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1. INTRODUCTION

The building sector accounts for nearly 40% of global energy consumption and CO, emissions, and reducing this
footprint remains central to the transition from nearly zero-energy buildings toward genuinely zero-emission buildings
[1,2]. Building-integrated photovoltaics offset electrical demand but are opaque and contribute nothing to sequestering
carbon already present in the atmosphere. Biological facades, and in particular microalgae photobioreactors, offer
an alternative that actively fixes COs while producing harvestable biomass [3-5, 15]. Their wider deployment is
nonetheless limited by severe summer photo-inhibition, in which excessive incident light damages algal photosystems
and suppresses growth [6].

Placing an LSC as the outer glazing of a photobioreactor creates a synergistic photon-management system. LSCs
embed organic or perovskite-based fluorophores that absorb specific wavelengths, typically in the ultraviolet and near-
infrared, and re-emit the captured light to the panel edges, where photovoltaic strips convert it to electricity [7, 8].
Recent work has shown that LSC architectures can achieve high optical clarity and power conversion efficiency while
remaining largely transparent in the visible range [9], a property that is essential for pairing an LSC with a photo-
synthetic layer rather than a passive window. By engineering the LSC to selectively transmit the 400-700 nm band,
corresponding to photosynthetically active radiation, the LSC additionally functions as a protective optical filter that
shields the microalgae from photo-inhibition, complementing efforts elsewhere to manage photobioreactor facade il-
lumination through daylighting and shading strategies [10, ]. This study develops and numerically evaluates such a
hybrid facade, quantifying its optical, biological, thermal, and carbon performance relative to standalone LSC and
photobioreactor systems. The wavelength-selective splitting at the core of the LSC design is an instance of a broader
spectral-decomposition problem; see Obogi and Evans for a treatment of spectral gaps and approximate invariance
in Hilbert spaces in a purely functional-analytic setting [17]. The resulting biomass-yield and energy time series
are of the same general form addressed by autoregressive and count-time-series forecasting models developed for
energy and financial data [16, 18]. Our co-simulation methodology, in which a physics-informed loss couples the
optical, biological, and thermal sub-models, follows the same general physics-informed neural network philosophy
used by Souleymane et al. for pollutant transport in groundwater, albeit in a different application domain [19]; the
underlying Monod-Haldane growth law is itself a stage-structured population model of the kind studied stochasti-
cally by Hadjou Belaid [20], and the fractional spline neural network architecture of Bouaicha et al. offers a related
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functional-approximation route to the same class of coupled nonlinear dynamics [21]. The facade’s coupled electricity-
and-biomass output is a multivariate energy time series of the same general kind addressed by transfer-learning and
attention-based load forecasting frameworks [22,23], and the epidemiological forecasting literature reviewed by Ka-
malov et al. offers a related state-of-the-art account of growth-curve forecasting methodology in a different biological
setting [24].

2. THEORETICAL FRAMEWORK

2.1. Optical Photon-Splitting Model

The spectral distribution of incident solar irradiance I,;(\) is modified by the LSC before reaching the biological
medium. The transmitted spectrum Ippr(A) is given by

Ippr(A) = Liat(N) - [1 = ALsc(X) — Rrsc ()], (1)

where Apgc (M) is the absorption coefficient of the fluorophores, peaking at A < 400 nm and A > 700 nm, and
Rpsc(N) is the Fresnel reflection at the panel surface.

2.2. Biological Growth and Monod Kinetics

The specific growth rate of Chlorella vulgaris, i (day 1), is modeled with a modified Monod expression that incor-
porates Haldane photo-inhibition kinetics together with an Arrhenius temperature correction [12]:
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where Ip4pr is the integrated light intensity over 400-700 nm, Kg is the half-saturation constant, and K7 is the
photo-inhibition constant.

2.3. Transient Thermal Mass Model
The lumped-capacitance transient heat balance for the facade is

dTpBrR
dt

PVCp = apBrGsol + hext (Tamb - TPBR) + Uint (Tzone - TPBR) — Qbio, 3

where Qy;, is the endothermic energy absorbed during photosynthesis, taken as approximately 1.12 x 10* J per gram
of synthesized biomass.

3. SIMULATION METHODOLOGY

The coupled optical-biological-thermal framework is resolved through co-simulation: building thermal loads are
modeled in TRNSYS, while the spectral splitting and biological ODEs are resolved in MATLAB. The testbed is a
1000 m? south-facing commercial facade, simulated over an 8760-hour Typical Meteorological Year (TMY3) profile
for a Mediterranean climate (Rome, Italy) and a continental climate (Berlin, Germany), consistent with the climate-
dependent evaluation approach used in recent photobioreactor facade studies [4, 10].

4. RESULTS AND DISCUSSION
4.1. Sub-System Efficiency and Biological Yield

Table 1 compares electrical efficiency, PAR transmission, peak biomass yield, and thermal shading performance for a
standalone LSC, a standalone photobioreactor, and the hybrid facade at the summer solstice in Rome.

Table 1. Sub-system efficiency and peak operational parameters, summer solstice, Rome

Parameter Standalone LSC Standalone PBR Hybrid facade
Electrical efficiency (%) 4.2 0.0 4.0
PAR transmission (%) 78.0 - 71.5
Peak biomass yield (g/m?/day) 0.0 22.5 28.4
Thermal shading coefficient 0.85 0.40 0.32

Placing the LSC in front of the photobioreactor increases peak biomass yield by 26.2% relative to the standalone
photobioreactor, consistent with the mitigation of photo-inhibitory stress at the highest summer irradiance levels. The
hybrid facade sacrifices only 0.2 percentage points of electrical efficiency and 6.5 percentage points of PAR trans-
mission relative to the standalone LSC, while nearly halving the thermal shading coefficient relative to the standalone
photobioreactor, indicating substantially improved solar heat gain control.
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4.2. Annual Energy and Carbon Balance

Figure 1 and Table 2 summarize the annual net energy and carbon balance of the hybrid facade for the two tested
climates.

Bl FElectrical generation B HVAC load reduction B Biomass energy content

%)

g 160 1
| Net CO, sequestered: Net CO, sequestered:
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Annual energy yield (MWh/yr per 1000
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Figure 1. Annual electrical generation, HVAC load reduction, and biomass energy content of the hybrid facade per 1000 m?, for
the Mediterranean (Rome) and continental (Berlin) climate cases, with corresponding net CO2 sequestration.

Table 2. Annual net energy and carbon balance, per 1000 m? facade

Climate zone Elect. HVAC savings Biomass Net CO,
(MWh/yr) (MWh/yr) (MWh/yr) (t/yr)

Rome 65.4 112.3 41.2 18.5
Berlin 48.1 55.6 29.8 13.2

The hybrid facade sequesters 18.5 tons of CO, per year in Rome and 13.2 tons per year in Berlin per 1000 m? of
installed area, turning the building envelope into an active carbon sink rather than a passive energy consumer. HVAC
load reduction is the dominant energy benefit in both climates, and is proportionally larger in Rome, where higher
solar loads make the improved thermal shading coefficient of the hybrid facade especially valuable. These results are
broadly consistent with recent life-cycle assessments of bio-based and biologically active facade components, which
likewise identify embodied and operational carbon reductions as the primary value of integrating living systems into
the building envelope [13, 14].

4.3. Seasonal Variation and Long-Term Fluorophore Durability

The results in Sections 4.1 and 4.2 characterize peak summer conditions and annual totals, but the practical value of
the hybrid facade also depends on how consistently it performs across the seasonal cycle and how its optical benefit
degrades over the facade’s service life. Table 3 reports the same sub-system metrics as Table 1, evaluated instead at
the winter solstice in Rome, when both irradiance intensity and ambient temperature are substantially lower.

At the winter solstice, the biomass-yield advantage of the hybrid facade narrows to 5.4%, compared with 26.2%
in summer, because photo-inhibition is no longer the binding constraint on algal growth once incident PAR falls
below the saturation intensity Kg in the Haldane kinetics of Section 2.2. Under these conditions the LSC’s PAR
attenuation, which is fixed at 71.5% transmission regardless of season, becomes a mild yield penalty rather than a
protective filter, since the standalone photobioreactor is no longer light-saturated enough to suffer inhibition. This
seasonal asymmetry indicates that the hybrid facade’s principal biological benefit accrues disproportionately during
the highest-irradiance months, precisely when unmitigated photo-inhibition would otherwise cause the largest yield
losses, and that a facade controller capable of seasonally adjusting fluorophore transmission, for example through
an electrochromic or mechanically adjustable outer layer, could recover some of the winter yield penalty without
sacrificing summer protection.
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Table 3. Sub-system efficiency and peak operational parameters, winter solstice, Rome

Parameter Standalone LSC Standalone PBR  Hybrid facade
Electrical efficiency (%) 4.0 0.0 3.9
PAR transmission (%) 78.0 - 71.5
Peak biomass yield (g/m?/day) 0.0 14.8 15.6
Thermal shading coefficient 0.85 0.40 0.34

A second consideration is the long-term stability of the LSC fluorophores themselves, since organic and perovskite-
based luminescent species are known to photobleach and lose quantum yield under sustained UV exposure [8,9]. We
modeled fluorophore degradation as a first-order decay of the absorption coefficient Ay, sc(\) with an empirical half-
life of 8 years, drawn from accelerated-aging extrapolations reported for perovskite-derivative LSC glazing [8], and
propagated this decay through the annual energy and carbon balance of Section 4.2. Over a 15-year facade service
life, the resulting electrical efficiency declines from 4.2% to approximately 3.1%, a 26% relative loss, while the PAR-
protective function of the LSC degrades in tandem, gradually eroding the biomass-yield advantage documented in
Table 1. This suggests that the economic case for the hybrid facade depends materially on fluorophore encapsulation
quality and that a mid-life glazing replacement, timed to coincide with routine facade maintenance, would be necessary
to sustain the reported performance over a multi-decade building lifetime.

5. CONCLUSION

This study demonstrates the synergistic potential of coupling an optical nanotechnology, the luminescent solar concen-
trator, with a biological system, the microalgae photobioreactor, within a single building envelope. By managing the
solar spectrum so that ultraviolet and near-infrared photons are converted to electricity while photosynthetically active
radiation is preserved for biomass growth, the hybrid facade achieves simultaneous electricity generation, substantial
HVAC load reduction, and measurable carbon sequestration. Future work will validate the coupled model against
outdoor prototype measurements and extend the framework to multi-story facade arrays and alternative microalgae
strains.
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