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 A B S T R A C T

This work combines microalgae culture numerical modeling and open big data from the French weather 
forecast agency and the French government to evaluate the annual deployment potential for microalgae 
biofaçade over France’s mainland territory. After data curation, three scenarii were evaluated. The annual 
production potential offered by new buildings (offices, retail buildings, hotels, industrial buildings, and state 
buildings) lies between +28.9 ± 3.7 and +202.6 ± 17.4 ton per year for the conservative and the optimistic 
scenario, respectively. It corresponds to producing 6100 to 62,000 microalgae biofaçade units, which is more 
than enough to sustain year-round continuous production. Analyzing the host building type revealed that 
retail buildings (e.g., malls) are the most favorable places for the technology, followed by state buildings and 
offices. Finally, in depth analysis of the results showed that façade orientation is the first predictor of the 
system performance while its geographical location in France is only a modulator of it.
1. Introduction

Since the middle of the 20th century, humanity is continuously 
increasing the pressure on its host ecosystem. Over 1971, humans 
consumed for the first time more than what Earth could provide in a re-
newable manner over a year [1]. Since then, the situation never stopped 
worsening. The drivers for this problematic situation are both an in-
crease in number and an improvement in the average quality of life. 
Among the different compartments of our ecosystem, the most stressed 
ones might be fossil fuels, water, arable lands, and biodiversity [2]. 
Mitigating this situation by whichever sustainable means is, therefore, 
an imperious need. In this context, microalgae emerge as a tool ca-
pable of helping humanity reduce its footprint. Indeed, they are able 
to produce numerous molecules with applications ranging from food 
and feed [3] to pharmaceutical industries [4,5], and nutraceutics [6] 
while delivering ecosystemic benefits (CO2 fixation [7], phosphate 
fixation [8], nitrogen fixation [9], effluent bioremediation [10] etc.). 
Finally, extraction process leftovers could be valorized as biofuel [4]. 
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Despite their potential, numerous scientific challenges must be ad-
dressed before microalgae can fully deliver on their promises. Among 
them, reducing the cost of microalgae production is critical.

Cutting costs while not compromising biomass quality can be
achieved by massive outdoor deployment of streamlined photobiore-
actors. With this approach, photobioreactor manufacturing would ben-
efit from the scale cost cutdown of mass production. Furthermore, 
large-scale operations would generate massive operational feedback, 
driving best practices sharing and performance gains [11]. Yet, two 
challenges are to be faced to successfully implement a large-scale 
outdoor bioprocess. First, the cultures would experience natural light 
and temperature cycles, making process operation less straightforward 
than indoors. Second, large areas with adequate sun access would 
have to be acquired. Fortunately, a microalgae technology address-
ing part of these limitations exists: the façade-integrated microalgae 
photobioreactors (biofaçades, in short, and hereinafter) [12,13]. This 
association represents a building/biotechnology synergy belonging to 
the emerging concept of advanced architecture (which is broader 
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than microalgae bio-reactive façade and, for example, encompasses 
thermal/photovoltaic façades [14]). The synergistic aspects come from 
the fact that both compartments would benefit from their associa-
tion. On the photobioreactors side, the benefits would be a reduced 
production cost as the host building offers vertical support and some 
utilities (e.g., water and potentially nutrients such as carbon dioxide), 
and a dampening of the temperature variation thanks to the build-
ing thermal inertia. On the building side, gains would be shading, 
improved thermal comfort by better modulating incident heat [15], pol-
lution emission reduction [16], energy generation [12], and aesthetic 
enhancements [17].

Still, before massively deploying a technology on a large scale, its 
potential relevance has to be assessed. To do so, one needs preliminary 
data, either experimental or numeric, and a methodology to upscale 
them. In the case of microalgae biofaçade, investigators tackled the 
knowledge gaps with three methods. Experiments came first. They 
focused on isolated microalgae biofaçade modules (not integrated into 
a host building). They delivered answers to basic questions such as 
thermal performance [18] or biomass productivity [19,20]. Then came 
numerical models. They widened the scope towards design and inte-
gration questions (single vs. double glazing [21,22], façade-integrated 
vs. double skin [23,24], straight vs. free-form [25]), analyzed the 
impact of weather [26,27], and delivered insight on visual comfort 
and aesthetics [15,17]. Finally, a short-lasting yet important, large-
scale experiment has to be mentioned: the BIQ house in Hamburg, 
Germany. For an architecture exhibition, the building was equipped 
with 185 m2 of biofaçade [28]. This trial delivered solid measurement 
of the microalgae photoconversion efficiency (4.4%, comparable to 
laboratory studies 5.01% [29], 5.65% [30], or 4.34 % [31]), and 
validated building dwellers acceptation of the technology.

While they delivered insightful knowledge about biofaçade systems, 
none extrapolated their findings to the national scale. Indeed, such 
an endeavor requires a proper methodology on top of small-scale 
performance quantification. The main pitfall to avoid is multiplying 
small-scale results by a scale ratio factor, incidentally ignoring the 
numerous hurdles that will arise in real life (weather, implementation 
location suitability, regulations, etc.) [32]. Most of the studies carry-
ing out large-scale extrapolation of microalgae outdoor processes are 
dedicated to biofuel production potential assessment. While their focus 
differs slightly from the one in this article, their findings are worth 
considering, at least for guidance. Among the different articles, one 
could note the one of Moody et al. who estimated the lipid produc-
tion potential using Nannochloropsis [32]. Using a model powered by 
weather data (cloud cover, temperature, etc.) from 4388 stations world-
wide, they have been able to map the production potential worldwide. 
Diving in-depth into their results, they showed that not accounting for 
temperature impact on cell metabolism could lead to an overestimation 
by a factor of two. In the same way, cloud cover has been shown to 
be a strong modulator of this microalgal bioprocess. In the same year, 
Coleman et al. reported an investigation of US Gulf Coast biodiesel 
production potential [33]. In their demonstration, the authors under-
lined that it is paramount to account for weather and to do this over 
several years (30 in their case) and at multiple locations. Indeed, as-
suming maximum productivity all year long is nonsense, yet designing 
a process based on the average production over a single year is also 
a dangerous assumption, as year-to-year variation can be substantial. 
In the case of their work, a Chlorella vulgaris culture can produce from 
17 to 35 g/m2/day in summer, depending on the weather of the year. 
They also considered the biofuel generation process in a more holistic 
way. Finally, Boruff et al. deployed a similar methodology to evaluate 
the biofuel production potential of the Western Australian coast [34]. 
They further refined their methodology by precisely identifying suitable 
locations through the incorporation of social (workforce availability 
and education level) and cultural (natives’ lands, ecological reserves) 
elements. All in all, these studies converge on the crucial need to 
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account for local specificities (weather, land suitability and availability, 
etc.) to deliver meaningful predictions.

Inspired by these previous studies, this work intends to develop a 
methodology for assessing microalgae biofaçade potential on a large 
scale. As microalgae biofaçade is a hybrid system, its large-scale as-
sessment requires three crucial elements: adequate microalgae growth 
model, weather data, and host-building data (equivalent of land qual-
ity/availability in the aforementioned studies). 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 [21,35] 
and its application to system design [35,36]. The second one is also 
accessible thanks to the Météo-France open data policy. Indeed, the 
French weather forecast agency released almost 30 years of historical 
weather data covering France’s mainland territory. The last one is also 
openly shared by the French government through the building permits 
database. By coupling these three elements together, it is possible 
to assess realistically, in a location-specific manner, the production 
potential of new buildings constructed in France each year. This ar-
ticle will develop the methodology in a stepwise manner. First, the 
model will be introduced, and then weather and building data will be 
diagnosed and curated (a common procedure when using this type of 
database [37]). Then, the three elements are coupled to evaluate three 
scenarii (conservative, median, and optimistic) before discussing them.

2. System & models

2.1. Considered system

The modules are foreseen as an alternative to conventional double 
glazing and thus directly integrated into the structure (as opposed 
to a double-skin façade). Fig.  1 illustrates a schematic overview of a 
microalgae biofaçade module optimized from a thermal-biological per-
spective [21,35]. These investigations screened in a systematic manner 
different aspects of a module design (dimensions - i.e., reservoir thick-
ness of 3, 5, or 8 cm -, single vs. double glazing, use a radiation selective 
film - i.e., none, greenhouse type or visible only -, etc.). The opti-
mized system revolves around a reservoir containing the microalgae 
culture (Chlorella vulgaris). This reservoir is enclosed by two sheets of 
PMMA, distant by 5 cm (ensuring a good compromise between biomass 
production and static load), and features a gas sparging system at its 
bottom. On the outward, the system features a conventional double-
glazing (15 mm air layer) covered with greenhouse radiation selective 
films. On the one hand, this combination favors visible light selection 
— powering photosynthesis — while rejecting infrared radiation — 
increasing system temperature and leading to acute overheating events 
—. On the other hand, the double glazing reduces heat loss in a soft 
manner, incidentally increasing the number of hours adequate for mi-
croalgae growth. The dimensions of one biofaçade module are 1 meter 
in width and 4 meters in height (typical office building floor height). 
Moreover, the modules are integrated into an office building façade 
at a height that ensures adequate access to sunlight. One should note 
that microalgae biofaçade modules are not foreseen to cover the whole 
façade but alternated (one in two) with conventional double-glazing to 
ensure visual comfort [15].

2.2. Thermal model

The thermal behavior model of the biofaçade is detailed, validated, 
and thoroughly analyzed in two companion articles [21,22]. In a 
nutshell, the model calculates the evolution of the microalgae reservoir 
temperature by summing the contributions of absorbed and emitted 
convective-radiative heat fluxes. The considered heat fluxes are of 
two different natures: weather-modulated and non-weather-modulated. 
Among the first category are the incident direct sunlight, the incident 
and emitted radiations from and towards the sky, which are modulated 
mainly by the cloud cover. They are complemented by the incident and 
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Fig. 1. Left — Schematic representation of possible microalgae biofaçade design (the aspect ratios and compartments thicknesses are illustrative). 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. Right — Drawing of a potential 
integration into an office building façade.
emitted radiations towards the surroundings (modulated by surround-
ing environment temperature and a potential Urban Heat Island effect) 
and the convective–conductive exchange with the outdoor air (modu-
lated by outdoor air temperature, wind velocity, and direction). The 
second category contains the incident and emitted radiations from and 
towards the host building indoors, the convective–conductive exchange 
with the host building air, the heat inflow carried by the gas sparged 
into the culture, and the heat outflow extracted by the vented gas.

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. 
Additionally, solar illumination is described using the model proposed 
by the Illuminating Engineering Society, which considers solar time, 
position on Earth, cloud cover, and orientation [38]. Radiative ex-
changes with the surroundings, given limited information, are modeled 
using the Stefan–Boltzmann formula weighted by relevant view factors 
and emissivities. In addition, the spectral component of the different 
radiative flux is accounted for. To do so, four broad spectral bands were 
considered: UltraViolet, Visible (subdivided into red, green, and blue), 
Near InfraRed, and Medium and Far (a.k.a. longwave) InfraRed taken 
together. All the abovementioned thermal phenomena are described in 
details in [21] and summarized in the Supplementary Materials.

2.3. Actinic illumination model

Sun and sky actinic illumination are obtained from the model 
proposed by the Illuminating Engineering Society [38] by restricting 
it to the photosynthetically active radiation part of the spectrum. 
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 [35]. 
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 [39,40].

2.4. Biological model

The biological model used in this work is based on mass and 
energy balances [35]. First, cells capture actinic light (based on the 
illumination calculation and weather modulation). Their ability to 
harvest and photosynthetic efficiency (fraction of visible light powering 
photosynthesis, the remainder being turned as heat) are influenced by 
temperature and the volume-averaged light intensity within the culture 
compartment (from a practical standpoint, photoinhibition levels are 
never encountered). Then, the captured energy is used to compute cell 
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proliferation (cells are assumed to have a given Higher Heating Value, 
allowing the energy to biomass conversion, assuming all other sub-
strates are supplied in excess). 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 capac-
ity [39,40]. Furthermore, cell maintenance rate is also differentiated 
between the day (light respiration) and night (dark respiration) [31], 
even though it was shown to only have a minor influence on the predic-
tions in the companion article [35]. Finally, cell metabolism as a whole 
(proliferation, maintenance, and pigment expression) is modulated by 
temperature [41] (subzero temperatures are never encountered). The 
cold temperatures slow down cell metabolism but do not damage the 
cells. On the contrary, the hot temperatures lead to a less efficient 
metabolism and can even harm the cells if excessive (irreversible denat-
uration of proteins and DNA [42]). All the abovementioned biological 
phenomena are described in detail in [35] and summarized in the 
Supplementary Materials.

2.5. Module control strategy

The biofaçade modules are operated in turbidostat mode by regu-
lating the fraction of incident exiting the culture compartment to 1% of 
the incident illumination. This value is thought to be a good compro-
mise between maximizing light absorption, hence biomass production, 
and preserving visual comfort. Indeed, on sunny days, a light of 1% 
ensures adequate illumination within the workspace (4.61 μmolPhoton/
m2/s, as advised by the US Occupational Safety and Health Adminis-
tration [43]). Whenever the transmitted light fraction falls below the 
targeted value, a dilution is ordered. A dilution adds 5% of the culture 
reservoir as a cell-free fresh medium and withdraws the same volume 
of cell suspension. In case of hot event, an emergency procedure is 
implemented. If the reservoir temperature approaches to a temperature 
lethal for the cells (45.6 ◦C for Chlorella vulgaris), a 95 %-dilution is 
ordered to make the reservoir translucent and limit power absorption. 
The safety margin was chosen as the lethal temperature minus twice the 
standard deviation of the maximum temperature distribution over the 
hottest year to date (2023, yielding a safety margin of twice 2.69 ◦C).

3. Data & curation

As described above, a microalgae biofaçade is a hybrid production 
system at the interface between a building and the outdoor envi-
ronment. Consequently, it is subjected to weather conditions such 



V. Pozzobon

 

Renewable Energy 252 (2025) 123406 
as changes in air temperature, cloud cover, and wind velocity. The 
variation of the boundary conditions of the system can be described in 
two ways. First, the problem could be circumvented by using Typical 
Meteorological Year, a tool generating weather-realistic meteorological 
data based on the location [44]. 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. Second, actual weather data can be obtained from 
a meteorological agency. This last option was chosen for this work. 
Nevertheless, it also faces some limitations, such as missing data points.

In addition to weather data, building construction data are also so-
licited in this work. Indeed, biofaçade modules require a host building. 
Assessing the technology’s potential requires estimating the number of 
new buildings able to host microalgae biofaçade modules. This work 
used the French building permits database to compute these data.

3.1. Meteorological data

3.1.1. Presentation
Meteorological data driving the model were sourced from Météo-

France, the public French weather forecast agency. They cover France 
with approximately one station per former administrative region (42 
stations in total), meshing uniformly the country. The measured data 
varied from one station to the other as they are not all equipped 
with the same sensor array. Among the available measurements, the 
ones used in this study are station ID (to recover name, longitude, 
and latitude), measurement time, air temperature, cloud cover, wind 
velocity (at 10 m above the ground), wind direction, relative humidity, 
dew point, and static pressure (at the station and its variation over 
3 h), horizontal visibility, rainfall over the last six hours (only available 
after 2005), barometric trend, and weather indicator. The ones directly 
involved in the computation of a microalgae biofaçade module perfor-
mance are air temperature, cloud cover, wind velocity and direction, 
relative humidity (for Urban Heat Island Intensity calculation), and 
static pressure. The others are used to drive the missing value imputa-
tion procedure. Feature inclusion was based on inter-station reporting 
frequency (i.e., found in all stations) and completeness (intra-station 
data quality). Finally, data range from January 1996 to May 2024 (last 
access), with measurements taken every three hours, yielding about 62 
million data points, of which 12.99% are missing.

3.1.2. Diagnosis
The first step was to check the data for completeness. Fig.  2 reports, 

per station and per year, the Nan (Not a number) fraction over the 
whole dataset (Top) and the one specific to the cloud cover (Bottom). 
The first comment is that overall data quality is variable between 
stations and over time for each station (Fig.  2 - Top). The main temporal 
pattern is a higher Nan fraction before 2005, explained by the fact 
that the rainfall over the last six hours was not reported before this 
date. Between stations, airport-associated stations are more reliable 
than the average (ID 7149 — Paris —, ID 7299 — Bale Mulhouse —, 
7481 — Lyon, and 7650 — Marseille —). Nevertheless, not all the data 
have the same role within the model. For example, temperature and 
cloud cover are paramount. Static pressure is almost accessory as it 
is used to compute the sparged gas density and associated heat flux, 
which has been shown to have almost no impact on the system thermal 
behavior [22].

The first critical parameter is the outdoor air temperature, which 
strongly influences the culture reservoir temperature, which, in turn, 
acts on cell metabolic rates. These data were found to be quite robust, 
with a minimal number of Nan values. Indeed, the yearly fraction of 
Nan values is 0.10 ± 0.55% - max 13.37% - by station, over 27 years, 
after the removal of the outlier (ID 7661 — Cap Cepet — on the year 
2020 to 2023). Given the marginal amount of Nan values, the missing 
values were reconstructed by linear interpolation, and the dataset was 
deemed robust.
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The second critical parameter is the cloud cover. Unfortunately, 
data were more fragmented than for the outdoor air (Fig.  2 - bottom). 
The first comment is that data availability drops from 2015 onward. 
This portion of the data might, therefore, not be usable. Over the 
whole dataset, on average, the yearly amount of Nan values represented 
32.08 ± 26.64% by station over 27 years, with some stations (ID 7005, 
7255, 7558, and 7577) reporting no value at all for several years 
in a row (ID 7591 does report cloud cover at all). For the sake of 
completeness, the dataset was restricted to daytime (9 am to 5 pm),
i.e., when cloud cover actually alters sunlight. With this restriction, 
the average Nan value drops to 21.84 ± 27.31%, indicating that the 
could cover data are not specifically impacted by the measurement time 
(e.g., technical problem to measure could coverage at night). If one 
restricts the dataset to its higher quality part (taking only the data after 
2005 and before 2015), these metrics are reduced to 27.59 ± 23.81% 
(whole day) and 13.84 ± 21.79% (daytime only), which still represents 
a sizable part of the dataset. The uncertainty surrounding these data is 
all the more unfortunate as cloud cover has been shown to be a strong 
modulator of the available light resource driving cell growth. It was, 
therefore, mandatory to develop a strategy to cope with this partial 
lack of high-quality data.

3.1.3. Missing value imputation
Two broad categories of approaches are available to reconstruct 

missing values: statistical methods, and machine learning methods [45].
Among the first ones, imputing the average value or the closest mode 
value are common practices. Yet, they seem inadequate in the case 
at hand, as cloud formation is not a random process and could be 
linked to other available features, opening the way to a rule-based 
reconstruction. Unfortunately, the covariance matrix does not show 
a strong correlation between the data. The cloud cover correlation 
coefficients span from −0.27 to +0.32. Therefore, it was decided to 
explore machine learning techniques to reconstruct cloud cover data. 
Cloud cover is either expressed in octa or percent, but, in any case, 
it is a variable with nine possible values (e.g., 0 to 8). Consequently, 
a classification approach was adopted over a regression approach. 
Several algorithms were screened. The output metrics were the Mean 
Square Error (MSE — the lower, the better), the zero-centeredness of 
the error (𝑒 - should be close to zero), the spread of the error (𝜎𝑒 - 
the lower, the better), and the accuracy (defined as the percentage of 
accurate classification). Several classifiers were tested (Support Vector, 
MultiLayer Perceptron — three layers with 75, 50, 25 REctified Linear 
Units neurons —, Naive Bayes, K-Nearest Neighbors, Decision Tree, and 
Random Forest — with 25 trees —). The input features were all the 
aforementioned ones (excluding station ID but including measurement 
year to account for slow underlying trends, such as climate change). 
Performances were screened in cross-validation (10 fold) over a test 
case (Orly airport station, data from 2005 to date, yielding 53 338 
usable data points). The algorithms implementations were drawn from 
Scikit-learn library [46] and manually tuned before being compared.

Table  1 presents the performances of the different classifiers on the 
test case. As one can see, Random Forest and MultiLayer Perceptron 
yield the best results. Random Forest offers zero-centered predictions 
(𝑒 close to zero) with lower MSE, and error spread than the MultiLayer 
Perceptron. Still, the MultiLayer Perceptron achieves the highest accu-
racy, at the price of being slightly more off-centered. Yet, this better 
performance cannot be deemed statistically significant. Consequently, 
Random Forest was used as missing value imputation algorithm.

To reconstruct the cloud cover data, the Random Forest classifier 
was trained using historical data (after 2005, as rainfall values were 
not available before this date) specific to each station. This way, 
data missing on the 2005–2014 period were recreated, accounting for 
each station specific conditions. Nevertheless, despite missing values 
reconstruction, some stations had to be discarded because of the ir-
recoverably poor quality of their data. Namely, station ID 7072 as it 
had years of missing data, station ID 7181 as it had almost no period 
where all data were present, and station ID 7591 as it had no cloud 
cover data.
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Fig. 2. Top — Nan fraction over the whole dataset. Bottom — Nan fraction for the cloud cover feature. Gray — Missing all data (ID 7072 before 2012).
Table 1
Comparison of the different classification algorithms used to reconstruct cloud cover data. KNN — K-Nearest Neighbors. Bold — Best value. 
Underlined — Second best value.
 Classifier MSE 𝑒 𝜎𝑒 Accuracy (%)  
 Support Vector 8.708 ± 0.190 0.810 ± 0.042 2.837 ± 0.029 42.750 ± 0.638  
 MultiLayer Perceptron 7.626 ± 0.278 0.439 ± 0.142 2.723 ± 0.055 43.693 ± 0.923 
 Naive Bayes 21.077 ± 0.282 −3.289 ± 0.038 3.203 ± 0.019 23.399 ± 0.623  
 KNN 8.253 ± 0.206 0.077 ± 0.042 2.871 ± 0.036 39.556 ± 0.466  
 Decision Tree 8.153 ± 0.213 −0.022 ± 0.047 2.855 ± 0.037 32.370 ± 0.766  
 Random Forest 6.811 ± 0.085 0.269 ± 0.035 2.596 ± 0.015 43.301 ± 0.505  
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

3.1.4. Quality check & interpolation
Once missing data have been corrected, the next step was to check

the dataset for the intended application, i.e., computing microalgae
biofaçade module performances. The yearly performances of standard
modules oriented due South were computed using the model presented
above (Section 2). Fig.  3 — Left — presents the annual biomass pro-
duction of modules, hypothetically placed at the meteorological station
locations. As one can see, the performances exhibit a slightly downward
trend (−0.12 ± 0.05 kg/year2, trend over all stations). This trend can
be explained by decreasing incident light over the years, driven by an
increasing average cloud cover (+1.50 ± 0.41%/year, trend over all
stations). In addition, two groups of time series can be identified. The
first one shows slightly decreasing performances (Fig.  3 — Right —
Green), and the second one exhibits a two-stage downward trend (Fig.
3 — Right — Red). While the initial stage follows the overall trend, the
second shows an abrupt (circa −2 kg per year) downshift. The second
group of trajectories is the remanence of poor quality of the cloud
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cover data that the reconstruction could not mitigate. Furthermore,
their noise level makes them unreliable and worth removing from
the dataset. Hence, it was decided to discard them. To do so, they
were identified using a trend criterion (regression coefficient below the
average minus one standard deviation) and a noise level criterion with
respect to their own trend (Root Mean Square Error > 0.5 kg/year,
circa 10% of the annual production). Overall, 27 stations covering
relatively uniformly mainland France territory were finally retained for
this study.

Once data quality has been ensured, the next step is to interpolate
the data between the different locations. Indeed, most of the newly
constructed buildings are not located in the vicinity of a meteorological
station. After a benchmark, the Adaptive Inverse Weighting Distance
algorithm was chosen among the different interpolation techniques,
allowing spatial interpolation of a dataset. This technique has been
shown to be relevant for large-scale interpolation and is easy to de-
ploy [47]. The choice of the meta parameter (𝛼) governing the spatial
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Fig. 3. Annual biomass production for one microalgae biofaçade module placed at the station location. Left — whole dataset. Right — Green — Selected stations. Right — Red 
— Discarded stations.
decrease of the station influence was obtained by optimization and ten-
fold cross-validation using the data of the first year of the selected 
dataset. The calibrated interpolation obtained an RMSE of 0.62 kg 
for an average production of 5.73 kg per biofaçade module, yielding 
a 10.8% error, which was deemed acceptable for the interpolation. 
This way, a mapping of the annual production per module could be 
computed over the whole country. Thus, each new building could see 
its microalgae production potential evaluated based on its geographical 
coordinates (see Graphical Abstract).

3.2. Building permits data

3.2.1. Presentation
Microalgae biofaçade being a hybrid building/biotechnology sys-

tem, it is important to identify candidate host buildings to assess the 
production potential over France. Thanks to the French government’s 
open data policy, building permits data is publicly available today. 
This database contains records since 2013, with 690657 entries for 
nonresidential buildings over the 2013–2023 period. Each entry has 99 
features, most of them being zero-filled as not all features relevantly 
apply to each entry. Among the available data, the ones of interest 
for this work are the municipality code of the building (to identify 
its longitude and latitude and the urban density of the associated 
area), intended use (housing, hotel, office, retail, craftsmanship, indus-
try, agriculture, warehouse, administrative), project status (authorized, 
canceled, started, completed), type of the project (new building or 
renovation), effective starting date, project lot area, project total area, 
and number of floors of the building (introduced in 2020, deemed 
poorly reliable in the metadata). The two last features were combined 
to yield the area per floor (project total area/nb. of floors) and the 
façade length (square root of the floor area, assuming a square shape).

In addition to the building permits database, the INSEE (French In-
stitute of Statistics and Economic Studies) database detailing the urban 
density for each municipality was accessed to assess the surrounding 
of biofaçade installations (e.g., city center with tall buildings, rural 
area with open access to the sunlight, etc.). These data are based 
on a 1 km2 square meshing of France’s mainland territory done by 
Eurostat (the statistical office of the European Union) retreated by 
INSEE in 2022 based on the 2018 population survey. Following a 
specific methodology to identify urban centers, INSEE classified the 
municipalities as very low (< 25 inhab./km2), low (< 300 inhab./km2), 
medium (< 1500 inhab./km2), and high (> 1500 inhab./km2) density 
area. This methodology clearly ensures a high quality of the data, as, 
in France, some municipalities span vast areas, which could induce 
erroneous classification if the overall population density (number of 
inhabitants/municipality area) was used instead.
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3.2.2. Diagnosis
The first comment is that the building permits databases had ex-

tremely few empty cells over the features of interest (4656 over 
18969741, i.e., 0.02%). The second database, detailing the urban 
density, was also complete. Furthermore, Nan values could not be used 
as indicators as some values are text, hence, naturally not numbers. 
Nevertheless, data quality could be diagnosed based on a set of cri-
teria identifying erroneous data provision (i.e., leading to abnormal 
buildings). Those criteria were: more than 50 floors for a building, 
one-floor area larger than the lot area, one-floor area below 1 m2, and 
incorrect municipality code (not provided, Nan, not in found in the 
official municipality database). On average, per year, 7.96 ± 0.48% of 
the records were erroneous for the period spanning from 2013 to 2023 
(Table  2). Data can, therefore, be deemed of good technical quality. 
Yet, two additional comments are to be drawn.

First, the keen observer would have noted that the number of 
canceled projects is relatively stable over the year 2015 to 2020 
(3.59 ± 0.17%) and drops over the year 2021 to 2023. This is explained 
by the fact that a project cancellation may be issued several years after 
its authorization (up to three years, based on the data). Therefore, to 
avoid overestimating the number of new buildings over the year 2021, 
2022, and 2023, the lower cancellation rating over the most recent 
period had to be corrected. The first step is to analyze if canceled 
projects exhibit a specific pattern with respect to the whole data. 
To do so, the relative distance between the canceled projects subset 
and the rest of the dataset was measured. As measuring a distance 
in the features space is not intuitive, a specific metric was used: 
Cohen’d (Eq. (1), [48,49]). This index compares the distance between 
two groups by weighting it with the joint standard deviation, which 
eases the comparison. In terms of interpretation, an absolute Cohen’s 
d value of 0.2 is deemed minor, 0.5 medium, and large above 0.8. 
Over the different building categories, Cohen’d values reach an average 
of 0.06 ± 0.03 - max 0.11 -. Consequently, it can be concluded that 
the canceled projects are not significantly different from the whole 
dataset. Therefore, it is possible to correct the cancellation level over 
2021–2023 by artificiality marking randomly some projects as canceled 
until the cancellation rate reaches the one on the 2015–2020 period. 

𝑑 =
𝑋̄1 − 𝑋̄2
√

𝑠21+𝑠
2
2

2

(1)

The second comment to be drawn is that the database manager 
specifies in the metadata that some data, were unreliable, among which 
the number of floors. Unfortunately, this information is paramount for 
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Table 2
Data curation and selection from the building permits database.
 Year Number of records Relative values
 Nb. of 

projects
Nb. floors 
>50

Larger 
than the 
lot

Below 
1m2 per 
floor

No mu-
nicipality 
code

Unknown 
munici-
pality 
code

Canceled Selected Incorrect Canceled Selected 

 2013 79304 2 2993 22 546 2991 3742 40342 8.26% 4.72% 50.87%  
 2014 68013 3 2899 12 1242 722 3299 34609 7.17% 4.85% 50.89%  
 2015 65870 5 2841 24 1372 785 2417 33333 7.63% 3.67% 50.60%  
 2016 68805 1 3126 29 1662 864 2293 35194 8.26% 3.33% 51.15%  
 2017 62884 4 3303 25 1444 707 2232 30846 8.72% 3.55% 49.05%  
 2018 59498 5 3084 39 1302 602 2071 28130 8.46% 3.48% 47.28%  
 2019 59756 3 3257 35 1166 529 2281 27983 8.35% 3.82% 46.83%  
 2020 51079 1 2674 21 993 342 1881 23951 7.89% 3.68% 46.89%  
 2021 61500 10 3243 33 1185 311 1957 31474 7.78% 3.18% 51.18%  
 2022 59712 5 3233 38 829 320 1526 31049 7.41% 2.56% 52.00%  
 2023 54236 8 2669 58 302 1123 493 29663 7.67% 0.91% 54.69%  
this work, which enforces the need for additional curation to ensure 
the reliability of the data.

3.2.3. Curation
To minimize the curation workload, as the deployed algorithms 

could be computational power greedy, this curation was carried out 
on data that were relevant for the study. Data were retained based 
on the type of the project (new constructions, renovations were ex-
cluded), project status (canceled projects were excluded), and floor 
area (minimum 25 m2 for one floor). These selection criteria resulted 
in the inclusion of 50.13 ± 2.42% of the records per year over the 
2013–2023 period. Then, data were further restricted to those filed 
after 2020, as the number of floors was not requested to file for a 
building permit before this date. Hence, floor area and façade length 
cannot be established for records before this date. This narrowed the 
usable data to 92186 records on which further curation was undergone.

Subsequent data curation was led in two stages. First, outliers 
were detected and removed using DBSCAN unsupervised clustering 
algorithm [50] based on façade length and number of floors (after data 
scaling). Then, cluster analysis was performed to identify those associ-
ated with erroneous data provision. Problematic clusters were defined 
as those featuring buildings having abnormal characteristics (too many 
floors for a too-small façade), i.e., two-floor buildings with a side length 
below 10 m or three-floor buildings with a side length below 15 m. This 
procedure was carried out individually on subsets grouping records 
per intended final use (office, retail, industry, etc.). For each of them, 
DBSCAN meta-parameters (search distance and minimum number of 
members to create a cluster) were jointly optimized to avoid classifying 
all records as outliers or as members of the same supercluster. Fig.  4 
shows the results of the outliers (black dots) detection and abnormal 
building (red dots) identification procedures for the office buildings 
subset. Even though visually important, outliers only represent 9.8% of 
the 5267 records. While they might appear as possible buildings layout 
at first, one has to think of how likely would be the average outlier: 
a single-story building with 100 m of façacade length (i.e., 10 000 m2

of area). In addition, the clusters hosting buildings with questionable 
façade length to floor number ratio encompasses 18.1% of the data. 
They are thought to originate from erroneous provision of the building 
number of floor.

By repeating this process for all the type of building, the final 
dataset contained 48742 records, over the year 2021 to 2023, deemed 
trustworthy enough to be used in the rest of the workflow.

4. Scenarii

After reconstructing weather data, broadcasting microalgae bio-
façade module production over the whole territory, and locating new 
buildings implementations, the next step was to couple them together. 
This can be done straightforwardly using the buildings municipality 
7 
Fig. 4. Clustering curation procedure results for the office buildings subset. Green — 
Selected entries. Red — Discarded entries (abnormal characteristics clusters). Black — 
Outliers.

codes to recover their geographical coordinates. The last point was to 
assess the buildings’ surroundings as they can modulate the biofaçade 
module’s thermal behavior depending on whether they induce an Urban 
Heat Island phenomenon. This work considered that the Urban Heat 
Island phenomenon comes into play for medium and high-density 
municipalities (identified thanks to INSEE database).

Once technical details have been sorted out, the deployment sce-
narii can be designed. A scenario is a set of specific conditions for 
a deployment to be considered relevant. It specifies which building 
types can host a microalgae biofaçade, the associated load (fraction of 
a façade covered by microalgae culture modules), minimal height (in 
number of floors) to ensure adequate access to sunlight, the minimal 
production a module has to achieve, and the minimal production a 
building has to achieve to be included. Table  3 details the three scenarii 
considered in this work. As one can see, no warehouses or agricultural 
buildings are included as potential targets as they are not equipped 
with heating systems, which dramatically hinders the synergy between 
building and the microalgae culture. In addition, housings are also 
excluded as managing the workflow associated with culture medium 
sourcing and biomass valorization was deemed too troublesome for the 
general public. Furthermore, in all the scenarii, the building load does 
not exceed 50% of the façade, as it was shown to be the maximum 
value still ensuring adequate visual comfort [15]. In addition, the 
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Table 3
Scenarii characteristics.
 Scenario Building type Façade load Minimum module height Minimum 

production 
per module 
(kg/year)

Minimum 
production 
per building 
(kg/year)

 

 
Optimistic

Office
Retail
Industry
Hotel
State/Administrative

50% 
50% 
33% 
50% 
50%

Very low density — Ground floor 
Low density — Ground floor 
Medium density — Second floor 
High density — Third floor 

1.67 25

 

 
Median

Office
Retail
Industry
Hotel
State/Administrative

50% 
50% 
25% 
50% 
50%

Very low density — Ground floor 
Low density — Ground floor 
Medium density — Second floor 
High density — Fourth floor 

2.5 50

 

 
Conservative

Office
Retail
Industry
Hotel
State/Administrative

 50% 
50% 
10% 
50% 
50% 

 Very low density – Ground floor 
Low density — Ground floor 
Medium density — Third floor 
High density — Fifth floor 

3.33 75

 

industry buildings load was set to lower values. Indeed, most industrial 
installation include buildings that are not heated (storage, expedition 
hall, etc.). For the tested scenarii, the outcomes are the microalgae 
production potential offered by newly constructed buildings over a 
given year and the number of microalgae biofaçade module to be 
produced to equip the new buildings (to evaluate the need for a specific 
industry).

Three scenarii were designed assuming different set of hypothe-
ses. The optimistic scenario assumes that most of the buildings could 
host microalgae biofaçade modules with a load of 33% for indus-
trial façades. In addition, it assumes that in the cities (medium and 
high-density municipalities), the lower floors of the buildings have 
adequate access to sunlight. Finally, it accepts lower productivity mod-
ules (1.67 kg/year, 33% of the reference value of 5.06 kg/year, the 
average for South-oriented modules) and buildings (25 kg/year). The 
median scenario is more exigent as higher elevation is required in 
cities to access sunlight, and only modules yielding at least 50% of 
the reference capacity are included. The conservative scenario can be 
deemed stringent as high elevation is required in cities, and only the 
most efficient modules are selected if the overall building production 
potential is high (more than 75 kg/year).

Finally, the scenarii simulation requires addressing the mismatch 
between the available data and some adjustments to account for un-
certainties originating from unknown buildings’ orientations. Quality 
weather data span from 2005 to 2014, while the usable records sec-
tion of the building permits database (with the number of floors of 
the construction) covers the years 2021, 2022, and 2023. Therefore, 
the production capacities of the new buildings were evaluated using 
weather records from about ten years ago obtained at the same loca-
tion. While not optimal, this methodology was chosen as data quality 
was preferred over data concomitance. Furthermore, the building av-
erage lifespan is of several decades, which minimizes the importance 
of the time difference between the two datasets. Regarding building 
orientation, it would be bold to assume that all the façades are oriented 
towards the South. Indeed, orientation is more likely to be dictated by 
the lot shape than the will to cultivate microalgae. Therefore, façade 
orientation was assumed random between all the possible directions, 
with a 22.5 ◦ increment. When two façades are exposed to the South 
(e.g., the South-East is complemented by the South-West), both are 
tested to determine whether they could host a valid implementation. 
As the orientation affectation procedure is random, it requires to be 
repeated several times to avoid unintentionally selecting an artifact. 
Consequently, it was carried out until the convergence of the perfor-
mance indicators’ average and standard deviation (40 Monte Carlo runs 
were enough to achieve a convergence below 5%).
8 
5. Prediction analysis

Fig.  5 illustrates the proposed methodology outputs at the country 
scale. As one can see on the left side of the figure, microalgae biofaçade 
modules are more productive in the coastal areas next to the Atlantic 
Ocean and the Mediterranean Sea, with productions of up to 8 kg per 
year for a South-oriented module. On the contrary, the inland eastern 
part of mainland France is less favorable, with locations allowing 
an output below 4 kg per year. In addition, the map also delivers 
insights into new office building locations in the year 2021. They are 
preferentially located in the western part of the country, with hot 
spots in metropolises. Regarding yearly generated production potential 
agglomerated at the nation scale, it ranges from +28.9 ± 3.7 ton per 
year to +202.6 ± 17.4 ton per year, depending on the scenario. In the 
case of the optimistic and the median scenario, all the building cate-
gories contribute to biomass production, with significant contributions 
from the largest buildings (state and retail). Yet, the extent of their 
contribution is halved between the two sets of rules. Going one step 
further, the conservative scenario excludes hotel and industry buildings 
but retains retail ones, which become the dominant type. From this 
analysis, it can be concluded that, in France, the surest growth vector 
for microalgae biofaçade are the retail buildings (e.g., malls), followed 
by state buildings, and, finally, office buildings. Finally, in any of the 
scenarii, the number of required microalgae biofaçade modules is more 
than enough to sustain year-round continuous production (from 6100 
to 62,000 units), making them an economically attractive product for 
a window manufacturer.

Having access to a sizable amount of data allows to dive into the 
details and investigate performance distributions in addition to agglom-
erated indicators. Fig.  6 presents the distribution of the new office 
building production distribution potential, the number of modules per 
building, and the specific production for each module. The first com-
ment is that the distribution of the indicators is remarkably stable over 
the three tested years. Furthermore, the building production potential 
and the number of installed modules per building exhibit a log-normal 
distribution of almost constant mean and standard deviation (Table  4). 
While it is exemplified for the office buildings, the same comment can 
be drawn for the other types of buildings. The last indicator (individual 
module annual production) does not follow the same trend as the two 
first ones. This distribution is made of several Gaussian components. 
Each component corresponds to an orientation (South, South-South-
East, South-East, etc. and their West counterparts). It is specifically 
interesting to note that the South-facing modules exhibit far better 
performance than the others. This highlights the fact that orientation 
determines the system performance (mean of the individual Gaussian 
curves), while location only modulates it (standard deviation of the 
Gaussian curves). From this analysis of these distributions, it can be 
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Fig. 5. Left — Projection of the map of the new office buildings for year 2021. Color scale — Performance of one module, randomly oriented. Right — France-scale production 
for the different scenarii.
Table 4
Parameters resulting the distributions fitting. Values are displayed as average ± standard deviation over the year 2021, 2022, and 2023.
 Production potential Number of module per 

building
Individual module production (two first Gaussian 
curves out of three)

 Mean (kg/year) Std. Dev. (kg/year) Mean (−) Std. Dev. (−) Mean (kg/year) Std. Dev. (kg/year) Mean (kg/year) Std. Dev. (kg/year) 
 Office 72.0 ± 3.1 36.5 ± 1.1 19.9 ± 0.7 9.7 ± 0.3 5.36 ± 0.01 0.36 ± 0.01 3.36 ± 0.05 0.65 ± 0.01  
 Retail 94.9 ± 0.4 50.6 ± 0.2 26.2 ± 0.2 13.6 ± 0.1 5.36 ± 0.01 0.31 ± 0.00 3.39 ± 0.00 0.58 ± 0.01  
 Industry 76.3 ± 2.2 65.4 ± 3.0 21.0 ± 0.6 17.6 ± 0.7 5.37 ± 0.00 0.32 ± 0.01 3.39 ± 0.01 0.54 ± 0.01  
 Hotel 52.0 ± 3.5 36.4 ± 3.3 14.4 ± 1.0 10.0 ± 1.1 5.34 ± 0.05 0.30 ± 0.07 3.38 ± 0.07 0.53 ± 0.08  
 State 71.0 ± 4.9 36.7 ± 1.8 20.7 ± 0.1 10.4 ± 0.1 5.34 ± 0.01 0.34 ± 0.01 3.34 ± 0.02 0.58 ± 0.01  
concluded that few buildings have a high production potential and that 
orientation is the first factor governing system performance.

6. Discussion

The estimations drawn by the proposed methodology call for a 
discussion. First, the cloud cover data are to be confronted with other 
available data. This is especially true for the trend. Indeed, specific 
values may have been reconstructed, but the available data give the 
trend itself. The overall trend over the 2005–2014 period is an increase 
at a rate of +1.00 ± 0.30%/year for the selected stations. This value 
might seem small, yet it represents an increase of 10% over ten years, 
which is subsequent. As a point of comparison, over mainland USA, the 
increase rate was +0.19 to +0.27%/year over the preceding 34 years, 
according to Dai et al. [51]. Interestingly, the authors noted that cloud 
cover monitoring was a complex task for which different observation 
techniques (human observation, ground-level monitoring — ceilometer 
-, and satellite monitoring) yield different values. They also advocated 
that ceilometers yield measurements of lower quality than human 
observers. This difference was also acknowledged by Météo-France, yet 
the cost reduction it offers led to a large deployment of the technology. 
Indeed, at the end of 2005, all French large airports were equipped with 
this technology [52]. Therefore, it is safe to assume that all stations 
were also equipped, as airports are tied to strong regulations that 
prevent the rapid replacement of humans by machines. Furthermore 
cloud cover correlation with rainfall was also lower in this study 
(+0.12) than the one reported by Dai et al. (+0.35) [51], which may 
indicate that France would be covered by more clouds less prone to 
rain. In addition to comparing the literature, contacting Météo-France 
to gather their expert opinions was unsuccessful. Nevertheless, none of 
these elements would void the validity of the methodology used in this 
work.

Building data is also to be confronted with literature. While it is 
difficult to find academic work directly relating to the data at hand, it 
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is possible to note that most of the buildings found in the database have 
five floors or less (Fig.  4). This observation echoes the one of Godoy-
Shimizu et al. who concluded that low-rise buildings (i.e., less than 
five floors) are more efficient energetically efficient than their higher-
rise counterparts [37]. In addition to their distribution, the lifespan 
of buildings is also a key parameter to be considered, as it dictates 
how long the deployed system can be used. The explored building 
types belong to the ‘‘common building’’ and should be designed to last 
50 years, according to European guidelines [53]. Nevertheless, studies 
show that buildings lifespan is longer than the prescription (from 70 
to 100 years for ordinary buildings [37,54]). Assuming a conservative 
50-year lifespan would allow, once fully deployed, French microalgae 
biofaçades to produce 1.4 ± 0.2, 4.7 ± 0.5, and 10.1 ± 0.9 kton/year 
according to the conservative, the median, and the optimistic scenario, 
respectively.

Finally, evaluating the capacity of the production system is only 
relevant when compared to the market in addresses. In the case of 
this work, as microalgae biofaçade modules would be implemented in 
France and host Chlorella vulgaris cultures, the intended market can 
be described as the European market for this strain. Yet, European 
microalgae production markets and volumes are difficult to evaluate. 
On the one hand, microalgae enthusiastic lobbies evaluate the market 
to be around 25 ktons (all species) per year in 2030, for a market value 
of half a billion USD. On the other hand, official data from the Food and 
Agriculture Organization (FAO) [55], acknowledged by the European 
institutions [56], lie around 250 tons, which is an underevaluation. 
Indeed, when accessing the FAO data, one finds an almost empty 
database, dominated by Arthrospira production (102 kton in 2022, 
appearing as 99.68% of the worldwide microalgae production) with 
almost no mention of the Chlorella genus (which is cautiously estimated 
around 5 kton worldwide per year, based on the author’s contacts in the 
industry). In an in-depth survey, Araujo et al. corroborated this anal-
ysis with the statement, ‘‘Official statistics on microalgae production 
volumes are almost non-existent at the European scale, and the data 
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Fig. 6. Top — Building production distribution potential before final selection is 
applied. Continuous line — Log-normal distribution fit. Dashed line — Scenarii 
threshold values for single building production. Middle — Distribution of the number 
of microalgae biofaçade module per building. Continuous line — Log-normal distri-
bution fit. Bottom — Distribution of newly implemented modules annual production. 
Continuous line — Triple Gaussian fit.
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available from FAO or Eurostat are limited and fragmented’’ [57]. Go-
ing further, and working with the European Algae Biomass Association, 
the authors estimated European production around 80 ton per year 
for Chlorella species, with no estimation of potential importations. In 
addition to volume, adequacy of the biomass quality (pigment content, 
protein content, low bacterial contamination [58]) with the market 
demand would also have to be ensured. Here, the foreseen biomass 
pigment content could range from 25 to 44 mg/g, which is relatively 
high ensuring high biomass quality [36]. Thus, all in all, ‘‘guestimating’’ 
a 10 kton worldwide market volume for Chlorella genus, with a third 
of the consumption in Europe, i.e., 3.3 kton per year, the conservative 
scenario applied to France is able to cover a sizable fraction (44%) of 
the European needs.

7. Conclusion

This work combined open big data from the French weather forecast 
agency and the French government to evaluate the annual deployment 
potential for microalgae biofaçade over France’s mainland territory. 
Even though data curation was mandatory, three scenarii were eval-
uated. The annual production potential offered by new buildings lies 
between +28.9 ± 3.7 and +202.6 ± 17.4 ton per year for the con-
servative and the optimistic scenario, respectively. It corresponds to 
producing 6100 to 62,000 microalgae biofaçade units, which is more 
than enough to sustain year-round continuous production. Analyzing 
the host building type revealed that retail buildings (e.g., malls) are the 
most favorable places for the technology, followed by state buildings 
and offices. Finally, in depth analysis of the results showed that façade 
orientation is the first predictor of the system performance while its 
geographical location in France is only a modulator of it.
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at https://doi.org/10.1016/j.renene.2025.123406.

Data availability

Model & Data availability
A Python implementation of the proposed model is freely available 

at https://github.com/victorpozzobon/biofacade.
Weather data can be recovered from https://www.data.gouv.fr/en/

datasets/donnees-d-observation-des-principales-stations-meteorologiqu
es/.

Building permits data be downloaded from https://www.statistique
s.developpement-durable.gouv.fr/catalogue?page=dataset&datasetId=6
513f0189d7d312c80ec5b5b.

Population density data can be found at https://www.insee.fr/fr/in
formation/2114627.

Zipcode can be linked to geographical coordinates thanks to
https://www.data.gouv.fr/fr/datasets/communes-de-france-base-des-co
des-postaux/.
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