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This article explores the design of microalgae biofaçade
thanks to a numerical model describing the system’s thermal
and biological behavior. Design options (single vs. double
glazing, radiation-selective film, culture reservoir thickness)
and operation strategies (light transmission, microalgae strain,
sparged air origin, boiler fumes reuse) are screened systemati-
cally. The context for this investigation was the city of Marseille
over a 10-year period (2013 to 2022) for which detailed meteoro-
logical data were available (air temperature, wind velocity and
orientation, cloud cover, at a 3-hour resolution). These investi-
gations revealed a very high level of interaction between the pa-
rameters (assessed by H² Friedman index), making the system
notoriously complicated to design and optimize. Nevertheless,
some conclusions can be drawn. In France, fitting double glaz-
ing equipped with a greenhouse radiation-selective film is essen-
tial to harness as much heat as possible (+16.7 % and +6.5 %
of operation duration over year 2018, respectively). Similarly,
a thermophilic strain is not relevant because overheating events
are inexistent in well-designed systems. Further refinements,
such as the origin of the air blown into the culture reservoir and
the reuse of combustion fumes from the boiler (+2.1 % perfor-
mance), were evaluated from a technical point of view. However,
their implementation would also be subjected to other consider-
ations, such as the financial costs and environmental benefits.
Finally, the model was applied to design the most efficient pos-
sible microalgae biofaçade system in the case of a hypothetical
official building renovation.
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1. Introduction
Microalgae are regarded as small biological factories capa-
ble of producing many molecules with applications ranging
from food and feed to advanced compounds used in the cos-
metic and pharmaceutical industries (1, 2). Still, before they
realize the full extent of their promises, their production cost

has to be considerably lowered. Microalgae production tech-
nologies are often divided into two categories: open systems
(such as raceway ponds) and closed systems (or photobiore-
actors). The first ones are inexpensive but have low pro-
ductivity and high land requirement. Their modest perfor-
mances can be explained by their ease of contamination and
large volume, making them difficult to control (e.g., modi-
fying the culture medium temperature, homogenizing nutri-
ents, ...). On the contrary, closed systems are more com-
pact, often well-instrumented, and highly controlled. Con-
sequently, they are more productive and more expensive. A
possible way to reduce their cost is to integrate photobioreac-
tors into a host structure such as an office building. This type
of implementation is called microalgae bio-reactive façades
(or biofaçades, in short). It is regarded as part of a group of
technological solutions levering the potential of the synergy
between the host building and a biological system (3, 4). In-
deed, combining the microalgal and advanced building tech-
nologies could bring benefits greater than the sum of each one
taken individually. Integrating photobioreactors in a building
could help reduce their costs by providing vertical support,
utilities (water, thermal regulation, ...), and possibly nutri-
ents (carbon dioxide recovered from the building, for exam-
ple). On the building side, benefits could be shading, im-
proved thermal comfort (by modulating incident heat better
than glazing in summer), revenue generation, and aesthetic
enhancements.

While this technology shows exciting potential, only a few
authors have studied it. Among them, Pruvost et al. inves-
tigated Chlorella vulgaris culture in a biofaçade aiming at
CO2 biofixation. They led year-round tests to monitor per-
formances and compare designs. For example, compared to
a horizontal photobioreactor placed in the same conditions,
a biofaçade allows for lower biomass productivity (7.68 vs.
8.84 g/m2/day). Still, this productivity exhibits smaller sea-
sonal variation and is even stable from March to September.
This finding suggests that a biofaçade would be easier to op-
erate than its horizontal counterpart. In addition, the authors
showed that the energetic relevance of such a system was
conditioned to optimal thermal interaction with the building
hosting it. Nevertheless, they also acknowledged that fine
understanding and modeling of thermal integration was com-
plex and laid outside of the scope of their work.

Going one step further, Barajas Ferreira et al. led an inves-
tigation of the relation between the design parameters (depth,
width, ...) and the biomass productivity (5). They concluded
that the optimal design would have a rather short depth (30
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mm) and narrow width (20 cm per compartment). Such a
biofaçade would achieve a productivity of 10.5 g/m2/day of
Chlorella vulgaris biomass. Finally, while not controlling it
in their experiments, the authors also pointed out that temper-
ature was a key factor driving the system’s performance.

In their study, Umdu et al. acknowledged that thermal per-
formances of a biofaçade are also a key parameter from a
building efficiency perspective (6). As most of the thermal
losses occur through the façade of a building, it is impor-
tant to limit the system’s overall thermal conductivity or U
value. Yet, literature dealing with this aspect of biofaçade is
limited. In an effort to fill this gap, Umdu’s team led a sys-
tematic investigation of the geometrical parameters influenc-
ing the system’s thermal behavior (reservoir depth, structural
layer material and depth, air layer addition, and depth) (6).
The authors concluded that PMMA (PolyMethyl MethAcry-
late, a widespread polymer) should be preferred over glass
as a glazing material to reduce building static load. Further-
more, the addition of a double-glazing dramatically cut the U
value of the whole system (from 53 to 3 W/m2/K in the most
favorable case). While absolute values can raise doubt, they
nevertheless show that manipulating the biofaçade design is
a potent tool to improve its thermal performance.

Expanding the scope of research further beyond techno-
logical considerations, two other reports are of note. The
first is the work of Sarmadi et al., who tackled the question
of the visual comfort associated with microalgae biofaçade
(7). Numerical tools were used to reproduce a modern of-
fice building with a mezzanine located in Tehran, serving as
a test case. Acknowledging that visual comfort is a trade-off
between sunlight availability and potentially blinding glare,
the authors concluded that microalgae biofaçades are rele-
vant in a sunny environment. Indeed, they efficiently reduce
blinding glare intensity and occurrence. However, their us-
age as the sole glazing of a building is not advised as they
could, in some configurations, create a too-dark environment
leading to visual discomfort (8). Hence, they would have
to be blended with conventional double-glazing. The sec-
ond report of interest is the deployments of 185 m2 of bio-
façade in the BIQ house in Hamburg (9). The three main find-
ings of this large-scale implementation were that the system
achieved 4.4 % solar-to-biomass conversion efficiency, which
compares well with laboratory studies on microalgae photo-
conversion efficiency (e.g., 5.01 % (10), 5.65 % (11), or 4.34
% (12)) and 21 % thermal energy recovery efficiency. These
figures highlight the biotechnological and thermal relevance
of the system. Moreover, the tests again highlighted the cru-
cial role of temperature on Chlorella vulgaris growth, hence
system performances. Finally, this field deployment demon-
strated especially good social acceptance of the technology,
which could be further reinforced by the recent proposition of
a multicolor biofaçade made of several compartments hosting
microalgal species of different color (8).

In all the studies above, scholars emphasized the pivotal
role of the thermal management of the system, either from a
building or biological perspective. Yet, knowing the thermal
behavior of a biofaçade is complex as it results from:

• Direct incident illumination from the sun, which pro-
vides both heat and the photosynthetically active radi-
ation required for the microalgae to grow,

• Radiative heat exchange with the sky, which also pro-
vides photosynthetically active and thermal radiation
but can also cool the system down, especially at night,

• Radiative heat exchange with the surrounding (build-
ings, fields, ... depending on the location),

• Convective heat exchange with the outdoor air,

• Radiative and convective exchange with the building
hosting the biofaçade,

• Heat supplied and removed by the gas flow sparging
within the culture medium.

In addition to the diversity of the heat exchange phe-
nomena at stake, they have to be considered in conjunction
with day/night and annual cycles, as well as meteorologi-
cal conditions. Modeling their interplay at a sub-hour reso-
lution and assessing the associated biotechnological perfor-
mances is a challenge that was addressed in a companion
article. The present article intends to apply this biology-
coupled convective-radiative model to evaluate the effect of
several design and operating conditions choices on the over-
all performance of the system. Thanks to the versatility of
the model, numerous options could be investigated in a sys-
tematic manner: single vs. double-glazing configuration, ap-
plication of radiation-selective films, building boiler fumes
reuse, ... The primary outcome of this work is the identi-
fication of the combination of microalgae biofaçade design
and operating procedures maximizing microalgae production
for a given building implementation (location, orientation,
weather conditions). The secondary outcome is the relative
importance of each parameter, allowing one to rank them
by order of relevance when designing a system and decide
upon their benefit/cost ratios. Tertiary, taking advantage of
the French weather agency’s open data policy, realistic mete-
orological conditions could be simulated over several years,
providing valuable estimates of potential year-to-year vari-
ation. Hence, this work paves the way to location-specific
best-achievable performance prediction, thus advising on the
economic and environmental relevance of a microalgae bio-
façade deployment.

2. System, models and performance indica-
tors

2 1. Considered system
Figure 1 presents a schematic representation of the consid-
ered microalgae biofaçade and some possible design varia-
tions. Furthermore, the graphical abstract illustrates the in-
teraction of a biofaçade model within its environment. The
core of the system is a reservoir hosting the microalgae cul-
ture. This reservoir is held by two layers of PMMA and fea-
tures some gas spargers at the bottom and a vent at the top.
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2.2 Thermal model

(a) Basic design (b) Double glazing design (c) Double glazing & radiation selective film de-
sign

Fig. 1. Schematic representation of possible microalgae biofaçade designs. 1 - microalgae culture reservoir, 2 - outward PMMA layer, 3 - inward PMMA layer, 4 - gas sparging
system, 5 - vent, 6 - double glazing, 7 - radiation-selective film

The typical geometry of the system is 1 m in width and 4
m in height (standard floor height in office buildings). Its
thickness is variable depending on design choices. Further-
more, the system is considered integrated into an office build-
ing façade at a height somewhat higher than the surrounding
building (about 20-meter high) to ensure adequate sunlight
access. Finally, it is placed in the middle of the façade, to
ease the considerations about outdoor convective heat trans-
fer induced by the wind (13).

2 2. Thermal model
The model describing the thermal behavior of the biofaçade
is presented, validated, and analyzed in detail in the com-
panion article and summarized in the Supplementary Materi-
als. In a nutshell, the model sums the absorbed and emitted
convective-radiative heat fluxes to compute the evolution of
the microalgae reservoir temperature (Fig. 2). The consid-
ered heat fluxes are:

• incident direct sunlight, ΦSun which is divided into
visible and infrared radiation,

• incident and emitted radiation towards the sky, ΦSky ,

• incident and emitted radiation towards the surround-
ings, ΦSur,

• incident and emitted radiation towards the host build-
ing indoor, ΦIn,Rad,

• convective-conductive exchange with the outdoor air,
ΦOut,Conv ,

• convective-conductive exchange with the indoor air,
ΦIn,Conv ,

• heat inflow from the sparged gas, ΦGas,Inlet, and heat
outflow from the vented gas, ΦGas,Outlet.

Fig. 2. Schematic representation of the considered microalgae biofaçade, featuring
double glazing, but no radiation-selective film. The reported heat fluxes (Φ) are
introduced in the text
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Conductive heat fluxes in the PMMA and stagnant air lay-
ers are described using resistance in series model. Convec-
tive exchanges are modeled using correlations established
from experimental data. Furthermore, solar illumination is
described by the model proposed by the Illuminating Engi-
neering Society, based on solar time, position on Earth, cloud
cover, and orientation (14). Finally, as little is known about
radiative exchanges with the surroundings, they are modeled
using the Stefan-Boltzmann formula weighted by relevant
view factors and emissivities.

2 3. Biological model

When it comes to biofaçade performances, scholars empha-
sized the pivotal role of the temperature of the system. In-
deed, microalgae are cells of a few micrometers in diameter
and incapable of regulating their temperature. Their inability
to manipulate their temperature is all the more detrimental as
this parameter is key to their bloom or collapse. Indeed, it
controls, among others, enzymes’ reaction rates and affini-
ties. High temperatures (above 45 °C for mesophilic species,
55-60 °C for extremely tolerant microalgae) can even de-
nature protein and DNA irreversibly (15). On the contrary,
freezing temperatures can induce the growth of large ice crys-
tals within the cells, lethally damaging them (16).

The impact of temperature on microalgae growth can be
modeled using the Cardinal Temperature Model with Inflec-
tion (17). It allows drawing three qualitative temperature
ranges (Fig. 3). The first one, in blue, is deemed too cold
as the growth rate is below 75 % of the optimal value. The
second one, in green, is considered adequate. The last one, in
red, is flagged as dangerous as the growth rate drops below
75 % of the optimal value because of overheating. Finally,
one last range of temperature was considered in this work as
it is also dangerous to the system and induces a fatality to the
cells: the sub-zero condition. A careful observer would note
that both strains exemplified in Figure 3 (detailed afterward)
belong to the Chlorella genus. Indeed, this genus was chosen
as it is commonly encountered in both industrial and scien-
tific communities, is approved as food and feed by (EFSA -
Ares (2022) 1668627 - and US FDA - GRN 00396 -), and
features a sizable biotechnological potential (18).

In addition to temperature, light is a crucial parameter to
account for as it drives photosynthesis, hence the system’s
productivity. The incident light is obtained by summing the
one coming directly from the sun and the one coming from
the sky. Yet, the incident light is not the most relevant in-
dicator of the ability of microalgae to grow. Indeed, even
if the incident light is high enough to power photosynthe-
sis, it can quickly become insufficient over a large part of
the biofaçade because of cell light absorption. Therefore,
the volume-averaged illumination over the depth of the cul-
ture reservoir was chosen as the indicator of the adequacy
between incident light and biological needs. In accordance
with several reports for Chlorella vulgaris cultures in tightly
controlled light condition (19, 20), a threshold value of 150
µmolPhotonPAR/m2/s was retained. Below this value, the
culture is considered light-deficient. Above, it is consid-

ered light-sufficient. The two last questions that can come
to the reader’s mind are the intermittency of the light expe-
rienced by the cells and a potential excess of light. As for
the first one, cells will be shuttled from light to dark zones,
and vice-versa, by the fluid flow. Therefore, they will ex-
perience rapid light/dark cycles. Yet, recent work showed
that their physiological response to such cycles is not differ-
ent from the one under continuous light, at least up to 800
µmolPhotonPAR/m2/s (20). Furthermore, when adequately
cycled between light and dark zone (as in this system), cells
can handle illumination up to 7000 µmolPhotonPAR/m2/s,
corresponding to 3.5 times the illumination at midday in sum-
mer, which is quite unlikely to occur naturally (21). Those
two last concerns can therefore be ruled out.

Finally, one should note that additional factors other than
temperature and light would influence microalgal growth in
actual culture conditions: pH, culture medium composition,
and shear stress experienced by the cells, ... For the sake of
simplicity, they were considered to be controlled within ade-
quate range for microalgae cultivation. Similarly, as the cul-
ture grows, its optical thickness will increase and modulate
the overall biofaçade performances. Therefore, for the sake
of simplicity, again, the culture is assumed to be monitored
by an inline transmitted light sensor, which orders dilution to
keep the culture density at the desired value.

2 4. Weather data
The meteorological data powering the model was obtained
from Météo-France (the public French weather forecast
agency). The whole set covers France, with about one sta-
tion per administrative region. Data span from 1996 to date,
with a measurement every 3 hours. The reported parameters
are numerous. The ones used for this work are air tempera-
ture, cloud cover, wind velocity (at 10 m above the ground),
wind direction, relative humidity, and static pressure. The
database was accessed on April 2023.

Among the possible spatial locations and time spans, the
years 2013 to 2022 in Marseille and Paris, France, were cho-
sen for demonstration. Three reasons pointed toward these
choices. First, a 10-year span was deemed long enough to
assess inter-annum variation. Second, Marseille is a city lo-
cated in the south of France, where solar resource is abun-
dant. Paris is a somewhat more northern city featuring tall
buildings (hence numerous potential spots for biofaçade in-
stallation). However, the temperature and solar resources will
be lower than the ones in Marseille. This contrast was sought
to highlight how different optimal microalgae biofaçade de-
signs would be at the two locations. Third, the year 2013
was the last year featuring a thermal history resembling the
1950-1990 period (it would have been considered hot, but
not unlikely hot), and the year 2022 was the hottest ever re-
ported. Again, the contrast was sought to assess biofaçade
performance under the most diverse conditions possible.

2 5. Performance indicator and numerical details
While the model delivers results allowing to compute the
biofaçade temperature and internal illumination with a sub-
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2.5 Performance indicator and numerical details

(a) Chlorella vulgaris

(b) Chlorella sorokiniana

Fig. 3. Relative growth rate of the two Chlorella strains as a function of temperature

hourly resolution, manipulating this tremendous amount of
data would hamper the analysis of the differences between
the tested configurations. Therefore, synthetic indicators
have been preferred. To elaborate them, the daytime oper-
ation (solar altitude above 0°) has been divided into six cat-
egories: (light-deficient or light-sufficient) × (too-cold, ade-
quate, or too-hot temperature). Potentially freezing tempera-
tures (during the winter nights) were also tracked over day-
time and nighttime as they would induce an additional op-
erational constraint. Furthermore, the first and tenth deciles
(and their spreads) of the microalgae culture temperature dis-
tribution are also considered valuable indicators as they pro-
vide information on the occurrence and intensity of extreme
events. To ease their assessment and interpretation, these in-
dicators are reported graphically, as exemplified in Figure 5
(Top left) for the reference configuration over the year 2013
in Marseille. Among the different indicators, the most im-
portant is the number of hours during which the biofaçade
features adequate temperature and sufficient lighting. Hence
it will be the one extensively discussed hereinafter. From a
mathematical point of view, this condition is marked τ and
defined in Eq. 1:

τ =
n∑
i

((Tlow < Ti < Thigh)

× (Ii > 150µmolPhoton/m2/s))dt (1)

where i is a running index, n the number of timesteps
(dt) covering the period of interest (e.g., the year 2018 or
ten years, ...), Ti the biofaçade temperature at a given time,
Tlow and Thigh the lower and upper values of the tempera-
ture range allowing microalgae adequately (strain-dependent,
see Subsection 3.6), and Ii the volume averaged illumination
within the system at a given time.

In addition to the absolute values of performance indi-
cators, such as the ones illustrated in Figure 5, assessing
the associated confidence level is important. In the case of
a microalgae biofaçade, uncertainty can originate from two
sources.

The first one is a year-to-year variation. Indeed, weather
conditions are not identical from one year to the other. As
a biofocade is obviously exposed to meteorological condi-
tions, changes in air temperature, cloud cover, wind velocity,
... modulate its thermal behavior. This problem could be
circumvented by using Typical Meteorological Year, a tool
generating weather-realistic meteorological data based on the
location (22). However, some limitations exist. For example,
the generated data might be somewhat inaccurate in coastal
areas or when available meteorological stations are far away
from the location of interest. In this work, having access to
the large dataset from the French weather forecast agency, it
was chosen to rely on actual weather data recorded over the
past ten years to assess the magnitude of year-to-year varia-
tion.

The second source of variability is the uncertainty sur-
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Fig. 4. Numerical workflow deployed to screen every possible configuration while taking into account the variability originating from uncertain parameters

rounding the value of some physical parameters. More
specifically, in the companion paper, a global sensitivity
analysis showed that the microalgae culture emissivity and
the building indoor emissivity are the parameters inducing
most of this type of variability. Surrounding emissivity
was also demonstrated to be a possible modulator in some
cases. Therefore, to account for it, a Monte Carlo approach
was adopted. For each configuration, the model was run
several times with values of microalgae culture emissivity
(εmc,max), building indoor emissivity (εIn), and surround-
ing emissivity (εSur) drawn from a uniform distribution (be-
tween 0.8 and 1.0, 0.5 and 0.7, and 0.8 and 1.0, respectively).
Thus a distribution of performances was obtained. From it,
the average performances and the associated standard devi-
ations were extracted. To ensure efficient convergence, the
values were drawn following a Sobol’s sequence (a pattern
design to explore hypercubes uniformly in such a way that
integrals converge rapidly and accurately while minimizing
mesh generation computer load)(23). One should note that
using this type of sequence is particularly conservative as ex-
treme configurations are as likely to be selected as central
ones. Therefore, it ensures the robustness of the conclusions
drawn. A convergence analysis (graphed in the Supplemen-
tary Materials) showed that 256 draws were enough to yield
stable estimates of averages and standard deviations for all
the aforementioned indicators.

Finally, the whole numerical process is presented graphi-
cally in Figure 4.

3. Tested scenarii
Once the model and the data have been secured, the ques-
tion of the parameters to explore arises. The key design pa-

rameters and operating procedures envisioned in a biofaçade
design process are presented in Table 1 (reference case and
the varied parameters). For an extensive description of the
parameters used in the model and the associated values, the
reader is kindly referred to the companion article. The fol-
lowing Section details the rationale behind the investigation
of these parameters.

3 1. Single vs. double glazing
Among the possible evolutions from the system’s reference
configuration, double-glazing is the most obvious one (6). By
fitting externally an additional layer of PMMA, trapping 1.5
cm of stagnant air, one can expect to retain more heat within
the system. This additional heat is expected to help increase
the fraction of time the biofaçade operates in the thermally
adequate range while lowering the amount of captured vis-
ible radiation. Still, the system may also become prone to
overheating in summer. The relevance is, therefore, to be
evaluated with respect to the biological capabilities. Fur-
thermore, adding a PMMA layer will also lower the U-value
of the system and increase its building-wise thermal perfor-
mance. Thinking further ahead in terms of glazing, one could
also think of integrating the microalgae culture system into a
double skin façade which offers additional means to act on
the system temperature (24, 25). While of great interest, this
glazing configuration was excluded from this analysis for the
sake of simplicity.

3 2. Radiation-selective films
Another refinement that could help to manage a microalgae
culture better is the use of spectrally selective film. From a
technical perspective, this type of film could be easily applied
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3.4 Microalgal reservoir thickness

Design parameters and operating procedures Reference value Variation Unit

Elevation of the biofaçade above the ground 20 - m
Width of the biofaçade 1 - m
Height of the biofaçade 4 - m

Thickness of the biofaçade reservoir (emc ) 0.05 0.02 and 0.08 m
Number of outdoor glazing 1 2 -

Green light transmitted fraction (α) 0.5 0.25 and 0.75 -
Sparged gas origin Building Outdoor -
Use of boiler fumes No Yes -

Orientation South East, Southeast, Southwest, and West -
Strain type Regular Thermophilic -

Radiation-selective film None Greenhouse and Visible-only -

Table 1. Key geometrical, physical and biological parameters describing the reference case

to the external glazing of the microalgae biofaçade, making
them valid options to explore. The idea of manipulating the
light spectrum to better control microalgae growth can be ap-
plied with two goals in mind:

• adjusting the thermal/photosynthetic radiation ratio (to
increase heat capture in cold environments or prevent
overheating in hot ones) to foster growth (26),

• blocking photosynthetic radiation while capturing heat
(in a swimming pool, for example) to prevent microal-
gae proliferation (27).

The first option is of interest for a microalgae biofaçade. In
the case of a cold environment, Balocco et al. proposed a
200 µm film blocking long-wavelength radiation in a green-
house (transmittance of 26.22 % for ultra-violets, 89.15 %
for the visible spectrum, 83.15 % for the near-infrared, and
51.14 % for the medium and long infrared) (28). The aim
was to capture as much heat and photosynthetically active ra-
diation as possible while limiting reemission. In the case of a
hot environment, Gao et al. developed a titanium oxide film
of 76 µm film doped with niobium and fluorine (transmit-
tance of 76.4 % for the visible spectrum and 42.9 % for the
infrared)(29). The aim was to limit thermal radiation while
harnessing visible light. The potential use of these films was
implemented by multiplying the respective radiative fluxes in
the model (visible, near infrared from the sun or long wave-
length infrared emitted by the surrounding and the culture)
by the transmittances reported by the authors.

3 3. Microalgal culture density
Another modulation that can be included in the design strat-
egy is the cell concentration of the culture hosted by the bio-
façade. A higher concentration would be beneficial from a
process point of view. Indeed, high-concentration cultures
are easier to harvest (30). Furthermore, if dense enough, it
can open the way for wet biomass downstream processing,
which overcomes the need and cost of biomass drying. Nev-
ertheless, increasing the biomass concentration increases the
heat captured by the culture and potentially reduces visual
comfort within the host building (by reducing the luminos-
ity) (8). Therefore, the pros and cons have to be weighed
against the magnitude of the impact of this design parameter
(7).

Still, one should note that the culture concentration alone
is a poor design parameter. Indeed, it strongly correlates with
the culture compartment thickness, as they form the opti-
cal thickness together. Therefore, to disambiguate the cou-
pling between the two parameters, cell culture density is ap-
proached by considering the amount of light passing through
the culture (α parameter), which is equivalent to the culture’s
optical thickness. Furthermore, from a practical perspective,
as biofaçade are intended to be installed in building hosting
human activity, visual comfort (light passing through) would
surely be preferred to cell concentration as a design param-
eter. In this work, the reference value was chosen at 50 %.
Two others were added for the systematic screening: 25 %
(higher cell density) and 75 % (lower cell density).

3 4. Microalgal reservoir thickness
The previous section introduced the importance of illumina-
tion management by manipulating cell concentration. An-
other option would have been to tune the reservoir thickness
while maintaining the cell concentration constant. Still, this
would have had two combined effects: changing the amount
of absorbed energy and modifying the system’s thermal in-
ertia (dominated by the mass of water within the reservoir).
Luckily, it is possible to uncouple the two effects by using the
optical thickness as a design parameter (as suggested in the
previous Section). Therefore, changing the reservoir thick-
ness while maintaining the optical thickness (by modulating
concentration) would only affect the thermal inertia of the
biofaçade.

Increasing the thermal inertia seems a relevant idea to limit
acute hot events and manage transient cloud cover (lower-
ing incident heat) during the mid-season. Yet, it will be at
the price of an increased structural load for the host building.
Thus, the choice has to be made with care. In this view, three
thicknesses were tested: 2, 5, and 8 cm.

3 5. Sparged gas
In the companion article, the contribution of the sparged gas
to the total thermal balance of the system was shown to be
modest. Yet, from an environmental perspective, it seems rel-
evant to investigate at least three strategies, which could, in
part, contribute to CO2 fixation (31). The first one is sparging
air from the building to minimize the air pollution it emits.
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This configuration is the reference case. The second strategy
would be to sparge air coming from the outdoors. This time,
the biofaçade would actively contribute to reducing urban air
pollution. From a modeling perspective, it implies that the
sparged air inlet temperature would not be equal to the one
of the host building but the one of the outdoor air. A last
strategy would be to inject fumes from the boiler powering
the building’s heating system during winter. This way, one
would valorize both waste heat (fume temperature around
153 °C (32)) and CO2 (7.2 % content in the fumes (32)) com-
ing from the boiler. From a technical perspective, the fumes
would be channeled to the biofaçade and diluted (by a factor
4, in the present work) before injection. From a biological
perspective, this operating procedure is made possible by the
high CO2 tolerance observed for microalgae of the Chlorella
genus (up to 40 % for certain species (33)). This strategy
can be employed as a modulation of the two previous ones.
Numerically, it is described increasing in the sparged air tem-
perature, according to the dilution rate, from the beginning of
November until the end of March.

3 6. Thermophilic microalgae strain
Up to this point, only thermal options have been considered
to enhance microalgae biofaçade performance. However, a
biological option exists to mitigate the negative impact of
high-temperature events: opting for a microalga tolerating
this type of event. While numerous thermophilic strains exist,
Chlorella sorokiniana was chosen here. Indeed, as a mem-
ber of the Chlorella genus, it can be valorized in the same
manner as Chlorella vulgaris. Hence, this strain would not
perturb the produced biomass valorization workflow (food,
feed, pigment production, ...) following its production within
a biofaçade. From a numerical standpoint, experimental data
were used to parametrize two instances of the Cardinal Tem-
perature Model with Inflection. Figure 3 presents the growth
rate dependence upon the temperature of the regular strain
(Chlorella vulgaris (34)) and the thermophilic one (Chlorella
sorokiniana (35)). As one can see, the thermophilic strain has
a narrower range of adequate temperature (from 30.6 to 43.2
°C, compared to 17.7 to 39.9 °C for the regular strain). Yet,
it featured an extension of the upper value of the range by +3
°C. Therefore a trade-off can be expected between managing
acute hot events and nominal conditions production. While
it may not seem evident for locations in a temperate climate,
such as France, this option could be very relevant to cultivate
microalgae closer to the equator or under a Mediterranean
climate.

3 7. Orientation
The last design parameter explored in this work is the bio-
façade orientation. Indeed, as the system features intrinsic
(from water mass) and extrinsic (surrounding environment
temperature dynamic) thermal inertia, there may be better
performing orientation than a plain South orientation (36).
Hence several orientations of the biofaçade were tested. In
addition to consideration of sole performance, in actual cases,
the orientation of the biofaçade will be imposed by the host

building architecture and, therefore, not chosen according to
thermal/biological optimality. Thus, exploring a priori under-
performing orientation (e.g., due East) is also necessary. This
way, the reported performances will help decide whether it is
relevant to set up a microalgae biofaçade in this direction if
given the opportunity.

4. Results and discussion
Altogether, the tested combinations and the associated un-
certainty estimation sum up to about 11 million individual
runs. The model was able to simulate them all over the cho-
sen ten-year span. Given the tremendous amount of data it
represents, the different scenarii will be examined in a pro-
gressive manner. First, the focus will be set on the best-
performing configuration. Its performances will be dissected
to understand which parameters support its sizable increase
in performance with respect to the reference case. Second,
the parameters’ main effects and interactions will be inves-
tigated. Third, the impact of the host building location will
be assessed by comparing Paris and Marseille scenarii. One
should note that the massive data generation procedure de-
scribed earlier has an impact on the way data have to be pro-
cessed. Indeed, while the statical variations induced by us-
ing Sobol’s sequence could technically be analyzed using the
ANOVA framework, the high number of samples makes this
approach irrelevant (37) as all differences appear statistically
significant. Therefore, effect size, effect size indices (such as
Cohen’s d (37, 38)), and interaction indices (such as Fried-
man’s H² (39)) will be used to drive the analysis. Cohen’s
d provides a comparison of two populations’ means, taking
into account their standard deviations (Eq. 2). In terms of
interpretation, an absolute Cohen’s d value of 0.2 is deemed
minor, 0.5 medium, and large above 0.8. Friedman’s H eval-
uates the amount of variance tied to the interaction of a pa-
rameter with the others (either in sets or a whole). To do so,
it subtracts from the whole effect of a combination of vari-
ables the main effects of the individual variables. Therefore,
the remaining contribution originates from their interaction
(Eq. 3). This value is then normalized by the overall varia-
tion to yield an indicator between 0 and 1. A H² value of 0.1
is considered substantial, while a value above 0.25 is classi-
fied as heavy. This metric can be used in various scientific
field to rule out potential interaction between parameters (for
very low values, in the context of fish population spatial dis-
tribution (40), for example) and underline their relevance of
coupled effect (for large values, in the context of fungal dis-
ease spreading in coffee plantation (41), for example).

d= X̄1 − X̄2√
s2

1+s2
2

2

(2)

H2
j,k =

∑N
i=1(F̂jk(xi,j ,xi,k)− F̂j(xi,j)− F̂k(xi,k))2∑N

i=1 F̂
2
jk(xi,j ,xi,k)

(3)

where, xj and xk are variables, F̂ the regression model
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4.1 Reference vs. best configuration

Design parameters and
operating procedures

Reference
configuration

Best
configuration

Marginal contribution Basal contribution
10-year average
effect size (h)

10-year averaged
Cohen’s d index

10-year average
effect size (h)

10-year averaged
Cohen’s d index

Thickness of the
biofaçade reservoir

(emc )
0.05 0.08 133 0.964 -109.9 -0.36

Number of outdoor
glazing

1 2 384.9 1.931 38.96 0.083

Green light transmitted
fraction (α)

0.5 0.75 216.8 1.478 37.19 0.164

Sparged gas origin Building Building - - - -
Use of boiler fume No Yes 81.95 0.326 24.75 0.125

Orientation South South - - - -
Strain type Regular Regular - - - -

Radiative film type None Greenhouse 208.3 0.461 46.63 0.084

Table 2. Reference and best configuration design parameters with associated marginal and basal effect size and effect size indices

outcome and i the index representing the data point.

4 1. Reference vs. best configuration

The first question one might naturally ask is: which config-
uration is the best? Yet, this raises the question of how to
define optimality. In our case, optimality was defined as the
highest amount of production while keeping to 0 the number
of sub-zero and overheating episodes. This way, the con-
figuration would ensure both efficient production and robust
operation. Considering these criteria, among all the simu-
lated configurations, the best one was identified as a south-
facing biofaçade fitted with double glazing and a greenhouse
radiation-selective film. The sparged air would come from
the building, and part of the boiler fumes would be redirected
to the biofaçade during winter. It would host a dilute cul-
ture of Chlorella vulgaris (the regular strain) in an 8 cm thick
reservoir (Tab. 2). On average, over the 10 tested years,
this configuration would be able to create adequate temper-
ature and illumination for microalgae growth during 2247.6
± 313.6 h per year, versus 1717.6 ± 292.9 h for the reference
setup. This represents a sizable 31 % increase.

Going further into details, Figure 5 presents the thermal
history distributions as well as the performance indicators
for the reference and the best systems for the year 2013 (the
last of the not abnormally hot years) and 2022 (especially
hot year). As one can see, the best configuration displays a
much narrower temperature distribution with a higher aver-
age. During a regular year, as in 2013, the optimized system
increases the total duration spent with adequate temperature
by 66 %. During a hot year, such as 2022, this increase is
reduced to +38 %. Interestingly, the capacity of the system
to harness more heat did not make it enter an overheating
episode, undoubtedly because of the higher thermal inertia
offered by the reservoir thickness increase from 5 to 8 cm.
Regarding the other key factor for microalgae growth, light,
the improved design offer on average +4.3 % of sufficient
light duration. This effect, while modest, is instructive. On
the one hand, double-glazing and the greenhouse radiative se-
lective film lower the amount of captured light. On the other
hand, hosting a dilute culture (allowing 75 % of light to pass

through instead of 50 %) counterbalances these effects almost
equally. Ultimately, light availability is maintained.

Figure 5 also delivers insights into the effect of inter-
annum weather variations. The year 2013 exhibited low over-
all sun resources with reference and best configurations op-
erating under low illumination most of the daytime (54 and
51.9 %, respectively). On the contrary, the year 2022 showed
higher sun resources, with light-deficient fractions of the time
being reduced to 43.3 and 40.9 %. This observation under-
lines the need to assess performances with actual meteoro-
logical data over multiple years, as discussed hereinafter.

Now that overall performances have been examined, the
question of the role of the different parameters in perfor-
mance improvement is to be addressed. Yet, this matter is
complex, as interactions between the parameters could be at
play. To sort it out, two indicators were calculated. The first
one is the marginal improvement offered by one parameter.
It represents the effect of this design parameter, given that
all the others are already implemented. The second one is
the basal improvement offered by one parameter. It repre-
sents the effect of this parameter alone when all the others
have been kept at the reference level. Effect size and effect
size indices of these two indicators are reported in Table 2.
The marginal impact of all the design parameters is relatively
high, most yielding an increase of the order of magnitude of
hundreds of hours, with sizable Cohen’s d value (above 0.8
for most). On the contrary, the basal effect of the parame-
ters is relatively low (tens of hours, Cohen’s d below 0.10),
except for the reservoir thickness. This last parameter has
a moderate negative effect at the basal level. The observed
differences between marginal and basal effects of parameters
(one even changing the sign of its contribution) point toward
sizable interaction effects between the parameters. This as-
pect will be further investigated in a coming section.

Before moving to in-depth investigation of the parameters’
main effects and interactions, year-to-year variation for ref-
erence and optimized configurations is the last element to ex-
amine. Figure 6 reports the distribution of the total yearly du-
ration for which temperature and light are adequate. As one
can see, it increases over the last decade for both configura-
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(a) Reference configuration, year 2013 (b) Best configuration, year 2013

(c) Reference configuration, year 2022 (d) Best configuration, year 2022

Fig. 5. Biofaçade performance indicators for the reference and the best configurations. For each subfigure: Top - temperature distribution over daytime (as frequency or
number of occurrence over the year). Bottom - daytime operating hours repartition

tions, with a surge in 2015. This increase was quantified, us-
ing linear regression, to +41.5 h/year (95 % confidence inter-
val ± 2.0 h/year) for best configuration and +41.3 h/year (95
% confidence interval ± 1.9 h/year) for reference one. Draw-
ing the distribution also bears information on how the perfor-
mances are affected by the uncertainty tied to some physical
properties (e.g., surrounding buildings’ emissivity). As one
can see, by going from the reference setup to the optimized
one, the distribution gets skewed favorably to higher perfor-
mances. This shows that, in addition to delivering improved

performances, the optimized design also delivers more robust
performances.

4 2. Parameters main effect
This Section will deal with the main effect of each parame-
ter. However, the vast nature of the dataset and the spread
of the parameters’ values do not ease interpretation. Further-
more, analyzing the differences between the reference and
the best case suggested that sizable interactions might be at
play. Therefore, parameters will be analyzed sequentially to
progressively reduce the complexity by discarding the less
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4.2 Parameters main effect

Fig. 6. Distributions of the number of hours for which both illumination and temperature are adequate for the reference and best configuration over the last 10 years. Location:
Marseille, France

interesting combinations and disambiguating the parameters’
main effects on the relevant ones. The first parameter to be
reduced is the year over which performances are obtained.
Indeed, Figure 6 showed that, as the climate gets warmer,
biofaçade performances increase. Therefore, to limit the vari-
ability induced by this factor, the year 2018 will be selected
to illustrate the following analyses.

4.2.1. Orientation. Figure 7 displays the distributions of the
number of hours for which both illumination and tempera-
ture are adequate for the five tested orientations over the year
2018. As one can see, the distributions feature several modes
and are quite dissembling. The only common parameter is
their spread. Indeed, due East and due West are capped at
around 1500 hours. Southeast and Southwest are capped at
around 2000 hours. Due South orientation offers up to about
2400 hours of production time. As those distributions are
different, one has to be chosen to carry on the analysis. Due
South was chosen as it represents the most favorable case.
Hence, it would surely represent the first intention from a
technology deployment perspective.

Another detail is to be noted: the distributions display
many configurations for which the total number of producible
hours is null. Those configurations are born of the conjunc-
tion on inadequate design parameters combination (e.g. a
thermophilic strain placed in a biofaçade with a large reser-
voir, no additional glazing, and a film limiting heat capture)
and unfavorable draws of uncertain parameters (e.g., high mi-
croalgae culture emissivity, further lowering the biofaçade
temperature). Therefore, to limit the impact of obviously
misconceived configurations, the dataset was further limited
to the configurations achieving performances at least as good
as the reference configuration (1717.6 h) on average over the
10-year simulated period.

4.2.2. Strain type. The performance distribution of biofaçade
hosting the regular, mesophilic, strain (Chlorella vulgaris)
and the thermophilic strain (Chlorella sorokiniana) are pre-
sented in Figure 8. As one can see, the thermophilic strain
is substantially under-performing and the sole one producing

null performance values. Furthermore, applying the criterion
introduced in the previous Section excludes all the runs for
which Chlorella sorokiniana was chosen for the culture. It
can therefore be concluded that, even in the South of France,
a thermophilic strain is not adequate for a biofaçade system.
Based on this conclusion, runs featuring the thermophilic
strain were excluded from the dataset used for further ana-
lyzing the parameters’ main effects.

4.2.3. Gasing strategies. Two strategies were envisioned re-
garding the gas sparged into the culture. The first was to
either draw air from the building, lowering its emitted pol-
lution, or from the outdoors, contributing to cleaning out-
door air. Figure 9, left, illustrates the effect of this choice
on the performance distribution. Both options yield incredi-
bly similar outputs. From the observation of the distribution,
the air coming from the building would seem to be more ad-
vantageous. The distribution closeness makes them difficult
to discriminate with certainty by the human eye. Comput-
ing Cohen’s d index, it is possible to ascertain this feeling.
The computation yields a value of 0.027. It can therefore be
concluded that choosing air coming from the building has a
negligible effect. Further analyses were led with air coming
from the building.

The second strategy was to reuse fumes coming from the
building boiler during wintertime. Two improvements were
expected: increased culture temperature and increased car-
bon dioxide supply. Figure 9, right, shows the performance
distribution of a biofaçade taking advantage of the boiler
fumes versus the reference configuration. Reusing boiler
fumes offers a slight improvement, from 1845.8 ± 221.6
hours to 1884.9 ± 210.5 hours. From a statistical point of
view, it can be deemed minor, with a Cohen’s d value of
0.17. However, one should note that only part of the bene-
fits of this strategy could be assessed here (thermal boost).
Using a finer biological model (account for CO2 biofixation)
could, perhaps, reinforce the relevance of this strategy.

From a modeling perspective, observing modest effects of
the sparged gas manipulation strategies was anticipated in the
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Fig. 7. Distributions of the number of hours for which both illumination and temperature are adequate. Year 2018. From top to bottom: East, Southeast, South, Southwest,
West

Fig. 8. Comparison of the distributions of the number of hours for which both illumi-
nation and temperature are adequate for the regular strain (Chlorella vulgaris) and
the thermophilic strain (Chlorella sorokiniana). Year 2018, due South

companion article. Having it emerging from the data analy-
sis is a token of the robustness of the deployed methodology.
From a biofaçade conception perspective, air origin does not
impact the system’s performance. The choice could there-
fore boil down to a branding preference between cleaning the
city air and limiting building pollution. Conversely, imple-
menting a boiler fumes reuse strategy increases the system’s
performance but will surely represent a sizable cost as a ded-
icated piping system would have to be installed. Therefore,
the choice of this strategy will have to be weight with care,
and its relevance can only be argued by going beyond the
scope of this work and including the environmental and fi-
nancial dimensions. As our best configuration was obtained
by implementing this last strategy, the analysis will be carried
out assuming its implementation.

4.2.4. Heat capture strategies. Obtaining as much heat as
possible without inducing overheating is paramount for a bio-
façade to operate at its full potential. In this view, the use
of double glazing to limit heat loss toward the surrounding
was envisioned as a relevant option. Another modulation was
the use of radiation-selective films to limit radiative heat loss
(greenhouse film) or select visible incident light only (visi-
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4.2 Parameters main effect

(a) Air origin

(b) Boiler fumes strategy

Fig. 9. Number of hours for which both illumination and temperature are adequate
for the different gazing strategies. Year 2018, due South, Chlorella vulgaris

ble only film). Figure 10 left presents the adequate operation
durations for the different combinations of these two param-
eters. The first comment is that disregarding the parameter
combination drawn on the graph, the distributions exhibit a
multi-modal shape (3 to 4 modes). The observed peaks orig-
inate from the two last design parameters that have not been
discussed yet, and are the topic of the next Section: the cul-
ture reservoir thickness and the optical thickness. Neverthe-
less, some valid observations and conclusions can be drawn.

First, the film selecting visible and infrared radiations
while limiting long wavelength radiation emission (tagged
as greenhouse) outperforms the reference configuration and
the visible-only film. It is explained by the fact that although
it reduces the overall captured energy, limiting heat radia-
tive emission provides a substantial benefit. This comment
is also, in part, valid for the visible-only, which outperforms
the reference configuration in the case of the use of double
glazing.

Second, the overall effect of double glazing (green dis-
tributions) is to be analyzed. Resorting to double glazing
systematically improves average and maximal performances.
However, it not only shifts the distributions upwards but also
spreads the distributions. This suggests that not all configu-
rations benefit equally from the double-glazing installation.
To understand this effect, one has to remind that fitting addi-
tional glazing is a double edge sword. On one side, it helps
to keep the biofaçade temperature high (upward shifting). On
the other, it induces additional reflections lowering the cap-
tured energy to some extent (downward spreading). This loss
of visible light could be the reason why some configurations
do not take full advantage of the additional heat harnessed
by the double glazing. To confirm this hypothesis, the to-
tal number of adequate lighting hours (disregarding tempera-
ture levels) was compared between single and double-glazing
configurations. Over the whole dataset, the loss of adequate
lighting duration only represents a -1.2 % decrease. Focus-
ing on the best-case scenario, it drops to -1.7 %. These fig-
ures are surprisingly low but can be explained both physically
and biologically. Physically, fitting double glazing lowers the
absorbed light by -4.2 % (low contrast of refraction index
between PMMA and air and almost 100 % transmission of
the PMMA in the visible spectrum (42)). Biologically, mi-
croalgae do not benefit from light above a given value (150
µmolPhotonPAR/m2/s, in our case, which corresponds to an
incident solar heat flux of 32.6 W/m2) (19, 20). Above this
value, the cells safely regulate excess light but do not pro-
duce more biomass. Hence, limiting light supply above this
threshold value does not hinder cell growth. Therefore, in
terms of illumination, it can be concluded that double glaz-
ing does not affect a microalgae culture hosted in a biofaçade
in a significant manner. While of high importance, this find-
ing does not explain the observed modulation of the effect of
the double glazing.

The explanation for the uneven effect of double glazing
is to be found in the intrinsic capacity of the biofaçade to
harvest heat. This capacity is influenced by some physical
parameters, among which lie the ones with uncertainty asso-
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(a)

(b)

Fig. 10. Left - Distributions of the total adequate operation duration as a function of
the number of outdoor glazing (1 - blue, 2 - green) and radiation-selecting film. Year
2018, due South, Chlorella vulgaris. Right - Total temperature category shift (low
to adequate and adequate to high) for each of the 256 runs by opting for a double
glazing versus a single glazing. Reservoir thickness of 5 cm, no radiation-selective
film, and light transmission of 50 %

ciated with their values (Sec. 2.5), i.e., microalgae culture
emissivity (εmc), building indoor emissivity (εIn), and sur-
rounding emissivity (εSur). A high value of culture emis-
sivity will foster heat loss, while high values of building in-
door and surrounding emissivities will increase heat trans-
ferred to the biofaçade. Therefore, the different combina-
tions of these parameters will influence double glazing effi-
ciency. To disambiguate their combined effect, two metrics
were calculated. The first one is the temperature displace-
ment which represents how many hours went from too low
to adequate and from adequate to high for a given config-
uration by shifting from a single glazing to a double glaz-
ing. The second is the heat harvesting potential, which ag-
gregates the three parameters of interest. It is calculated as
εSur−εSur,min+εIn−εIn,min+εmc,max−εmc. It ranges
from 0 (most unfavorable configuration) to 0.6 (most favor-
able one). Figure 10 right presents the temperature displace-
ment induced by adding supplementary glazing for a given
design versus the heat harvesting potential. As one can see,
the two variables show a clear upward correlation with a 13-
fold increase between the worst and the best combinations.
This observation reinforces the conclusion of the companion
article: these three parameters are influential and correlated,
with a known pattern and amplitude, now. Therefore, a finer
assessment of their values appears mandatory to ascertain the
performance prediction of foreseen design before its actual
deployment.

Third, taking advantage of the fact that the model simu-
lates a biofaçade with a sub-hourly resolution, the time of
the year when double glazing is the most relevant was an-
alyzed with the model. Figure 11 illustrates the temperature
increase induced by double glazing for the year 2018. As one
can see, the highest improvement is obtained over wintertime
(about +4 °C during daytime, +8 °C during nighttime). This
is especially beneficial and drives most of the gain in perfor-
mance (+333 h of daytime adequate temperature over January
to March and October to December over the +531.5 h for the
whole year). During summertime, the temperature increase is
more modest (+1 to +3 °C), which is explained by the higher
solar altitude at this period of the year. Incidentally, it also
reduces the risk of overheating. Finally, from a building per-
formance perspective, fitting double glazing cuts the U-value
from 6.32 to 1.23 W/m2/K.

Given the magnitude of the effect of resorting to double
glazing, one may wonder if this improvement could be fur-
thered by using high-performance double glazing. Hence, a
double-glazing design with Xenon (thermal conductivity of
0.00565 W/m/K) instead of air was simulated. It resulted
in +97.5 h for adequate temperature operation over the year
2018. While a proper economic analysis should confirm it,
this 2.7 % increase in performance can be deemed modest.
Indeed, this type of high-performance double glazing is com-
monly admitted to induce a substantial increase in system
production cost.

4.2.5. Thermal inertia and optical thickness. The last param-
eters to investigate are the reservoir thickness, which con-
trols thermal inertia, and the optical thickness, which con-
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4.3 Location influence

Fig. 11. Temperature increase induced by a double glazing (1 h daily time spans weekly averaged). Year 2018, due South, Chlorella vulgaris, reservoir thickness of 5 cm,
greenhouse radiation-selective film, air from the building with boiler fumes reuse, and light transmission of 50 %

trols the amount of light passing through the culture. First
of all, the data sub-setting procedure excluded too-dense cul-
tures (only 25 % of light transmitted) and too-thin systems (2
cm deep reservoir). Figure 12 displays the biofaçade yearly
adequate operation duration for the combination of the two
values for the two parameters: 50 and 75 % of the light pass-
ing through and a 5 and 8 cm thick reservoir. As one can
see, a larger reservoir systematically improves performance.
This can be explained by the higher thermal inertia allowing
to carry over energy from heat-sufficient periods (such as af-
ternoons) to heat-deficient ones (such as evenings or cloudy
episodes). This way, the microalgae can grow for an extended
period compared to the reference configuration. This conclu-
sion contradicts the finding of Barajas Ferreira et al. (5), who
advised a narrow reservoir. However, as they pointed out,
the temperature was constant at around 30 °C in their study,
which prevented them from deciphering the relevance of the
system’s thermal inertia.

Regarding light, having a dilute culture also increases
the microalgae favorable conditions. Indeed, lowering the
culture concentration ensures a higher average illumination
within the culture, hence a higher amount of light sufficient
hours. Considering the building users’ point of view, a dilute
culture also limits the risk of too-dark moments, ensuring vi-
sual comfort (7). In this regard, Table 3 reports visual trans-
mittance of the system for different optical thicknesses and
the number of external glazing. First of all, absolute values
are comparable to the ones reported by Ahamadi et al. (8).
Then, one can see that the most influential factor is the op-
tical thickness. Moreover, from a building perspective, ma-
nipulating the optical thickness allows the adjustment of the
solar heat gain coefficient (Table 3), which behavior follows
the one of visual transmittance. Nevertheless, from a process
perspective, having a dilute is unfavorable, as it increases the
cost of biomass harvesting. Therefore, this last observation

calls for additional elements before reaching a solid conclu-
sion on microalgae culture concentration.

Fig. 12. Adequate operation yearly duration distributions for different reservoir thick-
ness and light transmission. Year 2018, due South, Chlorella vulgaris, greenhouse
radiation-selective film, air from the building with boiler fumes reuse

4 3. Location influence
Thanks to its wide temporal and spatial spread, the Météo-
France dataset allows the simulation of microalgae biofaçade
systems virtually anywhere in France. Therefore, to assess
for location-based difference, the same procedure was led for
another location than Marseille, i.e., Paris. Paris was chosen
as it hosts numerous tall buildings and represents a north-
erner place than Marseille, as well as an inland location (ver-
sus coastal for Marseille). Surprisingly, almost no difference

Pozzobon | Microalgae bio-reactive façade Published in Building and Environment | 15



Green light transmitted fraction (α)
0.25 0.5 0.75

Visual transmittance
Single 0.061 0.121 0.182
Double glazing 0.058 0.116 0.174

Solar heat gain coefficient
Single 0.027 0.055 0.082
Double glazing 0.026 0.053 0.079

Table 3. Visual transmittance and solar heat gain coefficient as a function of culture optical thickness, expressed as transmitted fraction of the green (500 to 600 nm) part of
the visible spectrum, and number of external glazing

emerged from this location change. The optimal configura-
tion is the same. The reference and optimal performances,
over 10 years, are extremely close: 1712.8 ± 289.5 h per year
versus 1717.6 ± 292.9 for the reference, and 2241.1 ± 310.0
h versus 2247.6 ± 313.6 for the optimal design. In addition to
yielding very similar average values, changing the biofaçade
location did not affect the spread around this value. This last
indicator is essential as it materializes the robustness of the
system and the stability versus year-to-year meteorological
variations. Thus it can be concluded that the system performs
in the same way in the two places. While surprising, this ob-
servation is very positive. Indeed, it opens the way towards
system standardization, virtually cutting the production costs
to equip large land areas with new systems. Nevertheless, it
does not rule out the need for location-based optimization.
Yet, the illumination and weather contrasts would have to
be of a higher magnitude than the Marseille/Paris ones. Fi-
nally, in case of renovation, with inherent constraints, case-
dependent optimization will have to be carried out, especially
given the interplay between the design parameters.

4 4. Interaction between parameters
Analyzing design parameters’ main effects yielded numerous
insights into the thermal behavior of a microalgae biofaçade.
However, it also unraveled part of the tremendous complexity
at stake and pointed toward intense design parameter inter-
actions. Several methods exist to investigate the interaction
between variables. Some require rerunning a model, such as
local sensitivity analysis (using derivatives) or global sensi-
tivity analysis (e.g., Sobol’s indices). Others have been de-
signed to accommodate existing data. Among them, Fried-
man H² indices were chosen. Figure 13 presents H² indices
for the biofaçade design parameters. On the right, the analy-
sis was led on the whole dataset, including dramatically un-
derperforming configurations. On the left, the analysis is re-
stricted to the configurations performing at least as well as
the reference design. The diagonal represents the overall in-
teraction potential of a variable. The lower half represents
the pairwise order 2 interactions (higher order could also be
analyzed, though).

As one can see, on the whole dataset, four variables exhibit
intense interactions, namely the number of glazing, the type
of radiation-selecting film, the amount of transmitted light,
and the culture reservoir thickness. This finding is not sur-
prising given the observations drawn in the former section.
Yet, it further highlights the complexity of optimizing the ge-
ometry of a biofaçade without having a holistic view of it
and underlines the relevance of Umdu’s design of experiment

approach (6). Finally, the type of strain is also a highly in-
teractive parameter (H² = 0.28), but at an order higher than
2, as no substantial order 2 interactions are detected. Here
again, the previous comments on the impact of the strain
type (the thermophilic one yielding systematically poor re-
sults) explain this. While the left part of the Figure could be
endlessly commented on, it accounts for irrelevant configu-
rations for which in-depth analysis is not pertinent. It will
therefore be halted here.

Moving on to the restricted dataset, one can see that the
overall interaction potential of each parameter increases dra-
matically. For example, the number of glazing and the reser-
voir thickness have the two third of their effects mediated
through interactions, representing a huge value. This inter-
action could be foreseen in Figure 10 (left) with the multi-
modal shape of the performance distributions. Furthermore,
pairwise analysis shows that they are highly intertwined, but
their interactions are also associated with other variables. In
detail, variables interactions expand toward design/strategy
interactions, with the fume reuse strategy exhibiting coupling
effects, which were not evident on the whole dataset. There-
fore, the conclusion is obvious: biofaçade design and opera-
tion strategy must be engineered together to exploit the full
potential of the technology. On final comment is that, for the
restricted dataset, the strain type interaction appears as null.
It is expected, as only one strain type is present in this dataset.
This observation is a token of the robustness of the H² metric.

4 5. Illustration case: optimizing a renovation
To illustrate the capability of the model, it was applied to the
determination of the optimal design in the case of a hypo-
thetical office building renovation. The building is located
in Marseille, and the façade of interest is South-southwest
oriented. As it is a renovation, some constraints apply. For
example, the boiler fumes reuse strategy would be deemed
too complex and costly to implement. In addition, the owner
would like to claim that the system lowers building pollu-
tion. Hence the air would come from the building and not the
outdoors. Finally, Chlorella vulgaris strain (mesophilic) was
chosen, as previous analyses showed that the thermophilic
strain would be irrelevant. Thus, the parameters to be opti-
mized are the reservoir thickness, the number of glazing, the
fraction of transmitted green light, and the type of radiative
film, if any. Table 4 presents the resulting candidate space
and the associated constraints on the parameters. As one can
see, the possible reservoir thickness was extended up to 15
cm. The underlying idea was to investigate if there is a limit
above which a larger reservoir would become unfavorable.

16 | Published in Building and Environment Pozzobon | Microalgae bio-reactive façade



4.5 Illustration case: optimizing a renovation

(a) Whole set

(b) Only the configurations performing at least as well as the reference one

Fig. 13. Design parameter H² Friedman indices. Diagonal - overall interaction po-
tential. Lower half - pairwise order 2 interactions. α - Transmitted light. emc -
Culture reservoir thickness. Regression model: Random Forest, until pure leaves
are obtained (43). Year 2018.

The output criterion to be optimized (Eq. 4) was set to be
the number of adequate operating hours over the last 10 years
(last part of the equation) while ensuring no overheating (first
part of the equation) or sub-zero episodes (second part of the
equation). More complex metrics, for example, accounting
for year-to-year variation, of favoring production during spe-
cific periods of the year could also have been engineered. In-
stead, a relatively unsophisticated one was preferred for the
sake of simplicity.

After defining a metric, the question of the choice of the
optimizer itself has to be addressed. Given that the candidate
space features both continuous (i.e., ems and α) and cate-
gorical parameters (i.e., the number of glazing or film type)
gradient-based methods do not seem appropriate. In this type
of configuration, stochastic methods have been shown to be
more adequate. Among them, Particle Swarm Optimization
is of note (44), as it is rather easy to implement and deploy on
a parallel architecture, capable of browsing considerable can-
didate spaces even when facing discontinuous fitness func-
tions. To do so, this algorithm mimics animal group explo-
ration patterns. In a nutshell, each particle has its own explo-
ration trajectory (inertia parameter), which is modulated by
information exchange with the other members of the group
(social parameter) and its own history (cognitive parameter)
(45). Its versatility allows it to cover a wide range of appli-
cations from chemometrics to domestic thermal solar setup
sizing (46, 47). Its main drawback comes from the social na-
ture of the swarm which lead to premature convergence into
a local optimum (one particle attracting the others to it). To
avoid this pitfall, Particle Swarm Optimization can be cou-
pled with another stochastic optimization method: Genetic
Algorithms. Together, these optimization techniques form an
adequate tool to solve the problem at hand (48). The opti-
mization algorithm parameters were set as follows: 96 parti-
cles/exemplars, cognitive and social parameters of the swarm
were both set to 0.6, the inertia followed a random chaotic
model, and the mutation probability was set to 0.1. In addi-
tion, the maximum particle stagnation before entering a tour-
nament was set to 15, and the tournament size to 0.2. Runs
were stopped after the swarm’s best particle stagnated for 20
iterations. For a detailed practical implementation, the inter-
ested reader is referred to the following article and the freely
accessible repository associated with it (46).

f = (
∑

10 years
(Ti> 39.9◦C) = 0)×(

∑
10 years

(Ti< 0◦C) = 0)

×(
∑

10 years
((17.7<Ti< 39.9◦C)×(Ii> 150µmolPhoton/m2/s)))

(4)

After a few iterations, the swarm converges to a unique
global maximum (qualitatively assessed by drawing the can-
didate space from the swarm exploration). The resulting con-
figuration is a biofaçade with double glazing, a greenhouse
radiation-selective film, a reservoir of 15 cm, and a light
transmission of 65 %. The system performances in the year
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Parameter Range Unit

Thickness of the
biofaçade reservoir

(emc )
[0.02, 0.15] m

Number of outdoor
glazing

1 or 2 -

Green light transmitted
fraction (α)

[0.20, 0.80] -

Radiative film type
None, Greenhouse,

Visible-only
-

Table 4. Candidate space description. Algorithm used for the optimization: Particle
Swarm Optimizer hybridized with a Genetic Algorithm with 96 particles, cognitive
parameter of 0.6, social parameter of 0.6, with fuzzy inertia, mutation probability of
0.1, maximum particle stagnation before entering a tournament of 15, tournament
size of 0.2, best value stagnation to stop the search of 20

2018 are displayed in Figure 14. As one can see, the bio-
façade temperature distribution resembles the one of the best
system in Section 3. The same is true for the overall perfor-
mance (2118 hours over the year 2018 versus 2172 h for the
best system facing South). Nevertheless, the increased reser-
voir thickness reduces the episodes during which the temper-
ature is too cold. From the swarm behavior, it can even be
inferred that a larger reservoir would be even more benefi-
cial. However, at some point, it will represent a problem in
terms of building static load and volume of culture medium
to prepare to grow the microalgae. This last comment also
highlights the limitation of the model as, ultimately, financial
and environmental assessments will be needed to argue for
the relevance of technical suggestions.

5. Limitations
While it allows to disambiguate the contribution of key el-
ements that together design a microalgal biofaçade system,
the proposed model needs to be validated experimentally be-
fore being deemed robust enough to be applied to fine-tuning
biofaçade conception. For example, visual transmittance and
solar heat gain coefficient, two essential characteristics of a
glazing system, have been computed. Building a prototype
of a module would allow to assess to which extent a manu-
facturing process deviates from the idealized configuration.
In the same manner, indoor temperature was assumed to be
constant over the whole year. While this power exchange
is not dominant during the day, it is one that prevents the
biofaçade temperature from dropping too low at night and,
consequently, helps to minimize the thermal lag the follow-
ing day. Therefore, accounting for indoor temperature mod-
ulation (based on occupancy) could improve the predictions.
All these limitations call for a field trial of the technology in
order to fine-tune numerical tools, rendering them able to ad-
vise on the relevance of a given design for a given building
configuration.

6. Conclusion
This article explored the design of microalgae biofaçade
thanks to a numerical model describing the system’s ther-
mal and biological behavior. Design options and operation

Fig. 14. Biofaçade performance indicators for the optimally designed system in the
illustration case

strategies were screened systematically over a 10-year pe-
riod (2013 to 2022) for which detailed meteorological data
were available (air temperature, wind velocity and orienta-
tion, cloud cover, at a 3-hour resolution). These investiga-
tions revealed the very high level of interaction between the
parameters, making the system notoriously complicated to
design and optimize. Nevertheless, some conclusions can
be drawn. In France, fitting double glazing equipped with
a greenhouse film is essential to harness as much heat as
possible (+16.7 % and +6.5 % of operating over year 2018,
for example). Similarly, a thermophilic strain is not relevant
because overheating events are inexistent in well-designed
systems. Further refinements, such as the origin of the air
blown into the culture reservoir and the reuse of combustion
fumes from the boiler (+2.1 % performance), can be evalu-
ated from a technical point of view. However, their imple-
mentation would also be subjected to other considerations,
such as the cost and environmental benefits. Furthermore,
comparing two locations in France (Marseille and Paris) in-
dicated that the optimal system shows low sensitivity to the
location (at least for a 750 km distance). This fact opens the
way for producing standard modules that could be fitted on
new buildings. On the contrary, for already existing build-
ings, a location-specific optimization will always be needed
to account for individual constrains. Thus the model was suc-
cessfully applied to optimize a microalgae biofaçade system
in the case of a hypothetical official building renovation. As
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perspectives, this work calls for its extension towards three
directions: life cycle analysis, biological model refinement,
and experimental validation.

7. Model availability
A Python implementation of the proposed model is freely
available at https://github.com/victorpozzobon/biofacade
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