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Abstract

The use of agrivoltaic systems is seen as a trade-off between energy storage and food
production, however, although the measure of the power absorbed by solar panels is easily
quantifiable, the same cannot be said for agricultural yield. For this reason, it is difficult
to determine whether or not the use of this technique is cost-effective. The development
of theories that can replicate the behavior of the plant to the variation of climatic forcings
allows to evaluate the efficiency and productivity of an agrivoltaic system depending on
the type of crop and the boundary conditions of the problem.

In this study, an in-depth look is taken at different models for quantifying stomatal
conductance with a focus on the effect that the light spectrum plays in the process of
stomatal cavities regulation. The combination of the Fick’s law with Farquhar’s photo-
synthetic model and with the optimality theory allows us to obtain analytical expressions
for the photosynthetic rate (fc), the intercellular CO2 concentration (ci) and the stomatal
conductance (g). The formula of g, thus obtained, depends on a single parameter (λ) and
can be differentiated according to the most limiting process between Rubisco carboxy-
lation (light-saturated) and RuBP regeneration (light-limited) rates. The results reveal
that optimization models, maximizing g for blue instead of red light, do not provide a
correct response to changing light spectrum and they are in contrast to experimental
results and empirical model predictions.
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Chapter 1

Introduction

Energy and food production have been considered separate goals for many years. How-
ever, more recently, the growth of the world population has led to an increased demand
for both of them. A new approach, called agrophotovoltaic (APV), is proposed as a
solution to the problem, since it combines electrical power generation and farming on
the same portion of land. The concept of agrophotovoltaics (APV) was introduced by
Goetzberger and Zastrow in 1982. Their idea was to increase the solar collectors height
up to 2 m above the ground in order to improve the shading effect under the structure
and the crop yield. From 1982 to the present, this technology has evolved and differ-
entiated across the world adopting different strategies according to the type of climate,
crop and state policies. The synergistic effect of electrical power generation and agri-
cultural productivity may lead to a reduced efficiency in solar energy or crop yields, or
both productions. The main problem that arises when combining the two techniques is
to find the best compromise between the maximization of both the electrical yield and
crop productivity; the first one is obtained by increasing the PV module density which
simultaneously reduces the available solar radiation underneath, the second one is ob-
tained by reducing the PV module density and increasing the light availability for plants
growth.

The development of this innovative system fits within a rapidly changing historical
context from the demographic, economic and agricultural point of view. The recent
population growth and economic development result in a reduction of available spaces
devoted to agriculture and power generation. An interesting finding is shown by Schindele
et al. (2020), who report a 48% decrease in the space allocated to agriculture between
1961 and 2016 due to global population increase. For this reason the use of this new
method of farming could bring beneficial effect.

The highest potential of APV is evident in arid regions where crops usually are
subjected to the effect of high solar radiation and scarce water availability. In these
lands the presence of panels above the cultivated fields can lead to an increase in water
use efficiency (WUE) and a decrease in water demand for irrigation (Adeh et al., 2018).

An important parameter for assessing the advantages of a dual-use APV system over
a single-crop and PV production is the Land Equivalent Ratio (LER). It measures the
efficiency of the combined production of crops and electricity respect to the single use
case and it is defined as follows:

LER =
FMAV S

FMCP
+

EAV S

EPV
(1.1)

where FMAV S is the fresh biomass in the APV field, FMCP is the biomass on the
control plot field and EAV S and EPV represent the APV and PV electrical productivity.
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If LER value is greater than one, it means that the dual use system is more effective
than separating the two techniques (Abidin et al., 2021).

The benefits that an agrivoltaic system brings are many, here is a list of the most
important:

(1) The profitability of farming can be enhanced by the installation of APV thanks to
the production of electrical energy;

(2) APVs contribute to the off-grid electrification of rural areas because usually agri-
cultural lands are not located in densely populated regions where an implemented
electrical system is already available and create a decentralized energy system that
can be self-sufficient (Malu et al., 2017);

(3) The ambient air temperature is reduced by the crops cultivated beneath the solar
structure. If the solar panel temperature decreases the PV efficiency increases
(Patel et al., 2018);

(4) The water used to clean the dust accumulated on top of PV panels can be used to
irrigate the crops beneath, increasing the water use efficiency (Proctor et al., 2021);

(5) The yield of shade-acclimated species can be enhanced by the shading effect of the
solar PV modules and the consequent decrease of light irradiance (Marucci et al.,
2018);

(6) Increase in job opportunities (Shybut, 2023);

(7) APV provides shelter in the horticulture sector where some plants could suffer
damages due to extreme weather events (Trommsdorff et al., 2022);

(8) APV reduces the fossil fuel dependency for the development of renewable ener-
gies, if the produced electricity is directly used on site agriphotovoltaic could also
contribute to reduce the carbon footprint (Li and Ma, 2020).

To understand wether the use of the APV system is beneficial or not it is necessary
to analyze in detail several aspects, since the advantage of the APV depends on the type
of technology used in the PV cells, on the spatial distribution of the PV modules and on
the agricultural practice used on site.

In Weselek et al. (2019) it’s possible to find a first distinction between groundmounted
PV (GM-PV) and APV. In the first case the PV structure is a free-standing solar array
mounted on the ground using either a rigid metal frame or a top single pole, in the second
case the structure is raised from the ground of a few meters in order to increase the crop
productivity underneath.

Figure 1.1: Comparison between GM-PV and APV (source: Hilker et al. (2023)).
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Different types of strategies can be adopted in the use of an agriphotovoltaic sys-
tem and three distinct approaches can be used: energy-centric, agricultural-centric and
integrated agricultural-energy-centric (Pascaris et al., 2020). The first one is oriented
towards maximizing electricity production and at the same time promoting the growth
and the development of crops underneath the panels; the second one is optimized for
the maximization of biomass production and mitigation of actions that might alter the
plant’s growth, but still using the advantages of the photovoltaic technology; the third
one tries to maximize both practices by improving the disadvantages that would arise by
adopting only one of the two strategies.

1.1 The PV module

The understanding of the APV functioning requires the definition of its fundamental
parts. It is composed of photovoltaic panels whose performance depends on the type of
cell used. A photovoltaic (PV) system is made of one or more solar panels combined
with an inverter and other electrical and mechanical hardware that use energy from the
sun to generate electricity. The solar PV modules consist of photovoltaic cells that are
able to absorb the incident solar radiation and convert only a part of it into electric-
ity. Different types of materials can be used to achieve the optimal conversion, such
as crystalline silicon (c-Si), amorphous silicon (a-Si), copper-indium-gallium-diselenide
(CIGS) and cadmium telluride (CdTe) modules. As reported by Trommsdorff et al.
(2022) there are two configurations: the multicrystalline and the mono-crystalline mod-
ules. The distinction between the two is based on the growth and cut characteristics
of the starting crystal. Nowadays this technology is widely used and guarantees an effi-
ciency from around 12% to 17%. Depending on the specific case three different types of
panels can be used in the APV system: monofacial, bifacial and semitransparent (Fig-
ure 1.2). Monofacial modules are characterized by the presence of photovoltaic cells only
on the front side, while bifacial ones are able to absorb also the reflected solar radiation
coming from the back side. Different factors are responsible for the efficiency of bifacial
modules such as the site configuration, albedo and the ratio between the back to front
side efficiency.

It is also possible to use semitransparent silicon modules. In this type of panel
the cells are interspersed with empty spaces that allow the passage of light. The cells
configuration and the ratio between empty and full space can be properly chosen in
order to maximize the efficiency. A different technique, instead, consists in the use of
luminescent solar concentrators (LSCs), which are made of transparent plastic or glass
that has a fluorescent dye or quantum dots embedded or painted on it. The dye absorbs
light and then fluoresces, creating a glow that propagates by total internal reflection to
the edge of the sheet where the light is absorbed by a narrow solar cell (Currie et al.,
2008).

An emerging new technology consists in the use of wavelength-selective photovoltaic
(WSPV) panels, which combines the luminescent solar concentrator unit with the stan-
dard silicon cells of the PV module. The idea behind its operation is to absorb a certain
fraction of the light and to transmit the remaining part below for plants photosynthe-
sis and growth. The WSPV unit is made of polymethyl methacrylate (PMMA) plastic
inserted in a luminescent perylene red dye, the energy demand of the entire system (ven-
tilation, microclimate sensors, data loggers) can be sustained by the produced electricity
(Loik et al., 2017). The main advantages are: the reduction of the absorbed light energy
dissipated into heat (nonphotochemical quenching), the increased efficiency due to the
use of a frontal energy reception system instead of a lateral one and the reduced distance
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Figure 1.2: Representation of the three types of panels used in APV (source: Trommsdorff et al.
(2022)).

the light has to travel to reach the PV cells due to the alternating presence of PV cells
and LSCs. The efficiency of the WSPV module is given by the sum of the contributions
of all the components that constitute it. Loik et al. (2017) report theoretical efficiencies
ranges between 8.8% and 9.4%, the results obtained depend on the relative area of the
LSCs and the PV cells, the fraction of the absorbed solar spectrum, the portion of wave-
lengths delivered to the PV cells and the conversion efficiencies. They show that WSPVs
are characterized by higher efficiencies when light conditions are limiting. A WSPV unit
can concentrate light more efficiently compared to the classic installation with opaque
panels, its performance does not depend on the inclination of the solar panels and it can
receive light from both side, increasing the fraction of absorbed reflected light. The color
and type of LSC is chosen in order to remove the part of the light spectrum that is not
needed for the plant’s growth: the blue fraction is diverted to the PV cells to generate
electricity, instead, the red one is allowed to pass since it is responsible for the plant’s
photosynthetic activity (Liu and van Iersel, 2021; Wang et al., 2016).

Figure 1.3: Illustration of a WSPV module with a filtering mirror, allowing the visible spectrum to
pass and the near-infrared to be reflected towards the PV cell (source: Trommsdorff et al. (2022)).
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Organic photovoltaics (OPV) represent a rapidly emerging technology with the po-
tential to revolutionize large-scale power generation. The absorbing layer of OPV cells,
composed of organic semiconductors, offers a cost-effective alternative to traditional in-
organic semiconductors. Carbon-based nanostructures like fullerenes and graphene con-
tribute to OPV’s promising applications, boasting excellent optical and mechanical prop-
erties (Pathakoti et al., 2018). This economically practical technology not only offers low
production costs but also enables the production of thin and flexible solar cells, making it
more suitable for widespread implementation in the solar energy industry (Kumar et al.,
2014).

Different spatial configurations and arrangements are possible in the field of agropho-
tovoltaic. A first technical problem is given by the requirement for a higher vertical
clearance of the panels compared to a traditional ground-mounted PV system. In addi-
tion, an optimization of the distance between the rows and an appropriate selection of
the panels density are necessary. Full-density (FD) panels are used to optimize energy
production and allow the 50% of energy to pass below, while half-density (HD) are used
to balance energy production and agricultural growth (Abidin et al., 2021).

Figure 1.4: Full-density and half-density configurations, top view. Thin black lines are the planting
rows within the grey agricultural plot, the thick lines in black represent the PV strips (source: Valle
et al. (2017)).

The angle of inclination of the panels, the distance between them, their height and
density depend on the type of cultivation underneath, the climatic conditions and there-
fore the geographical position in which they are installed. A distinction is made between
interspace PV and overhead PV systems. In the first case the efficiency and the instal-
lation costs are lower, the agricultural fields are interspersed with rows of PV panels.
Generally, this system focuses on energy production and is limited by the little space
between one field and the next in which agricultural machinery struggle to pass. In the
overhead system the panels are placed above the agricultural field at heights that de-
pend on the type of crop and on the size of the agricultural machinery that have to pass
below them. This system benefits from being positioned at higher levels, in this way all
electrical equipment must not be placed on the ground, thus obtaining an optimization
of the available space and an increase in productivity thanks to the greater amount of
shaded areas and protection against extreme weather events. The height of this structure
(usually 4-5 m) makes it vulnerable to horizontal forces that are transferred directly to
the base. Steel frames can be used for small-scale installations and concrete foundations
when the wind load is very high (Trommsdorff et al., 2022).

The energy production can be enhanced with the use of a solar tracking system (Fig-
ure 1.5). This device is able to automatically correct its inclination thanks to mono or
biaxial rotation axes. Three different configurations are possible: in the passive configu-
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ration the thermal expansion of the material or the pressure gradient between two points
at the end of the tracker are exploited, in this way the system requires minimal mainte-
nance costs but is highly influenced by the climatic conditions and its main drawback is
inaccuracy; in the active configuration the presence of sensors and motors is exploited,
the result is a more precise and efficient sun tracking system except for cloudy days dur-
ing which unnecessary consumption of electricity is recorded; and in the chronological
configuration the rotation to a constant specific rate is used, minimal tracking errors
are obtained with an excess work during cloudy days due to the continuous spinning
mechanism (Abidin et al., 2021).

Figure 1.5: Single axis (A) and dual axis (B) solar tracking systems (source: Aktaş and Kirçiçek
(2021)).

In order to maximize the light availability for both plant’s growth and energy pro-
duction the position of the PV modules can change. For example, orienting the panels
towards east or west can avoid the formation of shade patterns, which are formed using
a north or south orientation depending on the hemisphere (Figure 1.6).

Figure 1.6: Different types of orientation of PV panels (from left to right: east-west, south- and south-
east orientations) (source: Trommsdorff et al. (2022)).

1.2 Microclimatic variations

It is important to assess the impact and changes that the APV system induces on the
main climatic variables such as: irradiance, temperature, soil moisture and vapor pressure
deficit. Any change in quantity and quality of natural light can affect the growth and
the development process of a plant. The application of a cover above the crop therefore
entails a substantial change not only in the photomorphogenesis of the plant but also
in the climatic conditions of the air and soil in which it lies. The main advantage due
to the presence of the panels is the reduction of evapotranspiration and excessive solar
warmth, resulting in increased soil moisture.
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Not all the light spectrum is used by the plant, but only a defined portion of it, which
is called "photosynthetically active radiation" (PAR) and includes wavelengths within
the visible spectrum that vary between 400 and 700 nm (Figure 1.7). When wavelengths
are too short (x rays, gamma rays, ultraviolet radiation) and carry too much energy they
can break the molecular bonds and bring potential damages and DNA alterations with
loss of genetic material (Rastogi et al., 2010). On the other hand, too long wavelengths
with little energy fail to activate the photoreceptors of plants and start the electron
transport chain necessary for the plant light dependent phase.

Figure 1.7: Electromagnetic spectrum radiation from the lowest to the highest frequency. (A) Solar
spectrum at the ground level. (B) Absorption spectrum of the solar PV panel. (C) Absorption spec-
trum for a generic crop. (D) Schematization of the input (solar radiation) and the outputs (electricity
and biomass). Electromagnetic spectrum (source: Macmillan Learning, The Electromagnetic Spectrum
(2023)). The absorption spectrum (source: Thompson et al. (2020)).

1.2.1 Light dependence

Not all the radiation emitted by the sun is able to reach the surface of the PV panels
and the plant’s leaves, and during its path it encounters different resistances to the
motion. The solar radiation intercepted by the Earth above the atmosphere at the
average distance of the earth–sun (the astronomical unit) from a unit surface that is
perpendicular to the rays per unit time is called "solar constant" (Cs) and its value
ranges between 1360 and 1370 Wm−2 (Li et al., 2011). This energy is not uniformly
distributed on the terrestrial surface but depends on latitude, altitude, time, day of the
year, slope, cloud cover, humidity, temperature and climate. The effective radiation
that reaches the surface of the planet is approximately equal to 46%, a lot of energy

7



CHAPTER 1. INTRODUCTION 1.2. MICROCLIMATIC VARIATIONS

is absorbed and re-emitted by atmospheric gases or intercepted by clouds. The process
by which light intensity is reduced due to the interaction with matter is known as light
extinction. The light intensity IL reaching the soil through an atmospheric vertical layer
with thickness L is modeled according to the Lambert-Beer’s formula, as in Palmeri et al.
(2013):

IL = I0e
−kmL (1.2)

where I0 is the incident light intensity at the atmosphere, m is the optical air mass
which accounts for the solar angle of the zenith - θ - and k is the light extinction coefficient
which expresses a measure of the resistance to the motion and depends on the extinction
property of the medium.

The design of an APV system must therefore take into account the amount of light
that reaches the Earth’s surface (Cs, IL) and its quality (PAR) because photovoltaic pan-
els and plants are not optimized for the same wavelengths of the spectrum (Figure 1.7).
While PV panels and irradiance are linked by a linear proportionality, plants absorptance
is determined by the nature of the photosynthetic pigments (Thompson et al., 2020) and
depends on the light response curve, which illustrates the relationship between irradiance
and photosynthetic rate with a Michaelis–Menten trend curve.

Figure 1.8: Generic saturation curves of shade acclimated and sun loving plants (source: Munns et al.
(2018)).

Light acclimated plants reach the saturation point with higher irradiance, while shade
acclimated species reach saturation quicker and with lower irradiance. The response
depends on the type of plant and on the light adaption parameter - Ik -, which accounts for
the type of plant acclimation (Jørgensen and Bendoricchio, 2001). Shade-tolerant species
showed a number of adaption strategies including an increased total leaf area, an altered
leaf orientation and a modified morphology with longer, wider, thinner but lower number
of leaves (Weselek et al., 2019). However, the relation between photosynthesis and light
availability is not always positive correlated (too much light can induce photoinhibition
effect), but is characterized by an optimum-curve behavior. The excess solar radiation can
compromise the plants functioning, for this reason plants have evolved over time looking
for ways to prevent potential damages induced by heat and excessive irradiance, such as
non-photochemical quenching (NPQ) (Ruban, 2016). Therefore a correct interpretation
of the saturation curve of the plant can help us to define the type of coverage to be used
knowing that the lower the light saturation point the more shade a crop can experience

8



CHAPTER 1. INTRODUCTION 1.2. MICROCLIMATIC VARIATIONS

without having relevant yield losses.

1.2.2 Water dependence

As reported by Elamri et al. (2018), the main difficulty in the design process of an APV
system is to combine short-term fluctuations in the climatic forcings (radiation intercep-
tion and rain redistribution below the panels) and long-term agronomic management,
finding the best match in terms of panel type, tilt angle and irrigation technique.

An uneven distribution of water can be the immediate consequence of the installation
of PV panels above the crops, since during intense precipitation events high water run-
off can induce localized erosion and the formation of channels and moisture patches. A
possible solution consists in changing the inclination angle of the panel which determines
a new rainfall spatial distribution. It is necessary to state that the panels inclination can
lead to accumulation of dust on the surface with a consequent reduction of electricity
production especially in arid regions, as suggested by Ravi et al. (2016). An attempt can
be made in the implementation of an irrigation system that also provides for the cleaning
of the panels, avoiding additional water losses.

In areas characterized by limited water availability, the action provided by the photo-
voltaic panels is beneficial in terms of reduced evaporation and water demand of plants,
thus also reducing the demand for the irrigation system due to the increase in soil hu-
midity. However, an appropriate sizing for the irrigation system and the adoption of an
adequate strategy are necessary to minimize losses caused by too much water availability
which can lead to leaching phenomena.

1.2.3 Air temperature and humidity

Air temperature represents another climatic forcing that is affected by the presence of an
APV system. The effect on air and soil temperature is quite debated in literature and
not all studies lead to the same results. For example, Marrou et al. (2013a) showed that
neither the average daily air temperature nor the VPD and the wind have been signifi-
cantly affected in the shade of solar photovoltaics panels compared to the full-sun case,
regardless of the climatic season. They explain how this phenomenon is due to convec-
tion air movements that seem to be powerful enough to homogenize air characteristics.
However, the results are limited by their prototype which is much smaller in size than
large-scale agrivoltaic installations, therefore the impacts of this type of structure on air
temperature are not known. On the contrary, they recorded a decrease in crop tem-
perature under the photovoltaic panels due to the reduction in the incoming shortwave
radiations compared to the full-sun treatment. Other studies in literature found that
temperature tends to decrease under shaded conditions compared to full-sun case (Pang
et al., 2019; Williams et al., 2023). Negative aspects due to the heat stress could be: the
decrease level of nutrient-uptake and assimilation of proteins in tomato roots (Giri et al.,
2017), the decrease of the starch content in C3 cereals (Ben Mariem et al., 2021) and
the reduction of the time needed for late peas to reach maturity with associated reduced
seed size (Bisbis et al., 2018).

As a result of the decrease in irradiance below the panels, the evapotranspiration is
reduced. Evapotranspiration (ET) is defined as the combination of evaporation, which
is responsible for water movement from soil to the air directly and transpiration that
occurs through the openings of the leaves called stomata. A correct estimation of the
transpiration rate is crucial and plays an important role in estimating the volumes of
water to be allocated for plants for irrigation purposes. ET is usually estimated using
the FAO Penman–Monteith approach which expresses the flux as a function of the crop
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type, the actual water availability and the actual climate. ET is proportional to the net
radiation, this means that the greater the irradiance the greater the flux, and to the
vapor pressure deficit (VPD). As VPD decreases, due to the growing air humidity, the
flux becomes less relevant. The magnitude of the reduction depends on the crop type
and is time dependent as the crop coefficient varies in time according to the lifecycle of
a plant species (Pereira et al., 2015).

1.3 Crop yield and innovations

The microclimatic conditions change over time, consequently the impacts on agricultural
cultivation depends on the sowing period and the growing phase of the plant. For exam-
ple, vegetative species that well tolerate light (lettuce, cabbage) can better adapt to the
reduction of irradiance showing adaption techniques. Marrou et al. (2013b) highlighted
the capability of lettuce to produce biomass more efficiently when the light is limiting.
Lettuce shows an increased leaf area to overcome shade-related drawbacks and a mod-
ified morphology with longer, wider, but lower number of leaves. An important result
was found by Elamri et al. (2018), who discovered a delay in the development phase of
lettuce in partially darkened conditions, this may lead to an extension of the period of
harvesting and consequently to increased profits for farmers.

As a general rule, it can be stated that under unsaturated light conditions and no
other limiting factors the presence of PV panels contributes to a decrease in agricultural
yield, instead, in conditions of water stress and unfavourable temperatures, the reduction
of irradiance can bring benefits. In very arid regions (e.g. Arizona) plants like chiltepin
pepper and tomato showed a yield increase of 150% and 90%, with shading rates of
70% ÷ 80% (Trommsdorff et al., 2022). In addition, the presence of panels can help
eliminate all protective operations that are used in case of extreme adverse meteorological
events, also acting as protection.

A different result was obtained by Zhang et al. (2023), who analyzed the variation
in yield of certain types of plants below a spectral separated concentrated agricultural
photovoltaic (SCAPV) system. This innovative technology exploits the ability of the
materials of which it is composed to act as a spectral filter, separating the sunlight so
that the red wavelength (responsible for the growth) is transmitted for photosynthesis,
while the blue wavelength is reflected and concentrated for energy production. The
results are increased soil moisture, crop yield and better management of water resources
for irrigation.

The components of the SCAPV plant include a concentrator module (consisting of
a curved glass, a layer of multilayer polymer, a high-efficiency PV cell concentrator and
a dissipative structure), a dual axis-tracking system capable of adjusting the inclination
based on the solar altitude and azimuth angle, and the supporting arms for the entire
structure.

Zhang et al. (2023) found higher yields for plants such as ginger, peanut, sweet potato,
bok choy and lettuce, with yield growth rates up to 47.9% below SCAPV compared to
the open-air cultivation. The increase in yield is due to the microclimatic variation
induced by the presence of the filtering structure. They recorded under the SCAPV
unit a decrease in irradiance, air temperature and wind speed, resulting in decreased
evaporation and increased soil moisture. However, it should be noted that the results
obtained from these experiments were carried out on carefully selected plants in order to
obtain a perfect agreement between the growth period and the optimal soil conditions. In
addition, some plants tested are of the shade acclimated type. It is necessary to conduct
further experiments on light acclimated species to compare yields and have more general
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results. The value of the average land equivalent ratio (LER = 1.61) they obtained is
remarkable. It is well known how LER values greater than the unit imply a higher yield
compared to the mono production for the same size of cultivated area, or, they imply
a smaller crop area for the same agricultural and electric yield compared to the mono
production.

Figure 1.9: (A) Operating principle of the concentrator module with two layers of MPF attached in
the SCAPV plant. (B) Transmission spectrum of the 2 layers and superposition (source: Zhang et al.
(2023).

This result is very important in terms of improving land efficiency, especially in
densely populated regions where the agricultural space can be optimized through the
development of a dual-use system. In China the SCAPV plant measured power conversion
efficiency (PCE) value of 11.6% thanks to the modular design of the concentrator module
and the optimization of cell components, concentrating curve and dual axis tracking
system. As regards energetic aspects, the agrivoltaic system can be implemented in
order to use the energy produced on site, for example to power the irrigation and pumping
systems through the use of energy storages and to disconnect the farm from the main
electricity grid facilitating the electrification of rural areas.

1.4 Economics

The main disadvantages in the implementation of the agrivoltaic system concern the
aspect of costs, social acceptance and in particular the issue of farmers themselves. The
main factors that determine the final cost of the structure are: the size of the APV
system, the management of agricultural practices, the location of the structure and the
type of technology used by the panels. Furthermore, installation costs including labour,
additional costs due to the raised steel or concrete structure and any modification of
machinery and agricultural practices due to the reduced height available in ground-
mounted systems should be taken into account (Trommsdorff et al., 2022).

Costs are usually subdivided into capital expenditures (CAPEX) and operational
expenditures (OPEX). The former refer to the initial investment required for setting
up the agrophotovoltaic system. They include the costs associated with purchasing solar
panels, mounting structures, inverters, electrical components and any other equipment, as
well as the costs of preparing the land for agricultural use. The latter refer to the ongoing
operational expenses incurred in the maintenance and running of the agrophotovoltaic
system. This may include costs related to land lease, labor for maintenance, repair and
replacement of components, insurance, taxes and other recurring expenses associated
with the system’s operation.

In general, the CAPEX of an APV system are higher than the traditional ground
mounted (GM) system due to the higher vertical clearance and the greater amount of
material that must be used to elevate the PV panels. The expenditure increases in the
case of double-sided panels usage, even if it is then offset by higher profits due to the
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absorption of the reflected light. There is an increase in costs also in the preparation and
installation of the site due to the forced passage of agricultural machinery on alternative
roads in order to avoid too much soil compaction. On the other hand, the OPEX of
agrophotovoltaics are lower compared to the GM-PV case. The cost related to the soil
maintenance below the panels (weeding) is eliminated since it is already accomplished by
definition in the concept of APV. In addition, the dual use of the soil guarantees lower
land cost per year than the GM-PV. The costs coming from agricultural machinery
operation can increase due to the greater care with which the equipment must be moved
between the structural support pillars. Consequently, permanent crops are preferred,
otherwise the costs, due to structural changes and the use of different agricultural vehicles,
can increase a lot.

A problem that should not be underestimated is the social acceptance for this type
of structure, especially in the case of large-scale installations or facilities located near
residential areas, and the concern of farmers themselves, who must be instructed in the
new maintenance techniques and procedures associated with the use of the dual land-use
technology. However, social acceptance is only part of the problem, it fits into the wider
context of conflict in land use between energy and food production, spaces intended for
urbanization and protection from extreme weather events, tourism and landscape and
ecosystems conservation.

A wide range of innovative techniques and solutions that can be used in agrophoto-
voltaic installations for maximizing electricity can be found in the literature. However,
a broader perspective must be adopted in order to maximize agricultural yield as well
and ensure that the investment for the installation itself is not worthless. For this rea-
son, a detailed study of plant functioning and, in particular, of the regulatory action of
stomata as a function of the light spectrum should be included in agrophotovoltaic plant
construction projects.

1.5 Thesis objectives

To assess the impact of agrivoltaic systems it is necessary to analyze in detail what
happens at the leaf scale, because the processes that determine the gas echanges of the
plant take place at the microscopic level. The importance of plants and photosynthesis
is often underestimated or taken for granted, not considering the great contribution they
make to the reduction of CO2 emissions in the planet; therefore, the analytical control of
their development and growth could bring benefits not only in terms of food production
but also in terms of improving air quality. The regulation of the gas exchanges, in
particular that of CO2, allows us to quantify the amount of carbon assimilated by the
plant and converted into sugars and to determine the agricultural yield in the agrivoltaic
plants. Since the light dependent phase of the photosynthetic process, responsible for
the synthesis of ATP and NADPH necessary for carbon fixation, is determined by the
quantity and quality of light, a more careful assessment of the impact of light spectrum
on the functioning of plants has been evaluated in this study, analyzing the effect of
different wavelengths on CO2 and H2O exchange processes.

What follows is therefore intended to give a general theoretical overview of some
of the models that exist in the literature and are applied to the leaf scale with the
aim of predicting the plant behavior as external climatic conditions change, including
temperature, relative humidity, CO2 concentration, quantity and quality of incident light.

The objective of this discussion is to verify the correct response of the optimization
models in terms of stomatal conductance, photosynthetic rate, water use efficiency, tran-
spiration and intercellular CO2 concentration against measured data in the literature.
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The models were tested on two different types of C3 plants (basil and strawberry) and
the response to different light treatments was compared with the results obtained by
Camporese and Abou Najm (2022).

The optimization models analyzed are those of Katul and Medlyn. They differ in
a fundamental hypothesis that is made about the regulatory action of stomata. Katul
assumes that plants are always in light saturated conditions and includes only the limita-
tion induced by the ability of the Rubisco enzyme to catalyze the carboxylation reaction,
Medlyn, on the other hand, assumes that plants are always in limiting light conditions,
including the dependence of light spectra in the expression of the assimilation rate.

The analytical models that have been implemented are based entirely on the equations
obtained by Katul et al. (2010), which, being completely general, can be differentiated
within the iterative scheme distinguishing between the hypothesis of Medlyn and that of
Katul. The models are the result of the optimization scheme including the regulatory ac-
tion of the plant in limiting water losses and maximizing carbon fixation, complemented
by the transport equation for CO2, a non-linear (or linear) photosynthesis and transpi-
ration models. The ability to capture light-induced variability is included within the
photosynthetic model, and the dependence of stomatal conductance on light is consid-
ered implicitly in the expression of the assimilation rate. The result is therefore a new
mathematical framework that can be used to describe the stomatal conductance as not
only the external climatic conditions but also incident radiation change, while still taking
into account the regulatory optimization process carried out by stomata. The importance
of the models lies not only in their predictive capabilities of the plant’s response to given
climatic conditions, but also in the possibility to determine the most appropriate choices
to be made in terms of crop and panels type, in order to maximize agricultural yields
and profits from electricity production.

1.6 Thesis structure

The following paragraph provides an overview of the thesis structure, outlining the chap-
ters and the topics addressed in each.

In Chapter 2, the different models of stomatal conductance are analyzed and the
mathematical steps necessary to derive the equations are reported. Chapter 3 shows the
calibration of the models on the experimental data (basil and strawberry) and explains
how the calibration algorithm operates. Chapter 4 analyzes the sensitivity of the models
to the variation of the main climatic variables. Chapter 5 provides conclusions on the
functioning and limitations of the models and offers a perspective for improvement.
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Chapter 2

Stomatal conductance models

The role that stomata play in regulating gas exchanges between leaf and atmosphere
affects not only the plant’s economy, but also the entire ecosystem in terms of energy
and water balance. The parameter that allows us to quantify the action of stomata is
called stomatal conductance. It is determined by the action of guard cells, which, in
response to energy gradients, are able to regulate the opening and closure of stomatal
pores adapting the physiological condition of the plant to external changes.

Several models have been used in the literature to predict stomata movement in
response to changes in external climatic conditions, many of these are empirical models
and the expression they use for stomatal conductance relies on experimental observations
and does not include a physical basis in it. Among the most used empirical models we
can find that of Ball et al. (1987) and that of Leuning (1995). Both use an expression
for stomatal conductance that depends on relative air humidity, CO2 concentration in
the surrounding of the leaf, photosynthetic rate and slope (g1) and intercept (g0) fitting
parameters.

The formulations, respectively, are:

g = g0 +
g1

ca − cp
fc

(
1 +

D

D0

)−1

(2.1)

and

g = g0 +
g1

ca − cp
fcH (2.2)

where H is the mean air relative humidity, fc is the photosynthetic rate, ca is the
concentration at the leaf surface, cp is the CO2 compensation point, D is the vapor
pressure deficit, D0 is a vapor pressure deficit constant and g0 is the conductance as fc
and the leaf irradiance approach to 0.

Both models take into account the response of stomatal conductance to changes in
assimilation rate and ambient CO2 concentration. However, they do not consider at all
the role of light in the process of stomatal regulation. This omission, as will be seen later,
leads to the formulation of models that are unable to correctly interpret the stomatal
conductance trends as the climatic variables change.

A step forward was made by Camporese and Abou Najm (2022), who consider the
effect of different light spectra on the gas exchange between leaf and atmosphere. They
analyzed the plant’s response to the variation of the incident light spectra trying to
understand which portion of light was more efficient in terms of productivity and water
consumption. In their model they use the formulation proposed by Kromdijk et al. (2019)
to estimate the stomatal conductance:
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g = g0 + 1.64

(
1 +

g1√
D

)
1− qL
ca

(2.3)

where D is the atmospheric water vapor pressure deficit computed from the air relative
humidity and 1− qL is a proxy for fluorescence and estimates the light-induced changes
in the redox state of quinone A. They applied a correction to the original formula by
replacing 1 − qL instead of fc based on the experiments of Głowacka et al. (2018), who
observed a direct dependence between light-induced stomatal movement and PQ redox
signal that can be approximated by the term 1− qL. The fluorescence term is computed
starting from the definition of the operating efficiency of the photosystem II, as:

ΦPSII =
J

PFDabs × fPSII
(2.4)

where J represents the rate of electron transport, PFDabs the absorbed photon ir-
radiance and fPSII the proportion of absorbed light partitioned to the photosystem II.
The next step is the computation of NPQ, a mechanism that plants adopt to protect
themselves by dissipating the excess light intensity as heat. It is modeled using a sig-
moidal Hill function with basal level NPQ0, photon irradiance at half amplitude KNPQ,
Hill coefficient and asymptote nNPQ and NPQmax, respectively.

NPQ = NPQ0 +
NPQmax−NPQ0[(
KNPQ
PFDabs

)nNPQ
+1

] if PFDabs > 0

NPQ = 0 if PFDabs = 0

(2.5)

After determining NPQ and the dark-adapted maximal fluorescence (Fm) the next
step is the computation of the maximum fluorescence without dark-adaption at a fixed
light level (F ′

m) as:

F
′
m =

Fm

NPQ+ 1
(2.6)

The corresponding level of F ′ is computed using ΦPSII from equation (2.4) as:

F
′
= Fm × (1− ΦPSII) (2.7)

The minimal fluorescence without dark-adaptation (F ′
0) as a function of light intensity

is computed considering a first contribution due to fluorescence suppression via NPQ:

F
′
0NPQ =

F0

Fv
Fm

+ F0

F ′
m

(2.8)

where F
′
0NPQ represents the decrease in minimal fluorescence relative to F0 due to

NPQ and is computed according to Oxborough and Baker (1997). From F
′
0NPQ computed

according to equation (2.8), it is possible to predict the variation of the maximum PSII
quantum efficiency in the light due to NPQ as:(

F
′
v

F ′
m

)
= 1−

F
′
0NPQ

F ′
m

(2.9)

The second contribution is the increase in fluorescence due to photo-inactivation of the
reaction centers, it is modeled using the empirical relationship developed by Hendrickson
et al. (2005) as:
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1−

(
F

′
v

F ′
m

)
(

F ′
v

F ′
m

)
NPQ

= m×

(
0.5× PFDabs ×

F
′

F ′
m

)
+ n (2.10)

where Fv = Fm−F0, F
′
v = F

′
m−F

′
0, m and n are empirical parameters fitted on light

response curves of chlorophyll fluorescence.
From the combination of equations (2.10), (2.6) and (2.7) it is possible to compute

the fluorescence as:

qL =
F

′
m − F

′

Fm − F0
× F

′
0

F ′ (2.11)

The model developed by Camporese and Abou Najm (2022) combines the empirical
expression of stomatal conductance with Fick’s law and with Farquhar’s photosynthetic
model to obtain a closed-form solution for g. It does not consider the regulatory action
that stomata have in minimizing water losses and maximizing carbon fixation according
to a specific optimization function.

A different approach to the study of stomatal movement has been developed by the
so-called optimization models. They arise in response to a lack of theoretical physical
knowledge underlying stomatal functioning and the uncertainty regarding the predictive
capabilities of empirical models, since they depend on parameters that have no physical
basis and may vary according to the type of vegetative species. Within this category we
find the models developed by Katul et al. (2010) and Medlyn et al. (2011). They coupled
the optimization scheme with the Farquhar’s photosynthetic model and the Fick’s law
to obtain an expression of stomatal conductance that no longer depends directly on
the light spectrum (as in Kromdijk et al. (2019)), but is a function of the assimilation
rate and a new model parameter derived from the optimization (λ). Light dependence
is included in the definition of the assimilation rate which may vary according to the
most limiting process between regeneration of the Rubisco enzyme and availability of the
RuBP substrate, which changes with the light spectrum.

2.1 The non-linear optimality model

The mathematical framework needed to get a closed-form solution is the following: the
first equation is the Fick’s law, which describes how the diffusion of water and carbon
dioxide is proportional to the concentration gradient between the external environment
and the internal part of the plant:

fc = g(ca − ci)

fw = ag(ei − ea) ≈ agD
(2.12)

where fc and fw are the carbon dioxide and water vapor fluxes, g is the stomatal
conductance, ca and ci are ambient and intercellular CO2 concentrations, a is the relative
diffusivity of water vapor compared to carbon dioxide and D represents the water vapor
pressure deficit expressed as the difference between ei and ea (intercellular and ambient
moisture).

The second equation is the biochemical model of leaf photosynthesis developed by
Farquhar et al. (1980), which describes the relationship between the photosynthetic rate
and the intercellular concentration of CO2 when the non-photorespiratory mitochondrial
CO2 release in the light (Rd) is negligible:
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fc =
a1(ci − cp)

a2 + ci
(2.13)

where cp is called compensation point and represents the CO2 concentration at which
the rate of photosynthesis exactly matches the respiration rate, and the parameters a1, a2
are selected on the basis of the most limiting process between the Rubisco photosynthetic
rate (fc,C) and the RuBP regeneration (light-limited) rate (fc,L). A third limiting factor
called "triose phosphate utilization limited rate" has been neglected here (fc,TPU ) since
it is not as relevant as the other two processes. It occurs when carbon is not exported
from the Calvin-Benson cycle as quickly as it is fixed (Lombardozzi et al., 2018).

The photosynthetic rate therefore depends both on the concentration gradient accord-
ing to Fick and on the CO2 demand of the plant according to Farquhar. The combination
of the two equations returns the assimilation rate and the concentration ratio in terms
of conductance:

fc =
1

2

(
a1 + (a2 + ca)g −

√
[a1 + g(a2 − ca)]

2 + 4g(a1cp + a2cag)

)
(2.14)

ci
ca

=
1

2
+

−a1 − a2g +
√

[a1 + g(a2 − ca)]
2 + 4g(a1cp + a2cag)

2gca
(2.15)

The Rubisco-limited (light-saturated) process is related to the rate of carbon fixa-
tion and the availability of the Rubisco enzyme itself, which catalyzes the carboxylation
reaction. It is defined as follows:

fc,C =
Vc,mac(ci − cp)

Kc(1 +
Co,a

Ko
) + ci

(2.16)

In this case a1 = Vc,max (maximum rate of Rubisco activity) and a2 = Kc(1 +
Co,a

Ko
),

where Kc and Ko are the Michaelis-Menten constants for Rubisco kinetics and Co,a

is the oxygen concentration in the chloroplasts, which is assumed equal to the oxygen
concentration in air.

The RuBP regeneration-limited process depends on the capability of the plant to
regenerate RuBP using ATP and NADPH, and is controlled by the light availability
according to the following formula:

fc,L =
J

4

ci − cp
2cp + ci

(2.17)

where J represents the rate of the electron transport chain, which depends on the
incident light according to the incident photon irradiance spectrum - bs(λ) -, the response
of the plant in terms of absorptance - a(λ) - and quantum yield spectrum - φe(λ) -,
normalized with respect to its maximum value - α -. These three quantities are functions
of the wavelength λ . In this case a1 = J/4 and a2 = 2cp.

To calculate J it is necessary first to define the absorbed photon irradiance (PFDabs),
which expresses the amount of active photons reaching the leaf surface per unit time
available for the photosynthetic activity. It is defined as:

PFDabs =

∫
bs(λ)a(λ)dλ (2.18)

and the potential rate of electron transport:
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Q = α

∫
bs(λ)a(λ)φe(λ)dλ (2.19)

Now, the actual rate of electron transport (J) is computed using the expression of
the non-rectangular hyperbola:

J =
Q×fPSII+Jmax−

√
(Q+Jmax)2−4×θ×Q×fPSII×Jmax

2×θ (2.20)

where fPSII represents the light fraction used by the photosystem II, which is a
multi-subunit pigment-protein complex found in thylakoid membranes of oxygenic pho-
tosynthetic organisms and has the ability to capture photons and use the energy to
extract electrons from water molecules (Lu, 2016). Jmax is the maximum rate of the
electron transport chain and θ is a shape factor (Ögren and Evans, 1993).

The novelty of this approach lies in the fact of including the dependence of the photo-
synthetic rate on J , and consequently on the incident spectrum, within the optimization
scheme described by Konrad et al. (2008). They postulate that stomata should act to
maximize carbon gain (fc,C or fc,L) while at the same time minimizing water losses
through transpiration (λfw). λ is the marginal water cost of carbon gain and represents
the amount of water lost to fix a certain quantity of carbon, it can vary according to dif-
ferent environmental (temperature, humidity, water availability) and biological (plant’s
photosynthetic apparatus efficiency) factors. In this optimization problem the dynamic
component is neglected and the stomatal conductance is assumed to adapt instanta-
neously to changing environmental conditions. The target function to be maximized is
as follows:

f(g) = fc − λfw =
1

2

[
a1 + (a2 + ca)g

−
√
[a1 + g(a2 − ca)]

2 + 4g(a1cp + a2cag)

]
− λ(agD)

(2.21)

The search for the optimum point is obtained by imposing δf(g)/δg = 0 and assuming
that λ does not depend on g, the solution of the optimization problem expressed in terms
of conductance is the following:

g =
−a1(a2 − ca + 2cp)

(a2 + ca)2

+

√
aDλa21(ca − cp)(a2 + cp)(a2 + ca − 2aDλ)2(a2 + ca − aDλ)

aDλ(a2 + ca)2(a2 + ca − aDλ)

(2.22)

In equation (2.22) λ is provided as an input parameter to the model and is assumed
constant, a1 and a2 are selected depending on the most limiting process between fc,C
and fc,L. The selection criterion used in the code is as follows:

a1 = Vc,max if fc,C < fc,L

a2 = Kc(1 +
Co,a

Ko
)

a1 =
J
4 if fc,C > fc,L

a2 = 2cp

(2.23)
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The obtained value of stomatal conductance is also necessary to compute the tran-
spiration rate (T), which is responsible for the decrease in soil moisture together with
the evaporation rate induced by the heat of the solar radiation.

Under the assumption of negligible water storage changes in the plant and steady
state conditions, it can be stated that root water uptake is equal to transpiration, which
is modeled according to Daly et al. (2004):

T =
(λwγwgbaρD + Sϕ)g

ρwλw [λw(γw(gba + g) + gS]
(2.24)

where λw is the latent heat of water vaporization, γw = (pacp)/(0.622γw) is the
psychrometric constant, pa is the atmospheric pressure, cp the specific heat of air, D is
the difference between the air relative humidity at saturation and at ambient temperature
Ta, S is the slope of the curve relating saturation vapor pressure to temperature, ϕ is
the leaf available energy, and gba = (ra + rb)

−1 is the series of conductances of the leaf
boundary layer (per unit leaf area) and of the atmospheric boundary layer (per unit
ground area). For simplicity it is assumed that gb = ga and that they are constant.

The leaf available energy (ϕ) depends on the photon irradiance spectrum and the
plant absorptance. It can be modeled as follows:

ϕ =

∫
bs(λ)a(λ)

h× c

λ
NAdλ (2.25)

where h is the Plank constant, c the speed of light and NA the Avogadro number.
The water use efficiency (WUE) is a parameter that allow us to estimate the efficiency

of the plants in terms of mass of CO2 assimilated per mass of water used. It is defined
as follows:

WUE =
mwCO2 × fc
mwH2O×T

(2.26)

where mwCO2 and mwH2O are the molecular weights of carbon dioxide and water,
respectively.

The value of g is computed according to equation (2.22) once the values of a1, a2
and cp (calculated according to Leuning (1995)) are known. Since the intercellular CO2

concentration is not known a priori an initial guess is assigned to ci and fc is computed
by solving iteratively equations (2.14) and (2.15).

2.2 The linear optimality model

A further simplification of the model can be achieved by linearizing the expression of the
carbon biochemical demand in equation (2.13) as suggested by Katul et al. (2010). The
main assumption here is that cp ≪ ci, as a result equation (2.13) becomes:

fc =
a1ci

a2 +
(

ci
ca

)
ca

=
a1ci

a2 + sca
(2.27)

The combination of the Fick’s law with equation (2.27) returns a new expression for
the photosynthetic rate given by:

fc =
ga1ca

a1 + g(a2 + sca)
(2.28)
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where s is not treated as a constant and equal to the long-term mean of ci/ca but has
been computed using equation (2.32), allowing s to vary as a function of temperature,
vapor pressure deficit and ambient CO2 concentration.

The objective function in equation (2.21) now becomes:

f(g) = fc − λfw =
ga1ca

a1 + g(a2 + sca)
− λ(agD) (2.29)

and the result of the differentiation in the maximum point search returns the following
expression for the stomatal conductance:

g =

(
a1

a2 + sca

)[
−1 +

( ca
aλD

) 1
2

]
(2.30)

By replacing equation (2.30) into equation (2.28) it is possible to get a new expression
for the photosynthetic rate:

fc =
a1

a2 + sca

(
ca −

√
aλDca

)
(2.31)

and to determine the value of s:

s =
ci
ca

= 1−
√

aλD

ca
(2.32)

Again, the parameters a1 and a2 are selected based on the smaller rate determining
the limitation of carbon fixation according to the schematization shown in equation
(2.23).

Compared to the non-linear case, the model is simpler but limited by the assumptions
behind it. The solution in terms of stomatal conductance is obtained by the resolution
of a system with 3 equations (2.30, 2.31, 2.32) and 3 unknowns (ci, fc, g). In this case an
initial estimate of ci is not required as ci/ca no longer depend on g and can be calculated
directly once λ, D and ca are known.

The model was evaluated on the basis of its ability to correctly reproduce the re-
sponse of plants to different types of light treatments. The parameters used in the model
were calibrated on the experimental data obtained by Pennisi et al. (2019) for basil and
Mochizuki et al. (2019) for strawberry.

2.2.1 Optimitazion approaches

The response of the plant has been analyzed comparing the linear and the non-linear
model, but adopting two different approaches. The first is that of Katul et al. (2010),
which assumes that both the regulatory action of stomata (opening and closure) and
the carbon fixation process are determined by the minimum between Rubisco and RuBP
regeneration rates. The second is that of Medlyn et al. (2011), which assumes that the
stomata guard cells are regulated by the rate of electron transport only, and not by the
balance between the two processes.

Consequently, four case studies were analyzed. The term "linear" refers to the the
linearized model and the group of simplified equations, the term "non-linear" refers to
the more general case with the complete set of equations. The addition of "Katul" or
"Medlyn" subscriptions refers to the different hypothesis made on the regulatory action
of stomata described above. Since the process of carbon assimilation takes place inside
the thylakoid membrane and not on the surface of the leaf, fc is always assumed equal
to the minimum rate between fc,C and fc,L. Instead, the opening of the stomata (and
therefore the estimate of g) may follow respectively the behavior of fc, with a1, a2 given
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by the scheme in equation (2.23), according to Katul, or is controlled only by the incident
radiation (fc,L) with a1, a2 always equal to the values corresponding to the light limited
case, according to Medlyn. For simplicity we decided to call the different cases as follows:
"linear Katul", "non-linear Katul", "linear Medlyn", "non-linear Medlyn", each of them
was applied to both basil and strawberry data.

2.3 The co-limitation model

Empirical and optimality models based on Farhuhar’s minimum function, where the
photosynthetic rate (fc) is chosen as the minimum between fc,C and fc,L, present the
problem of an abrupt transition at the switch point between the two limitations. For
this reason they need a smoothing parameter to ensure the curve to be continuous.

The development of a model able to take into account at the same time of both
limitations without having to specify a priori the limiting process or having to choose
the minimum between the limiting rates is proposed as a valid solution and simplification
of the problem.

The optimal stomatal conductance formulation developed by Vico et al. (2013) con-
tains parameters that can be selected in order to refer to individual limitations (i.e.,
Rubisco or RuBP-regeneration) or to consider both. The mathematical framework ap-
proximates the Farquhar’s photosynthetic equation with a hyperbolic function:

fc =
k1(ci − cp)

k2 + ci
(2.33)

where the parameters k1 and k2 are determined by imposing the behavior of the
hyperbolic curve on the asymptotes. If the intercellular CO2 concentration is very high
(ci ≫ cp), the process is light limited and k1 is found by equating equation (2.33) with
equation (2.17). Instead, if the intercellular CO2 concentration is very low (ci ≈ cp)
the process is Rubisco limited and k2 is found by equating equation (2.33) and equation
(2.16). The values of the two photosynthetic parameters are as follows:

k1 =
J
4

k2 =
J
4

a2
Vc,max

(2.34)

where a2 is always equal to the value assumed in the Rubisco limited case according
to equation (2.23). Differentiating equation (2.21) using the new expression for fc and
the Fick’s law to derive ci gives us the optimal stomatal conductance including the two
limitations:

g =
−Vc,max[a2 − k3(ca − 2cp)]

(a2 + k3ca)2

+

√
aDλV 2

c,max(ca − cp)(a2 + k3cp)[a2 + k3(ca − 2aDλ)]2[a2 + k3(ca − aDλ)]

aDλ(a2 + k3ca)2[a2 + k3(ca − aDλ)]

(2.35)

where k3 = a2/k2 = 4Vc,max/J . In the case of permanent Rubisco limitation, the
optimal formulation assumes an expression identical to that in equation (2.35), but with
k3 set to unity. In the case of permanent light limitation the expression of g is analogous
to that in equation (2.22), but with a1 and a2 always equal to J/4 and 2cp. A further
simplification can be obtained by linearizing the expression of the carbon biochemical
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demand in equation (2.33) similarly to (2.27) by imposing that s is constant and equal
to 0.7 for C3 plants. Here, the complete formulation without the linearization hypothesis
has been analyzed.

Substituting the values of k1 and k2 in equation (2.33) gives an expression for the
photosynthetic rate that depends on both limitations:

fc =
Vc,max(ci − cp)

a2 +
(
4Vc,max

J

)
ci

(2.36)

Equation (2.36) converges to the Rubisco limited rate case when

Vc,max ≈ J/4 (2.37)

and to the light limited rate when

J/4

Vc,max
≈ 2cp

Kc

(
1 + Oa

K0

) (2.38)

The mathematical steps necessary to derive equations (2.37) and (2.38) are given in
the Appendix A.

The model equations can be used to predict gas exchanges at the leaf level with time
scales varying from hours to days. Effects due to high-frequency fluctuations in light,
vapor pressure deficit and the presence of nutrients (i.e., nitrogen) that may alter the
magnitude of the photosynthetic rate and the stomatal conductance were neglected.

Table 2.1 summarizes all the parameters used in the models and their units of mea-
surement. The boxes represented with a bar indicate that the corresponding parameters
have been calibrated and vary according to the case under consideration.
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Parameter Description Value or temperature dependence Units

Vc,max,25

Maximum Rubisco
capacity at reference

temperature
/ µmol m−2s−1

α
Maximum value of

quantum yield spectrum / mol electrons mol−1photons

λ
Marginal water cost of

carbon gain / µmol mol−1kPa−1

ra Air resistance / sm−1

Jmax,25
Electron transport rate at

reference temperature / µmol m−2s−1

rjv
Ratio between Jmax,25 and

Vc,max,25
/ dimensionless

θ
Shape parameter for

hyperbola / dimensionless

Kc,25
Michaelis constant for CO2

at reference temperature 302 µmol mol−1

Ko,25
Michaelis constant for O2

at reference temperature 256 µmol mol−1

Co,a O2 concentration in air 0.209× 106 µmol mol−1

γ0
CO2 compensation point

at Tref,1
34.6 µmol mol−1

γ1 Coefficient in cp 0.0451 dimensionless

γ2 Coefficient in cp 0.000347 dimensionless

Tref,1
Reference temperature for

cp
293.2 K

Ts Ambient temperature 297.15(basil) - 298.15(strawberry) K

Tref,2
Reference temperature for

kT
298.15 K

cp Compensation point γ0 [1 + γ1(Ts − Tref,1) + γ2(Ts − Tref,1)]
2 µmolCO2/molair

Hd,Vc,max
Deactivation energy for

Vc,max
200 kJmol−1

Ha,Vc,max
Activation energy for

Vc,max
72 kJmol−1

Hd,Jmax
Deactivation energy for

Jmax
200 kJmol−1

Ha,Jmax Activation energy for Jmax 50 kJmol−1

Ha,Kc Activation energy for Kc 59.43 kJmol−1

Ha,Ko Activation energy for Ko 36.00 kJmol−1

∆S Entropy factor 0.650 kJmol−1K−1

kT
Arrhenius function for

temperature dependence exp
[
Ha,i(Ts−Tref,2)

Tref,2RTs

] 1+exp

(
Tref,2∆S−Hd

Tref,2R

)
1+exp

(
Ts∆S−Hd

TsR

) dimensionless

Vc,max
Maximum Rubisco

capacity Vc,max,25 × kT µmol m−2s−1

Jmax Electron transport rate Jmax,25 × kT × rJ,V µmol m−2s−1

Kc Michaelis constant for CO2 Kc,25 × exp
(
Ha,Kc

Ts−Tref,1
Tref,1RTs

)
dimensionless

Ko Michaelis constant for O2 Ko,25 × exp
(
Ha,Ko

Ts−Tref,1
Tref,1RTs

)
dimensionless

Table 2.1: Model parameters, cp is computed as in Leuning (1995) and temperature dependence is
taken into account as in Kattge and Knorr (2007).
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Chapter 3

Models calibration

The algorithm used for the model calibration is called Shuffled Complex Evolution (SCE-
UA) method and was developed at the University of Arizona by Duan et al. (1993). It
is a global optimization algorithm used in hydrology to refine and calibrate hydrological
models with greater accuracy and it uses an evolutionary approach to optimize model
parameters.

The SCE-UA algorithm begins by initializing a population of individuals randomly
or using other initialization methods. Each individual represents a potential solution to
the optimization problem. The fitness of each individual is evaluated using an objec-
tive function, which quantifies how well the individual performs in solving the problem.
Based on the evaluation results, new sets of parameters are generated, which represent
improvements compared to the previous generation. The parameter combinations are
mixed and rearranged through an exchange process (shuffle) to generate new combina-
tions that must be evaluated by running the model and calculating the specific target
function. This iterative process involves the mixing of the new parameter combinations
and their evaluation until a solution that has a good match between the observed data
and the model results is found. Throughout the iterations, the individuals in the pop-
ulation undergo evolutionary processes, gradually improving the overall fitness of the
population.

In this case the target function to be minimized is as follows:

M = n−
n∑

i=1

KGEi (3.1)

where n represents the number of variables to be calibrated and KGEi the individual
Kling–Gupta efficiency. The method evaluates the average percentage change in the
target function in the number of previously specified loops, if it is less than 1% the code
stops and reaches convergence.

The calibration procedure was carried out for all models described in the previous
chapter. Each model was calibrated on the experimental data set obtained for basil and
strawberry.

3.1 Basil

The calibration carried out on the basil test case refers to the results obtained by Pennisi
et al. (2019). They have grown basil plants within growth chambers with 5 different
types of LED light treatments featuring different R:B ratio (respectively, RB0.5, RB1,
RB2, RB3 and RB4) and using fluorescent lamps as control (Figure 3.1). Within the
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growth chambers they kept a constant photosynthetic photon flux density (PPFD) of
215 ± 5.5 µmolm−2s−1, a photoperiod of 16/8 hours of light/dark, air temperature of
24± 2 °C, relative humidity of 55− 70% and ambient CO2 concentration of 450 ppm.

Water use efficiency (WUE), stomatal conductance (g) and chlorophyll content were
measured and compared with the results provided by the different models. WUE is
computed as the ratio between the leaf fresh yield or edible fresh weight (FW) and the
volume of water consumed by the plant and the unit is g FW L−1 H2O. The stomatal
conductance is measured using a leaf porometer and expressed as mmol H20 m−2s−1.
The chlorophyll content is computed using a hand-held leaf chlorophyll meter and is
considered as an approximation of the assimilation rate. The unit is the N-Tester value
(Orsini et al., 2018).

Figure 3.1: Relative spectral response as a function of the wavelength for different R:B ratios in the
Pennisi et al. (2019) experimental setup.

The results obtained by Pennisi et al. (2019) suggest that an increase in the portion
of blue light is responsible for an increase in stomatal conductance and is associated to
higher water consumption. A more efficient yield is achieved through the increase in the
fraction of red light, which brings greater benefits in terms of WUE and edible fresh
weight, despite the partial stomatal closure.

As concerns basil, the parameters that have been calibrated within the algorithm
are shown in Table 3.1. The correct functioning of the iterative scheme requires the
definition of the upper (ub) and lower (lb) boundaries and the initial guess (x0) of the
parameters. The upper and lower limits were selected on the basis of the physiological
characteristics of the plants. Due to limited knowledge of ventilation conditions, the leaf
and atmospheric boundary layer resistances were calibrated assuming that ra = rb.
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Parameter Jmax,0 rjv ra θ α λ

Unit µmol m−2s−1 dimensionless sm−1 dimensionless dimensionless µmol mol−1kPa−1

lb 75 1.50 1 0.70 0.20 0

ub 300 2.50 600 0.90 0.80 100

x0 150 2.00 50 0.74 0.79 20

Table 3.1: Upper limits (ub), lower limits (lb) and initial starting point (x0) in the SCE-UA calibration
algorithm.

The extremes of the λ parameter have been selected taking into account the frequency
distribution curve (Figure 3.2) obtained from the gas exchange measurements collected
in a maturing pine forest under ambient and enriched atmospheric CO2 concentration
(Katul et al., 2010). The λ parameter is obtained from the definition of equation (2.21)
as:

λ =
δfc/δg

δfw/δg
(3.2)

From the measured data of stomatal conductance, compensation point and vapor
pressure deficit, λ can be computed using the linear and non-linear equations derived
from the differentiation of the optimal functions. The equations are, respectively:

λLI =
ca
aD

(
1− ci

ca

)2

(3.3)

and

λ =
a1(ca − a2 − 2cp) + (ca + a2)[y − g(ca + a2)]

2aDy
(3.4)

where

y =
√

a21 + 2a1(a2 − ca + 2cp)g + (a2 + ca)2g2 (3.5)

It is necessary to emphasize the fact that the values of λ used in the simulation are
always set to constant and assumed equal to the output of the calibration algorithm.
This hypothesis seems to contradict the simplified linear expression of λ in equation
(3.3), where, for ca ≫ ci, λ grows linearly with ca.

The assumption on the dependence of λ determines the behavior of stomatal con-
ductance as the external CO2 concentration changes. According to Vico et al. (2013),
the hypothesis of λ = const. is valid for simulating the plant’s response to ca fluctua-
tions in the short term and for sub-daily variations, such that g grows for sub-ambient
CO2 concentrations and decreases for high ca. A linear dependence of λ on ca seems
more suitable to capture changes in growth conditions (and thus in the availability of
resources) in the long term, such that a decrease of λ is observed even for sub-ambient
CO2 concentrations.

Table 3.2 shows the calibrated parameters on all types of model in the case of basil.
It is important to note that in all cases the values of θ, α and λ are very close to the

extreme values set in the algorithm. Moreover, the leaf and atmospheric boundary layer
conductances are quite low, suggesting a strong resistance to water vapor flux. In order to
test the predictive capabilities of all the models different metrics were evaluated to assess
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Figure 3.2: Left panels: linear regression-based estimates of the parameter λ from equation (3.2) for
the non-linear (A) and the linear optimization models (C), using gas exchange measurements collected
under ambient (light circles) and elevated (heavy circles) CO2 concentration. Right panels: frequency
distribution of λ (B) and λLI (D) for needles exposed to ambient and elevated CO2 concentration.

the goodness of fit between the data measured by Pennisi et al. (2019) and the models
output. The coefficient of determination (R2) was evaluated for the comparison between
assimilation rate (An) and chlorophyll content (N-tester value), and between measured
and modeled WUE, since they report different units of measurement. Root mean square
error (RMSE) and Kling-Gupta efficiency (KGE) were used for the comparison between
stomatal conductances.

Figures 3.3 and 3.4 show the differences between the calibrated model results and the
measured data.

The coefficient of determination (R2) is a measure that assesses the ability of a model
to predict or explain an outcome in the linear regression setting. It determines the
proportion of variance of the modeled data that can be explained by the measured data.
The coefficient of determination is the square of the Pearson correlation coefficient, also
known as "r" in statistics. The value of "r" can result in a negative number, but because
r-squared is the result of "r" multiplied by itself, R2 can not be a negative number.

Regarding the behavior of An all models are very similar and are characterized by a
coefficient of determination of about 69%, producing a better fit on experimental data
than the Camporese and Abou Najm’s model. The assimilation rate and the chlorophyll
content are positively correlated (r ≃ 0.83) and the magnitude of the correlation suggests
a high strength of association between the two variables.

The same can be said for the WUE because all the results are very similar. In this
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Figure 3.3: Simulated photosynthetic rate (An), stomatal conductance (g), water use efficiency (WUE)
and related observations from the experimental study of Pennisi et al. (2019). The first, second and third
panel rows report photosynthetic rate, stomatal conductance and water use efficiency for the linear Katul
(a-b-c), linear Medlyn (d-e-f) and Camporese and Abou Najm (2022) (g-h-i) cases, respectively. The
chlorophyll content (a-d) can be considered as proxy for photosynthetic rate. The dot colors denote light
treatment, while dashed and dotted lines indicate the correlation and 1:1 lines.
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Figure 3.4: Simulated photosynthetic rate (An), stomatal conductance (g), water use efficiency (WUE)
and related observations from the experimental study of Pennisi et al. (2019). The first, second and third
panel rows report photosynthetic rate, stomatal conductance and water use efficiency for the non-linear
Katul (a-b-c), non-linear Medlyn (d-e-f) and co-limitation (g-h-i) cases, respectively. The chlorophyll
content (a-d) can be considered as proxy for photosynthetic rate. The dot colors denote light treatment,
while dashed and dotted lines indicate the correlation and 1:1 lines.
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Parameter Jmax,0 rjv ra θ α λ

Unit µmol m−2s−1 dimensionless sm−1 dimensionless dimensionless µmol mol−1kPa−1

Linear
Katul 299.78 1.53 599.96 0.89 0.20 4.14

Linear
Medlyn 298.41 2.20 599.90 0.89 0.20 4.20

Non-linear
Katul 299.71 2.02 598.45 0.89 0.20 1.04

Non-linear
Medlyn 299.33 2.30 599.21 0.89 0.20 1.04

Co-
limitation 299.92 1.50 599.97 0.89 0.20 0.87

Table 3.2: Calibrated model parameters using the SCE-UA algorithm relative to the basil case.

case a coefficient of determination of about 65% tells us that the majority of the data fit
the model. The correlation is strongly positive (r ≃ 0.81). Again, a higher correlation
of the optimization theories respect to the Camporese and Abou Najm’s model suggests
an improvement in the fit of the data.

Quite different is the case of the correlation between measured and modeled stomatal
conductances. The negative correlation given by the opposite slope of the linear regression
line (r ≃ −0.46) suggests an opposite trend of stomatal conductance with respect to the
measured values. In general, we can see that in all cases the conductance values are
higher for the red light and decrease as the blue light fraction increases. This result
not only differs a lot from the experimental measurements (≃ 20% of the data fit the
regression line), but also does not allow to correctly interpret the response that stomata
have as a function of variation in the light spectrum.

This result is a consequence of the equations underlying the optimization models.
By comparing the empirical equation proposed by Kromdijk et al. (2019) (eqn (2.3))
and the equations of the linear and non-linear models (eqns (2.30) and (2.22)), we can
see that the parameters on which g depends are reduced from two (g0,g1) to one (λ),
decreasing the degrees of freedom of the models by one unit. From the standpoint of
linear regression between measured and modeled data, reducing one degree of freedom
means removing one independent variable from the regression model. This means that
one predictor variable is no longer considered in the model, affecting the accuracy and
precision of the regression results. With reduced degrees of freedom, the regression model
becomes simpler and has lower complexity. It results in a loss of information and bias
phenomena in the estimated relationships between the variables. Therefore, reducing one
degree of freedom in a regression analysis is a trade-off between simplicity and potential
loss of information. The regression line is defined by the angular coefficients and the
intercept. Reducing by one degree of freedom means fixing one of these coefficients
rather than estimating it from the data. As a result, the regression line is constrained to
pass through a specific point or have a specific slope. In summary, reducing by one degree
of freedom in a linear regression model limits the choice of parameters of the regression
line and may result in a greater reduction in its ability to fit the data.
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3.2 Strawberry

Regarding strawberry, a more complete experimental data set is provided by Mochizuki
et al. (2019). They evaluated the plant’s response in terms of photosynthetic rate (fc),
stomatal conductance (g), transpiration (T ) and leaf intercellular CO2 concentration
(ci) to varying irradiance on the adaxial and abaxial side of strawberry leaves using blue,
red and green light. The variables were measured every 100 µmol m−2s−1, increasing
PPFD gradually from 0 to 600 µmol m−2s−1, for a total of 7 measurements. The CO2

concentration within the greenhouse where strawberry plants were cultivated is kept
constant at 350 µmol mol−1 and temperature is assumed equal to 25 °C. The model
results were compared with the variables measured for the adaxial side, since it is the
side directly affected by light and characterized by greater variability in measurements
than the abaxial one.

The same upper and lower limits shown in Table 3.1 were used in the strawberry SCE-
UA algorithm, with the addition of the parameter corresponding to relative humidity
(RH) since it was not measured directly and is necessary for the computation of vapor
pressure deficit (D), fc and g.

Table 3.3 shows the parameters calibrated on all models in the case of strawberry.

Parameter Jmax,0 rjv ra θ α λ RH

Unit µmol m−2s−1 dimensionless sm−1 dimensionless dimensionless µmol mol−1kPa−1 %

Linear
Katul 81.15 2.21 377.64 0.76 0.21 14.14 64.92

Linear
Medlyn 101.39 2.26 491.64 0.84 0.27 34.79 77.97

Non-linear
Katul 131.00 1.87 159.00 0.75 0.20 11.14 71.34

Non-linear
Medlyn 152.21 2.19 215.23 0.84 0.20 29.29 86.20

Co-
limitation 205.53 2.50 324.66 0.83 0.20 5.20 42.84

Table 3.3: Calibrated model parameters using the SCE-UA algorithm relative to the strawberry case.

From the comparison between the calibrated parameters for basil and strawberry
we can conclude that the former is characterized by Vc,max,0 values twice as large as
those of strawberry, being Vc,max,0 = Jmax,0/rjv and Jmax,0 of basil about twice that of
strawberry.

This result is in agreement with the data already present in the literature (Rho et al.
(2011), Park et al. (2016), Kattge and Knorr (2007)). Although both plants are part
of the category of perennial herbaceous plants, basil belongs to the Lamiaceae family
and strawberry to the Rosaceae family. Strawberry is characterized by absorptance
and quantum yield spectra similar to fruit trees of the same family (e.g., cherry, peach,
apricot and almond) than those used for lettuce and basil which are more typical of
the herbaceous species (Figure 4.2). Plants similar to strawberry are less productive in
terms of photosynthetic activity compared to basil, since they are characterized by lower
quantum efficiency, lower electron transport rate and lower carboxylation capacity. In
addition, except for the linear Medlyn case, there is a significant decrease in air resistance
(ra = rb) respect to the parameters calibrated on Pennisi et al. (2019). A decrease in
ra corresponds to an increase in the conductance of the leaf and atmospheric boundary
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layer, affecting the magnitude of the transpiration process (eqn (2.24)).
As we can see in Figure 3.5 for all cases the model produces a greater photosynthetic

rate for red light and lower for blue light. This result is in agreement with the exper-
imental data, however, there is a difference in the behavior of non-linear models, since
they never go to saturation. Although the general behavior of An is correct, as concerns
linear models we can say that the Medlyn one produces an overestimation of An and
saturates for lower PPFD levels respect to the Katul case. Non-linear models never
go to saturation because they do not experience the transition into Rubisco limitation
for high values of PPFD. This phenomenon can be attributed to the estimation of the
Rubisco limited rate (fc,C), which, for PPFD = 600 µmol m−2s−1, does not intersect
the light limited rate (fc,L) and does not cause the transition. Using the conversion
formula weighed according to the wavelength (eqn (2.25)) a PPFD of 600 µmol m−2s−1

corresponds to an irradiance of 135 W m−2. This value is not sufficient to ensure the
transition to the Rubisco limitation in non-linear models (see Figures A.10 and A.14).

A higher photosynthetic rate for red light is in agreement with the experimental
results, it is responsible for activating the carbon fixation process and promoting the
photochemical reactions. The growth of An for blue light corresponding to high PPFD
seems to be related not only to the increase of the photosynthetic photon flux, but also to
the result of stomata opening that assimilate the available carbon more easily. Negative
values of An can be attributed to the phenomenon of cellular respiration occurring in the
nocturnal phases when PPFD is very low. The dark respiration term (Rd) was neglected
in Farquhar’s photosynthetic model and therefore only positive values are observed. Re-
garding the fit of the models to the experimental results, the RMSE is not close to 0
because of the large deviation of the modeled red light curve from the measured one.
Instead, the efficiency metrics suggest a good fit of the data except for the linear Medlyn
case.

While experimental data show that blue light is responsible for the opening of stom-
ata, optimization models produce opposite results, returning a greater stomatal conduc-
tance for red light and lower for blue light (Figure 3.6). This limitation can be traced
back to the lack of a direct dependence on light in the equations (2.30) and (2.22) for
linear and non-linear models, respectively. Because of the misleading results, no assess-
ment can be made on the goodness of fit. A correct interpretation of the trend of g is
obtained in the model of Camporese and Abou Najm (2022), where stomatal conduc-
tance is higher for blue light and lower for red light as PPFD varies. Although the fit
of the data is worse than the optimization models, it is clear that the empirical formula
of Kromdijk used for estimating g turns out to be a better predictor of stomatal opening
as a function of changing light spectrum.

The transpiration trend (Figure 3.7) is consistent with the experimental results. All
cases show RMSE values below 0.41 and efficiency metrics between 0.6 and 1.

Very different is the trend of the intercellular CO2 concentration (Figure 3.8) that
remains constant with the variation of the PPFD, showing no change to the different
light treatments. Regarding the results of linear models, this behavior is in agreement
with equation (2.32) used for the computation of ci, since no light-dependent terms are
present.

As concerns non-linear models, substituting equation (2.22) into equation (2.15) yields
a ci/ca ratio that no longer depends on the only light-dependent term, i.e., a1:

ci
ca

=
1

2
+

(−1− a2z) +
√

1 + (a2 − ca)2z2 + 2(a2 − ca)z + 4z(cp + a2caz)

2caz
(3.6)

where z is a defined as:
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z =
(ca − a2 − 2cp)

(a2 + ca)2
+

√
(ca − cp)(a2 + cp)(a2 + ca − 2aDλ)2

(a2 + ca)2
√
(aDλ)(a2 + ca − aDλ)

(3.7)
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Figure 3.5: Simulated (solid lines) photosynthetic rate (An) for the linear Katul (a), linear Medlyn
(b), non-linear Katul (c), non-linear Medlyn (d), co-limitation (e) and Camporese and Abou Najm (f)
models, compared with observations (symbols with dashed lines) in the experiments by Mochizuki et al.
(2019) with strawberry subjected to different light treatments and photon flux densities. The blue and
red colors indicate treatments with blue, green, and red LEDs, respectively.
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Figure 3.6: Simulated (solid lines) stomatal conductance (g) for the linear Katul (a), linear Medlyn
(b), non-linear Katul (c), non-linear Medlyn (d), co-limitation (e) and Camporese and Abou Najm (f)
models, compared with observations (symbols with dashed lines) in the experiments by Mochizuki et al.
(2019) with strawberry subjected to different light treatments and photon flux densities. The blue, green
and red colors indicate treatments with blue, green, and red LEDs, respectively.
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Figure 3.7: Simulated (solid lines) transpiration rate (T ) for the linear Katul (a), linear Medlyn (b),
non-linear Katul (c), non-linear Medlyn (d), co-limitation (e) and Camporese and Abou Najm (f) models,
compared with observations (symbols with dashed lines) in the experiments by Mochizuki et al. (2019)
with strawberry subjected to different light treatments and photon flux densities. The blue, green and
red colors indicate treatments with blue, green, and red LEDs, respectively.
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Figure 3.8: Simulated (solid lines) intercellular CO2 concentration (ci) for the linear Katul (a), lin-
ear Medlyn (b), non-linear Katul (c), non-linear Medlyn (d), co-limitation (e) and Camporese and
Abou Najm (f) models, compared with observations (symbols with dashed lines) in the experiments by
Mochizuki et al. (2019) with strawberry subjected to different light treatments and photon flux densities.
The blue, green and red colors indicate treatments with blue, green, and red LEDs, respectively.
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Chapter 4

Sensitivity analyses

The light source is characterized by the definition of spectral irradiance, which provides
the power (energy per unit time) received by a surface for a particular wavelength of
light. Figure 4.1 allows us to understand how certain wavelengths are more prominent
than others. This implies that there are photons with specific energy that the Earth
receives in greater quantities. Understanding the mechanism by which the spectrum of
light is captured by the plants is immensely valuable as it allows to determine the total
energy received from a large number of photons.

Figure 4.1: Relative (with respect to the maximum value) spectra of irradiance used in the sensitivity
analysis. The solar spectrum is the reference irradiance as in Gueymard et al. (2002).

The plant’s behavior modifies as light quality changes. The two main parameters
determining the plant’s response are called "quantum yield" - φe(λ) - and "absorptance" -
a(λ) -, and they are provided as input parameters in the model (Figure 4.2). The quantum
yield represents the number of photons required by a plant to release one molecule of
oxygen during photosynthesis and expresses the efficiency with which absorbed photons
can be utilized for CO2 assimilation. The absorptance represents the ratio of the absorbed
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to the incident radiant flux and is a proxy for the efficiency with which the plant is able
to absorb radiant energy.

Figure 4.2: Relative (with respect to the maximum value) spectra of a) quantum yield and b) absorp-
tance for the crops used in this study. The lettuce/basil and strawberry spectra were taken from McCree
(1971) and Inada (1976), respectively.

The plant’s response to different types of light treatments was tested by conduct-
ing a sensitivity analysis, changing one parameter at a time and keeping the others
fixed. Photosynthetic rate, transpiration, stomatal conductance, water use efficiency,
and intercellular-atmospheric CO2 concentration were modeled as a function of irradi-
ance, temperature, vapor pressure deficit and ambient CO2 concentration.

As concerns basil, the climatic variables are representative of growth chambers con-
ditions, with irradiance, temperature, relative humidity and CO2 concentration equal
to 80 Wm−2, 24°C, 70% and 450 ppm. As concerns strawberry, the climatic variables
are representative of the central California average climate in the growth season, with
irradiance, temperature, relative humidity and CO2 concentration equal to 80 Wm−2,
25°C, 41.2%, and 410 ppm. The obtained figures show the trends of the variables of
interest as the light spectrum changes. The color of the lines refers to the percentage of
red-blue and green (for the broad-spectrum artificial light), and the black represents the
reference solar spectrum as in Gueymard et al. (2002).

A smoothing operation was performed in the sensitivity analysis in order to allow a
smooth transition between the Rubisco and the light limited processes and to account for
some co-limitation. The non-rectangular hyperbolic (quadratic) smoothing formulation
proposed by Cox (2001) was used. The actual rate of photosynthesis (An) is computed
as the smoothed minimum between three potentially limiting rates (fc,C , fc,L, fc,TPU ):

βA2
p −Ap(fc,C + fc,L) + fc,Cfc,L = 0 (4.1)

εA2
n −An(Ap + fc,TPU ) +Apfc,TPU = 0 (4.2)

where Ap is the smoothed minimum between fc,C and fc,L, β and ε are curvature
parameters that vary between 0 and 1 with lower values leading to greater smoothing
and fc,TPU is the limiting rate associated to the mitochondrial respiration term (Rd).
Since the dark respiration phenomenon was neglected, only the equation (4.1) was used
to compute the smoothed rate, assuming ε equal to 0 and β equal to 0.98 and trying to
stay as close as possible to the representation of the real curves with transition.
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The efficiency metrics in the case of basil are very similar between the different models
and sometimes it is necessary to observe the fourth or fifth decimal digits to distinguish
them. For this reason, it was decided to report the linear Medlyn as a representative
model.

Regarding strawberry, the linear Katul and the co-limitation models are shown be-
cause the first minimizes RMSE and maximizes NSE (or KGE) in the calibration of
ci and g, and the second in the calibrations of An and T . However, it is necessary to
emphasize that the differences between the efficiency metrics are not so important to
define a model better than another, therefore all model sensitivities not shown in this
chapter are reported in the Appendix A.

4.1 The linear Katul model

The results in Figure 4.3 show that the photosynthetic rate (Figure 4.3a) and the stomatal
conductance (Figure 4.3c) are higher for red than for blue light. The transpiration rate
(Figure 4.3b) grows monotonically for all light treatments and in the case of red and
blue light it is almost identical. The trend of water use efficiency (Figure 4.3d) shows
a maximum point for irradiances below 100 Wm−2 in all light treatments, in particular,
the red one is the most efficient for the plant’s growth. For irradiance values above 200
Wm−2, basil is not affected by the different types of light because the Rubisco limitation
prevails and all WUEs are equal except for the reference solar spectrum, resulting in
larger WUE values starting from around 120 Wm−2. The plots of ci/ca (Figures 4.3e,
4.3j, 4.3o, 4.3t) show no variation as the light spectrum changes since the concentration
ratio does not include any light dependent term (eqn (2.32)).

The temperature sensitivity shows a bell-shaped trend for the photosynthetic rate
(Figure 4.3f), with its maximum between 23 − 28 °C depending on the type of light.
Transpiration growths almost monotonically until 35 °C for all types of light and then
shows a maximum before decreasing. This phenomenon, unlike the constantly growing
trend of the Camporese and Abou Najm’s model, seems to be due to a particular mech-
anism called "feed-forward". It explains how for high V PD the plant starts to close the
stomata to avoid large losses of water. The way plants can perceive change in V PD is
quite debated in literature. A first theory (feed-back mechanism) explains how a decrease
in gs as V PD increases is caused by a direct increase in the transpiration process, which
causes a reduction in leaf water potential and the stomatal closure. The other hypothesis
is a feed-forward response, which explains how the closure of stomata is due to changes
in the regulation processes of ABA (abscisic acid) due to local changes of transpiration
in the area surrounding stomata (Streck, 2003). Although the two mechanisms differ in
the assumptions underlying them, both assume a decrease in gs as V PD increases. The
first due to variations in the energy configuration of the leaf water potential, the second
due to the predictive capabilities of the plant.

Stomatal conductance (Figure 4.3h) follows the trend of the photosynthetic rate with
its maximum value reached for red light. Water use efficiency (Figure 4.3i) is maximum
for red light if the temperature range is between 20−35 °C and for sunlight if temperature
values are below 20 °C. Again, it is important to note that red light is more efficient
than blue light due to higher carbon fixation and lower water consumption at the same
temperature value.

The trend in vapor pressure deficit sensitivity is consistent with the operation of the
plant. If V PD increases the air becomes drier, the transpiration rate increases (since T
is proportional to V PD) and the plant responds by decreasing the stomatal conductance
and the carbon fixation rate. The transpiration follows the pattern of stomatal conduc-
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tance showing larger values for red light. The trend of WUE confirms once again the
increased efficiency in the case of red light treatment.

The sensitivity to ambient CO2 concentration highlights the differences between the
different light treatments oppositely to irradiance sensitivity, since the plant transitions
from Rubisco to light limited conditions as CO2 concentration grows (Figure 4.3p).

In addition, the initial increase in stomatal conductance (Figure 4.3r) is due to the
permanence, for small CO2 concentrations, in the Rubisco limited phase (Figure 4.4a).
According to Medlyn et al. (2011), the response of stomatal conductance to the variation
of CO2 differs depending on which limitation is considered. If the process is Rubisco
limited gs grows as ca increases, contrary to experimental observations found in the
literature (Morison, 1998). If the RuBP regeneration limitation is considered, stomatal
conductance is predicted to decrease non-linearly with ca. Depending on the type of
light the transition occurs for CO2 concentrations between 280 and 400 ppm. The trend
of T follows that of gs showing an initial increase in transpiration rate followed by a
monotonic decline due to the passage in light-limiting conditions. The growth of ci/ca as
ca increases is consistent with the increased carbon assimilation rate due to the growth
of the concentration gradient between the outside and inside part of the plant.

In Figure 4.4a we can see that, for CO2 concentrations below 400 ppm, carbon as-
similation is determined by the availability of the Rubisco enzyme and, for higher values,
the process is always light limited. The opposite case occurs for irradiance sensitivity. In
Figure 4.4b it is important to note that fc,C is constant as irradiance changes because its
formula contains no light-dependent terms and ci does not vary with the light spectrum.

Temperature sensitivity (Figure 4.4c) reveals how, for values between 12 and 38 °C the
process is always light limited and, for values above or below this range, the bell-shaped
curve is always Rubisco limited.

The Rubisco rate (fc,C) in the V PD sensitivity (Figure 4.4d) intersects the light
limited rate (fc,L) only for the two reddest light treatments and the abrupt transition is
not visible in Figure 4.3k because of the smoothing operation.

The general trend of the sensitivity curves is consistent with the results of the Cam-
porese and Abou Najm’s model applied to the strawberry case (Appendix A). There are
differences in the slope of the transpiration rate in the sensitivity to V PD and ca. More-
over, although for ca values less than 400 ppm fc,C is the limiting rate, the Camporese
and Abou Najm’s model does not show an initial growth of gs for sub-ambient CO2

concentrations and responds with a continuous decrease of gs as ca increases. Finally,
the ci/ca ratio increases in both models as ca grows but showing an opposite concavity.

4.2 The linear Medlyn model

The Medlyn approach differs from that of Katul in the expression of the stomatal con-
ductance, which is always determined by the limitation induced by the availability of
light (fc,L). The results are similar to those obtained in the linear Katul model applied
to basil (Figure A.3). By comparing the limiting rates of the linear Katul model applied
to strawberry and the linear Medlyn model applied to basil we can notice that, for all
sensitivities, fc,L is the most limiting rate except for temperature lower than 5°C and
irradiance greater than 300 Wm−2 (Figure 4.4 and Figure 4.6).

This type of plant is characterized by a greater photosynthetic rate than that of straw-
berry in all sensitivities. The bell-shaped curve of An (Figure 4.5f) is less pronounced.
The maximum of stomatal conductance (Figure 4.5h) and WUE (Figure 4.5i) are shifted
towards lower temperature values. In addition, basil is not affected by the feed-forward
mechanism and transpiration grows almost monotonically up to 40°C. Interestingly, the
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Figure 4.3: Linear Katul model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-m-r)
stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function or
(a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration
for strawberry exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 25°C, 41.2%, and 410 ppm.
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Figure 4.4: Linear Katul model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration limited
(fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature, (d)
vapor pressure deficit for strawberry subjected to different light treatments. The reference values for the
climatic variables are as in Figure 4.3.
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transpiration rate is greater for blue light (Figure 4.5l) and the photosynthetic rate (Fig-
ure 4.5k) is less sensitive to V PD variation than strawberry.

The sensitivity to CO2 concentration does not show the initial transition phase be-
cause the process is always light limited (Figure 4.6a) and stomatal conductance decreases
with increasing ca even for sub-ambient CO2 concentrations.

It is important to note that basil is more productive than strawberry because it is
characterized by higher photosynthetic rate and WUE values. This happens because
of the higher quantum yield. The comparison between the linear models applied to
strawberry and basil shows that they are equally sensitive to the variation of the light
spectrum and that limiting light conditions are more emphasized in the case of basil,
which almost never experiences the limitation induced by Rubisco.

The irradiance sensitivity shows a photosynthetic rate twice as large as that obtained
by the Camporese and Abou Najm’s model calibrated on basil. This is due to the transi-
tion into Rubisco limited conditions at higher irradiances and to the different slope with
which the electron transport rate goes to saturation. The phenomenon can be attributed
to a possible wrong estimation of the α parameter (eqn (2.19)) in the calibration phase
of the model. It is known that its value determines the steepness with which the curve
reaches saturation.

The stomatal conductance differs by an order of magnitude respect to the Camporese
and Abou Najm’s model (compare Figure 4.5c and Figure A.1c). The erroneous overesti-
mation of gs may be due to the presence in the joint calibration phase of An and WUE.
They have different units of measurement compared to the variables used in the models
and this affects the search for the minimum of the objective function, which leads to an
incorrect estimation of the parameters. The limited availability of data with comparable
units of measurement and the use of a model with only one parameter does not allow the
algorithm to provide plausible values. Note that this occurs in all irradiance sensitivities
calibrated on the Pennisi data set (Figures A.3, A.7, A.11, A.15) and not on calibrations
made on Mochizuki, where a greater number of measurements are provided as the PPFD
changes.

In order to solve the problem, attempts were made by minimizing in the objective
function only the KGE of stomatal conductance (M = 1 − KGEgs), the KGE of the
pair An−WUE (M = 2− (KGEAn +KGEwue)) and by changing the objective function
with the minimization of RMSE (M = RMSEgs +RMSEAn +RMSEwue).

The results showed no significant difference from the KGE joint calibration performed
on all three variables. The results of the calibrations performed on the different objective
functions and the sensitivities to irradiance are given in the Appendix A. No set of
parameters (Table A.1) can provide a correct estimate of gs as the irradiance changes.

4.3 The co-limitation model

The co-limitation model emphasizes the differences between the different light treatments
compared to linear models. The photosynthetic rate and the stomatal conductance are
greater in all sensitivities compared to the linear Katul case (Figure 4.7). Moreover, the
WUE with varying irradiance presents a less steep recession phase after the peak showing
higher WUEs at the same level of irradiance (compare Figure 4.3d and Figure 4.7d). In
Figure 4.8 we can see that the Rubisco rate (fc,C) is no longer light independent because
now ci varies with the light spectrum. Since the model estimates ci using the Fick’s law,
the ci/ca ratio is light dependent because both An and gs changes with the spectrum. The
concentration ratio grows with increasing irradiance for all types of light (Figure 4.7e)
without showing the initial recession followed by a minimum and a subsequent growth
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Figure 4.5: Linear Medlyn model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-m-r)
stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function or
(a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration for
basil exposed to different light treatments. The reference climatic variables are representative of growth
chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration equal to
80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure 4.6: Linear Medlyn model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration limited
(fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature, (d) vapor
pressure deficit for basil subjected to different light treatments. The reference values for the climatic
variables are as in Figure 4.5.
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for the two reddest treatments (Figure A.2e). However, the variation is minimal and the
ratio can be considered almost constant. Note how ci/ca is greater for red light than blue
light in all sensitivities, contrary to the Camporese and Abou Najm’s predictions. The
phenomenon is due to the incorrect estimate of gs, which shows the same limitation as
linear models.

All the curves converge more slowly to individual limitations. This happens due to the
hypothesis of co-limitation that takes into account the electron transport rate (through
the term a2) even when the process is Rubisco limited. The feed-forward mechanism
occurs for higher temperatures that have not been analyzed here. The WUE peak
(Figure 4.7i) occurs for lower temperature values but showing greater variability than
the linear Katul case.

There are no differences in V PD and CO2 concentration sensitivities and the results
are very similar to the linear Katul model.

Interestingly, the co-limitation model applied to basil shows a minimum of ci/ca with
varying temperature (Figure A.15j), similarly to the Camporese and Abou Najm model.
In the sensitivity to CO2 concentration it exhibits a continuous decrease of ci/ca for
blue light and a minimum followed by growth for red light (Figure A.15t). However, the
variation is very small and ci/ca can be considered constant.

4.3.1 The sensitivity to the marginal water use efficiency

A further analysis has been carried out to investigate the influence that the marginal
water use efficiency has on the processes of gas exchange of plants. The study was
conducted on strawberry and was applied to the co-limitation model only. The response
of gs to constant λ was compared to increasing λ with the external CO2 concentration.

The results obtained by Katul et al. (2010) suggest that the ci/ca ratio is invariant
with elevated ca. Consequently, they state that λ grows linearly with ca according to
equation (3.3). However, they assume D constant and equal to 1 kPa without analyzing
the variation of the marginal water use efficiency with temperature and relative humidity
and using a dependence of λ on ca that justifies the observed values for elevated CO2

concentrations (λ = 0.089ca/D).
Here the response of An, T , gs, WUE and ci/ca to varying ca, V PD, temperature

and irradiance was compared in the cases of constant λ and variable λ according to the
formulation proposed in Vico et al. (2013), such that:

λ = λ0
ca
ca,0

(4.3)

where λ0 and ca,0 have been calibrated on the Mochizuki data set and are equal to 9.7
µmol mol−1kPa−1 and 615 ppm. The calibration of the co-limitation model with linear
dependence of λ on ca is given in the Appendix A (Figure A.17).

Since An, T , gs, WUE and ci/ca do not show significant differences in the sensitivities
to irradiance, temperature and vapor pressure deficit between the model with constant λ
and the one with variable λ, here only the case of CO2 concentration sensitivity is shown
and the others are reported in the Appendix A.

The differences between the two hypotheses on the dependence of λ on ca are found
in the trends of gs and ci/ca (Figures 4.10e-f and 4.10i-l). The stomatal conductance
estimated using equation (4.3) predicts a higher peak that occurs at lower CO2 con-
centrations (between 90 and 110 ppm) than the constant λ model (between 170 and
250 ppm). Both models show a growth of gs as ca increases, however, the hypothesis
of linearly dependent marginal water use efficiency predicts a decrease in stomatal con-
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Figure 4.7: Co-limitation model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-m-r)
stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function or
(a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration
for strawberry exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 25°C, 41.2%, and 410 ppm.

48



CHAPTER 4. SENSITIVITY ANALYSES 4.3. THE CO-LIMITATION MODEL

0 500 1000 1500

C
a
 [ mol mol -1]

0

5

10

15

20

25

30

35

40

45

50

J C
, 
J L

 [
m

o
l 
m

-2
 s

-1
]

(a)

0B:100R%

7B:93R%

26B:74R%

42B:58R%

66B:34R%

100B:0R%

Broad-spectrum

Solar light

0 100 200 300 400 500

Irradiance [W m -2]

0

5

10

15

20

25

30
(b)

0 5 10 15 20 25 30 35 40

Temperature [ºC]

2

4

6

8

10

12

14

16

18

J C
, 
J L

 [
m

o
l 
m

-2
 s

-1
]

(c)

0 0.5 1 1.5 2 2.5 3

VPD [kPa]

4

6

8

10

12

14

16

18

20

22
(d)

Figure 4.8: Co-limitation model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration limited
(fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature, (d)
vapor pressure deficit for strawberry subjected to different light treatments. The reference values for the
climatic variables are as in Figure 4.3.
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Figure 4.9: Marginal water use efficiency as a function of changing (a-b) air CO2 concentration. The
first column estimates λ using equation (4.3), the second column considers λ as constant and equal to
the value calibrated with the SCE-UA algorithm (Table 3.3). The calibrated photosynthetic parameters
related to the model with linear dependence of λ on ca are Jmax,0 = 196 µmol m−2s−1, rjv = 2.50,
ra = rb = 286 sm−1, θ = 0.89, α = 0.20. The reference values for the climatic variables are as in
Figure 4.3.

ductance that occurs from lower sub-ambient CO2 concentrations than the model with
constant λ.

There is a significant difference in the trend of ci/ca depending on the assumption
about the dependence of λ. If it is kept constant, ci/ca grows with the increase of ca; if
it is assumed to increase linearly with ca, ci/ca decreases with the growth of ca.

In the literature we can find both evidences that confirm the growth of ci/ca with
increasing ca (Whiteman and Koller (1967), Düring (2003)) and the decrease or almost
constancy of ci/ca with increasing ca (Ehleringer and Cerling (1995), Anderson et al.
(2001)). Which of the two hypotheses on the dependence of λ is correct for the estimate
of ci/ca is not clear and needs more study in order to understand if the concentration
ratio is species-specific or if there is a fixed response for all plants.
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Figure 4.10: Sensitivity to changing air CO2 concentration for the co-limitation model with different
hypothesis on the dependence of λ on ca. The reference values for the climatic variables are as in
Figure 4.3.
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Chapter 5

Perspective and concluding remarks

The use of models that can predict the behaviour of plants as a function of climatic
forcings can be used as a preliminary step to assess the effectiveness of different species
in adapting to limiting light conditions. The reduction of irradiance, due to the presence
of the panels above the crop and the increase in the trend of global CO2 concentration
are factors that place plants in limiting light conditions and emphasize the differences
between the light treatments. In this perspective, wavelength-selective photovoltaic sys-
tems can be used to maximize crop yield as the climate changes and to control the
behavior of the plant as a function of wavelength. The knowledge of the absorptance and
quantum yield curves and the other input parameters of the models allows to evaluate
not only the adaptability of crops to unfavourable light conditions, but also to provide a
quantitative estimate of the efficiency of the APV system through the evaluation of the
water use efficiency.

An advantage of optimization theories over the use of empirical models based on the
Kromdjik’s formula is the correct interpretation of the response of gs as temperature
varies. Studies in the literature suggest that gs increases with increasing temperature
and reports a maximum for a certain range (Slot et al. (2019), Urban et al. (2017),
Hernández et al. (2020)).

The comparison between Figure 4.3h, Figure 4.5h, Figure A.1h and Figure A.2h in
the Appendix A shows that the optimization models are characterized by a maximum of
gs as temperature changes compared to the model of Camporese and Abou Najm (2022),
where gs exhibits a minimum.

This phenomenon can be traced back to the proportionality between gs and 1 − qL
in equation (2.3). The fluorescence term (qL) shows a maximum as temperature changes
and it is therefore immediate how 1−qL exhibits a minimum (see Georgieva and Yordanov
(1994)).

Although optimization models can correctly reproduce the trend of the curves in
temperature sensitivity, they are severely limited by not being able to evaluate gs with the
variation of the light spectrum. As already pointed out in the models calibration chapter,
the sensitivity to irradiance, temperature, vapor pressure deficit and CO2 concentration
always show a higher stomatal conductance for red light, contrary to the experimental
observations and the results of the Camporese and Abou Najm’s model.

The inclusion of a cascade mechanism involving the dependence of gs on ΦPSII , NPQ,
PFDabs and J allows for higher stomatal conductance values for blue light, being the
term 1 − qL of blue light greater than the equivalent of red light. An expression of gs
that includes only the dependence on the photosynthetic rate and therefore on Vc,max or
J/4 produces the opposite effect, since J , with the same plant species, is greater for red
light.
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In addition, the use of optimization models seems to capture the effect of high V PD
on the transpiration rate through the feed-forward mechanism, contrary to the Kromd-
jik’s model, which seems to be insensitive to the variation of V PD with monotonic growth
of T up to 40°C.

It is necessary to highlight the fact that all the models analyzed here are based on
assumptions valid at the leaf level that may limit their applicability on a larger scale.
Factors such as the reduced wind speed below the panels, the impact of nutrient uptake
on the photosynthetic processes and the possible conditions of water stress were not
considered.

More studies are needed to develop a model that is able to reconcile optimization
theories with the Kromdjik’s formula by filling the gaps of both models. One attempt
might be to include the fluorescence term within the search for the optimum point of the
objective function (eqn (2.21)) by replacing the term fc with 1− qL and minimizing the
function f(g) = (1 − qL) − λfw. This could be the starting point for an approach that
directly includes the light dependent terms in the expression of gs. This hypothesis has
not been tested and further verifications are needed to confirm its validity.
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Appendix A

Appendix

The asymptotes of the co-limitation model

The convergence to the Rubisco limitation is obtained equating equations (2.36) and
(2.16), the rates are equal when

4Vc,max

J
≈ 1 (A.1)

and thus for

Vc,max ≈ J

4
(A.2)

The convergence to the light limited rate is obtained equating equation (2.36) and
(2.17). The terms in equation(2.36) can be rearranged to obtain an expression equivalent
to that in equation (2.17) in the following way:

fc =
Vc,max(ci − cp)

Kc

(
1 + Oa

K0

)
+
(
4Vc,max

J

)
ci

=
J · Vc,max(ci − cp)

J ·Kc

(
1 + Oa

K0

)
+ 4Vc,maxci

=
J
4 · Vc,max(ci − cp)

J
4 ·Kc

(
1 + Oa

K0

)
+ Vc,maxci

=
J
4 (ci − cp)

J
4Vc,max

·Kc

(
1 + Oa

K0

)
+ ci

(A.3)

The equality is obtained by imposing

J

4Vc,max
·Kc

(
1 +

Oa

K0

)
≈ 2cp (A.4)

It follows that

J/4

Vc,max
≈ 2cp

Kc

(
1 + Oa

K0

) (A.5)
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Figure A.1: Camporese and Abou Najm (2022) model. (a-f-k-p) photosynthetic rate, (b-g-l-q) tran-
spiration rate, (c-h-m-r) stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration
ratio as a function or (a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external
CO2 concentration for basil exposed to different light treatments. The reference climatic variables are
representative of growth chambers conditions, with irradiance, temperature, relative humidity and CO2

concentration equal to 80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.2: Camporese and Abou Najm (2022) model. (a-f-k-p) photosynthetic rate, (b-g-l-q) tran-
spiration rate, (c-h-m-r) stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration
ratio as a function or (a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external
CO2 concentration for strawberry exposed to different light treatments. The reference climatic variables
are representative of growth chambers conditions, with irradiance, temperature, relative humidity and
CO2 concentration equal to 80 Wm−2, 25°C, 41.2%, and 410 ppm.
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Figure A.3: Linear Katul model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-m-r)
stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function or
(a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration for
basil exposed to different light treatments. The reference climatic variables are representative of growth
chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration equal to
80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.4: Linear Katul model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration limited
(fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature, (d) vapor
pressure deficit for basil subjected to different light treatments. The reference values for the climatic
variables are as in Figure A.3.
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Figure A.5: Linear Medlyn model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-m-r)
stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function or
(a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration
for strawberry exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 25°C, 41.2%, and 410 ppm.
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Figure A.6: Linear Medlyn model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration limited
(fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature, (d)
vapor pressure deficit for strawberry subjected to different light treatments. The reference values for the
climatic variables are as in Figure A.5.
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Figure A.7: Non-linear Katul model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-m-
r) stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function or
(a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration for
basil exposed to different light treatments. The reference climatic variables are representative of growth
chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration equal to
80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.8: Non-linear Katul model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration limited
(fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature, (d) vapor
pressure deficit for basil subjected to different light treatments. The reference values for the climatic
variables are as in Figure A.7.
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Figure A.9: Non-linear Katul model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-
m-r) stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function
or (a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration
for strawberry exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 25°C, 41.2%, and 410 ppm.
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Figure A.10: Non-linear Katul model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration
limited (fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature,
(d) vapor pressure deficit for strawberry subjected to different light treatments. The reference values for
the climatic variables are as in Figure A.9
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Figure A.11: Non-linear Medlyn model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-
h-m-r) stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function
or (a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration
for basil exposed to different light treatments. The reference climatic variables are representative of
growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.12: Non-linear Medlyn model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration
limited (fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature,
(d) vapor pressure deficit for basil subjected to different light treatments. The reference values for the
climatic variables are as in Figure A.11.
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Figure A.13: Non-linear Medlyn model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-
h-m-r) stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function
or (a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration
for strawberry exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 25°C, 41.2%, and 410 ppm.
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Figure A.14: Non-linear Medlyn model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration
limited (fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature,
(d) vapor pressure deficit for strawberry subjected to different light treatments. The reference values for
the climatic variables are as in Figure A.13.
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Figure A.15: Co-limitation model. (a-f-k-p) photosynthetic rate, (b-g-l-q) transpiration rate, (c-h-m-r)
stomatal conductance, (d-i-n-s) water use efficiency, and (e-j-o-t) concentration ratio as a function or
(a-e) irradiance, (f-j) temperature, (k-o) vapor pressure deficit and (p-t) external CO2 concentration for
basil exposed to different light treatments. The reference climatic variables are representative of growth
chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration equal to
80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.16: Co-limitation model. Rubisco-limited (fc,C , solid lines) and RuBP-regeneration limited
(fc,L, dashed lines) as a function of (a) air CO2 concentration, (b) irradiance, (c) temperature, (d) vapor
pressure deficit for basil subjected to different light treatments. The reference values for the climatic
variables are as in Figure A.15.

70



APPENDIX A. APPENDIX

0 100 200 300 400 500 600
-2

0

2

4

6

8

10

12

A
n
 (

m
ol

 C
O

2
 m

-2
 s

-1
)

a)

RMSE=0.94301
KGE=0.90327
NSE=0.92681

0 100 200 300 400 500 600
0

0.05

0.1

0.15

0.2

0.25

0.3

g 
(m

ol
 H

2
O

 m
-2

 s
-1

)

b)

RMSE=0.052812
KGE=0.63573
NSE=0.2698

0 100 200 300 400 500 600

PPFD ( mol m -2 s-1)

0

0.5

1

1.5

2

2.5

3

T
 (

m
m

ol
 H

2
O

 m
-2

 s
-1

)

c)

RMSE=0.33611
KGE=0.83688
NSE=0.73834

0 100 200 300 400 500 600

PPFD ( mol m -2 s-1)

150

200

250

300

350

400

C
i (

m
ol

 C
O

2
 m

ol
-1

)

d)

RMSE=71.7545
KGE=-1.0133
NSE=-0.41642

Figure A.17: Simulated (solid lines) photosynthetic rate (An), stomatal conductance (g), transpiration
rate (T ) and intercellular CO2 concentration (ci) for the co-limitation model with linear dependence of
λ on ca, compared with observations (symbols with dashed lines) in the experiments by Mochizuki et al.
(2019) with strawberry subjected to different light treatments and photon flux densities. The blue, green
and red colors indicate treatments with blue, green, and red LEDs, respectively.
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Figure A.18: Simulated (solid lines) photosynthetic rate (An), stomatal conductance (g) and water use
efficiency (WUE) for the linear Katul model compared with observations (symbols with dashed lines)
in the experiments by Mochizuki et al. (2019) with strawberry subjected to different light treatments
and photon flux densities. The first column refers to the joint calibration with KGE, the second to the
calibration of only g with KGE as objective function, the third to the pair An −WUE with KGE and
the fourth to the joint calibration with RMSE . The blue and red colors indicate treatments with blue,
green, and red LEDs, respectively.
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Figure A.19: Simulated (solid lines) photosynthetic rate (An), stomatal conductance (g) and water use
efficiency (WUE) for the linear Katul model compared with observations (symbols with dashed lines)
in the experiments by Mochizuki et al. (2019) with strawberry subjected to different light treatments
and photon flux densities. The first column refers to the joint calibration with KGE, the second to the
calibration of only g with KGE as objective function, the third to the pair An −WUE with KGE and
the fourth to the joint calibration with RMSE . The blue and red colors indicate treatments with blue,
green, and red LEDs, respectively.
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Figure A.20: Simulated (solid lines) photosynthetic rate (An), stomatal conductance (g) and water use
efficiency (WUE) for the linear Katul model compared with observations (symbols with dashed lines)
in the experiments by Mochizuki et al. (2019) with strawberry subjected to different light treatments
and photon flux densities. The first column refers to the joint calibration with KGE, the second to the
calibration of only g with KGE as objective function, the third to the pair An −WUE with KGE and
the fourth to the joint calibration with RMSE . The blue and red colors indicate treatments with blue,
green, and red LEDs, respectively.
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Figure A.21: Simulated (solid lines) photosynthetic rate (An), stomatal conductance (g) and water use
efficiency (WUE) for the linear Katul model compared with observations (symbols with dashed lines)
in the experiments by Mochizuki et al. (2019) with strawberry subjected to different light treatments
and photon flux densities. The first column refers to the joint calibration with KGE, the second to the
calibration of only g with KGE as objective function, the third to the pair An −WUE with KGE and
the fourth to the joint calibration with RMSE . The blue and red colors indicate treatments with blue,
green, and red LEDs, respectively.
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Figure A.22: The image represents the irradiance sensitivity of the linear Katul model. The first
column (a-b-c-d-e) refers to the calibrated parameters using the KGE joint calibration, the second (f-
g-h-i-l) to the KGE calibration with g, the third (m-n-o-p-q) to the pair An − WUE with KGE as
objective function and the fourth (r-s-t-u-v) to the joint RMSE calibration. Each column shows the
response of basil exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.23: The image represents the irradiance sensitivity of the linear Medlyn model. The first
column (a-b-c-d-e) refers to the calibrated parameters using the KGE joint calibration, the second (f-
g-h-i-l) to the KGE calibration with g, the third (m-n-o-p-q) to the pair An − WUE with KGE as
objective function and the fourth (r-s-t-u-v) to the joint RMSE calibration. Each column shows the
response of basil exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 24°C, 70%, and 450 ppm.

77



APPENDIX A. APPENDIX

0 100 200 300 400 500
0

10

20

30

40

A
n

 [
m

o
l 
m

-2
 s

-1
]

(a)

0B:100R%

7B:93R%

26B:74R%

42B:58R%

66B:34R%

100B:0R%

Broad-spectrum

Solar light

0 100 200 300 400 500
0

5

10

T
 [
m

m
 d

-1
]

(b)

0 100 200 300 400 500
0

0.02

0.04

0.06

0.08

g
s
 [
m

 s
-1

]

(c)

0 100 200 300 400 500
0

0.01

0.02

0.03

0.04

W
U

E
 [
g

C
O

2
 /
 g

H
2

O
]

(d)

0 100 200 300 400 500

Irradiance [W m
-2

]

0.5

0.6

0.7

0.8

0.9

C
i/C

a
 [
/]

(e)

0 100 200 300 400 500
0

10

20

30

40
(f)

0 100 200 300 400 500
0

5

10

(g)

0 100 200 300 400 500
0

0.01

0.02

0.03

0.04
(h)

0 100 200 300 400 500
0

0.02

0.04

(i)

0 100 200 300 400 500

Irradiance [W m
-2

]

0.5

0.6

0.7

0.8

0.9

(l)

0 100 200 300 400 500
0

10

20

30

40
(m)

0 100 200 300 400 500
0

5

10

(n)

0 100 200 300 400 500
0

0.01

0.02

0.03

0.04
(o)

0 100 200 300 400 500
0

0.02

0.04

(p)

0 100 200 300 400 500

Irradiance [W m
-2

]

0.5

0.6

0.7

0.8

0.9

(q)

0 100 200 300 400 500
0

10

20

30

40
(r)

0 100 200 300 400 500
0

5

10

(s)

0 100 200 300 400 500
0

0.01

0.02

0.03

0.04
(t)

0 100 200 300 400 500
0

0.02

0.04

(u)

0 100 200 300 400 500

Irradiance [W m
-2

]

0.5

0.6

0.7

0.8

0.9

(v)

Figure A.24: The image represents the irradiance sensitivity of the non-linear Katul model. The
first column (a-b-c-d-e) refers to the calibrated parameters using the KGE joint calibration, the second
(f-g-h-i-l) to the KGE calibration with g, the third (m-n-o-p-q) to the pair An −WUE with KGE as
objective function and the fourth (r-s-t-u-v) to the joint RMSE calibration. Each column shows the
response of basil exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.25: The image represents the irradiance sensitivity of the non-linear Medlyn model. The
first column (a-b-c-d-e) refers to the calibrated parameters using the KGE joint calibration, the second
(f-g-h-i-l) to the KGE calibration with g, the third (m-n-o-p-q) to the pair An −WUE with KGE as
objective function and the fourth (r-s-t-u-v) to the joint RMSE calibration. Each column shows the
response of basil exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 24°C, 70%, and 450 ppm.
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Figure A.26: The image represents the irradiance sensitivity of the co-limitation model. The first
column (a-b-c-d-e) refers to the calibrated parameters using the KGE joint calibration, the second (f-
g-h-i-l) to the KGE calibration with g, the third (m-n-o-p-q) to the pair An − WUE with KGE as
objective function and the fourth (r-s-t-u-v) to the joint RMSE calibration. Each column shows the
response of basil exposed to different light treatments. The reference climatic variables are representative
of growth chambers conditions, with irradiance, temperature, relative humidity and CO2 concentration
equal to 80 Wm−2, 24°C, 70%, and 450 ppm.
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Joint calibration with KGE as objective function

Parameter Jmax,0 rjv ra θ α λ

Unit µmol m−2s−1 dimensionless sm−1 dimensionless dimensionless µmol mol−1kPa−1

Linear
Katul 299.78 1.53 599.96 0.89 0.20 4.14

Linear
Medlyn 298.41 2.20 599.90 0.89 0.20 4.20

Non-linear
Katul 299.71 2.02 598.45 0.89 0.20 1.04

Non-linear
Medlyn 299.33 2.30 599.21 0.89 0.20 1.04

Co-
limitation 299.92 1.50 599.97 0.89 0.20 0.87

Calibration on g with KGE as objective function

Linear
Katul 298.99 1.85 185.03 0.89 0.20 4.16

Linear
Medlyn 299.91 2.35 532.35 0.89 0.20 4.18

Non-linear
Katul 297.51 1.62 54.45 0.89 0.20 1.04

Non-linear
Medlyn 290.68 2.35 140.53 0.88 0.49 7.09

Co-
limitation 290.00 2.08 281.91 0.89 0.20 0.92

Calibration on An −WUE with KGE as objective function

Linear
Katul 298.88 1.83 599.89 0.89 0.20 1.03

Linear
Medlyn 299.91 1.81 599.84 0.90 0.20 1.02

Non-linear
Katul 299.25 2.17 599.67 0.89 0.20 1.01

Non-linear
Medlyn 289.73 2.00 599.95 0.90 0.20 1.01

Co-
limitation 299.47 1.50 599.80 0.89 0.20 0.84

Joint calibration with RMSE as objective function

Linear
Katul 298.69 1.62 599.47 0.89 0.26 10.37

Linear
Medlyn 296.10 1.76 599.05 0.89 0.32 15.41

Non-linear
Katul 298.84 1.62 599.72 0.89 0.42 7.54

Non-linear
Medlyn 297.73 2.49 590.54 0.89 0.39 6.54

Co-
limitation 299.88 1.50 597.91 0.89 0.20 1.33

Table A.1: Calibrated model parameters using the SCE-UA algorithm and different objective functions
relative to the basil case.
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Figure A.27: Sensitivity to changing temperature for the co-limitation model with different hypothesis
on the dependence of λ on ca. The reference values for the climatic variables are as in Figure 4.3.
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Figure A.28: Sensitivity to changing vapor pressure deficit for the co-limitation model with different
hypothesis on the dependence of λ on ca. The reference values for the climatic variables are as in
Figure 4.3.
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Figure A.29: Sensitivity to changing irradiance for the co-limitation model with different hypothesis
on the dependence of λ on ca. The reference values for the climatic variables are as in Figure 4.3.
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