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A B S T R A C T

This article presents the development of a numerical model coupling the thermal and biological behaviors of
a microalgae biofaçade. Heat fluxes and illumination are modulated by actual weather data, and the system
response is evaluated in terms of biomass and pigment production. First, the effect of the different model
refinements are screened. Then, the model is applied to an illustrative case: the city of Marseille over the year
2023. The results illustrate the model’s capabilities, such as assessing the building/biofaçade thermal synergy
or the summer/winter operational differences. The numerical behavior of the model is also analyzed: local
and global sensitivity analyses assess the impact of uncertain parameters. The parameter inducing the highest
amount of uncertainty is the microalgae photoconversion efficiency, highlighting the need to ascertain its value
before designing a system. Despite this uncertainty, even under conservative assumptions, the predictions of
the model are 10 % accurate.
1. Introduction

During the last century, there has been a significant increase in
the human population and notable enhancements in the quality of
life. However, these developments have placed considerable strain
on our ecosystem. As indicators of this pressure, one could name
the depletion of fossil fuels, water scarcity, loss of arable lands, and
biodiversity decline [1]. In response to this pressing situation, microal-
gae have emerged as a potential solution to help humanity mitigate
its environmental impact. Microalgae possess the ability to produce
valuable molecules of interest to various sectors, from food and feed
(proteins, vitamins, . . . ) to cosmetics and pharmaceuticals (texturizers,
antioxidants, . . . ) [2,3]. Moreover, their cultivation offers ecological
benefits such as CO2 fixation [4], phosphate fixation [5], nitrogen
fixation [6], or effluent bioremediation [7]. Despite their potential,
numerous scientific challenges must be addressed before microalgae
can fully deliver on their promises. Among them, reducing the cost of
microalgae production is key.

As for any process, upscaling the production system offers per-
spectives of cost reduction. In the case of microalgal biotechnology,
this means opting for outdoor cultivation to access large and free
amounts of the limiting resource, which is light. However, at least two
drawbacks are to be anticipated. First, large pieces of land would have
to be acquired. Second, even in closed photobioreactors, the culture
would be submitted to natural cycles when it comes to light and
temperature. These cycles represent a challenge in terms of bioprocess
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control, especially the temperature one. Indeed, too low temperatures
prevent the microalgae from optimally using the available light (e.g.,
a bright day in winter) and, even worse, the too hot temperatures can
harm the cells (irreversible denaturation of proteins and DNA [8]) and
lead to culture loss.

Acknowledging these limitations, an idea has sparked: integrat-
ing microalgae photobioreactors into building façades. These façade-
integrated microalgae photobioreactors (in short bio-reactive façades
or biofaçades) represent a promising synergy between a building and
a biological system and have been acknowledged as belonging to
the group of the high-performance architectures technological solu-
tions [9,10]. Mutual benefits are envisioned. One the photobioreactors
side, integrating them into buildings could help mitigate expenses by
offering vertical support, utilities (e.g., water, thermal regulation), and
potentially nutrients (e.g., carbon dioxide reclaimed from the building).
On the building side, numerous advantages are anticipated. Integration
of photobioreactors could provide shading, enhance thermal comfort
by better modulating incident heat compared to traditional glazing
during summer, lower induced pollution, generate revenue streams,
and contribute to aesthetic enhancements.

Despite the great promises of this technology, to date, only a few
studies can be found in the literature. The most basic ones are ex-
periments on a microalgae biofaçade module alone (isolated from
a potential host building) [11–13]. While simple, they delivered in-
sights on the relevance of some design choices (e.g., using PolyMethyl
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MethAcrylate, PMMA in short, instead of glass to reduce the building
static load), or key figures, such as an optimal productivity of 10.5
g/m2/day for Chlorella vulgaris. They also highlighted the trade-off
etween a narrow light path, fostering high-density microalgae culture,
nd the system U-value that may not favor building insulation. Finally,
hey acknowledged that thermal integration with the building was
ivotal in improving the system’s performance.

In addition to experimental investigation, numerical modeling ini-
iatives have been undergone. Classical approaches such as mass and
eat balances (convective-radiative), sometimes coupled with Compu-
ational Fluid Dynamics or actual weather data, have been applied
o investigate various scenarii, such as double-skin façade [14–17] or
irect integration as glazing [18,19]. Among them, the work led by
ruvost’s team is of note as it might be the only coupling experiments
nd numerics. While theoretical, these investigations confirmed the

relevance of the envisioned synergy between the host building and the
biofaçade. To name a few, the biofaçade sizably limits the need for
cooling during summertime and moderately reduces the requirement
for heating during wintertime [17]. In addition, the host building
effectively warms the culture during wintertime, mitigating the sea-
sonability effect an outdoor system could be confronted with. While,
in summertime, it offers a heat sink, avoiding lethal overheating [18].
Still, the versatility of the different numerical tools deployed for those
investigations allowed to expand the scope beyond the sole microal-
gae production and thermal integration, and tackle the question of
occupant comfort. For example, Sarmadi et al. conducted a numerical
investigation into the visual comfort aspects associated with microal-
gae biofaçade integration [20]. The study focused on a contemporary
office building with a mezzanine (located in Tehran, for their study).

isual comfort entails balancing sunlight availability with the risk of
otentially blinding glare. The researchers concluded that microalgae
iofaçades effectively mitigate the occurrence and intensity of blind-
ng glare in sunny environments. However, to prevent excessively
ark configurations, they needed to be combined with conventional
ouble-glazing. Furthermore, to enhance the aesthetic refinement of
he technology, it is conceivable to partition the biofaçade into mul-
iple culture compartments, each housing microalgal species of varying
olors [21].

Finally, one of the most significant studies worth mentioning in-
olves the implementation of 185 m2 of biofaçade in the BIQ house
ocated in Hamburg, Germany, [22]. This field trial marked a substan-
ial advancement for the technology. The biofaçades were affixed as a
ouble skin to the building structure. These modules, standing at 2.5
 in height, comprised glass with an 18 mm cultivation compartment

nd an air layer, branded as SolarLeaf. Throughout the year 2014,
he system achieved a solar-to-biomass conversion efficiency of 4.4%,
hich is comparable to laboratory studies on microalgae photoconver-

ion efficiency (e.g., 5.01% [23], 5.65% [24], or 4.34% [25]), along
with a 21% thermal energy recovery efficiency. Additionally, the trials
underscored the critical influence of temperature on the growth of
Chlorella vulgaris. Beyond technical aspects, this field deployment also
highlighted the notably positive social acceptance of the technology.

All the studies above have helped the technology grow from a mere
dea to a solid concept worth being challenged in the field. Yet, the

road is still long before biofaçades cover megalopolis buildings. To-
gether, scholars and engineers have tackled biofaçade design (material,
geometry, . . . ) [11–13,18], integration (glazing or double skin) [14,
15,18], location dependence [17], and thermal synergy with the host
uilding [16]. Among the steps along the path towards large-scale

deployment, biological performance assessment is the next in line. In-
eed, while of interest, thermal synergy is only one side of the benefits
ffered by a microalgae biofaçade. Biological production is the other.
ts evaluation will unravel CO2 biofixation capabilities, the potentiality

for cleaning the building’s gaseous and liquid streams, and revenue
generation estimation. However, like thermal performances, biologi-

cal performances are subjected to circadian and seasonal cycles and h

2 
weather modulations. Considering the complexity at hand, numerical
modeling is the best option before opting for large-scale, long-running,
and expensive trials. Therefore, this article aims to provide scientists
and technicians with a tool capable of coupling location, module de-
sign, weather conditions, and microalgal strain biological behavior to
predict the biotechnological performances of a given implantation.

To do so, the proposed model builds on top of a previous one,
focusing on the thermal aspects [18,19]. In a nutshell, to predict
the microalgae culture temperature, the previous model accounts for
direct incident illumination from the sun, radiative heat exchange
with the sky, radiative heat exchange with the surrounding (buildings,
fields,. . . ,depending on the location), convective heat exchange with
the outdoor air, radiative and convective exchange with the building
hosting the biofaçade, and heat supplied and removed by the gas
flow sparging within the culture medium. All these phenomena are
modulated by location (sun path model), the weather (almost 30 years
of data from the French weather forecast agency), and the design of
the biofaçade (e.g., single or double glazing, radiation-selective film,
reservoir thickness, . . . ). While detailed, the former model predicted
adequate operational time for microalgae production, which is defined
as temperature neither too cold nor too hot and sufficient illumination.
Still, it does not predict microalgae biomass production itself (in terms
of mass per unit of time) or its quality.

Consequently, the present article will take it to the next stage by
adding a biological model predicting the growth of Chlorella vulgaris
and its pigment content (a proxy of biomass quality). Chlorella vulgaris
was chosen as the model strain as it is commonly encountered in
both industrial and scientific communities, approved as food and feed
by (European Food Safety Authority - Ares (2022) 1668627 - and
US Food and Drug Administration - GRN 00396 -), and features a
sizable biotechnological potential [26]. Furthermore, recent studies
have provided insight into cell growth under varying light [27,28]
and temperature [29], which allow faithful modeling its performances.

ere, the focus will be set on the elaboration of the model and its
refinements (how to account for cell maintenance, level of accuracy
in the description of the light/microalgae interaction, . . . ). As this
conceptual and numerical work represents a sizable amount in itself, its
application to bioprocess design, control, and optimization is presented
in a companion article.

2. System & models

2.1. Considered system

Fig. 1 introduces a schematic overview of the microalgae biofaçade
under consideration, along with potential design variations. Addition-
lly, the graphical abstract illustrates the integration of a biofaçade
odel into its environment. At the heart of the system lies a reservoir

ontaining the microalgae culture. This reservoir is enclosed by two
ayers of PMMA and incorporates gas spargers at the base and a vent
t the top. The standard dimensions of the system are 1 m in width
nd 4 m in height, mirroring typical office building floor heights. The
hickness of the system varies based on design decisions. Moreover, the
iofaçade is envisioned to be integrated into an office building façade
t a height of approximately 20 m above ground level to optimize
unlight exposure (in the opposite case, the reader is kindly referred to
lmalkly et al. work who addressed the question of modules submitted
o overcast shadows [30]). Finally, it is considered positioned centrally
n the façade, as it facilitates taking into account outdoor convective
eat transfer induced by wind [31].
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Fig. 1. Schematic representation of possible microalgae biofaçade designs. 1 - microalgae culture reservoir, 2 - outward PMMA layer, 3 - inward PMMA layer, 4 - gas sparging
system, 5 - vent, 6 - double glazing, 7 - radiation-selective film. The reported heat fluxes (𝛷) are introduced in the text.
2.2. Assumptions and model classification

From a conceptual point of view, microalgae growth in outdoor
or hybrid photobioreactors, such as a microalgae biofaçade, can be
considered depending mainly upon two physical parameters: absorbed
light and temperature. Absorbed light supplies the cells with the energy
required to power their proliferation while temperature modulates
their metabolic rates. On the one hand, only accounting for these
two parameters is a dramatic simplification of the system, as one
neglects considerations on the quality of mixing within the culture
compartment (assuming perfect mixing), on pH (assumed adequate), on
nutrient supply (assumed sufficient and not inhibitory), and potentially
aggressive bacterial contamination (assumed absent), among others. On
the other hand, it represents a quite complex challenge already. Indeed,
accurately accounting for them already requires dealing with numerous
refinements, as will be detailed in the coming sections.

Still, before diving into the model elaboration, it is worth taking
a step back and contextualizing it with respect to other scholars’
works. Photobioreactor models like the one foreseen can be classified
into three types depending on how they account for microalgae light
interaction. In their work, Bechet et al. discriminated them as type I -
based on external illumination -, type II - based on internal illumination
distribution -, and type III - accounting for cell motion within the
light field [32]-. The proposed model belongs to the second category.
Then comes the question of how light power is used to drive cell
proliferation. Two different approaches can be noted to tackle this
question. The first one could be called ‘‘light-activated Monod law’’,
as growth is defined by a growth rate, so long the illumination is
adequate, cells proliferate with no regard towards an energy balance.
This is, for example, the case of Esposito et al.’s model [33]. The
second category could be called ‘‘light balance-based models’’. In this
approach, actual cell light absorption is used to account for an energy
balance. Therefore, even though light is adequate, growth is still limited
by the captured amount of light energy. This is, for example, the case
of Hoeniges et al.’s model [34]. The second category could be deemed
closer to reality. This is why the proposed model was built on this
paradigm.

2.3. Thermal model

The thermal behavior model of the biofaçade is detailed, validated,
and thoroughly analyzed in two companion articles [18,19], with a
summary provided in the Supplementary Materials. In essence, the
model calculates the evolution of the microalgae reservoir temperature
3 
by summing the contributions of absorbed and emitted convective-
radiative heat fluxes (Fig. 1 - right). The considered heat fluxes include:

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

• incident and emitted radiation towards the sky, 𝛷𝑆 𝑘𝑦,
• incident and emitted radiation towards the surroundings, 𝛷𝑆 𝑢𝑟,
• incident and emitted radiation towards the host building indoor,
𝛷𝐼 𝑛,𝑅𝑎𝑑 ,

• convective-conductive exchange with the outdoor air, 𝛷𝑂 𝑢𝑡,𝐶 𝑜𝑛𝑣,
• convective-conductive exchange with the indoor air, 𝛷𝐼 𝑛,𝐶 𝑜𝑛𝑣,
• heat inflow from the sparged gas, 𝛷𝐺 𝑎𝑠,𝐼 𝑛𝑙 𝑒𝑡, and heat outflow from

the vented gas, 𝛷𝐺 𝑎𝑠,𝑂 𝑢𝑡𝑙 𝑒𝑡.
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,
Earth position, cloud cover, and orientation [35]. Radiative exchanges
with the surroundings, given limited information, are modeled using
the Stefan–Boltzmann formula weighted by relevant view factors and
emissivities.

2.4. Weather data and timescales

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 m above the ground), wind direction,
relative humidity, and static pressure. The database was last accessed
in March 2024. Collectively, these model components enable the deter-
mination of the illumination the culture receives, as well as, the heat
fluxes it exchanges with its surrounding and, therefore, its temperature
evolution over time.

In addition to power the model with the description of the weather
condition, one should note that the meteorological data dictate the
timescale of the model. Indeed, any phenomena having a character-
istic time far below this value can be described in a static manner
using a steady-state equation (e.g., light profiles within the culture
compartment). On the contrary, any phenomenon having a timescale
near or above this value has to be described dynamically using differ-
ential equations (e.g., microalgal cell proliferation, cell pigment content
acclimation, . . . ).



V. Pozzobon

o
e
i
i
t
(

p
μ
s
m
c
m

b
t

e
a
t
o

H

C

t

f
𝜇

w

c

C

m
l

c

t /s

b

t

Renewable Energy 237 (2024) 121545 
2.5. Illumination model

From a biological standpoint, incident light has two pivotal effects
n the microalgal culture hosted within the reservoir: it supplies the
nergy required for the culture to grow and modulates the efficiency of
ts own usage by the cells. It is therefore crucial to model it. From the
ncident illumination and the biomass optical properties, it is possible
o derive the power absorbed by the culture using Beer–Lambert law
Eq. (1)):

𝛷𝐴𝑏𝑠,𝑉 𝑖𝑠 = 𝑆 𝛷𝐼 𝑛𝑐 ,𝑉 𝑖𝑠(1 − 𝑒𝑥𝑝(−𝜎𝐴𝑏𝑠𝑋 𝐿)) = 𝑆 𝐼0𝑘(1 − 𝑒𝑥𝑝(−𝜎𝐴𝑏𝑠𝑋 𝐿)) (1)

where 𝑆 is the sun collection surface, 𝛷𝐼 𝑛𝑐 ,𝑉 𝑖𝑠 is the incident power
(in W/m2) within the visible range of the spectrum, given by the solar
ath model and weather conditions. This parameter can be expressed in
molPhoton/m2/s using a conversion factor (𝑘 = 2.3495 μmolPhoton/J)
pecifically established for the sun to yield 𝐼0 is the incident illu-
ination. 𝜎𝐴𝑏𝑠 is the light absorption cross of the cells, 𝑋 the cell

oncentration, and 𝐿 the culture reservoir thickness. Furthermore, ele-
ents gathered by [27,28] suggest that, in a flat panel photobioreactor,

such as biofaçade, microalgae growth is controlled by the averaged
illumination in the culture volume (𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒). It is therefore manda-
tory to evaluate this quantity. Luckily, it can easily be obtained by
volume-averaging Beer–Lambert law (Eq. (2)).

𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒 =
𝐼0

𝜎𝐴𝑏𝑠𝑋 𝐿 (1 − 𝑒𝑥𝑝(−𝜎𝐴𝑏𝑠𝑋 𝐿)) (2)

In order to be as faithful as possible, and even though minor, in-
door illumination was taken into account. The US Occupational Safety
and Health Administration advises 30 foot candle in office environ-
ment [36]. Assuming a cold white spectrum for indoor lighting, it can
e converted to 4.61 μmolPhoton/m2/s in the solar spectrum (assumed
o be on from 7 am to 9 pm, 5 days a week).

2.6. Biological model

2.6.1. Phototrophic growth model
The biological model used in this work is based on mass and

nergy balances. Cell mass variation is driven by the transformation of
bsorbed light power into new biomass and modulated by culture main-
enance. Combining these three phenomena yields the main equation
f the model, i.e., the one governing the cell proliferation:

𝑉 𝑑 𝑋
𝑑 𝑡

⏟⏟⏟
Cell mass variation

=
𝛷𝐴𝑏𝑠,𝑉 𝑖𝑠(𝐼0, 𝑋)

𝐻 𝐻 𝑉 𝜉(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Absorbed power and usage efficiency

− 𝑉 𝑚𝑒𝑋
⏟⏟⏟

Maintenance

(3)

where 𝑉 is the culture reservoir volume, 𝐻 𝐻 𝑉 the biomass Higher
eating Value, 𝜉 the photoconversion efficiency (a.k.a. photosynthetic

efficiency), and 𝑚𝑒 the maintenance rate. As one can see, most of
the model complexity relies on how the photoconversion efficiency
is expressed. To build a coherent expression of the photoconversion
efficiency versus volume-average illumination, several elements will be
considered.

First of all, insightful experiments were performed to acquire
hlorella vulgaris growth rate under increasing light intensities [28].

These experiments exposed Chlorella vulgaris, under optically thin (iso-
actinic) conditions, to light intensities ranging from 25 to 800
μmolPhoton/m2/s and reported, among other, acclimated growth rates
and pigment contents. From the reported growth rate data, it is possible
o model the gross cell growth rate:

𝜇𝐺 𝑟𝑜𝑠𝑠(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) = 𝜇𝑁 𝑒𝑡(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) + |𝑚𝑒| (4)

where 𝜇𝑁 𝑒𝑡(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) is derived from the experiments and 𝑚𝑒 known
rom other dedicated experiments [25]. Based on experimental data,
𝐺 𝑟𝑜𝑠𝑠(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) can be described as a sigmoid function (Eq. (5)) and the

associated parameters obtained by a classical fitting procedure (𝜇
𝑀 𝑎𝑥

4 
= 2.17 ± 0.00 1/day and 𝐼𝑅𝑒𝑓 = 48.3 ±0.5 μmolPhoton/m2/s, Fig. 2
- left). This description yields a Root Mean Square Error (RMSE) of
0.074 1/day. For the sake of completeness, this law was compared to
an arctangent function and Michaelis–Menten function, which achieved
higher RMSE values (0.099 and 0.107 1/day, respectively).

𝜇𝐺 𝑟𝑜𝑠𝑠(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) = 2𝜇𝑀 𝑎𝑥( 1
1 + 𝑒𝑥𝑝(−𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒∕𝐼𝑅𝑒𝑓 )

− 1
2
) (5)

Second of all, the photoconversion efficiency in optimal conditions
as measured at 4.34% (𝜉0) for Chlorella vulgaris by Oliver et al. [25].

To access this data, experiments were carried out in the photolim-
ited zone of the PI curve (Photosynthesis vs. Irradiance, a.k.a. PE
urve), which is below 150 μmolPhoton/m2/s for Chlorella vulgaris [37],

under nutrient-replete conditions. Under such conditions, the photo-
conversion efficiency is at its maximum, and the cell growth rate
increases linearly as the illumination increases [38]. Still, above a given
light intensity, the growth rate plateaus (from 150 μmolPhoton/m2/s
up to 800 μmolPhoton/m2/s or more [28]) at a fixed value (𝜇𝑀 𝑎𝑥).

onsequently, the photoconversion efficiency decreases. With these
considerations, it is possible to write the photoconversion efficiency
as the ratio of the ideal growth rate (as if the linear dependency over
illumination was endless) and the actual growth rate:

𝜉(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) = 𝜉0
𝜇𝐺 𝑟𝑜𝑠𝑠(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒)

𝑑 𝜇𝐺 𝑟𝑜𝑠𝑠
𝑑 𝐼 |𝐼=0𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒

= 𝜉0
4𝐼𝑟

𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒
( 1
1 + 𝑒𝑥𝑝(−𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒∕𝐼𝑅𝑒𝑓 )

− 1
2
) (6)

where the denominator accounts for the linear increase following the
initial slope of the PI curve, and the numerator is the observed growth
rate. With 𝜉(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) modeled, it is, therefore, possible to predict cell

ass variation within the biofaçade for a given light volume-averaged
ight intensity by integrating Eq. (3).

2.6.2. Asymptotic validation
Still, before applying the proposed model, its validity is to be

hallenged. Let us assume a configuration under which the microalgal
culture is diluted and the optical thickness of the system is low. In addi-
ion, let us assume that this incident illumination of 200 μmolPhoton/m2

(high enough for the culture to be conducted in the photosaturation
part of the PI curve, above 150 μmolPhoton/m2/s). Consequently,
𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒 ≃ 𝐼0, 𝛷𝐴𝑏𝑠,𝑉 𝑖𝑠 can be written as Eq. (7) (first order Taylor
expansion of Eq. (1), note the introduction of the 𝑘 factor to convert
μmolPhoton/m2/s to W/m2), the photconversion efficiency as in Eq. (8)
(as the term 𝑒𝑥𝑝(−𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒∕𝐼𝑅𝑒𝑓 ) of Eq. (6) come close to 𝑒𝑥𝑝(−4), i.e,
0), and the overall balance as Eq. (9).

𝛷𝐴𝑏𝑠,𝑉 𝑖𝑠 = 𝑆
𝐼0
𝑘
𝜎𝐴𝑏𝑠𝑋 𝐿 (7)

𝜉(𝐼0) = 𝜉0
2𝐼𝑅𝑒𝑓
𝐼0

(8)

𝑉 𝑑 𝑋
𝑑 𝑡 =

𝑆 𝐼0𝜎𝐴𝑏𝑠𝑋 𝐿
𝑘𝐻 𝐻 𝑉 𝜉0

2𝐼𝑅𝑒𝑓
𝐼0

− 𝑉 𝑚𝑒𝑋 = 𝑉
2𝑘𝜎𝐴𝑏𝑠𝜉0𝐼𝑅𝑒𝑓

𝐻 𝐻 𝑉 𝑋 − 𝑉 𝑚𝑒𝑋 (9)

Still, in these conditions, one would expect the growth rate to
be maximal. It can therefore be written that 𝜇𝑀 𝑎𝑥 ≃ 2𝜎𝐴𝑏𝑠𝜉0𝐼𝑅𝑒𝑓

𝑘𝐻 𝐻 𝑉 .
Yet, computing the right-hand side of the equation is only possible
y knowing the absorption cross section of the cells (𝜎𝐴𝑏𝑠). Luckily,

some authors tackled this difficult question [39,40]. However, directly
using their values would void the validity of the parameters formerly
identified (𝜉0, 𝐼𝑅𝑒𝑓 , and 𝜇𝑀 𝑎𝑥). Therefore, an alternative approach is
o be used here: the cross section should be calculated based on the

obtained equation and the computed value for 𝜎𝐴𝑏𝑠 compared to the
ones reported in the literature. In this case, the obtained absorption
cross section value is 288 m2/kg, which is relatively close to the ones

2
reported by Kandilian et al. and Baránková et al. (253 ± 2 m /kg
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Fig. 2. Experimental data and their numerical reproduction. Left — gross growth rate. Right — cell pigment contents.
Table 1
Parameters describing the cell equilibrium pigment content, with 95% confidence interval.
Pigment A (mg/g𝐷 𝑊 ) a (–) b (μmolPhoton/m2/s) RMSE (mg/g𝐷 𝑊 )

Chlorophyll a 25.2 ± 0.06 0.361 ± 0.001 56.7 ± 0.3 0.949
Chlorophyll b 12.0 ± 0.02 0.364 ± 0.000 59.4 ± 0.2 0.625
Lutein 6.53 ± 0.01 0.315 ± 0.000 17.6 ± 0.2 0.318
for the whole visible spectrum by averaging the two studies) [39,40].
Obtaining similar values by such an indirect approach is a token of the
model’s reliability.

2.6.3. Cell pigment content acclimation
In addition to determining cell proliferation, the proposed numer-

ical tool can also tackle another fundamental question of outdoor
microalgae cultivation: their acclimation to the constantly evolving
illumination. To describe this behavior, one has to consider two as-
pects: the equilibrium value of the biomass pigment content for a
given illumination and the time cells need to acclimate and reach
this value. Like for growth rate, the first aspect was dealt with in
detail experimentally, and values specific to Chlorella vulgaris could
be recovered (Fig. 2 - right). Regarding the time required for cells
to reach the equilibrium pigmentation, very few authors tackled this
question. Among them, the works of Cullen [41] and De Mooji [42]
and their co-authors are to be acknowledged. The first team worked
with a diatom species (Thalassiosira pseudonana - clone 3H -) to which
both low-to-high and high-to-low trials were imposed. Among them,
the low-to-high procedure did not yield exploitable results. Luckily, De
Mooji’s team exposed Chlorella sorokiniana to a low-to-high step. For
the two successful tests, by fitting the experimental responses by a first-
order model, one can obtain characteristic times of 8.06 ± 0.07 h for
the high-to-low response and 9.85 ± 0.18 h for the low-to-high one. For
the sake of simplicity, in this work, the average of the two timescales
(𝜏𝑃 𝑖𝑔 = 8.96 h) will be considered as representing faithfully enough
acclimation dynamic in both directions.

From this consideration, a differential equation governing the evo-
lution of cell pigment concentration can be derived:
𝑑 𝑌𝑃 𝑖𝑔(𝑡)

𝑑 𝑡 = 1
𝜏𝑃 𝑖𝑔

(𝑌𝑃 𝑖𝑔 ,𝐸 𝑞(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) − 𝑌𝑃 𝑖𝑔(𝑡)) (10)

where 𝑌𝑃 𝑖𝑔 can be the cells chlorophyll a, b or lutein content and
𝑌𝑃 𝑖𝑔 ,𝐸 𝑞(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) the associated equilibrium value obtained from exper-
iments (Table 1), modeled as follows:

𝑌𝑃 𝑖𝑔 ,𝐸 𝑞(𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒) = 𝐴 𝑒𝑥𝑝(− 𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒 ) (11)

𝑎𝐼𝐴𝑣𝑒𝑟𝑎𝑔 𝑒 + 𝑏
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While purely empirical, this expression can adequately capture
the sharp decrease of the cell pigment content between 25 and 100
μmolPhoton/m2/s and the softer one exhibited afterward. Furthermore,
it does not diverge when coming close to zero and does not tend
towards zero when the illumination increases. All these traits allow it
to mimic the experimental observations faithfully.

2.6.4. Temperature effect model
Microalgal growth, like microbial growth and most life-associated

mechanisms, is temperature dependent [32]. Cold temperature tends
to lower metabolic rate, too hot and freezing temperatures tend to
harm the cells by irreversible denaturation of protein and DNA [8], and
mechanical and/or osmotic stress [43], respectively. As a good rule of
thumb, one could state that microalgae thrive between 15 and 35 ◦C.
Still, precise studies covering a wide range of temperatures are lacking
in the literature. Among the few, one can note the one from Sorokin,
on Chlorella sorokiniana [44], and the one from Mayo, on Chlorella
vulgaris [29]. Between the two, Chlorella vulgaris was preferred, as
Chlorella sorokiniana was previously shown not to be the best-suited for
biofaçade application in France [18]. Therefore, data from Mao et al.
were fitted using the Cardinal Temperature Model with Inflection [45]
(Eq. (12) and Fig. 3) to obtain the relative growth rate as a function of
temperature.

𝜇(𝑇 )
𝜇𝑀 𝑎𝑥 =

(𝑇 − 𝑇𝑀 𝑎𝑥)(𝑇 − 𝑇𝑀 𝑖𝑛)2
(𝑇𝑂 𝑝𝑡 − 𝑇𝑀 𝑖𝑛)[(𝑇𝑂 𝑝𝑡 − 𝑇𝑀 𝑖𝑛)(𝑇 − 𝑇𝑜𝑝𝑡) − (𝑇𝑂 𝑝𝑡 − 𝑇𝑀 𝑎𝑥)(𝑇𝑂 𝑝𝑡 + 𝑇𝑀 𝑖𝑛 − 2𝑇 )]

(12)

2.7. Biological model augmentation

In addition to the basic formulation introduced above, several other
aspects of microalgal phototropic growth were modeled to provide
a more accurate description of the cells proliferation and assess the
importance of such refinements.

2.7.1. Light vs. dark maintenance
Microalgal cell maintenance rate is known to vary with illumina-

tion. From a broad perspective, it can be categorized into two regimes:
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Fig. 3. Relative growth rate of Chlorella vulgaris as a function of temperature. Green area — relative growth rate between 75 and 100% of the maximal value. Blue area — relative
growth rate below 75% on the cold side. Red area — relative growth rate below 75% on the hot side.
Source: Data extracted from [29].
light respiration and dark respiration [25,46]. The first one corresponds
to high mitochondrial activity when the cells are exposed to light
and proliferating. The second one is linked to resting metabolism. Of
course, a transition between the two exists, and a dark period can be
the place of intense metabolic activity, as in the case of synchronized
cultures dividing during the dark part of the photoperiod [47]. Other
refinements in the description of these modes can be noted. Among
them, the dependence dark respiration rate upon cell light acclimation
is of note [48]. Nevertheless, the modeling approach retained in this
work acknowledged the complexity of the phenomena at stake and
decided to adopt a humble position with respect to the extent of the
unknown surrounding them. Two hypotheses were tested:

• a constant maintenance rate taken as the light respiration, as the
night may be the place for metabolic processes (like in the case
of synchronized cultures),

• a variable maintenance rate switching between light respiration
during daytime and dark respiration during nighttime, describing
the night period as a resting time.

Finally, values for the submodels implementation were drawn from
experiments where the authors measured light respiration over 22 days
(3.88 10−2± 1.79 10−3 1/day) and dark respiration over 73 days (7.42
10−3± 3.33 10−3 1/day) for Chlorella vulgaris [25].

2.7.2. Absorption cross section & cell pigment content
After determining the importance of how maintenance is accounted

for, the next refinement is to link to cell pigment contents to their
absorption cross section. This can easily be done by assuming an in-
trinsic cross section of chlorophyll and multiplying by the total amount
of chlorophyll hosted by a cell (Eq. (13), with 𝜎𝐴𝑏𝑠,𝐶 ℎ𝑙 = 20.3 103

m2/kg𝐶 ℎ𝑙 𝑇 𝑜𝑡𝑎𝑙 as an average value over the visible spectrum, based on
Baránková et al.’s observations). While this method does not take into
account cell illumination history, it can be deemed precise enough for
the intended use [39].

𝜎𝐴𝑏𝑠 = 𝜎𝐴𝑏𝑠,𝐶 ℎ𝑙𝑌𝐶 ℎ𝑙 𝑇 𝑜𝑡𝑎𝑙 (13)

2.7.3. Light spectral distribution
The last refinement introduced in the model takes into consideration

the fact that cell light absorption varies across the visible spectrum.
It is comparatively more important in the blue (400 to 500 nm) and
red (600 to 750 nm) regions than in the green one (500 to 600 nm).
Therefore, it is possible to subdivide the visible light into these three
bands. This will notably affect Eq. (1), (2), and (13), which will have
to evolve to take into account the spectral distribution. For example,
the equation governing the absorbed power is altered in the following
way:
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Table 2
Absorption cross section value for the whole visible spectrum and the blue (400 to
500 nm), green (500 to 600 nm), and red (600 to 750 nm) bands. Data extracted from
[39] and [40] for the values specific to the dry weight (presented as average ± half
span). Data extracted from [39] for the values specific to the chlorophyll content.

Whole spectrum Blue Green Red

𝜎𝐴𝑏𝑠,𝜆 (m2/kg𝐷 𝑊 ) 253 ± 2 480 ± 4 110 ± 2 185 ± 2
𝜎𝐴𝑏𝑠,𝐶 ℎ𝑙 ,𝜆 (m2/kg𝐶 ℎ𝑙) 16.5 103 31.5 103 7.31 103 12.0 103

𝑃 ℎ𝑖𝐴𝑏𝑠 =
𝑆 𝑃 ℎ𝑖𝐼 𝑛𝑐 ,𝑉 𝑖𝑠

3
∑

𝜆=𝑅,𝐺 ,𝐵
(1 − 𝑒𝑥𝑝(−𝜎𝐴𝑏𝑠,𝜆𝑋 𝐿))

=
𝑆 𝐼0𝑘
3

∑

𝜆=𝑅,𝐺 ,𝐵
(1 − 𝑒𝑥𝑝(−𝜎𝐴𝑏𝑠,𝜆𝑋 𝐿)) (14)

where 𝜎𝐴𝑏𝑠,𝜆 is the light absorption cross of the cells within blue, green,
and red ranges of the visible spectrum (power assumed distributed
equally between these bands). In the same manner, the cross section
specific to the cell chlorophyll concentration can also be divided ac-
cording to the visible spectrum components. The different values are
summarized in Table 2.

2.8. Illustration case — description

Once the model is introduced and implemented (Python 3.10), a test
case is to be chosen to explore its behavior and the importance of its
potential refinements. In this case, the best performing configuration
identified in previous work, focusing on the thermal aspects only, will
be used as the reference (summarized in Table 3). Regarding time span
and location, the biofaçade will be assumed to be located in Marseille
city (South of France), and the analysis will cover the whole year
2023. In addition, an element characterizing the bioprocess operation
has to be added: the dilution applied when the transmitted light falls
below the prescribed value (75%). For the purpose of this illustration,
it will be considered that 20% of the culture will be replaced by
fresh medium. While this operation mode can be guessed suboptimal
beforehand, it was chosen as it is the most challenging to model and
creates the most contract between the model augmentations. Of course,
the present model opens the way to determining more relevant design
and operation procedures supported by actual biotechnological perfor-
mance. However, this endeavor is a sizable amount of work. Hence, it
is the topic of the companion article. Moreover, it is also important to
acknowledge some limitations of the model. By its nature, i.e., assuming
that pH is always maintained in a range adequate for Chlorella vulgaris
growth (i.e., 5 to 8.5 [29]), proper supply of nutrients, and absence of
aggressive bacterial contamination, the model can be used for design
purposes or techno-economical analysis. On the contrary, actual system
supervision lies outside the scope in its current form and would require
extensive validation against experimental work on dedicated facilities.
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Table 3
Key geometrical, physical and bioprocess parameters describing the reference case.

Design parameters and operating procedures Reference value Unit

Elevation of the biofaçade above the ground 20 m
Width of the biofaçade 1 m
Height of the biofaçade 4 m
Thickness of the biofaçade reservoir (L) 0.08 m
Number of outdoor glazing 2 –
Green light transmitted fraction 75 % of incident

light
Sparged gas origin Building –
Use of boiler fume Yes –
Orientation South –
Strain type Chlorella vulgaris –
Radiative film type Greenhouse –
Volume replacement 20 % of total

volume

3. Numerical methods

3.1. Initial conditions & numerical transient duration

Initial conditions for variables governed by differential equations
(temperature, biomass concentration, . . . ) were obtained by running
the model over the whole year 2022. After checking that the system
has had the expected behavior, the values were selected among the
ones encountered at the end of the year. This procedure ensures that
the values are within the system’s normal operating range and prevents
the occurrence of an artificially long ramping-up.

As a biofaçade is envisioned as a system running continuously of
the year, it is mandatory to question the duration of the transient
period to be discarded at the beginning of the simulation to ensure
no effect from the initial condition [49]. Thus, transient periods up to
0 weeks were tested. The tests revealed that the duration influenced
y the initial condition was below one week. Indeed, for all the tested
uration, outputs (biomass and pigment productions) fluctuate below
.5% of their mean value. The explanation is relatively straightforward:
he system requires less than one week to reach the cell concentration
o trigger a dilution. Consequently, a transient period of at least three
eeks was selected, as exploring possible configurations could slightly
odulate this conclusion, and the extra computational cost is marginal.

3.2. Uncertainty management

Previous investigations have showed that uncertainty surrounding
the value of some physical parameters could have a non negligible
impact on the thermal behavior of the system [18,19]. Notably, a global
sensitivity analysis identified microalgae culture emissivity and indoor
uilding emissivity as the primary drivers of variability. Additionally,
urrounding emissivity was found to act as a potential modulator.
onsequently, a Monte Carlo approach was deployed to address this un-
ertainty. In this approach, the model was executed multiple times for a
iven configuration, with microalgae culture emissivity (𝜖𝑚𝑐), building
ndoor emissivity (𝜖𝐼 𝑛), and surrounding emissivity (𝜖𝑆 𝑢𝑟) sampled from
niform distributions (ranging between 0.8 and 1.0, 0.5 and 0.7, and
.8 and 1.0, respectively). This process generated a distribution of
erformance metrics, from which average performances and associated
tandard deviations were derived. To ensure effective convergence,
alues were sampled using a Sobol’s sequence, known for its ability
o explore hypercubes uniformly and facilitate rapid and accurate
onvergence while minimizing computational load [50]. One could

argue that such sequences tend to be conservative, treating extreme
configurations as equally likely as central ones, thus reinforcing the
robustness of the conclusions. A convergence analysis (detailed in the
Supplementary Materials) concluded that 256 iterations were sufficient
to produce stable estimates of averages and standard deviations for all
indicators detailed in the next Section.
7 
3.3. Outputs & analysis

In the context of the present work, a microalgae biofaçade system
can be deemed to have four main outputs: the produced biomass and
the three pigments describing cells composition. Among the four, two

ill be highlighted: biomass, as it is the primary production and can re-
late to financial and environmental assessment, and cell lutein content.
Indeed, in general, biomass quality can be assessed using cell pigment
or lipid contents [51]. Lutein was chosen as it is a high-value molecule
of primary interest for human health lacking in western diet [52]. In
terms of the methodology for analysis of the system performances,
the ANOVA framework could be resorted to. Yet, the high number
of runs makes this approach irrelevant [53] as all differences appear
tatistically significant. Therefore, effect size and effect size indices

(such as Cohen’s d [53,54]) will be used to drive the analysis. Cohen’s d
provides a comparison of two populations’ means, taking into account
their standard deviations (Eq. (15)). In terms of interpretation, an
absolute Cohen’s d value below 1 suggests that the two population are
distant by less than one standard deviation (hence quite close), a value
above 4 suggests clearly segregated populations.

𝑑 =
𝑋̄1 − 𝑋̄2
√

𝑠21+𝑠
2
2

2

(15)

4. Results and discussion

4.1. Illustration case — analysis

The operation of a microalgae biofaçade located in Marseille over
023 was chosen as an illustration case for this model. The operational
rocedure was to trigger a dilution by 20% when the transmitted
raction of the green part of the visible spectrum fell below 75%. This

procedure ensures that the building workers benefit from adequate
lighting at the detriment of the culture, which is far from harnessing
all the light it could. Nevertheless, may the kind reader keep in mind
hat the purpose of this scenario is to showcase the model capabilities,
ot to optimize the system. For this very reason, all the augmentations
ere enabled during the computation of this test case.

Fig. 4 presents the culture density and microalgae lutein content
over 2023. As one can see, the culture was subjected to numerous
dilutions, and biomass concentration and lutein content evolved ac-
cordingly. The lutein content falls to a minimum of 2 mg/g after
a dilution as the low biomass concentration and the high resulting
illumination drew biomass to reduce its pigment content. Subsequently,
it reaches about 6 mg/g when the culture grows dark again.

In addition to the observed short-term pattern (over a few days),
a longer one is also noticeable (year-round). During summertime, the
biomass concentration is higher, and its pigment content is lower.
However, before dissecting the mechanisms, it is important to recall
that incident illumination on a vertical surface is lower in summer
than in winter [19]. In addition, the daytime duration is longer in
summer than in winter. These two phenomena have adverse effects.
on the one hand, a lower illumination drives the cells towards a higher
equilibrium pigment content during daytime. Even though this value
remains far below the one during nighttime, this observation advocates
for an increase in cell pigment content over the summertime. On the
other hand, the fact that the days are longer during this period of
the year leaves more time for the cell to downregulate their pigment
content during daytime. From the model predictions, it is this last
phenomenon that drives the pigment profile dynamic. Consequently,
during summertime, biomass pigment content is lower and a higher
biomass concentration can attenuating incident light enough to trigger
a dilution. During winter, it is the opposite. Hence, the biomass has
a higher pigment content. Thus, a lower concentration is required to
trigger a dilution.
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Fig. 4. Culture density, microalgae lutein content, and incident illumination over the year 2023. * μmolPhoton/m2/s.
Fig. 5. Culture temperature and metabolic rate (relative to the maximum) over the year 2023.
Another aspect of the model is the interplay between culture tem-
perature and metabolic rate. Both are graphed in Fig. 5. As one can see,
the culture temperature fluctuates widely, between 11 ◦C (on a very
time-limited episode at the end of January) and (38 ◦C at the end of
September 2023). While the amplitude of the variation is considerable
(27 ◦C), the resulting metabolic rate is relatively stable and high.
Indeed, the minimum value lies at 66% of the maximal rate, with a first
decile at 85% and a median as high as 95%. Nevertheless, like biomass
production and cell lutein content, a pattern exists between the hot and
the cold season.

To investigate it further, Fig. 6 focuses on two weeks, one in January
(cold season) and one in July (hot season). Two sets of values are
displayed; one is extracted from the simulation representing the culture
condition, and the other is a hypothetical setting assuming that the
culture has the same temperature as the outdoor air. The objective is
to assess the magnitude of the synergy between the building and the
biofaçade. The hot season configuration is straightforward to analyze.
The biofaçade offers a temperature similar to that of the outdoor air,
which is well-suited for microalgae cultivation. Hence, metabolic rates
are similar and relatively high. These observations substantiate the gain
offered by integrating photobioreactors into a building façade.

Still, significant differences emerge during the cold season. First,
the magnitude of the temperature fluctuations is wider. Second, the
biofaçade allows the culture temperature to increase by 15 ◦C on sunny
days (first part of the portrayed week) and by 5 ◦C on cloudy days
(second part of the week). These temperature increases are all the more
welcome as the outdoor temperature falls below 15 ◦C, a temperature
below which Chlorella vulgaris metabolic rate drops rapidly (Fig. 3).
Consequently, when placed within a biofaçade, the culture metabolic
8 
rate oscillates around 91 ± 5% (average value ± standard deviation),
while it would fluctuate around 58 ± 9% if left outdoors.

Finally, year-round consolidated indicators are also of interest. The
overall biomass production stands at 2.05 kg and the lutein production
at 9.43 g. This modest performance can be explained by the low ab-
sorption of impinging light (25%) and the relatively high illumination
within the culture (305 μmolPhoton/m2/s, on average during daytime),
which lowers the photoconversion efficiency. Optimizing the system,
as explored in the companion article, allows easily the achievement
of biomass and lutein productions higher than 18 kg and 110 g,
respectively, but this lies outside the scope of the present article.

4.2. Sub-model influence

As the proposed model features several refinements, their relative
contributions to the overall prediction are to be investigated. To do
so, all the augmentations were systematically turned on and off to
discriminate their importance. Overall, eight combinations were evalu-
ated, as three augmentations with two levels each have been introduced
(variable maintenance rate as a function of day and night, absorption
cross section as a function of cell pigment content, and absorption cross
section as a function of the wavelength). Fig. 7 proposes a violin plot of
the system outputs for every possible combination. The results focus on
biomass and lutein production. Furthermore, they are graphed as dis-
tribution because uncertain parameters (e.g., culture emissivity) were
distributed following a Sobol sequence to account for the unknown tied
to their values.

Focusing on biomass production, variable maintenance rate and
light absorption cross section depending on cell pigment content do
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Fig. 6. Culture temperature and metabolic rate (relative to the maximum) for a culture hosted by a biofaçade (red) or placed outside (blue, assumed to be at the same temperature
as the outdoor air). On the left, a week during the cold season, on the right, a week during the hot season.
Fig. 7. Biomass and lutein production for the different combinations of the model augmentations.
not impact significantly the outcome (group-wise, Cohen’s d below 1
for the four firsts and four last combinations). This can be explained
by the fact that the maintenance rate, either taken as light or dark
respiration, is much lower than cell production. Hence, its modulation
does not influence much the outcome. Regarding absorption cross sec-
tion dependency on cell pigment content, overall, it does not modulate
significantly the absorbed energy (2.37 GJ vs. 2.43 GJ, with or without,
over 2023). Hence, biomass production is not altered. In an opposite
manner, accounting for the absorption cross section’s spectral proper-
ties substantially modulates the system biomass production (Cohen’s
d above 4). Indeed, improving the description of light absorption in
the green region (which is lower than the average absorption over the
visible spectrum) allows the culture to harness more light energy (4.47
GJ vs. 2.43 GJ, with or without, over 2023) and produce more biomass.
Still, while impressive, one should keep in mind that this effect is a
direct consequence of the bioprocess control procedure: triggering a
dilution when green light transmittance falls below a threshold (75% in
the present case). Another procedure, such as the dilution triggered as
fixed intervals, as explored in the companion article, would yield less
contrasting results (8.1% difference). However, it would not underline
the implication of this model refinement to its fullest.

Focusing on lutein production, the variable maintenance rate is
the only refinement which influence is negligible (Cohen’s d below
1). Indeed, it does not interplay with cell pigment content and only
marginally affects cell production. Hence, lutein production is relatively
unaffected by this augmentation. In a parallel manner, describing ab-
sorption cross section as a function of the wavelength increases biomass
production while not modulating the cell pigment content. However,
the sole increase in biomass production drives lutein production. Fi-
nally, the case of the indexation of the absorption cross section of the
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pigment content is more subtle to decipher. To trigger a dilution, the
system requires two things: a culture dense enough (either by a large
amount of biomass, a large cell pigment content, or both) and light (to
determine the transmitted fraction). Hence, nighttime plays a peculiar
role. It drives cells to increase their pigment content while preventing
a culture dilution (no light to measure the transmitted fraction). The
resulting behavior is that flushes are more frequent in the early morning
when cells exhibit a high pigment content. Indexing of the absorption
cross section of the pigment content amplifies this behavior, hence the
pigment production. Leaving the technical analysis aside for a second,
one could note that this procedure increases the production of quality
microalgal biomass, i.e., with a higher pigment content.

The above analyses have focused on explaining each model aug-
mentation contribution to the overall outcome. Yet, while informative,
Fig. 7 is not the best-suited tool for a thorough analysis. Indeed, in
addition to the effect of each refinement, the question of their potential
couplings also needs to be addressed. An effect analysis was carried
out to investigate them based on the systematic activation/deactivation
of the model augmentations. The results are summarized in Table 4.
Effects values confirm that biomass production is only affected by
the absorption cross section wavelength dependency. Pigment produc-
tions are confirmed to be influenced by the cross section description
refinements but also by their interaction in an additive manner. Fi-
nally, improving maintenance description does not influence any of the
outcomes, neither as a main factor nor through interactions.

Overall, it can be concluded from this analysis of the model re-
finements that account for absorption cross section dependencies on
pigment content and wavelength are important. Regarding mainte-
nance rate, while it is of theoretical and biological interest, its improved
description does not appear key from a practical perspective.
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Table 4
Effect of refinement (and combinations) of the model of the four outputs. In bold, the one above 5% of the intercept, to ease reading.

Production over 2023

Biomass (kg) Chlorophyll a (g) Chlorophyll b (g) Lutein (g)

Intercept 1.49 25.69 12.3 5.87
me(I) 0.03 0.74 0.35 0.18
𝜎(Y𝑃 𝑖𝑔) 0.00 6.49 3.07 1.91
𝜎(𝜆) 1.01 17.76 8.50 4.05
me(I) × 𝜎(Y𝑃 𝑖𝑔) 0.00 −0.04 −0.02 −0.01
me(I) × 𝜎(𝜆) 0.01 0.28 0.14 0.07
𝜎(Y𝑃 𝑖𝑔) × 𝜎(𝜆) −0.01 2.01 0.95 0.62
me(I) × 𝜎(Y𝑃 𝑖𝑔) × 𝜎(𝜆) 0 .00 −0.03 −0.01 −0.01
Fig. 8. Local sensitivity analysis. Left — gross growth rate. Right — cell lutein content.
4.3. Biological parameter local sensitivity analysis

Once the importance of the different model variations has been
weighted, the influence of the parameters driving the model is to be
analyzed. To do so a local sensitivity analysis was carried out. Four
parameters were screened independently: the maintenance rate, the
absorption cross section value, the 𝜉0∕𝐻 𝐻 𝑉 ratio, and the pigment
expression characteristic time. All parameters were varied within ±
50% of their nominal values, with a 2.5% step. The resulting variations
in the biomass and lutein productions are graphed in Fig. 8. Unsur-
prisingly, given the above considerations, varying maintenance rate
has almost no perceivable effect. The two pigment-related parameters
induce a similar response. They lightly modulate biomass production
when selected below 80% of their nominal values. Their increase lowers
lutein production by lowering the overall cell pigment content required
to trigger a dilution (which happen at the same frequency). The oppo-
site is observed when decreasing their values. However, below 70% of
their nominal values, the decrease in biomass production counters the
increasing trends and drives lutein production downward. Finally, the
𝜉0∕𝐻 𝐻 𝑉 ratio, which lies at the heart of biomass production, affects
almost linearly the system outcomes.

4.4. Key parameters global sensitivity analysis

Once modeling choices have been evaluated and local sensitiv-
ity analysis performed on biological parameters, it is time to take a
step back and evaluate the system’s robustness as a whole. To do
so, global sensitivity analyses may be the best-suited tool. Indeed,
they examine the influence of selected parameters over a wide range
of configurations (by combining the uncertainty of all the selected
parameters). Among these methods, Sobol’s indices method stands
out for its ease of deployment and interpretation [55]. In a nutshell,
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Table 5
Parameters selected for the Sobol’s indices analysis and their explored range of
variation. Samples drawn following a Sobol sequence.

Description & Symbol Nominal value & Unit Range

Photoconversion (𝜉0∕𝐻 𝐻 𝑉 ) 2.12 10−9 kg/J ±15%
Pigment expression characteristic time (𝜏𝑃 𝑖𝑔) 8.96 - h ±20%
Absorption cross section (𝜎) Varying ±20%
Indoor emissivity (𝜖𝐼 𝑛) 0.7 [0.6–0.8]
Microalgae culture emissivity (𝜖𝑚𝑐 ) 0.9 [0.8–1.0]
Surrounding emissivity (𝜖𝑆 𝑢𝑟) 0.9 [0.8–1.0]

numerous combinations of parameter values are generated (about 60
thousand here), and an ANOVA regression is conducted to determine
the amount of variance associated with each of the parameters and
their interactions. In our case, the selected parameters, based on the
previous analyses, and their ranges are presented in Table 5. Among
them, photoconversion efficiency is of particular interest, as the local
sensitivity analysis showed its importance. Its range of variation was
determined based on the uncertainty tied to 𝜉0 (0.61 %, based on the
reported values [22–25], for a reference value of 4.34%) and 𝐻 𝐻 𝑉
(0.30 MJ/kg for a reference value of 20.51 MJ/kg). Combined together,
under the random error assumption, they suggest that the 𝜉0∕𝐻 𝐻 𝑉
ratio could vary between ±12.7% of its nominal value. Hence, a ±15%
variation range was chosen. Finally, a uniform sampling approach was
used to draw parameter values from the presented intervals before
running the model.

Fig. 9 - top - presents the results from the global sensitivity analysis.
The first comment is that for both biomass and pigment productions,
the standard deviation of the predictions lies within 10% of the average
of the distribution. The model prediction can, therefore, be deemed
quite robust. Then, focusing on the uncertainty origin, one can see that
the 𝜉 ∕𝐻 𝐻 𝑉 ratio is the dominant source. This observation is in good
0
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Fig. 9. Sobol’s indices in the illustration case configuration. Top — considering all the variables. Bottom — removing 𝜉0∕𝐻 𝐻 𝑉 from the selection. Solid bars — first order indices.
Shaded bars — second order indices. Almost empty bars — total order with confidence interval.
agreement with the local sensitivity analysis. This parameter should,
therefore, be finely evaluated before designing a microalgae biofaçade
system. Nevertheless, the other parameters also act as modulators.
For example, the building indoor emissivity and the culture emissivity
influence biomass production. Furthermore, biomass production and
pigment production sensitivities feature resembling, yet different, pro-
files. For example, pigment expression characteristic time modulates
pigment production contrary to biomass production.

Finally, it is also interesting to analyze the system sensitivity under
the assumption that one has ascertained the value of the 𝜉0∕𝐻 𝐻 𝑉 ratio.
Fig. 9 - bottom — illustrates the Sobol’s indices in this configuration.
First, one can note that the overall variability is about halved (down
to 3.5% for biomass production and 5% for lutein production). Second,
all the parameters come into play to build the variability in the system
outcomes. They also feature a high level of interaction (second-order
indices and above). Biomass production is mostly impacted by thermal
properties, while lutein production is vastly influenced by the pigment
expression dynamic. This last analysis underlines the very high level of
intrication between the thermal and biological aspects of a microalgae
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biofaçade. This ultimately underlines the relevance of modeling as a
tool to decipher and optimize such a complex system.

5. Conclusion

This article presented the development of a model coupling the ther-
mal and biological behaviors of a microalgae biofaçade. Heat fluxes and
illumination were modulated by actual weather data, and the system
response was addressed in terms of biomass and pigment production.
First, the effect of the different model refinements were screened.
Then, the model was applied to an illustrative case: the city of Mar-
seille over the year 2023. Analyzing the results illustrated the model’s
capabilities: assessing the building/biofaçade thermal synergy or the
summer/winter operational differences. The numerical behavior of the
model was also analyzed: local and global sensitivity analyses assessed
the impact of uncertain parameters. The parameter inducing the highest
amount of uncertainty is the microalgae photoconversion efficiency,
highlighting the need to ascertain its value before designing a system.
Nevertheless, even under conservative assumptions, the predictions of
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the model are 10% accurate. Consequently, it is with high confidence
that this model can be used in a companion paper to design a biofaçade
numerically.

Nomenclature

Latin
symbols

Property Unit

a Shape factor –
b Shape factor μmolPhotonPAR/m2/s
d Cohen’d –
HHV Higher Heating Value MJ/kg
I0 Incident

photosynthetically
active light intensity

μmolPhotonPAR/m2/s

k Conversion factor μmolPhotonPAR/J
L Characteristic length m
me Maintenance rate 1/day
S Surface m2

s Standard deviation Varying
T Temperature ◦C in the text/K in formulas
V Volume m3

X Cell concentration kg/m3

Y Pigment content mg/g

Greek symbols Property Unit
𝜖 Emissivity –
𝜇 Microalgae growth rate 1/day
𝜎 Cross section m2/kg
𝜏 Characteristic time s
𝛷 Heat flux W/m2

𝜉 Photosynthetic efficiency –

Subscript Description
Abs Absorbed by the culture
Average Average over the volume
Chl Chlorophyll
Conv Convective-conductive
Eq Equilibrium
Gas Sparged gas
Gross Gross
In Indoor
Inc Incident
Inlet Gas injection
Max Maximum
mc Microalgae culture
Min Minimum
Net Net
Opt Optimal
Out Outdoor
Outlet Gas vent
Pig Pigment
Rad Radiative
Ref Reference
Sky Sky
Sun Sun
Sur Surrounding
Total Total
Vis Visible
𝜆 Wavelength band
0 At I = 0 μmolPhotonPAR/m2/s
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