utilize 
photosynthesis for CS. (Aouf 2018).

Algae curtains introduced by EcoLogic Studio are made up of 16 
(2m by 7m long) bioplastic modules. It has embedded serpen-
tine tubes which contain algae. When the unfiltered air enters 
the curtains from the bottom and start moving upwards, the 
micro-algae in the tubes capture CO2, releasing O2. They fur-
ther grow biomass from the absorbed CO2 (Aouf 2018) 

CS Potential
The keywords used to determine the records measuring 
the CS potential of microalgae were, Microalgae Carbon 
Sequestration, Algae facades Carbon Sequestration and Algae 
CO2 sequestration. According to a survey conducted by The 
Naval Research Lab in Washington, DC, an algae facade of 
1.524m x 3.657m having 6.5 liters of algae solution can seques-
ter around 2.43kgC/m^2 (Kyoung-Hee 2013). 
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The algae curtain invented and displayed by EcoLogic Studio of 
2 m^2 absorbs 1 kilogram of CO2 every day, which is equivalent 
to the carbon sequestered by 20 large trees (Aouf 2018). When 
this is calculated in terms of amount of carbon sequestered 
annually gives a value of 2.970kgC/m^2. The huge anomaly 
that can be observed in the algae curtain might be due to vary-
ing amounts of algae solution used in the curtain. 

The first house built using algae facades is in Hamburg, 
Germany. According to their estimation, algae facades can 
sequester 2.500kg C/m^2 in a year (Colt International, Arup 
2013). The value demonstrated by the BIQ house is closer to 
the value estimated by EcoLogic studio.

Cost
Although algae can be found and grown easily, the costs asso-
ciated with incorporating it in facades is not yet clear. There 
have been proposals and demonstrations of algae facades and 
curtains by globally influential architectural firms, for instance, 
HOK proposed an algae facade for the U.S. General Services 
Administration (GSA) retrofitted project in Los Angeles (Kim 
2013), EcoLogic displayed a prototype of algae curtains in the 
Climate Innovation Summit 2018 in Dublin and also proposed 
an Algae Urban Farm in Tehran, Iran (Kim 2013). Evidence 
for the initial installation cost for this technique cannot be 
found easily on the available sources. BIQ house in Hamburg, 
Germany built in 2013, the first house to integrate an algae 
façade, (although not used with the objective of sequestering 
carbon) (Kim 2013) is the only project which indicates the cost 
of building an algae facade as $2200-2300/m^2 (Wilkinson et 
al. 2017). The cost is substantially high, but it is expected that 
with the rapid advancement of technology, prices may change 
to be more affordable. 

Maintenance
Various issues have been raised with respect to algae facades 
including maintenance issues such as cleaning of facades and 
algae carrying tubes, associated costs with continuous supply 
of water and nutrients to the algae façade as well as removal 
of the grown algae (Wilkinson et al. 2017). Odor, structural 
retrofitting, harmful toxins are some of the other issues related 
to it. While the issues are known, a clear description of the 
maintenance costs is not available. 

COMPARATIVE STUDY
After a detailed literature review, the biotic techniques with 
respect to different design criteria – prerequisites, design fac-
tors and CS potential have been summarized in the Figure 3.

QUALITATIVE LITERATURE REVIEW 
Materials
A considerable number of materials have been explored, 
tested and proven to capture carbon, such as alkaline earth 

metals, calcium and magnesium oxides (Huntzinger et al. 
2009), biochar, titanium dioxide, solidia cement (Chawla 2018) 
(Ćurĉić 2018). 

Carbon–negative building materials are products with less 
than neutral carbon footprint. Such materials have an effect 
of removing CO2 from the atmosphere (Chawla 2018). One 
of a similar working material is developed by Berlin based – 
Elegant embellishments. It uses biomass (organic waste) which 
absorbs and stores CO2 (Ayoubi 2018). 

Working Mechanism and Prerequisites 
Biomass is created by plants that absorb CO2 and sunlight 
throughout its life. To make a carbon negative material, the 
process of pyrolysis is used to bake biomass to a stable form of 
carbon in an oxygen free environment. Further, it is mixed with 
a bio-degradable binder. This carbon negative material is then 
shaped into the products to be used in building facades and 
the interiors (Chawla 2018). Faceted panels have been created 
using this material for experimentation stage. ‘Charscraper’ is 
one of the first instances of a projection made from thermo-
plastic “Made of Air” – a carbon negative building material.

CS Potential 
The amount of CS that has been approximated in the lab is 
based on the percentage of manufactured goods. It has been 
reported that if 10% of all manufactured goods in the construc-
tion industry are made up of the carbon negative material, 
it can capture up to 10^15gC annually from the atmosphere 
(Biddulph Jim 2017).

EQUIPMENT - FILTER / SMOG ABSORBING TOWERS
Carbon emissions by vehicles, factories, construction industry 
have increased to such extreme levels that Direct Air Capture 
(DAC) is being considered and discussed largely throughout the 
world. One method of DAC is through equipment which can be 
integrated with structures. Dubai-based architectural studio 
Znera has proposed to create high rise towers with a grid of 
air filters (Page 2018). In Switzerland, carbon is being sucked 
directly by a giant new machine developed by Climeworks 
(Marshall 2017). Also, Daan Roosegarde has been working on 
a smog free tower that is being known as the world’s largest 
air purifier (Verma 2015).

Working Mechanism and Prerequisites
The smog project developed by the Znera Space has filtration 
pods at the bottom of the tower to capture pollutants from the 
air at a lower level where people breathe air and the propel-
lers provided at the top circulate the clean air. To power the 
towers, hydrogen fuel cells along with solar panels are to be 
used. Carbon particles collected would then be converted into 
graphene, concrete and even ink (Page 2018). 



70 Building-Integrated Carbon Sequestration Techniques

Figure 3. Summary of CS techniques based on the performance indicators (Biotic techniques). (Author).
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The Dutch designer Daan Roosgaarde’s works also depict 
similar concepts. It includes air filtering tower which absorbs 
carbon and creates diamonds by compressing the pollutant. 
It claims to run on 1400 watts of green energy. A small posi-
tive current is used to send positive ions into the air through 
an electrode. These ions attach themselves to the fine dust 
particles which are then drawn towards the negatively charged 
surface. It allows the fine dust particles to collect and store 
inside the tower (“Kengo Kuma and Daan Roosegaarde Show 
Pollution-Absorbing Architecture” 2018).

The giant machine sequestering carbon in Switzerland uses 
a similar mechanism but it has a waste heat recovery facil-
ity that powers the entire machine. The filter system located 
underground collects CO2 with the help of fans. CO2 is occa-
sionally separated at temperatures above 1000 Celsius when 
the filter is saturated. 

CS Potential 
The Smog Free Tower created by Daan Roosegarde is 7-meter-
tall and at the time of writing this thesis, is the only tower in 
development. It can provide 255.5 million m3 of clean air annu-
ally (Thompson 2016). Another installation by Berlin-based 
Green City Solutions, which is named “CityTree” is 13-foot by 
10-foot tall and is made up of moss culture. It is claimed to 
capture carbon equivalent to 275 trees (Page 2018) in a year, 
which on conversion, taking carbon sequestered by 1 tree as 
2.5 tons, is equal to 0.58 million m^3C. The giant machine in 
Switzerland developed by Climeworks captures 0.5 million 
m^3 of carbon which is equivalent to carbon emissions by 200 
cars (Marshall 2017).

DISCUSSION AND CONCLUSION 
Based on the literature review and the comparative analy-
sis of biotic techniques, it is observed that Green Roofs and 
VGS capture carbon in the range of 150gC/m^2 – 650gC/
m^2, while algae facades perform better and sequester up 
to around 2430gC/m^2 - 2970gC/m^2. They all require an 
initial investment, but there is a possibility that their future 
benefits overcome the initial cost. Carbon captured by materi-
als is dependent on the percentage of products using those 
materials, whereas equipment could absorb a high amount 
of approximately 687.5 x 10^6gC – 250.65 x 10^9gC without 
normalization, but it is significantly expensive. It is not pos-
sible to normalize both materials and equipment without 
further understanding of the system; for instance, the ability 
to capture carbon by filter towers is not proportional to the 
size of the equipment, as is the case with Green Roofs, VGS, 
algae facades. Therefore, Figure 4 focuses only on visualizing 
biotic potentials, with the aim to aid in the quantification of CS 
potential. Cost is shown with dashed lines to signify its subjec-
tiveness (not normalized). 

FUTURE RESEARCH SCOPE
As was seen in the keyword search, CS techniques have been 
researched extensively in various disciplines, however, the 
state of the art lacks a significant amount of work when it 
comes to the integration of CS techniques in the built environ-
ment. With very little time left for the humankind to prevent 
permanent climate change damages, it is imperative to build 
a database of building - integrated CS techniques and evalu-
ate their impacts and consequences as early as possible. An 
attempt to do so was made in this paper. While a lot of pub-
lished quantitative research could be found regarding the 
CS potential of biotic techniques, materials and equipment 
were seen as the emerging class of techniques calling for 

Figure 4. Comparison of CS potential and cost for biotic techniques. (Author). 
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more demonstration projects as well as scientific published 
literature. Further, along with a realization to bring more 
awareness regarding these techniques, an indispensable 
need to facilitate the implementation of CS techniques in the 
built environment became evident from the lack of resources 
available for architects, designers and engineers to use as a 
reference. Thus, an in-depth investigation of factors affecting 
the Carbon Sequestration potential of biotic techniques, and 
a simulation-based work-flow to quickly measure and analyze 
the CS potential of built environment projects through the 
application of various techniques appropriate for their build-
ing based on region, cost, and area is being worked upon in the 
second part of this research.

In conclusion, an overview was presented, but advances in build-
ing-integrated CS techniques are still needed in order for buildings 
to not just limit the catastrophic effects of climate change, but 
also mitigate it for a better future for our built environment. 
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