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Abstract 
While several methods have been previously developed to 
assess the climatic impacts of a building’s biotic elements, 
built environment practice still lacks a framework to 
determine the Carbon Sequestration (CS) potential of 
such architectural features. This paper proposes a 
modelling framework in Rhino/Grasshopper interface to 
estimate the amount of carbon sequestered by a structure 
that utilizes biotic elements such as green roofs; vertical 
greenery systems (VGS); and algae facades/curtains to 
enhance environmental performance. The framework 
accounts for site and climate-based variations in solar 
radiation across the globe for the CS techniques and their 
energy conversion efficiency ratios and are validated 
against various case studies.  
Key Innovations 
• Innovative simulation-based workflow to quickly 

measure and analyse the CS potential of built 
environment projects through the application of 
various techniques appropriate for their building based 
on region, cost, and area. 

• Novel framework to incorporate CS techniques for 
architects in design practice. 

Practical Implications 
The model aims to enable architects, engineers, and high-
performance building specialists to plan, design and 
inform their decisions on the area and orientation of 
building elements that need to be covered by a single or a 
combination of biotic techniques at an early design stage 
to sequester carbon in an effort to mitigate climate change. 
Introduction 
Carbon Sequestration (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 their integration in the built 
environment. With very little time left for humankind to 
prevent permanent climate change damages (Oreskes 
2004), it is imperative to build a database of building - 
integrated CS techniques and evaluate their impacts and 
consequences as early as possible. Thus, taking a step in 
that direction, after a systematic literature review in 
previous part of this research (reference removed for peer 
review), CS techniques were divided into three major 
categories – Biotic, Materials, and Equipment, further 
split into sub-categories. They were explored and 

analysed on performance indicators like pre-requisites, 
initial and maintenance costs and CS potential. Several 
published quantitative research could be found regarding 
the CS potential of biotic techniques. However, materials 
and equipment were seen as the emerging class of 
techniques calling for 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 initial foundational simulation workflow that 
could be utilized to make early design decisions regarding 
the CS techniques has been proposed in this paper. 
After an extensive literature study done previously, a 
workflow is created to accommodate the use of CS 
techniques with an application point of view. It also forms 
a foundation for any future tool development in context of 
integration of CS techniques with the built environment. 
While three categories of techniques were explored 
earlier, the workflow presented in this paper is limited to 
only the first one – Biotic techniques.  
Methodology 
As an architect or a designer, what design factors can be 
considered to incorporate a biotic CS technique to a 
building typology? How much carbon can a structure 
capture? To address these questions, the factors affecting 
the CS potential of biotic techniques were studied. A 
framework which could estimate the carbon sequestered 
by a biotic technique when applied on a structure was 
developed. Various aspects such as solar radiation in a 
location, orientation and area of the building elements 
were made the primary drivers of the simulation 
workflow. Finally, the workflow was formulated 
specifically for biotic techniques using Honeybee and 
Ladybug components in Rhino/Grasshopper interface. It 
was further validated using the results of the case studies 
found in previously published literature.  
Scope and Limitations of the workflow 
• The workflow concentrates on location and area of the 

structures primarily.  
• Various parameters which might have a significant 

effect on the CS potential are considered as a constant 
or have not been explored due to a constraint of scope.  
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• A linear relationship is considered between the light 
energy and the biomass growth which is not true in 
every case. High intensity of light might lead to slow 
plant/algae growth.  

• Photoinhibition, mutual shading, evapotranspiration 
and light attenuation are complex areas which were 
not included in this study.  

Factors affecting the CS Potential 
All plants, including unicellular organisms called 
microalgae, use photosynthesis to capture carbon dioxide 
(CO2) from the atmosphere (Getter et al. 2009). During 
this biochemical process, the captured sunlight is used to 
convert water, CO2 and minerals into oxygen and biomass 
(energy-rich organic compounds) (Lambers and Bassham 
2020). Thus, various factors such as species type, climatic 
factors, substrate depth/photobioreactor design and 
various other affect the photosynthesis process in turn 
affecting the potential of these biotic techniques to absorb 
carbon. Based on the differences and similarities in the 
techniques, the factors have been specified separately for 
the two groups – Green Roofs/Vertical Greenery Systems 
(VGS) and Algae facades/curtains. It is also mentioned 
which factors will be considered a variable or a constant 
for the purpose of inclusion in the tool workflow. 
Green Roofs/VGS 
Several factors affect the CS for Green Roofs (Wan 
Ismail, Abdullah, and Che-Ani 2019). The factors 
considered in the tool workflow are summarized in Table 
1. The parameters varying in the workflow are highlighted 
in red/underlined, while the constant parameters are 
shown in bold black. Other parameters are not considered 
or explored or have been left to the discretion of the 
product manufacturer. 
1. Location and position – Solar radiation/sunlight is the 

major factor for the process of photosynthesis. It 
consists of ultraviolet (UV) light, visible light 
(360nm – 720nm), and infrared light. Only light 
which can be used for photosynthesis is close to the 
wavelength range of the visible light and is known as 
the Photosynthetically Active Radiation (PAR). It is 
approximately 50% of the total radiation (Przyborski 
2003). Out of the total PAR, plants can convert only 
a small amount of light energy into biomass which is 
represented by their photosynthetic ‘energy 
conversion’ efficiency (PE) or Energy Conversion 
Ratio (ECR). The theoretical maximum of PE for C3 
plants is 4.6% and for C4 plants is 6% , while the real 
observed values have been between 1% - 2% (Zhu, 
Long, and Ort 2008). Solar radiation varies with 
every location in the world, the orientation of the 
building as well as the building element where the 
plants are placed, affecting their CS potential (Li et 
al. 2010). Thus, this factor has been explored and 
kept as a variable for the workflow. Also, since 
sedum mostly adopts Crassulacean Acid Metabolism 
(CAM) pathway (a specialized mode of 
photosynthesis where CO2 is absorbed during the 

night time (Niechayev, Pereira, and Cushman 2019)), 
which is closer to C4 photosynthesis in terms of ECR, 
the minimum of the lower value i.e. 1% ECR is 
considered for the workflow. 

2. Species of plants/trees – Different species of plants 
and trees sequester varying amounts of carbon 
(Getter et al. 2009). Every plant/tree has a different 
diameter, density (Nowak et al. 2013), and leaf area 
index (LAI) (Gratani, Varone, and Bonito 2016). 
Since extensive Green Roofs are considered for this 
study which cannot bear the weight of large plants or 
trees (Elkink 2017), species have been limited to 
grasses and shrubs. Sedum species, a succulent grass 
type, is specified for Green Roofs, it being the most 
common and easy maintenance grass for Green 
Roofs/VGS (Vijayaraghavan 2016) (Vasl et al. 2017)  

3. Temperature – It affects plant growth at the 
physiological and biochemical level (Song et al. 
2014), however, its quantified effect on the CS 
potential of Green Roofs couldn’t be found in the 
literature studied for this research. Hence, this factor 
is not included in the workflow.  

4. Precipitation – Since drought-resistant species, 
sedum is chosen for Green Roofs and VGS, this 
factor is not included. 

5. Age – There have been evidences about the age 
affecting the CS potential of plants and trees (Stecker 
2014). While some studies show that older trees have 
a higher ability to store more carbon, others show the 
opposite (Wan Ismail, Abdullah, and Che-Ani 2019). 
Until and unless a detailed quantification and 
analysis of this factor is not conducted, age cannot be 
included in this workflow.  

6. Substrate depth – Since carbon is sequestered by the 
soil too, greater substrate depths result into more 
carbon being absorbed from the atmosphere (Getter 
et al. 2009). For the purpose of avoiding complexity 
and considering the popularity of the type, this study 
has been limited to extensive Green Roofs. Thus, the 
substrate depth is a constant factor fixed at substrate 
depth of 7.5cm -15cm.  

7. Substrate composition – Substrate forms a major part 
of the system for CS by plants. A study conducted to 
determine the amount of carbon captured by different 
substrate types like sewage sludge and natural soil 
concluded that the substrate type does affect the CS 
potential (Luo et al. 2015). For this study, natural soil 
substrate has been considered. 

8. Area/No. of Plants – A number of studies show that 
the area of a green coverage and the amount of carbon 
sequestered by them have a linear relationship (Wan 
Ismail, Abdullah, and Che-Ani 2019). Hence, area is 
considered as a variable parameter in this workflow. 

9.  Miscellaneous factors – Various other factors such as 
irrigation, fertilization, pruning and mowing can 
affect the growth of plants which further affect the 
carbon sequestered by them (Kuronuma and 
Watanabe 2017)(Wan Ismail, Abdullah, and Che-Ani  
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2019). These have not been included in this workflow 
and are considered future research directions.  

Algae facades/curtains  
The factors which affect the CS potential and are 
considered in the tool workflow are summarized in Table 
2. The constant and varying parameters follow the same 
formatting of Table 1. Other parameters are not 
considered or explored or have been left to the discretion 
of the product manufacturer.  
1. Sunlight/Solar Radiation – Similar to plants,  

microalgae can also utilize only PAR for 
photosynthesis. The growth rate of microalgae is   
almost double or triple as compared to the plants due 
to their simple cell structure. Thus, their 
photosynthetic efficiency is also higher (Xu et al. 
2019) with an ECR of 8% - 10% (Ng et al. 2015). 
Since, this is the theoretical maximum value, the 
lower value i.e. 8% is considered for this workflow. 
Based on the case studies, this value can be brought 
down later to the most observed value.  

2. Growth – The microalgae growth is also affected by 
the light and dark photoperiod ratios (Singh and 
Singh 2015). This is addressed in the workflow with 
the help of the linear relationship between the amount 
of available solar radiation absorbed and the biomass 
produced.  

3. Species – There are about 200 – 800 existing species 
of microalgae, however, only 30 have been analyzed 
to date. Out of these, green algae are the most 
efficient (Kumar et al. 2018). Properties of different 
species might differ, thus, chlorella vulgaris and 
spirulina being the most common species for 
experiments and industrial use, have been considered 
for this workflow (Krienitz, Huss, and Bock 2015). 

4. Temperature – While light and temperature are 
closely related, temperature independently has a 
strong effect on the uptake of nutrients and CO2 by 
microalgae. The cellular chemical composition as 
well as the growth rates are also affected similarly. 
For the workflow, optimum temperature of 200C – 
300C is assumed to be maintained by the 

photobioreactor manufacturers (Singh and Singh 
2015). 

5. Initial Concentration – Lag phase is one of the various 
phases that occur during the microalgae growth 
which is affected by the initial concentration of 
microalgae. Thus, an optimum initial concentration 
value of 0.07 dw(dry weight) g/L is assumed in the 
microalgae solution along with the nutrients 
(Vasumathi, Premalatha, and Subramanian 2012). 
Since, the workflow uses the light energy to estimate 
the biomass productivity, the concentration of algae 
cells is not further explored here.  

6. Nutrients – Algae growth is influenced by the amount 
of CO2 provided and SOx and NOx in the flue gas (K. 
Kumar et al. 2011). This has been considered to be 
maintained at an optimum amount by the 
photobioreactor manufacturers. Hence, not 
considered in the workflow.  

7. Photobioreactor Surface area/Volume Ratio – 
Photobioreactors are preferred over the open pond 
system because of a higher microalgae cultivation 
due to higher ratio of surface area to volume ratio and 
low contamination risks (Oncel, Kose, and Oncel 
2020). Further in photobioreactors, for increased 
microalgae productivity, even distribution of light is 
found to be necessary. Low light penetration and 
photoinhibition are some other challenges during 
algae growth (Kumar et al. 2011). Thus, to avoid 
complexity in the workflow at this stage, only direct 
sunlight is considered for the biomass growth which 
depends solely on the area exposed that is decided by 
the owner/designer of the structure. Volume can be 
incorporated in the later stages of this workflow. For 
validation purpose, 0.01m thickness will be assumed, 
if and when required. 

8. Photobioreactor Design – Various types of 
photobioreactors exist, most common for industrial 
use being flat-plate, tubular and cylindrical. Flat plate 
photobioreactors being the most widely used, have a 
smaller light path and greater exposed surface area 
leading to higher microalgae productivity 

Table 1: Factors affecting the CS Potential (Green Roof/Vertical Greenery System) 
 

Technique Research Paper Factors affecting the CS 
Potential of Green Roofs/VGS 

Factors considered in the workflow 

Green Roofs 
And 

Vertical Greenery 
Systems 

 

Getter et.al, 
2009 

Kuronuma and 
Watanabe, 2016 

Banta, 2018 
Shafique et al., 

2020 
Charoenkit et al, 

2020 
 

Species of plants (mechanism 
C3, C4, CAM) 

Sedum – CAM (Constant) 

Temperature Not explored 
Precipitation 

 
Not considered since species is sedum  

(requires less/no water) 
Age (Green Roof) Not considered yet 

Substrate depth (Green Roof) Extensive roofs - less than 15cm (Constant) 
Illuminance/solar radiation Solar radiation (Varied based on location) 

Substrate composition Natural soil (Constant) 
Area/ No. of plants Area of the façade/roof (Varied based on geometry) 
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(Vasumathi, Premalatha, and Subramanian 2012). 
Hence, they have been considered for this workflow. 

9. Miscellaneous Factors – Various other factors such as 
the method of harvesting algae and operation modes 
affect the biomass productivity (Oncel, Kose, and 
Oncel 2020). The centrifugal method has been 
considered for this workflow, since various studies 
showcase that it has one of the highest harvesting 
efficiencies (Japar, Azis, and Takriff 2017).  

Design and Prototyping 
User Interface – Front End 
The intent of the study is to make the process of 
transitioning easier for the user and being able to apply 
the CS techniques in the simplest way possible. Thus, 
there are just four steps incorporated in the user interface 
to estimate the amount of carbon absorbed by the 
structure. 
STEP 1: Select the location. 
This step will help input the weather file (in EPW format) 
which will determine the solar radiation of the region 
where the structure is to be constructed.  
STEP 2: Input/Create the Geometry. 
The geometry can be as a boundary representation (Brep) 
or created as a rectangular geometry (shoebox model) 
using length, width, height, and the orientation of the 
building. Further window-to-wall ratio can be 
customized. 
STEP 3: Select the CS technique to be applied on each 
building element.  
Different combinations of techniques on different 
buildings elements can be tried to get the desired output. 
Thus, an option to choose the CS technique for three 
separate buildings element categories – roof, wall/façade 
and windows has been provided.  
STEP 4: Select the building elements where the technique 
has to be applied. 
Finally, when the technique has been finalized, the user 
must choose the orientation of the building element (N, 
NE, E, SE, S, SW, W, NW) since each orientation and 
total area of the building elements will affect the CS 
potential.  

These four steps provide the final approximate value of 
total carbon sequestered by the entire structure after 
applying the available CS techniques. 
Engine – Back End 
While the user interface is intended to be made simple, 
there are technical calculations and assumptions that form 
the simulation engine. They are explained as follows 
(Figure 1 in p.9 appendix): 
Engine step 1: To determine the location the EPW file is 
put in on the local drive.  
Engine step 2: Solar radiation is determined from the 
inputs in kWh. It is the total radiation (direct +diffuse).  
Engine step 3:  Since photosynthesis requires only visible 
light known as the PAR (as previously mentioned) which 
is approximately 50% of the total radiation, the solar 
radiation is multiplied by 0.5. 
Engine step 4: Out of the PAR, plants can absorb only a 
portion of it which is determined by their photosynthetic 
energy conversion efficiency (PE) or energy conversion 
ratio (ECR). The ECR is determined only when a 
particular CS technique is chosen.  For Green Roof/VGS 
PAR is multiplied by 0.3 (ECR average for plants) and for 
algae facades, by 0.8 (ECR for microalgae) to determine 
the light energy (E) absorbed to be converted to biomass 
per sq. m. in a year.  
Engine step 5: Once the technique is chosen, the building 
elements and their respective orientation are chosen for 
the application of the technique and total area (A) for each 
technique is calculated in square meters (sq. m).  
Engine step 6:  The light energy absorbed (E) is multiplied 
by the total area (A) to determine the total energy 
absorbed (TE) that can be converted to biomass. Its unit 
is kWh/year. 
Engine step 7: According to the calorific value for algae 
(Chlorella vulgaris and Spirulina) and plants, 1 g of dry 
weight of biomass can be harvested from around 21kJ 
(Chen and Torii 2015) and 15.55kJ – 18kJ of light energy 
respectively. Thus, using this conversion (from kJ to 
kWh) the amount of biomass produced (B) is determined 
by dividing the TE by a factor of 0.0058 and 0.0043 and 
further dividing it by 1000 to change the unit from g to 
kg.  

Table 2: Factors affecting the CS potential (Algae facades/curtains) 
Technique Research Paper Factors affecting the algae 

growth (CS Potential) 
Factors considered in the workflow 

Microalgae 
 

Olaizola, 2003 
Vasumathi et al, 2012 

Singh, 2015 
Gonçalves et al, 2016 

Farreira et.al, 2017 
Oncel et al., 2020 

 
 

Availability of carbon dioxide CS Potential 
Number of photons Solar radiation (Varied based on location) 

Species of microalgae Chlorella Vulgaris (constant) 
Initial concentration of 

microalgae 
Constant 

Nutrients Nutrients (constant) 
surface area/volume ratio of 

photobioreactor 
Area of the façade (Varied based on 

geometry)  
Design of the photobioreactor  Flat plate photobioreactor (constant) 

Method for harvesting  Centrifugal (constant) 
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Engine step 8: Approximately 1 kg of biomass fixes 1.8kg 
of CO2 (Adamczyk, Lasek, and Skawińska 2016).Thus, 
total CO2 sequestered by the structure in a year is 
calculated by multiplying the total biomass (B) in kg by a 
factor of 1.8.  
Engine step 9: Further conversions are done to determine 
the CO2 sequestered in a day and finally the carbon (C) 
sequestered by the structure in a day is calculated using 
the molecular mass of C by multiplying the amount of 
CO2 sequestered. 
Script Development  
The workflow is a parametric script in a visual 
programming interface – Grasshopper. The interface 
consists of Ladybug components (Roudsari and Pak 2013) 
to retrieve the weather file for a location, set choices for 
CS techniques for each building element category, and 
create/input the geometry. Further the script includes 
defining the glazing ratios for the geometry, selection of   
the orientation of the building elements and creating grid 
points on them. 
Finally, by using an analysis recipe, a cumulative sky 
model and calculations covered in the engine section, 
solar radiation and PAR is calculated along with the area 
of the building elements to determine the carbon 
sequestered by the structure. 
Initial Validation  
To check the extent of accuracy of the workflow, a 
number of case studies and published records are selected 
separately for Green Roofs/Vertical Greenery Systems 
and algae facades. The percentage error as compared to 
these findings are calculated in either the amount of CO2 
or carbon sequestered after the application of the 
techniques. 
Validation for Green Roofs/VGS (Table 3) 
• Case Study 1 (Green Roofs) – (Getter et al. 2009) 
Getter et al. quantified the carbon sequestered by 
extensive Green Roofs with sedum species in Michigan 
as well as in Maryland. Varying amounts of CS potential 
was found in their results; however, they calculated an 
average which is used for the comparison of results in this 
section. This study is one of the most important and 
detailed studies that have been conducted till now. 
• Case Study 2 (Green Roofs) - (Kuronuma et al. 2018) 
A study was conducted by Kuronuma and his colleagues 
to estimate the amount of carbon sequestered by three 
grass species and one sedum species since these are the 
most common plants for a Green Roof. An extensive 
Green Roof with a substrate depth of 5cm was considered.  
Irrigation was provided for the grass species while sedum 
species were tested in both irrigated and non-irrigated 
conditions, which has not been considered in the 
workflow.  
• Case Study 3 (VGS) - (Pulselli et al. 2014) 
A hypothetical vertical wall of 98m2 was considered, and 
carbon sequestered by the wall was quantified. This was 
based on another model created using STELLA software 
(Marchi et al. 2015). The plant species chosen were 

perennial herbaceous plants, which included sedum (used 
for validation in this study), perennial grass, herbaceous 
shrubs, and ornamental flowering plants.  
• Case Study 4 (VGS) - (Amir, Yeok, and Rahman 

2014) 
A legume species was grown on a wall, which is 2.5m 
wide and 3.67m high. LICOR – 3000A and 3050A were 
used to investigate the Carbon Sequestration potential of 
the plants on the wall.  
Validation for Algae Facades/Curtains (Table 4) 
Three case studies are chosen for algae facades/curtains. 
• Case Study 5 - BIQ House  
At the time of writing this paper, the BIQ house in 
Hamburg, Germany is the world’s first and the only live 
project featuring the bio-reactive algae façade panels 
(FEEM 2015). The flat-plate algae photo- bioreactors 
called Solarleaf are 2.5m x 0.7m with a depth of 80mm 
(Wurm and Pauli 2016). There are 129 panels put up on 
the southeast and southwest façade of the house and are 
filled with fluid consisting of nutrients to cultivate 
microalgae (IBA_Hamburg 2013). After the first 
monitoring results, it was found that the ECR estimated to 
be 8% was down to 4.4% (FEEM 2015).  
• Case Study 6 - PhotoSynthetica by Ecologic Studio 
Algae containing curtains have been manufactured by a 
London based firm called Ecologic studio. 
Photo.Synth.Etica, a carbon-negative product, is made to 
be used as a cladding on the building façade to absorb 
carbon dioxide from the atmosphere. Its first 
demonstration has been on the Printworks façade in the 
Climate Innovation Summit 2018 (ecoLogicStudio 2019). 
• Case Study 7 - (Keffer and Kleinheinz 2002) 
An experiment was conducted using 2 fluorescent lamps 
15m apart to estimate the CO2 bio fixation. 
 
Inferences 
4 case studies ran for Green Roofs/VGS. All emphasized 
that the PE/ECR for plants (sedum) is much lower than 
expected and should be 0.5%. Thus, the workflow was 
updated with that value. Moreover, with an acceptable 
percentage error, it was seen that the workflow could be 
used to predict the CS potential of Green Roofs/VGS 
when applied to a structure. In the case of algae 
facades/curtains, while the estimated values from the first 
case study (BIQ house) matched the estimated CS   
potential (whether 8% or 4.4% is considered), the second 
case study values had a higher percentage error indicating 
the need for more information to predict the reason for the 
error range since various factors like different type of 
photobioreactor and exact amount of biomass might be 
responsible for the same.   
The third lab case study indicated lower values of ECR. 
Thus, relying on the results from the monitored values of 
BIQ house and the third case study, the workflow was 
updated with an ECR of 4%, specifying that it is the 
minimum amount of CO2 that can be sequestered after the 
application of the technique.  
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Table 3: Initial validation using case studies for Green Roofs/VGS   

Table 4: Initial validation using case studies for Algae Facades/Curtains   

 
Application 
 

  

 

a) S-E (Green 
Roof and VGS) 

b) S-E (Green Roof 
and Algae facade) 

 

 

 

 
c) N-W (Green 
Roof and VGS) 

d) N-W (Green Roof 
and Algae facade) 

 
Figure 2: CS Potential visualization result in tropical 

climatic region (Singapore) 

 
The updated workflow was used to estimate the carbon 
sequestered in 6 Koppen classified climatic zones out of 
which only Singapore for tropical climate region is 
included in this paper due to space constraints (Figure 2). 
A 25 m x 25m x 12m shoebox without glazing was 
analysed for two scenarios – 1) Green roof and VGS on 
all facades, 2) Green roof and Algae façade on all facades. 
Eastern and western facades performed better. Algae 
facades absorbed between 0.93 kg C/m2/ annum – 1.2 kg 
C/m2/ annum. While VGS captured only a minimal 
amount of carbon from 0.116 kg C/m2/annum – 0.15 kg 
C/m2/ annum, Green Roof absorbed a moderate amount 
of around 0.467 kg C/m2/annum.   
Conclusion 
With very limited time left to mitigate climate change, 
architects and designers must start making schematic 
design decisions to incorporate CS techniques. The tool 
workflow presented in this paper may assist with the 
same. The simple approach adopted in the workflow can 
be impactful, as validated by a number of case studies. 
However, there is a significant scope to improve and 
update with factors not considered currently, for more 
accurate results. The simulation workflow has been 

 Location Energy 
Conversion 
Rate (ECR) 

Carbon dioxide 
sequestered (kg 

CO2/m. sq./annum) 

Carbon 
sequestered 

(kg C/m. 
sq./annum) 

Percentage 
Error 

(Getter et al. 2009) Michigan, USA -  0.375  
Workflow EPW file of Michigan (Lansing) 0.5% (1%)  0.389  

(0.779) 
3.73 

(Kuronuma et al. 
2018) 

Center for Environment, Health 
and Field Sciences at 

Chiba University, Japan 

- Sedum 1.68  
(Grass species  2.5) 

-  

Workflow Epw file of Tokyo, Hyakuri, Japan 
(33km from Chiba) 

0.6% (1%) 1.62 
(2.69) 

- 3.5 

(Pulselli et al. 2014) Mediterranean climate (inferred 
to be in central or northern Italy) 

- 0.92 -  

Workflow Epw file of Pisa (in Tuscany), Italy 0.5% (1%) 0.95 (1.9) - 3.3 
(Amir et al. 2014) Tropical climate (Malaysia) - 0.935 -  

Workflow Epw file of Penang, Malaysia 
(George Town) 

0.7% (1%) 0.957 (1.367) - 2.3 

 Location Energy Conversion 
Rate (ECR) 

Carbon dioxide sequestered (kg 
CO2/m. sq./annum) 

Percentage 
Error 

BIQ House Hamburg, Germany 8% 13.51 (Colt International, Arup 
2013) 

 

Workflow EPW file of Hamburg, Germany 8% 14.11 4.4 

Photosynthetica Dublin, Ireland 8% 11  
Workflow Epw file of Dublin, Ireland 8% 8.8 20 

(Keffer and 
Kleinheinz 2002) 

Lab: Cool white, fluorescent lighting 
(Average sunlight equivalent – 2.4 x 

1019 – 3.0 x 1019 photons/s/m2) 

- 5.5 (Converted from 63.9 
g/m3/h and assuming the 

thickness to be 0.01m) 

 

Workflow Epw file of Chicago (Since it gets 
average sunlight hours) 

4% (8%) 5.911 (11.82) 7.4 
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designed for universal use catering to different climatic 
regions in the world. Several interesting results could be 
seen after running the workflow for various other climatic 
regions and conducting a comparative analysis between 
them, which can be seen in the next steps of the research. 
Thus, the designers can choose at an initial stage which 
technique works best for their region. Various other areas 
of discussion such as life cycle assessment of each 
technique in terms of cost, embodied carbon, benefits and 
implementation of these techniques on regulatory and 
policy level must be further researched in future 
investigations. 
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