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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/victorpozzobo
n/biofacade

This article explores numerically the biotechnological performances of microalgae biofacade. The model
computes the system’s thermal behavior using a radiative-convective approach accounting for location on Earth
and actual weather data. In a coupled manner, it simulates the microalgae culture behavior, i.e. light-driven

;i{fx;e growth and cell pigment content acclimation. In addition, it features refinement such as wavelength-dependent
Biofacade biomass optical properties and thermal-modulated biological rates. Thanks to this model, operation strategies
Production and design possibilities were evaluated using actual weather data for a biofagade module deployed in Marseille
Biological model in 2023. Investigations revealed that a semi-batch mode of operation, while simplistic, is the most efficient way
Temperature to operate a biofacade if sole biological production is considered (about 18.0 + 0.9 kg per year, 2.44 + 0.12
Optimization

g/L output concentration). However, if intended as an office glazing, turbidostat mode of operation should
be preferred for aesthetic and visual comfort reasons (about 19.1 + 1.1 kg per year, 0.64 + 0.07 g/L output
concentration). System optimization also confirmed the experimental observation that the system could be
prone to overheating. Nevertheless, while overheating can be mitigated by increasing the reservoir thickness,
this strategy is detrimental to the average output concentration. Finally, location-specific optimization revealed
that a standard biofacade module could be deployed over France, and system performances are derived for
the whole country thanks to the weather forecast agency data.

1. Introduction

Since the middle of the 20th century, the human population has
risen dramatically, from about 2.5 billion in 1950 to 8 billion in 2022.
In parallel, the average quality of life also improved. Together, these
two factors are putting our environment under evergrowing stress.
Climate change, water scarcity, loss of arable lands, and biodiversity de-
cline [1] are only a few indicators of the pressure humanity imposes. In
a search to mitigate the negative impacts of these dynamics, microalgae
have emerged as a potential tool to lower humanity’s environmen-
tal footprint. These microorganisms can produce valuable molecules
sought after by different industrial sectors (food, feed, cosmetics, and
pharmaceuticals [2,3]). In addition to addressing market demands,
microalgae cultivation also delivers ecosystemic services such as CO,
fixation [4], phosphate fixation [5], nitrogen fixation [6], or effluent
bioremediation [7]. Despite their potential, numerous scientific chal-
lenges must be addressed before microalgae can fully deliver on their
promises. Among them, reducing the cost of microalgae production is
critical.

Cutting costs can be achieved mainly in two ways for a given
technological process. Either by an intensive approach, which consists
of increasing the process productivity to an extent and outbeating the
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costs of the associated improvements. Alternatively, an extensive ap-
proach consists of increasing the process scale to drive down production
tools and process input costs. In the case of microalgal biotechnology,
both can be envisioned. Nevertheless, opting for extensive outdoor
cultivation offers access to large and free amounts of light, which is,
most of the time, the limiting resource of a microalgae production
process. Therefore, this paradigm will be explored in this work.
Deploying large-scale outdoor microalgal bioprocesses will face two
challenges. First, large pieces of land would have to be acquired.
Second, the culture would be submitted to natural cycles (light and
temperature), complexifying process operation. Acknowledging these
limitations, an idea has stemmed in scholars’ and engineers’ minds:
integrating microalgae photobioreactors into building facades. These
facade-integrated microalgae photobioreactors (in short bio-reactive
facades or biofacades) represent a possible synergy between a building
and a biological system [8,9]. This association would yield benefits for
the two. The photobioreactors would see their production costs reduced
by taking advantage of the vertical support and utilities offered by
the building (e.g., water, thermal regulation), and potentially nutrients
(e.g., carbon dioxide reclaimed from the building). The building would
gain shading, improved thermal comfort by better modulating incident
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heat, pollution emission reduction, revenue stream generation, and
aesthetic enhancements.

Taking a step back, microalgae biofacade belongs to the group
of advanced architectural solutions for more efficient buildings. This
type of solution started to emerge with double skin facades, which
allow the dynamic adjustment of solar heat gain by turning on and
off natural convection in the double skin [10]. They can be further
refined into production systems that manage incident sunlight and
generate value out of it [11]. This is, for example, the case of a
photovoltaic double skin facade, which generates electricity. Extending
the benefits to carbon dioxide capture, one can mention the water
facade concept (water cascading on the facade), which allows the
capture of numerous pollutants and refreshes the atmosphere [12]. Yet,
its operational costs are high, and the salt in the stream may deteriorate
the facade. Biological facades are also means to capture carbon dioxide
and create a connection to nature in urban centers. Among them, one
can note microalgae biofacade, green facades (trees integrated into
the facade) [12], and biocrusts concepts (mold and lichen throwing
on the facade) [9]. Microalgae biofacade features the highest amount
of positive traits, namely, producing value (green facades can also
produce fruits), ease to control (trees can be managed, but biocrusts
are foreseen as very hard to control), and no potential damage to the
building (green facade roots can). Still, the foreseen benefits come at
the cost of an increased static load on the building and additional
complexity of the production system, making its optimization a difficult
task.

Deciphering the entanglement between a building and a photobiore-
actor has been tackled with three different approaches. The first ones
were experiments on a microalgae biofacade module alone (isolated
from a potential host building), which investigated basic questions such
as thermal performance or biomass productivity [13-15]. Then came
numerical models developments, which expanded the scope towards
design questions (single vs. double glazing, facade-integrated vs. double
skin) and weather impact [10,16-18,18-20] or even visual comfort
and aesthetics [21,22]. Lastly, it is important to mention maybe the
most significant yet short-lasting large-scale experiments that was the
development of 185 m? of biofacade in the BIQ house located in
Hamburg, Germany, [23]. This trial delivered solid measurement of the
microalgae photoconversion efficiency (4.4%, comparable to laboratory
studies 5.01% [24], 5.65% [25], or 4.34% [26]), a key parameter to
assess system performance. Beyond technical aspects, this field deploy-
ment also highlighted the notably positive social acceptance of the
technology.

While they delivered insightful knowledge about biofacade systems,
the aforementioned studies only took the first steps on the road to
cover megalopolis facades with photobioreactors. The next stages for
this research initiative to turn into a large-scale reality are in silico
biological performance assessment, system optimization, and field trial
of the most promising designs. The first one was the topic of a set
of companion articles, which proposed a numerical model coupling
the thermal-biological aspects of the system [19,20]. In a nutshell,
the model is able to predict the microalgae culture temperature by
accounting for direct incident illumination from the sun, radiative heat
exchange with the sky, radiative heat exchange with the surrounding
and the host building, convective heat exchange with the indoor and
outdoor air, and heat supplied and removed by the gas flow sparging
within the culture medium. In addition, it computes illumination within
the culture by coupling location on Earth (sun path model), time of
the day (and the year), and weather (thanks to almost 30 years of
data released by the French weather forecast agency). By coupling the
former aspects, it delivers biomass production and quality (evaluated as
its pigment content). Therefore, the present article intends to take bio-
facade to the next step and provide a first example of location-specific
purpose-driven optimization (targeting biomass production, microalgae
quality, reduced module mass, ...). In addition to helping better design
the microalgae biofacade modules, this comprehensive model could
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ease their operation in a model predictive control framework. Indeed,
complex building-associated systems, such as microalgae biofacade or
large buildings’ thermal regulation, are further complexified by the
fluctuating effect of the weather. Nevertheless, Hou et al. showed that
a model accounting for actual weather forecasts could be used to
manage better the thermal regulation of the University of Trondheim
in Norway [27]. Incidentally, their work demonstrates the applicability
weather-coupled model. Finally, field trials of the most promising
design would be the natural outcome of this work, yet lies outside of
its scope.

The present article is structured as follows. First, the model com-
ponents and capabilities are summarized. Then, bioprocess control
procedures (semi-batch, turbidostat, continuous, ...) are examined in
a case study. This case study is intentionally simple: city of Marseille
over 2023 with a system first optimized from a thermal point of
view [19]. Once the different control procedures have been analyzed,
a fully coupled optimization is undergone. Indeed, as the building and
the photobioreactor are in close interaction, sequential optimization
is suboptimal. To lead this search for the best design (purpose-wise),
Particle Swarm Optimization hybridized with a Genetic Algorithm is
used [28]. Thanks to this tool, the system is optimized under different
constraints (biomass production or biomass quality, thermal heat loss)
to evaluate and illustrate the overall workflow capabilities. In the last
part, potential for system standardization is explored by comparing two
case study at two different locations (Paris versus Marseille). Finally, in
order to share the tool with the community, the data and algorithms are
made publicly available in an online repository.

2. System & models
2.1. Considered system

Fig. 1 presents a schematic overview of a microalgae biofacade as
well as some potential design variations. Additionally, the graphical
abstract illustrates the integration of a biofacade model into its en-
vironment. The system revolves around the reservoir containing the
microalgae culture. This reservoir is enclosed by two sheets of PMMA
and features a gas sparging system at its bottom. The dimensions of one
biofacade module are 1 meter in width and 4 meters in height (typical
office building floor height). The thickness of the system varies based
on design decisions. Moreover, the biofacade is integrated into an office
building facade at the height of approximately 20 meters above ground
to ensure access to sunlight. Finally, it is positioned in the middle of the
facade (as opposed to corners) to ease the description of the outdoor
convective heat transfer induced by wind [29].

2.2. Thermal model

The thermal behavior model of the biofacade is detailed, vali-
dated, and thoroughly analyzed in two companion articles [19,20]. In
essence, the model calculates the evolution of the microalgae reservoir
temperature by summing the contributions of absorbed and emitted
convective-radiative heat fluxes (Fig. 1 - right). The considered heat
fluxes include:

incident direct sunlight, @g,, which is divided into visible and
infrared radiation,
incident and emitted radiation towards the sky, @,

incident and emitted radiation towards the surroundings, @g,,,
incident and emitted radiation towards the host building indoor,

D1y Rad>
convective-conductive exchange with the outdoor air, @, conp»

convective-conductive exchange with the indoor air, @;, ¢,.,»

heat inflow from the sparged gas, @, ;,.:» and heat outflow from
the vented gas, @ ourler-
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(a) Minimal design - Not opti-
mized

(b) Double glazing & radiation selec-
tive film design - Optimized from a
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(c) Thermally optimized system and as-
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thermal point of view [19]

Fig. 1. Schematic representation of possible microalgae biofagade 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 reported heat fluxes (@, expressed in W/m?) are introduced in the text.

Conductive heat fluxes within the PMMA and stagnant air layers are
described using a resistance in series model. Convective exchanges are
modeled based on correlations derived from experimental data (based
on the wind velocity for the outside, a specific correlation for offices
for the inside). Additionally, solar illumination is described using the
model proposed by the Illuminating Engineering Society, which con-
siders solar time, position on Earth, cloud cover, and orientation [30].
Radiative exchanges with the surroundings, given limited information,
are modeled using the Stefan-Boltzmann formula weighted by relevant
view factors and emissivities.

2.3. Actinic illumination model

Sun and sky actinic illumination are obtained from the model
proposed by the Illuminating Engineering Society [30] by restricting it
to the photosynthetically active radiation part of the spectrum (referred
to as visible light hereinafter, for the sake of simplicity). Considerations
on the absorption of light by the cultures allow to compute two key
elements: the light energy absorbed by the culture, which drives cell
proliferation, and the averaged level of illumination, which drives cell
pigment content and photoconversion efficiency. Further refinement
is added by dividing the visible spectrum into three bands: blue,
green, and red. For each of them, microalgae exhibit different optical
properties, based on the literature [31,32].

In order to be as faithful as possible, indoor illumination was
taken into account, even though minor. The US Occupational Safety
and Health Administration advises 30 foot candle in office environ-
ment [33]. Assuming a cold white spectrum for indoor lighting, it can
be converted to 4.61 pmolPhoton/m? /s in the solar spectrum (assumed
to be on from 7 am to 9 pm, 5 days a week).

2.4. Biological model

The biological model used in this work is based on mass and
energy balances. Cell concentration increases as a function of their
ability to capture and use light efficiently. In addition to grow, the
cells acclimate to the illumination conditions by manipulating their
pigment content (increase under low light and the opposite under
high illumination). The modulation of light absorption by the cell
pigment content is also described by assuming that the absorption cross

section is the product of cell pigment content and pigment intrinsic
light absorption capacity [31,32]. Furthermore, cell maintenance rate
is also differentiated between the day (light respiration) and night
(dark respiration) [26], even though it was shown to only have a
minor influence on the predictions in the companion article. Finally,
cell metabolism as a whole (proliferation, maintenance, and pigment
expression) is modulated by temperature [34] (subzero temperatures
are never encountered). The cold temperatures slow down the different
phenomena but do not damage the cells. On the contrary, the hot
temperatures can harm the cells (irreversible denaturation of proteins
and DNA [35]) in addition to leading to a less efficient metabolism.

In addition to its working principle, three important hypotheses un-
derlying the model construction are to be mentioned. First, no substrate
limitation (e.g., nitrogen limitation) is encountered by the culture.
Second, the culture will be diluted before the cells reach a stationary
phase. Third, the cells have been inoculated sufficiently in advance
to avoid the appearance of a lag phase. The first two are ensured
by the semi-batch, continuous, and turbidostat modes of operation,
which dilute the culture by adding fresh medium. The last one is made
possible by the fact that the modules operate yearlong.

2.5. Meteorological data

Meteorological data driving the model were sourced from Météo-
France, the public French weather forecast agency, covering France
with approximately one station per administrative region. Data range
from 1996 to the present, with measurements taken every three hours.
Key parameters utilized in this study include air temperature, cloud
cover, wind velocity (at 10 meters above the ground), wind direction,
relative humidity, and static pressure. Furthermore, the time span was
reduced to the year 2023 for the sake of simplicity. Nevertheless,
the reader interested in interannum variation is kindly referred to a
previous article exploring the influence of weather patterns over ten
years [19]. The database was last accessed in March 2024.

3. Operation strategies
Collectively, the previously introduced model components enable

the determination of the culture temperature and illumination it re-
ceives. Microalgae growth can, therefore, be derived and modulated



V. Pozzobon

by actual weather information. Yet, another important modulator is
to be described: the bioprocess operation strategy. Still, as with any
bioprocess, different manners of operating a biofacade can be envi-
sioned. First, two ideal cases with only one operating parameter will
be considered: semi-batch and continuous. Then, a more complex and
more representative of the actual operation will be investigated: the
turbidostat.

3.1. Semi-batch

The semi-batch operation might be the most straightforward way
to operate a biofacade. The culture is left to grow for a given period
of time. At the end of this preset duration, the biofacade is emptied
independently of the culture state. This method is modeled by replacing
95% of the reservoir volume upon reaching the preset duration. The
explored interval ranges from 1 to 62 days. The chosen boundaries
are obviously too low and too high to be relevant. Yet, they will help
identify optimal operating conditions and associated robustness.

3.2. Continuous

A continuous mode of operation is the opposite of a semi-batch.
In this mode, a value is set for microalgae concentration within the
reservoir. Every time cell proliferation drives the concentration above
the targeted value, a dilution is triggered with a volume adjusted
to keep this concentration constant. While impractical for real-world
deployment, the numerical analysis of the performances of this mode
offers a valuable point of comparison. Concentrations between 0.05 and
5 g/L are investigated.

3.3. Turbidostat

A turbidostat operation appears as a technically realizable compro-
mise between a semi-batch and a continuous strategy. From a practical
point of view, it would consist of a sensor measuring the transmittance
of the culture. Once a given value is reached, a dilution by a fixed preset
volume is triggered. One should note that the transmittance is not the
equivalent of the concentration. Indeed, by modulating their pigment
content, cells can alter the reservoir transmittance without necessarily
increasing their concentration. Therefore, it can be considered a proxy
of cell concentration but not a measurement, strictly speaking. There-
fore, this mode of operation features two parameters: the transmittance
value below which a dilution is ordered and the dilution volume.

3.4. Illustration case

The different operation strategies will be illustrated using the best
performing configuration identified in previous work, focusing on the
thermal aspects only (summarized in Table 1) [19]. In this configura-
tion, the biofacade is assumed to be located in Marseille city (South of
France), and the analysis will cover the whole year 2023. The two main
outputs will be the produced biomass and the cell lutein content, as this
carotenoid can be deemed a high-value molecule of primary interest for
human health [36].

4. Optimization procedure

After discriminating the possibilities offered by the possible bio-
process control strategies on a design previously optimized from a
thermal point of view, the next step is to optimize the system in a joint
manner accounting for the thermal and biological aspects. Still, not
all the design parameters are to be questioned. Previous investigations
allowed to ascertain some decisions [19,20]. The biofacade system
will, therefore, feature double glazing, draw its gas from the building
outdoors, and be oriented due South. It will not benefit from building
boiler fumes injection (heat and carbon dioxide supply in winter) as
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Table 1
Key geometrical, physical and bioprocess parameters describing the illustration case.

Design parameters Reference value Unit
Elevation of the biofacade above the ground 20 m
Width of the biofacade 1 m
Height of the biofacade 4 m
Thickness of the biofacade reservoir 0.08 m
Number of outdoor glazing 2 -
Sparged gas origin Building -
Use of boiler fume Yes -
Orientation South -
Strain type Chlorella vulgaris -
Radiative film type Greenhouse -

the required piping was deemed too expensive for too little gain. The
optimized parameter will, therefore, be the reservoir thickness, the type
of radiation-selective film applied on the outdoor glazing, the type of
microalgae, the dilution volume, and the transmittance value below
which a dilution is triggered. Table 2 summarizes the candidate space
and discusses the reason and the implications of some parameter values.

4.1. Loss functions

A microalgae biofacade system is a complex system featuring multi-
ple outputs. Therefore, its optimization is far from straightforward [40].
Indeed, one could be willing to maximize the overall biomass produc-
tion with the aim of capturing as much carbon dioxide as possible. A
more refined approach could also consider the cell concentration, as
handling extremely dilute culture is impractical. Going further down
this line, biomass quality could also be considered, as microalgae
exhibiting a high pigment content can be deemed of higher value than
their pale counterparts [41]. Finally, from a building perspective, one
could also wish to limit the static load and heat loss (U-value).

Therefore, four loss functions were constructed to describe the dif-
ferent optima. Eq. (1) aims at maximizing biomass production. Eq. (2)
attempts to compromise raw biomass production and microalgae av-
erage concentration (with w; = 100 kg, maximal value for biomass
production, and w, = 1 g/L). Eq. (3) includes cell quality into the
procedure, with a strong focus on microalgae lutein content (with w; =
100 kg, w, =1 g/L, and w; = 1 mg/g, with an average content easily
reaching 5 mg/g). Furthermore, the capping on biomass production is
intentional. It aims to challenge the optimization procedure further.
Finally, Eq. (4) penalizes too heavy systems in a non linear manner
(with w; = 100 kg, w, =1 g/L, wy = 1 mg/g, and w, = 0.04 m).

S Loss.t = PBiomass, kg (€H)
Sross2 = Piomass, ke/W1 + X Biomass, g/L/ W2 (2)
S Loss3 = Phiomass, ke/ W1 + X Biomass, ¢/L/ W2 + YLutein, mg/e/ W3 3
SLoss.4 = Phiomass, ke/ W1 + X Biomass, g/L/ W2 — (L/wy)? @

In addition to maximizing the desired outcomes, the robustness
of the operation is also of interest. The main risk is the loss of the
culture because of overheating. Several options lie on the table to
mitigate this risk. One could think of deployable shading, additional
forced air convection using mechanical fans, or diluting the culture
to limit light absorption ... As the two first solutions would require
the implementation of additional systems, the third one was selected.
Therefore, over a run, if the reservoir temperature approaches a tem-
perature lethal for the cells (45.6 °C for Chlorella vulgaris, 45.8 °C for
Chlorella sorokiniana), a 95% dilution is ordered to render the reservoir
translucent and limit power absorption. The temperature threshold to
order a dilution was chosen as the lethal temperature minus twice
the standard deviation of the maximum temperature distribution over
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Table 2
Candidate space for the biofacade optimization.
Variable Values Comments
0 No film
Radiation selective film 1 Greenhouse (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) [37]

2 Heat protection (transmittance of 76.4% for the visible spectrum
and 42.9% for the infrared) [38]

Microalgae strain

0 Mesophilic - Chlorella vulgaris
Thermophilic - Chlorella sorokiniana
In centimeter, below 2 cm, 750 to 900 nm infrared power may pass

through the water reservoir [39]

Reservoir thickness [2-30]
Transmittance [0.01-0.50]
Dilution rate [0.05-0.95]

Fraction of incident green light
Fraction of the reservoir volume replaced over a dilution

2023 (2.69 °C). Finally, if, despite this safety procedure, one of the
64 runs (used to account for uncertain parameters) reached the lethal
temperature, the loss function on the candidate configuration was
reduced to zero. This way, only reasonably safe configurations can be
selected.

4.2. Influence of location & nation scale production potential

As the Météo-France dataset covers the whole of France, it can be
used to assess for location-based differences. Therefore, the optimiza-
tion procedure (Eq. (4), the one with the most constraints) was led
using data describing the weather in Paris. Paris was chosen as it hosts
numerous tall buildings and represents a northerner place than Mar-
seille (less sun resource), as well as an inland location (versus coastal
for Marseille, i.e., less wind). From this comparison, the relevance of the
conception of a standard biofacade module is assessed, and the module
production performance is computed over France. To do so, the weather
conditions over the year 2023 are extracted for all the meteorological
stations available in the Météo-France dataset. These data are used to
predict system performance at their location before being interpolated
using radial basis function (scipy library) over France.

4.3. Particle swarm optimizer hybridized with genetic algorithm

Once targets have been set, the question of the choice of the
optimization algorithm itself has to be addressed. As the candidate
space features both continuous (e.g., reservoir thickness) and categor-
ical parameters (e.g., type of radiative selective film) gradient-based
algorithms do not seem appropriate. On the contrary, stochastic meth-
ods have been shown to be competent to explore this type of candidate
space. Among them, Particle Swarm Optimization is of note [42], as it is
rather easy to implement and deploy on a parallel architecture, capable
of browsing considerable candidate spaces even when described by
discontinuous loss functions. To achieve all this, the Particle Swarm
Optimization algorithm mimics animal group exploration patterns. In
a nutshell, each particle has its own exploration trajectory (inertia pa-
rameter, modeled in its random chaotic form: inertia = 0.1r,+2r,(1-1,),
with r; and r, random numbers), which is modulated by information
exchange with the other members of the group (social parameter, taken
as 0.6) and its own history (cognitive parameter, taken as 0.6) [43].
Its versatility allows it to cover a wide range of applications from
chemometrics to domestic thermal solar setup sizing [44,45]. However
its main drawback comes from the social nature of the swarm, which
may mead to premature convergence into a local optimum (one particle
attracting the others to it). To avoid this pitfall, Particle Swarm Opti-
mization can be coupled with another stochastic optimization method
that is naturally resistant to this type of shortcomings: Genetic Algo-
rithms. Together, these optimization techniques form an adequate tool
to solve the problem at hand [28]. The optimization algorithm param-
eters were set as follows: 48 particles/exemplars, and the mutation
probability was set to 0.1. In addition, the maximum particle stagnation
before entering a tournament 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 interested
reader is referred to the following article and the freely accessible
repository associated with it [44].

5. Numerical methods & uncertainty management

Previous investigations have shown that uncertainty surrounding
the value of some physical parameters could have a nonnegligible
impact on the thermal behavior of the system [19,20]. Notably, a
global sensitivity analysis identified microalgae culture emissivity (0.8—
1.0) and indoor building emissivity (0.5-0.7) as the primary drivers
of variability. Additionally, the emissivity of the module surrounding
(0.8-1.0) was found to act as a potential modulator. The biologi-
cal parameters of the model also bear some uncertainty, namely the
photoconversion efficiency (0.95-1.05 x nominal value - 4.34% -),
the pigment absorption cross section (0.80-1.20 x nominal value of
the wavelength-dependent chlorophyll specific absorption), and the
pigment expression characteristic time (0.80-1.20 x nominal value -
8.96 h -).

To account for the effect of these uncertainties, a Monte Carlo
approach was deployed. The model was executed multiple times for a
given configuration, with the aforementioned parameters varied within
the suggested ranges. This process generated a distribution of per-
formance metrics from which average performances and associated
standard deviations were derived. To ensure effective convergence,
values were sampled using a Sobol’s sequence, known for its ability
to explore hypercubes uniformly and facilitate rapid and accurate con-
vergence while minimizing computational load [46]. One could argue
that such sequences tend to be conservative, treating extreme configu-
rations as equally likely as central ones. While true, this comment also
underlines that using a Sobel’s sequence reinforces the robustness of
the conclusions.

A convergence analysis concluded that 256 iterations were sufficient
to produce stable estimates of averages and standard deviations for
all the performance indicators (distribution average and standard de-
viation 1% and 5% stable, respectively). Therefore, this sampling was
used in all cases except for the optimization. Indeed, as optimization
procedures were quite long (about one week), the number of draws was
reduced to 64. Even though lower, this value was deemed sufficient as
it still ensured distribution average and standard deviation 1% and 10%
stable, respectively.

6. Results and discussion

Results are explored in a sequential manner. First, the operation
strategies (semi-batch, continuous, and turbidostat) are compared to
determine the most relevant one for the illustration module design.
Consequently, a turbidostat operation was retained for biofacade design
optimization. Finally, location sensitivity was assessed by comparing
the best design (according to Eq. (2)) obtained in Marseille and the
one in Paris, but also with interchanged locations to evaluate the
generalization/standardization potential of a biofacade design.
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Fig. 2. Left - Biomass and lutein productions over year 2023 versus batch run duration. Right - Harvested energy, photoconversion efficiency, loss due to respiration, and average

cell concentration over year 2023 versus batch run duration.

6.1. Operation strategies

6.1.1. Semi-batch

Fig. 2 (left) presents the two main performance indicators, biomass
and lutein productions, for the semi-batch mode of operation. The
first comment is that the two outcomes exhibit a sharp rise followed
by a linear downfall. The rising part of the curves is explained by
the fact that the first batch duration is one day. This timespan is
obviously too short to allow a culture that was diluted by 95% to
regrow fully. Consequently, the culture concentration stays near zero
(Fig. 2 - right). Therefore, lengthening the batch duration improves
performance by preventing the culture from being flushed away. As
concentration increases, the culture harvests more and more energy,
driving the overall outcome of the system. Furthermore, a darkening
of the reservoir also happens as the concentration rises, allowing the
photoconversion efficiency to also increase.

After this initial rise comes an inflection. This inflection originates
from a competition between energy absorption, stalled as all the im-
pinging light is absorbed, and cell respiration. Indeed, leaving the
culture longer between the dilutions allows it to densify, incidentally
intensifying cell maintenance. As the energy supply is limited, the
overall production dwindles. In terms of figures, the maximum biomass
(15.5 + 1.1 kg) and lutein (96.7 + 7.1 g) productions are reached for a
time between dilutions of 15 and 16 days, respectively, corresponding
to output concentrations of 2.10 + 0.14 g/L and 2.24 + 0.15 g/L.
Given the observed standard deviations and differences (0.02 kg and
0.2 g, respectively), the operational optima both biomass and lutein
productions can be deemed equal.

Another point is to be commented on. The kind reader surely noted
that the noise level increases with the batch duration. This could have
been anticipated as a 62-day batch duration corresponds to two months.
Hence, only six dilutions over the year. Consequently, the time at which
the culture is started has a dramatic impact. To attenuate this noise, the
produced results are the average of eight simulation groups with a one-
week advance in time between them (a two-month timelapse in total).
Finally, even though not reported, the two other pigments described
by the model (chlorophyll a and b) follow the same trend as lutein. Of
course, the ratios between the different pigment contents vary to reflect
photoacclimation, but the conclusions derived from lutein apply to the
two others.

6.1.2. Continuous

Operating the biofacade in continuous mode (fixed concentration)
yields performances following a trend similar to the semi-batch mode
of operation (Fig. 3 - left). The underlying mechanisms are the same
as the semi-batch mode (Fig. 3 - right): a competition between light
absorption (and usage efficiency) and maintenance (amplified by cell
concentration). The maximum biomass (17.2 + 1.1 kg) and lutein
(86.7 + 5.5 g) productions are reached for an operating concentration
of 0.8 and 1.20 g/L. The difference between the two optima can be
explained by the fact that a higher operating concentration induces a
darker reservoir, leading to an increased the expression of lutein. Yet,
at the same time, a higher operating concentration results in a higher
amount of biomass lost because of respiration, hence a lower biomass
production.

Overall, the results are slightly in favor of a continuous mode,
compared to semi-batch, when it comes to biomass production. The
performance improvement at the optimum is explained by the fact
that light energy harvest and photoconversion are always near their
maximum values in continuous mode, as cell concentration is always
high enough to ensure a sizeable attenuation. On the contrary, in semi-
batch mode, the concentration immediately following a dilution is too
low to ensure the capture of all the available energy. Consequently,
the maximum biomass production is slightly lower. Furthermore, it is
interesting to note that the output concentrations leading to the best
performances differ between the two modes. Again, it is a consequence
of the dilution procedure as a time-based dilution triggering does
not necessarily allow enough time for the culture to grow fully. For
example, a period well-suited for the summertime will be too short
during winter. Indeed, as shown in the companion article, the lower
temperature over wintertime reduces culture growth rate (metabolism
between 80 and 90%) compared to summer (metabolism between 90
and 100%). On the contrary, in a continuous mode of operation, this
type of mismatch (growth duration versus preset batch duration) is not
encountered, as regulation is tied to the cell concentration.

6.1.3. Turbidostat

Lastly, it is worth considering a turbidostat mode of operation.
This mode can be considered as an easily realizable approximation
of the continuous mode (in the case of a low dilution volume) or a
semi-batch mode with a non-prefixed time trigger (in the case of a
high dilution volume). Fig. 4 presents the biomass production and the
average output concentration. Before diving into the analysis of the
results, may the kind reader note that the transmission is plotted over
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a logarithmic scale. Indeed, in a turbidostat operation, the amount of
light leaving the biofacade cannot be null. Otherwise, the system would
not function properly. In addition, it should also be noted operating
with a transmission as low as 10~ is not possible in practice (the best
laboratory spectrophotometers allow absorbances of 4, hence, reaching
5 on a field device is unlikely). Yet, this configuration was explored for
the sake of completeness here.

As one can see, biomass production (Fig. 4 - left) increases as
transmitted light is reduced. Indeed, the culture harvests more light as
the reservoir is darker, allowing a high photoconversion efficiency. The
same is true, to a lesser extent, for the dilution. As the amount flushed
at every dilution reduces, the biofacade output increases. As for the
semi-batch mode, it is explained by the fact that diluting by a large
volume immediately induces a low cell density, preventing the culture
from harnessing all the light it could. Still, those two effects plateau to
reach a biomass production of 16.5 + 1.3 kg.

It is interesting to note that this mode of operation does not feature
a downward trend in productivity when operating parameters reach

excessive values. This is inherent to the way a turbidostat is designed.
Indeed, the fact that some light (even though faint) has to pass through
the culture forces the controller to limit the maximal concentration
(Fig. 4 - right) within the reservoir. In this case, the cell concentration
cannot exceed 0.65 g/L, which prevents excessive maintenance losses
(driven by a too-high cell concentration).

Which is near the optimum for the system when operating in
continuous mode.

6.1.4. Choice of a mode of operation

First of all, it should also be noted that all the modes of operation
yield similar biomass outputs (around 16.5 kg) of microalgae of similar
quality (lutein content around 5.9 mg/g). From a technical perspective,
the major difference lies in the average output concentration, which
is much higher hence more favorable in the case of a semi-batch
operation. Furthermore, one should note that the achieved outputs
are achieved thanks to high light and, incidentally, thermal energy
absorption. Consequently, this leads to the appearance of relatively hot
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Table 3
Best performances, pros and cons of the different modes of operation.
Semi-batch Continuous Turbidostat
Produced biomass (kg) 155 + 1.1 172 + 1.1 165 + 1.1
Average output concentration (g/L) 2.10 + 0.14 0.80 0.63 + 0.07
Average lutein content (mg/g) 6.21 + 0.05 5.90 + 0.07 5.49 + 0.13
Pros Simple to deploy Constant process output Constant process output
High output concentration Allow transmitted light adjustment
Cons Low visual comfort anticipated Complex to realize from a practical point of view Low output concentration

Variable module output

Opaque at optimal concentration

More expensive than semi-batch mode to
implement

episodes (defined as reaching strain maximum temperature - 45.6 °C
for Chlorella vulgaris - minus 2 °C for more than 30 min). This ob-
servation underlines the relevance of the anticipation of dangerous
overheating by authors leading experimental investigation [13,17,18]
and raises the question of the robustness of operation.

In addition to pure biotechnological performances, some consid-
erations have to be drawn on the realizability of the system and its
aesthetic properties. First, continuous operation based on a fixed cell
concentration would be highly challenging to achieve. Second, the
semi-batch mode of operation leads to highly translucent glazing (after
a dilution) or opaque glazing (when the concentration overpasses 0.7
g/L). This ever-changing alternation between extrema may not foster
visual comfort.

All those aspects are summarized in Table 3. As the intended
use case in the context of this article is the deployment in an of-
fice environment, the turbidostat mode of operation seems to be the
best-fitting one. Indeed, it ensures a tunable constant light transmis-
sion. Yet, the minimal light transmission will be adjusted to 1% (in-
stead of 1073%) to ensure adequate illumination within the workspace
(4.61 pumolPhoton/m?/s advised by the US Occupational Safety and
Health Administration [33]). Hence, 1% transmission on a sunny day
allows enough light to shine into the office. Finally, if a purely produc-
tive mindset were adopted, as could be the case for the deployment
in a factory, the semi-batch mode of operation would surely have
been preferred as it yields a more concentrated microalgae stream and
features minimalistic technological complexity to implement.

6.2. Optimal design

Based on the previous analysis, an optimal biofacade design was
carried out for a system operating in turbidostat mode. The algo-
rithm was to optimize several outputs (Loss 1 to 4) by modulating
the system reservoir thickness (2 to 30 cm), the transmitted light
fraction (1 to 50%), the dilution rate (5 to 95%), the potential use of
a radiation-selective film, and preferring a thermophilic strain over a
mesophilic one. In addition, it was also advised to avoid any configura-
tion resulting in dangerous overheating. The optimal system and their
performances are presented in Table 4 and graphed in a relative manner
in Fig. 5.

The first comment is that the optimizer is able to fulfill this as-
signment in all configurations. Loss function 1 maximizes biomass
production at the expense of the other indicators. Loss function 2
achieves high output concentration. Loss function 3 reaches the highest
cell lutein content. Loss function 4 minimizes system mass. It is also
interesting to note that for all configurations, the optimizer maximizes
absorbed energy by setting the transmitted fraction and the dilution
rate to their lower bounds (1% and 5%, respectively). In addition, a
mesophilic strain is preferred over a thermophilic one, as the warm
episodes do not occur often enough to give an edge to the latter. While
similarities between the optima are of interest, their discrepancies are
also worst commenting.

Loss function 1 stands out by its overheating modulation strat-
egy: very high thermal inertia (30 cm thick reservoir). Indeed, as the

1.2 M Loss1 M Loss2 [ Loss3 M Loss4

0.8

0.6

0.4

Relative performance (-)

0.2

Biomass  Concentration Lutein System mass

Fig. 5. Best configurations performances as a function of the applied loss function for
optimization. Presented as relative to the maxima of the four configurations. Error bars
- 95% confidence interval.

optimizer has no constraint to limit the system thickness, it favors
high energy absorption (no radiative selection film) and temperature
dampening. By deploying this strategy, the optimized system reaches
good performances compared to the illustration case (16.1 + 1.2 kg of
biomass for 1% green light transmission) but low output concentration
because of the large reservoir thickness. Still, it should be remembered
that, as the optimizer was not allowed to select potentially hazardous
configurations, the computed performances can be deemed much more
robust than those in the illustration case study.

All the other loss functions (which have an incentive toward low
system thickness) adopted another strategy for all systems to operate
safely with a finer reservoir: applying a greenhouse radiative film. This
can be explained by the fact that this film increases the relative con-
tribution of photosynthetically active radiation over thermal radiation,
hence limiting overheating without compromising biomass production.
In addition to the energy harvesting strategy, the key modulations
of the reservoir thickness introduced by each loss function are also
worth analyzing. Loss function 2 successfully overpasses the other in
terms of output concentration (about a 4-fold increase compared to loss
function 1) while scarifying biomass production (about halved). On the
contrary, despite a larger reservoir, loss function 3 fails to substantially
increase biomass quality (assessed as microalgae lutein content). All
loss functions yield biomass with similar lutein content, suggesting that
biomass quality may not be easily manipulated in a biofacade system.

Finally, it is interesting to note that loss function 4 is able to reduce
the system mass (division by four) dramatically but does not find
a better configuration than loss function 2. The additional incentive
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Optimal configurations and performances for the tested loss functions. Assembly mass computed as
Thickness X 4 m (module height) x 1 m (module width) x 1000 kg/m> (density of water) + 141.6 kg (mass

of the glazing). Excluding the lateral metal frame.

Loss 1 Loss 2 Loss 3 Loss 4
Radiation selective film None Greenhouse Greenhouse Greenhouse
Microalgae strain Mesophilic Mesophilic Mesophilic Mesophilic
Reservoir thickness (cm) 30 4.9 10.5 4.9
Transmittance (-) 0.01 0.01 0.01 0.01
Dilution rate (%) 5 5 5 5
Produced biomass (kg) 15.0 + 1.9 7.8 29 125 + 1.6 7.8 29
Average concentration (g/L) 0.08 + 0.01 0.34 = 0.10 0.21 + 0.03 0.33 = 0.11
Average lutein content (mg/g) 4.49 + 0.09 4.39 + 0.18 4.60 + 0.10 4.34 + 0.18
Assembly mass (kg)* 1341.6 337.6 561.6 337.6
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Fig. 6. Optimized configurations performances as a function of the location. M@M
- Optimized for Marseille and deployed at Marseille. M@P - Optimized for Marseille
and deployed at Paris. P@M - Optimized for Paris and deployed at Marseille. P@PM -
Optimized for Paris and deployed at Paris. Error bars - 95% confidence interval.

toward low system mass does not allow the optimizer to reach an-
other optimal configuration. Indeed, a strategy aiming at reducing the
reservoir thickness to limit the system mass has an intrinsic limitation:
overheating. Below a given thickness, the system’s thermal inertia is
too low to dampen incoming power surges and allow safe operation.
In this regard, alternative microalgae biofacade designs such as double
skin may provide a welcome additional cooling [10,17,18] that could
allow the combination of a short light path and high light absorption.

6.3. Influence of location

Finally, the influence of location (Paris versus Marseille) was inves-
tigated. To do so, the optimizer was used to derive the best configu-
ration under Loss function 4 (optimizing biomass, concentration, and
system mass) using weather data measured in Paris over 2023. Then,
the cross-performance with the systems optimized in Marseille and
Paris was computed. In terms of design, the only difference between
the two setups is a somewhat thinner reservoir thickness in Paris (2.0
cm) and a nonsignificantly higher dilution rate (5.4% instead of 5%).

Fig. 6 presents the relative difference between the four configu-
rations. The first comment is that the module optimized in Marseille
(larger reservoir) produces substantially more biomass than the one
optimized in Paris for the two locations. Then, one can observe that
the cell lutein content is not modulated by the design choices, which is

in good agreement with previous observations. Indeed, the fact that,
in Paris, cell lutein content is about 10% higher than in Marseille
is explained by the lower sun resource (mainly because of the could
cover). Finally, module output concentration shows a nontrivial trend
where both location and design come into play. A system offering a
very short light path (as in Paris) placed in adequate conditions (Paris
in this case) reaches a concentration 20% higher than the other possible
combinations. This highlights the sensitivity of this indicator to local
conditions.

From these observations, it can be concluded that biofacade mod-
ules can be standardized with a reservoir thickness of 5 cm (close to
Marseille configuration) as it limits location-specific discrepancies in
terms of biomass production and output concentration. This conclusion
opens the way to biofacade module mass production and associated cost
reduction. It is, therefore, possible to predict the biomass production
of such a standard module for 2023 over France. Fig. 7 pictures the
biomass production by the standard biofagade module for the three
trimesters of 2023. As one can see, the Mediterranean region and the
Western maritime facade are the most suited places for microalgae
production using a biofagcade module. On the contrary, the mountains
(the Pyrenees, the Massif Central, and the Jura) and the Northern half
are less productive. Using the numerical tool, it is possible to pinpoint
the origin of this difference. Three hypotheses can be drawn: a substan-
tially lower temperature in the northern regions, a lower intrinsic sun
resource, or a lower effective sun resource (cloudy weather). Supple-
mentary materials provide figures presenting the average temperature
over France for the four trimesters, as well as the clear sky incident
illumination, the cloud cover, and the effective sun resource. These
maps show that the temperature difference across France is too low
to explain the observed North-South gradient in terms of performance.
In the same way, the clear sky sun resource is also homogeneous
throughout France. However, the average could cover matches the
discrepancies in terms of effective sun resource, itself matching the
performance maps. Therefore, it can be concluded that the main meteo-
rological phenomenon at stake behind a biofacade system performance
variability is the cloud cover and not the outdoor temperature. This
conclusion clearly highlights that integrating a microalgae production
system into a building dramatically reduces the production process
temperature dependence, incidentally making it far more robust.

7. Conclusion

This article explored the biotechnological performances of microal-
gae biofacade thanks to a numerical model describing the system’s
thermal and biological behavior. Operation strategies and design possi-
bilities were evaluated using actual weather data obtained at Marseille
in 2023. They revealed that a semi-batch mode of operation, while
simplistic, is the most efficient way to operate a biofacade module
if sole biological production is considered. However, if intended as
an office glazing, turbidostat mode of operation should be preferred
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Fig. 7. Biomass production by the standard biofacade module for the three trimester of 2023. Interpolation RBF function, scipy library.

for aesthetic and visual comfort reasons. System optimization also
confirmed the experimental observation that the system could be prone
to overheating. While it can be mitigated by increasing the reservoir
thickness, this strategy is detrimental to the average output concentra-
tion. In addition, location-specific optimization revealed that a standard
biofacade module could be deployed over France. As perspectives, this
work calls for its extension towards three directions: experimental vali-
dation, life cycle analysis, and national-scale implementation potential
assessment.
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