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Abstract
Algae bio-reactive building envelopes (ABBEs) are selfadaptive shading systems that integrate an algae
bioreactor technology to regulate natural lighting and
heat in buildings, while also allowing for energy harvest
and CO2 capture. In this paper, ABBEs are proposed and
supported through experiments and computer
simulations. Using experiments, we investigate how the
algae bioreactor will self-adjust in response to
environmental factors. Through simulations, we analyze
how the system, applied to a building in Manhattan,
would harvest solar energy, capture CO2, and display
environmental data.

Introduction
In recent years, several examples of algae-based facade
systems have been integrated into buildings due to their
high ecological performance, working as multifunctional systems that reduce energy use and capture
carbon dioxide (CO2). Unlike other dynamic building
envelopes which are driven by mechanical movement,
ABBEs are driven by photo-biological processes.
Although algae bioreactor building systems could
theoretically replace existing mechanical dynamic
shading, their implementation has been limited due to the
high costs associated with research, development, and
implementation (Elrayes 2018, Talaei et al. 2020,
Proksch 2021). Much of algae-based facade research has
focused on early concept exploration and feasibility
discussions rather than on developing and testing actual
implementations. The Bio Intelligent Quotient (BIQ),
the most advanced project in the field, investigates an
algae bioreactor building envelope's energy gain and
biomass harvest (Wurm and Pauli, 2016). However,
justifying the need for an algae-based facade only from
an energy harvesting perspective may not provide
sufficient support for the research and development
required for these systems to scale.

This research proposes using algae bioreactors as selfadaptive shading systems to regulate a buildings' natural
lighting and heat while, in parallel, also harvesting
energy and capturing CO2 emissions. Furthermore,
adaptive shading will potentially lower the overall
energy and carbon footprint of buildings. This research
also examines the possibility of ABBEs to be used as
information displays, or media facades, using the façade
panels as pixels with the algae changing color and
transparency in response to CO2 concentration,
illumination, and temperature fluctuations. This
approach connects energy performance with building
appearance and could potentially be used to reduce
consumption further by displaying the building’s energy
use to the public. For example, as people observe how
their building is changing color, they may decide to
reduce their energy consumption.
Physical experiments and computer simulations were
conducted to study and demonstrate ABBE potential
environmental contributions, beyond energy harvesting.
Using physical experimentation, we study how algae
change color and transparency in response to
environmental
factors,
including
illumination,
temperature, and CO2 concentration. Our experiments
demonstrate that algae adapt to these environmental
conditions and that this property could be used to design
self-regulating shading systems. Using computer
simulations, we tested how much energy a building
could receive from sunlight and how this gain could be
expressed through the color and transparency of the
façade’s panels.
In this research, we investigate the self-adapting
properties of algae at multiple scales–from the material
to the building scale—to inform and promote the design
of future ABBE systems. Ultimately, we seek for
designers to use our research as an inspiration and
resource to help them ideate, develop, and implement
future ABBE systems. Figure 1 shows an initial design
direction for an envelope, or second skin attached to an
existing building structure. In this example, sunlight
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would be converted into heat energy while the façade
would change color and transparency to display
environmental data. In addition, the system would be

linked to the HVAC system, which transports CO2
generated by indoor human activities to the bioreactors.
According to Wurm and Pauli research (2016), algae can

Figure 1: The algae bioreactor building system
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absorb CO2, create O2, and improve indoor air quality
as a green photosynthetic element.

Venetian blinds. There is, then, potential to use
photobioreactors as a lighting regulation method.

State of the art

Carbon reduction studies
Kim and Han (2014) used two computer-based software,
Project Vasari and Green Building studio, to simulate an
algae facades’ energy consumption and carbon
emissions. They compared a normal design to algae
renovated façade based on an office building. The results
showed that the office space with algae façades could
reduce electricity consumption by 10% and carbon
emission by 13%. The heating and cooling capacity
dropped because of the algae facades’ high insulation
performance.
In another study, Kim (2016) created an assessment of
the overall building life cycle. She designed a building
life cycle assessment framework, including pre-use and
post-use stages, and built a computational model to
evaluate energy. It was discovered that energy
consumption was reduced by 30%. The retrofitted façade
also reduced costs on the building by $ 110,000 and
produced 150 tons of Oxygen during a 30-year life cycle.

Bio-intelligence building envelope – a constructed
case study
The Bio Intelligent Quotient (BIQ) from 2013 was the
first constructed building integrated with algae
bioreactive facades (Wurm and Pauli, 2016). The project
objective was to investigate the feasibility and energy
conversion performance of the algae bioreactor system
within a residential building. The researchers monitored
the heat transfer rate and biomass production, finding
that: 40% of heat gain was expected, while the actual
conversion efficiency factor is 21%. They also found the
conversion of sunlight into biomass to be 4.4% which is
50% lower than the expected production. Because of
excellent insulation, high-efficacy heating system and
heat reuse technique, this house has a low heating
demand of no more than 15 kWh/m2..
Thermal/energy performance studies
A study by Umdu et al. (2018) examined algae
bioreactors' thermal performance using the ASTM
C518-17 Standard Test Method for Steady-State
Thermal Transmission Properties using the Heat Flow
Meter Apparatus. The lowest U-value they detected was
3.83 W/(m2K), while a typical double-glazed window
filled with argon was 1.4 W/(m2K). This research
showed that the design was not satisfactory for direct
implementation because there is no great advantage
compared to ordinary glass.
Negev et al. (2019) also evaluated energy performance.
Negev’s study attempted to estimate an algae
bioreactors' impact on building energy and determine
how algae type, algae concentration, photobioreactor
size, and location impacted energy consumption in a case
study building located in Tel Aviv, Israel. The results
indicated that two types of algae, C. Vulgaris and C.
reinhardtii created different energy-saving results.
Energy-saving amounts varied in different orientations
with a maximum of 20 kWh/m2/y and a minimum of 8
kWh/m2/y within the context of Tel Aviv, Israel.
Lighting performance studies
Pagliolico et al. (2017) tested algae bioreactors’ lighting
performance by building prototypes. Light transmittance
was calculated using recorded illuminance. Daysim and
Radiance simulation to study visual comfort and energy
saving by using bioreactors when compared with
Venetian blinds. The final daylight transmittance was
0.55 in simulation. The daylight autonomy when using
bioreactors was higher than when using Venetian blinds.
Useful daylight illuminance is also a little better than

Research Questions
This research project's main goal is to investigate the
following questions:
1. How can algae bioreactors adapt to illumination and
CO2 as produced by human occupancy in buildings? Are
they going to alter in density and color over time, or will
they be harmed by these human-related factors?
2. How much energy can an algae bioreactor attain from
solar radiation if it is placed on the surfaces of a highrise building? What is the maximum amount of biofuel
that can be produced? What proportion of total building
energy usage can be met by energy generated by this
biofuel?
3. If algae bioreactors can help manage a building's
lighting and thermal gain, how can it improve indoor
lighting and thermal environments? How do algae
bioreactors modify the indoor environment over
different seasons, and to what extent do they improve it?
We conducted small-scale physical experiments to
establish a link between algae and environmental
variables in response to issue 1. Specifically, the
experiment was used to study the color change in algae
due to environmental conditions.
Our working assumption was that this color variation
could be utilized as both a dynamic shading and
environmental display, or media facade.
Regarding questions 2 and 3, digital simulations were
used to examine the amount of energy bioreactors can
receive from sunlight on a large-scale building. These
simulations were also used to explore the effects of
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lighting and CO2 produced by human occupancy and to
visualize the system as an urban-scale environmental
display.

Methods
This study combines physical and digital experiments
that inform each other. Using small-scale algae
bioreactor prototypes, we studied how algae grow and
react to environmental fluctuations. Then, using a 3D
model of a building, we created simulations to calculate
energy gain of ABBEs at a larger scale and visualize
their appearance as environmental displays.
Proposed system
An algae-bioreactor is a thin algae-growing container
which like a sandwich panel. The algae-bioreactor
building envelope cooperates with other building parts,
such as air exhaust and supply systems. The exhaust
pipes collect and deliver indoor contaminated air to the
building envelope system (Figure 2a). Algae’s
photosynthesis process and absorb CO2 in the
contaminated air. The contaminated air passing through
the algae solution is purified and contains higher oxygen
concentrations. Purified air is delivered to building’s air
supply system (Figure 2b). The algae’s water and
nutrients supply equipment are on the roof (Figure 3a).
The algae biomass and biofuel containers are in the
basement for convenient circulation. The algae tend to
settle at the bottom of each bioreactor panel, and then
algae will be delivered by pipe to the containers down in
the basement (Figure 3b).

Figure 2: a. The building's air exhaust b. The
building's air Supply

Figure 3: a. Water and nutrition supply b. Biomass
and biofuel containers
Physical Experiment
Small-scale bioreactors (A, B, and C) were developed to
observe and document how algae grow and react to
sunlight and interior CO2 concentrations. The
experiment was conducted in Brooklyn between April 18
and April 28, 2021, and ten days of data were collected
for observation and analysis.
The experiment focused on observing algae density and
color variation, as a result of fluctuating environmental
parameters. We chose to study two major characteristics
of the living index that impact algae growth: the overall
exterior solar radiation and indoor CO2 concentration.
As the literature review indicates, for bioreactors to
function sustainably, algae require a water habitat,

Figure 4: CO2, air mixing container, and CO2
concentration measuring

Figure 5: Solar radiation simulation and impact on bioreactor building envelope workflow
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Figure 6: Solar radiation grasshopper script

sunlight, proper temperature, nourishment, and a
continuous air supply.
A Secchi stick is an analytical device to measure liquid
visibility depth and indicate the turbidity. The greater the
depth, the clearer the liquid. A smaller depth, on the
other hand, signifies low transparency.
In our experiments, Bioreactors A, B, and C all began
with the same density, and the Secchi depths were
around 100 mm.
Bioreactor A (a conventional bioreactor) was controlled
and supplied with 450ppm CO2 (indoor air, for which
concentration was between 400 to 500ppm-not precise
because of variation). During the day, ordinary room
illumination provided natural lighting; at night, until
roughly 10 p.m., electric lighting was used. When
compared to bioreactor A, bioreactor B received air with
a higher CO2 concentration. Other conditions like
lighting, and temperature were at the same levels. The
second comparison, between bioreactors C and A, was
designed to see if lighting variations produce different
rates of algae growth. The indoor average temperature
was around 22 degrees Celsius for the trial, which
occurred in April.
Computer Simulation
3D digital simulations were performed to calculate the
energy gain from radiation and to replicate the bioreactor appearance and fluctuation in response to solar
radiation. A 3D model of a test building, located in
Manhattan, was created to digitally represent the facade
panels containing the algae. This model was then used to
simulate how the color variations of algae, studied
through the experiments, would change the appearance
of the full-scale building envelope in response to solar
radiation. Ladybug of Grasshopper in Rhino 6 was
utilized for the radiation simulation. The climate of New
York City was chosen as the input data, and the test
building was positioned in the heart of Manhattan.
Digital simulations were conducted along with three
aspects based on data acquired from the Germany
building BIQ and prototype experiments.
The building simulated is located at 1345 Avenue of the
Americas. It is a 50-story office building with glazing
covering 90% of the outside. It was an optimal case study
for simulation because of its simple design.
Rhino was used to create the structure and context. First,
the building envelope retrofit was built so that it would
not alter the building's current structure or interior space.
The new bioreactor panels were planned as a second skin
to be attached to the building's existing outer face. The
panel was created as a parametric modular structure that
could be shaped in a variety of ways. For this exercise,
the design investigated a diamond form to demonstrate
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Table 1: Experiment 1 records
4/18/2021 11:30am
A (indoor air)
B (Carbon Dioxide)
C (Lighting)

Co2 concentration (ppm)
434
539
434

Temperature (C)
22.2
22.2
22.2

Lighting (LUX)
225
225
2020

Algae Density (Secchi Disk Depth)
100
100
100

Air supply time 11:30-12:00

4/21/2021 10:00am
A (indoor air)
B (Carbon Dioxide)
C (Lighting)

Co2 concentration (ppm)
456
587
456

Temperature (C)
21.5
21.5
21.5

Lighting (LUX)
378
378
1841

Algae Density (Secchi Disk Depth)
90
90
60

Air supply time 10:30-11:00

4/23/2021 8:30am
A (indoor air)
B (Carbon Dioxide)
C (Lighting)

Co2 concentration (ppm)
429
586
429

Temperature (C)
21.5
21.5
21.5

Lighting (LUX)
247
247
4150

Algae Density (Secchi Disk Depth)
85
80
45

Air supply time 8:30-9:00

4/25/2021 9:30am
A (indoor air)
B (Carbon Dioxide)
C (Lighting)

Co2 concentration (ppm)
477
537
477

Temperature (C)
21.1
21.1
21.1

Lighting (LUX)
125
125
308

Algae Density (Secchi Disk Depth)
80
75
40

Air supply time 8:30-9:30

4/28/2021 9:00am
A (indoor air)
B (Carbon Dioxide)
C (Lighting)

Co2 concentration (ppm)
477
585
477

Temperature (C)
20.5
20.5
20.5

Lighting (LUX)
283
283
2160

Algae Density (Secchi Disk Depth)
70
65
30

Air supply time 9:00-9:30
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Figure 5: Lighting and CO2 reaction experiment 4/18 4/21 4/23 4/25 4/28, 2021
that alternative shapes, rather than rectangular panels,
may be applied in future uses (Figure 1). Regardless of
weight, the panel is twice the height of the floor. The
bioreactor panel's upper and lower corners would be
mounted on floor slabs, and the load would be
transmitted to the load-bearing part.
Ladybug was used to simulate solar radiation. The
simulation was established to calculate heat gains on the
building’s east and south façades. Climate data on New
York City was obtained from the Energy Plus website.
Each month, solar radiation was run and recorded. A
script to determine solar radiation was written in
Grasshopper (Figure 6).

Discussion and Results Analysis
Physical Experiment
The controlled bioreactor was Bioreactor A, which was
provided with indoor air, room temperature, and
illumination. The changeable Bioreactor B received
indoor air mixed with CO2, room temperature, and room
illumination. Bioreactor C received indoor air, room
temperature, and illumination that was near the window,
providing it more sunshine than the other two
bioreactors. The algal density in the three bioreactors

was the same at the beginning; however, after 10 days, it
rose at different rates. With more sunshine, C was the
most evident. The density of the one with somewhat
more CO2 did not alter significantly. The density of
bioreactor B was somewhat greater than that of
bioreactor A on the fifth or sixth day of the experiment.
They appeared extremely similar on the last day of the
trial. From Secchi Stick data, their densities both
decreased from 100 to 70. Because of the measurement
method and the potential of erroneous findings due to
mixed CO2 or photographs, it is difficult to distinguish
between the effects of CO2 concentration on bioreactors
A and B. The algae density in group C, however, grew
considerably. The Secchi disk depth decreased from 100
to 30, indicating that the algae in this group developed
more quickly than those in the other groups.
Computer Simulation
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Figure 6: Solar radiation from January to December in sequence

Figure 7: a. September radiation map b. Solar impact speculation
Figure 6 shows the outcome of a simulation of monthly
energy, and algae will be remapped to match changing
solar radiation on the north and east facades of 1345
solar circumstances. In addition to solar radiation,
Avenue of Americas. Due to the lack of shade on the top
temperature regulates algae growth. As a result, on chilly
half of the south and east façades, greater radiation was
days, algae will not develop as quickly since
apparent in all simulated results. Because the
Nannochloropsis Oculate prefers a temperature of 25
surrounding buildings block direct sunlight, less
degrees Celsius.
radiation was observable at the bottom portion of the
According to the solar simulation, the algae bioreactors
south and east façades. According to the prototype
receive 1.0076e+7 kBTU of their total energy from the
experiment, algae will grow more quickly if there is
sun. In 2017, the energy intensity of 1345 Avenue of
more sunshine. As a result, algal density change was
Americas was 269 kBTU/sqft. This illustrates that algae
more noticeable at the upper part of the building, and
bioreactors could provide 2% of total energy.
density was higher. Figure 7 shows how the amount of
solar radiation affects the appearance of algae
bioreactors. Because there was less sun radiation on the
east façade in January, February, November, and
December, the algae color was less green than it was on
the south façade during these two months. From March
to October, the building envelope can absorb more solar
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this can be integrated into the context of an urban built
environment and help bring natural photobiological
processes closer to cities and their inhabitants.
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