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Concentrating photovoltaics (CPV) have long been held up as a solution to low power
density in photovoltaics, but due to the requirement of sun tracking have been largely
unable to realize high power densities in practically useful settings. The emerging concept
of tracking-integrated CPV, in which the sun tracking apparatus is incorporated into the
module itself, has the potential to finally achieve this goal by allowing CPV use in building
integrated or rooftop settings. In this article, we will provide a status update on TI-CPV and
an evaluation of its technical and economic potential with focus on diffuse light collection.
Wewill seek to demonstrate how TI-CPV concepts that are now nearing commercialization
are viable to offer, for the first time, the chance for CPV to actually deliver high power
densities and high-efficiency utilization of the solar resource in practical settings such that it
represents one of the best prospects for CPV to finally gain a foothold in large commercial
markets. We identify TI-CPV designs with integrated mechanical tracking and diffuse light
transmittance as the closest at resent to commercial feasibility, as the transmitted light
offers a potential valuable secondary output. A semi-empirical performance model of such
a system yields an annual electrical output of >300 kWh/m2 and 59.4 million lux-hours
optical output that are equivalent to 593.4 kWh/m2 if that light would otherwise be provided
by LED lamps with 100 lumen/W luminous efficacy. This would indicate that full-system
capex of up to $1,600/kW could be viable relative to conventional rooftop PV systems,
providing a benchmark for future manufacturing and design improvements.

Keywords: tracking integration, beam steering, building integrated photo voltaic (BIPV), solar energy economics,
concentrator photovoltaics (CPV), PV system modeling, agricultural photovoltaics, micro-CPV

TRACKING-INTEGRATED CONCENTRATOR PHOTOVOLTAICS:
CONCEPT AND PAST WORK

In the last decade, the adoption of solar photovoltaics has accelerated dramatically under the
influence of falling hardware costs and increased investor confidence in the bankability of solar
energy (Apostoleris et al., 2019a) Some significant challenges remain for photovoltaics deployment in
some settings, in particular the issue of low power density which can limit the usefulness of
photovoltaics in space-constrained settings such as rooftops and urban environments. Since its
development decades ago, concentrator photovoltaics has promised to increase power density and
improve the economics of photovoltaic systems by enabling the use of expensive, high-performance
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solar cells. However, in practice, these high power densities have
seldom been realized, primarily due to the loss of the diffuse
component of the solar resource, and the requirement of sun
tracking. The inability of CPV to collect diffuse sunlight means
that module efficiencies obtained under standard concentrator
test conditions (CSTC) do not translate to power output in the
same way as non-concentrating module efficiencies. The sun-
tracking requirement limits CPV in a number of ways: by
requiring ground-mounted CPV modules to be spaced widely,
increasing the land use requirements for a CPV plant of a given
MW size; and by, in most cases, entirely precluding it from being
used in rooftop and building-integrated settings where high
power density would have the most value. Over the past
decade, the concept of tracking integration, in which the sun-
tracking mechanism is incorporated into the CPV module itself,
has arisen as a potential avenue to finally realizing high power
densities in high-value applications from CPV, by allowing CPV
modules to be installed at fixed orientation in the same settings as
conventional PV. In 2016, some of the present authors surveyed
the various physical designs that had been proposed or
demonstrated for tracking-integrated CPV (TI-CPV) modules
and systems. In the intervening years, significant progress has
been made towards the refinement and commercialization of TI-
CPV, to the point where it now stands on the cusp of becoming a
viable photovoltaic technology with unique application potential.
In part this progress has taken the form of new variations on
existing TI-CPV concepts; however, there has also been a more
fundamental shift in the way that CPV systems are designed to
maximize overall value, rather than seeking kWh-for-kWh parity
with conventional PV. To date, this shift has been laid out only
partially and in piecemeal fashion in the literature. In this
synthetic review article, we will address this shift directly
through the implementation of a quantitative value model for
TI-CPV, in addition to surveying progress in TI-CPV design
since 2015.

The concept of tracking-integrated concentrator photovoltaics
(TI-CPV) dates back at least to 2005 (Pender, 2005) with
published research beginning in earnest around 2010 (Hallas
et al., 2010). Published work through 2015 was reviewed by
several of the present authors when the technology was still in
the experimental phase, and its application potential remained
unclear (Apostoleris et al., 2016). TI-CPV was originally
conceived at a time when concentrator photovoltaics (CPV)
generally were still viewed as a promising technology to bring
down the cost of solar energy to commercially viable levels
(Swanson, 2000). The requirement of sun tracking presented a
major impediment to CPV as solar energy was seen largely as a
rooftop technology, and the need for a sun tracking mechanism
made CPV unfeasible for installation on most roofs. For this
reason, a substantial amount of work was put into finding a
solution for sun tracking that could be implemented in a static
module, capable of being mounted in a fixed position like a
conventional solar panel. Proposed systems could be classified,
broadly, into three categories: micro-tracking systems, in which
the cells, optics or both are realigned continuously to maintain
illumination of the cells over a wide range of solar incidence
angles; beam steering systems, in which the incident light is

redirected to maintain normal incidence on a concentrator array;
and miscellaneous concepts to which an example are reactive or
self-tracking systems, a grab-bag of different designs sharing the
feature of responding directly to the solar incidence angle,
dynamically modifying themselves to maintain illumination of
the cells without the need for external control. Within these
categories, designs can be broken into mechanical and non-
mechanical systems, depending on whether the cells or optical
components are physically moved, or whether the redirection of
light is accomplished through a modification of some
component’s optical properties, such as refractive index or
transparency.

The initial review (Apostoleris et al., 2016) done by some of the
present authors was published at a time when the transformation of
solar energy economics was just becoming clear, as new refining
capacity produced a glut of polysilicon, driving down material costs,
and the boom in global PV manufacturing set silicon module prices
on a headlong rush down the learning curve that continued
throughout the rest of the decade (Green, 2019). CPV researchers
and manufacturers increasingly struggled to find a market for their
innovations as silicon photovoltaics first reached, and inmany places
fell below, parity with fossil fuels as an energy generation technology
(Apostoleris et al., 2018). While in principle the higher efficiency of
CPV systems based on high-performance multijunction solar cells
made them a promising candidate for space-constrained
applications such as rooftops, in practice this higher efficiency
rarely translates into significantly higher annual energy
production (Ong et al., 2013). This is due to the limited tracking
range of TI-CPV systems, the strong dependence of optical coupling
efficiency on incidence angle, and the loss of the diffuse component
of sunlight that is inherent to solar concentrator systems.
Developments of the past several years have made progress
towards addressing these challenges and moved towards the
construction of TI-CPV designs that can actually deliver
substantially higher daily and annual energy densities than even
high-performance silicon PV products. In addition, laboratory-scale
work has expanded the design space for TI-CPV systems in ways
that raise interesting possibilities for its future development.

NEW PROGRESS IN TI-CPV

The categories of systems surveyed in this section will be
organized similarly to the review of Apostoleris et al. (2016),
with each section spanning a range of developments from design
concepts to fully realized pre-commercial modules.

Beam Steering
A number of advancements in broad-band beam-steering
systems have been realized in recent years; these can be used
not only as tracking systems for solar concentrators but also for
other systems such as smart windows or skylights.
Electrowetting-based liquid prism beam steering systems
represent the one major area where non-mechanical
approaches to sun tracking have seen development. The most
traditional beam steering mechanism is visualized in
Figures 1A,B.
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Khan et al. (2020) designed a two-axis beam steering
hexagonal cell array that eliminates the need of further
concentration by a Fresnel lens, as shown in Figure 1C.
Compared to a square cell, a hexagonal shape attains a
slightly higher “fill factor” and encourages higher degrees of
freedom in controlling its rotation. The fill factor in this
context (distinct from the photovoltaic IV curve parameter)
is the distance between opposite faces of the cell for a fixed
volume and thickness. CFD simulation using the Laminar
Two-phase Flow Moving Mesh (LTPFMM) module of
COMSOL Multiphysics software and experimental tests
show that applying 26 V to one of the electrodes in the cell
caused a maximum contact angle of 44°. Moreover, a small
difference of 0.2 in the refractive indices of the fluids revealed a
4.5° deflection in path. The same authors provided additional
review of the latest technologies and research utilizing
electrowetting-controlled liquid lenses for solar beam
steering (Khan et al., 2017), detailing the process and
components with insight onto the future possibilities and
guidelines on design and component selection.

Chen et al. (2021) developed a programmable beam-steering
compound prism (PCP) powered by a triboelectric
nanogenerator (TENG) and a resistance-capacitor (RC) circuit
that converts AC output signal from the TENG into DC to
eliminate the additional costs and maintenance of a DC power
supply. The RC circuit controls the prism angle by changing the
resistance which in turn modifies the applied voltage. The DC
voltage is required to activate the interface between two oils and
water in the prism (Figure 1D) and cause the deflection of
sunlight. The steered, now perpendicular, light is then
concentrated onto a multi-junction cell by a Fresnel lens. The
proposed design was able to steer light at an acceptance incident
angle of 15° which is 38% higher than conventional single prisms.
Strong concentration was seen as the power collected by the
multijunction cell increased to 1.288 mW from 0.088 mW in the
case of its absence.

Mechanical approaches to beam steering have been
demonstrated as well with (Johnsen et al., 2020) developing a
method for optimizing the optical design of lens-based beam
steering arrays which are adjusted by mechanically shifting the

different optical layers relative to each other. In this regard the
approach has commonalities with what has come to be called
micro-tracking, which represents the largest area of activity in the
tracking-integration space.

Micro-Tracking
Price et al. (2017) demonstrated a high-performance planar
micro-tracking CPV minimodule based on their previously
presented concept of combining refractive and reflective optics
to achieve image-field flattening. The design in Figure 2A entails
a catadioptric stack which consists of a planoconvex top refractive
and bottom reflective optics sandwiching a central glass sheet at
which a 3J microscale cell is placed. The glass sheet laterally slides
between the optics using an index-matching oil and is controlled
by a microcontroller running an algorithm derived from feedback
of the measured short-circuit current. Optical efficiency exceeds
90% at 0° angles of incidence and begins dropping beyond 70° at a
practical concentration that ranges between ×300 and ×400 with
standard optical materials and up to ×660 with higher index
optics. The electrical conversion efficiency remains around 30%
between 10:00 and 14:00 in outdoor testing and exhibits a lower
efficiency than the bare 3J cell due to cell heating (cell heating, a
persistent challenge for CPV, can be significantly reduced by
moving towards a “micro-CPV” paradigm in which sub-mm cells
are utilized to boost heat dissipation from the edge (Domínguez
et al., 2017). This performance approaches that predicted by
(Grede et al., 2016) in the same group, who established a phase
space procedure to optimize planar micro-tracking CPV,
discussed its thermodynamic limits and provided design
guidelines for such systems along with the practical limits
induced by absorption and dispersion.

Additional work by Johnsen et al. (2019) applied the
methodology of their previous work on beam-steering to
optimize the concept previously outlined (Price et al., 2017) by
modifying the lens curvatures and translation paths; three
variations were reported. Simulation of the final and most
complex configuration (represented in Figure 2B) with a 0.27°

divergence half-angle of sunlight showed a concentration factor
of ×5,000 compared to ×400 in the first (similar to the design of
Price et al.) with a tracking range of ±60°.

FIGURE 1 | Evolution of electrowetting-based beam-steering tracker concepts, from (A) an array of simple EW prisms with a single water-oil interface, modifying
the propagation angle of sunlight to (B) maintain uniform illumination of a Fresnel lens, to (C) independent control of the voltage and consequent wetting angle in each
prism to achieve simultaneous beam steering & concentration without the need of a separate concentrating lens (Khan et al., 2020); and (D) realization of larger steering
angles by use of a compound prism with two interfaces between three different immiscible liquids (Chen et al., 2021).
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Other researchers (Ito et al., 2018) studied the performance of
a fixed ×127 bi-convex aspheric lens array and a micro-scale PV
cell array that moves in three dimensions to match the image field
curvature. Two actuators move the cell array in the XY directions
while the movement is controlled by a ball foot and ball guide
combination that enables a complimentary tracking mechanism
in the Z direction as presented in Figure 2C. The lens aperture is
made hexagonal to allow integration into a module-scale array.
Results show that the proposed lens outperforms an optimized bi-
convex lens having the same concentration in terms of the direct
light that can converge onto the cells out of the yearly available by
~1.7 times. It also demonstrates a higher optical efficiency over a
wider range of incidence angles in addition to a shorter focal
length. With an acceptance angle of ±40°, the maximum optical
efficiency achieved is 82% which remains high at incidence angles
below 50° and then steeply declines at higher angles. Compared to
a conventional 17%-efficient Si cell, the power generated by the 3J
cell in the proposed design is 1.32 times larger per lens aperture
area of 929Wh/m2.

A dual-shell spherical lens variation on this design was tested
(Nakatani and Yamada, 2018) in which the shells are composed
of different materials with different refractive indices.
Optimization of the shells’ material and radii based on the
normalized focal length led to an improved maximum
allowable angle of 44° and a 76% maximum optical efficiency.
Further analysis (Nakatani and Yamada, 2019) validated
experimentally showed that compared to a conventional
homogenous spherical lens, the proposed core-shell lens is
superior in terms of optical and electric efficiencies and CPV
cell’s fill factor due to the illumination uniformity on the cell and
less chromatic aberrations. The effect of increasing the focal
length also had a smaller impact. Performance was found to
be sensitive to optical manufacturing defects, a potential
challenge to commercial viability.

While exhibiting high performance at concentration of direct
light, the previously discussed class of designs suffers from

complete loss of the diffuse component of sunlight, which is
reflected out the from surface. Designs which allow diffuse light to
pass through allow uses for this “lost” component to be found,
which will be shown to be one of the key factors to realizing high
power densities and economic value. Numerous variations on this
concept have been demonstrated.

The idea of coupling micro-scale CPV cells with an underlying
PV cell to capture diffuse light has been explored extensively.
Haney et al. (2014) proposed that a hybrid design at a
concentration of ×100 for the CPV cells is capable of
improving the energy production per area of a CPV module
by 15%–40% depending on the location in the US. An abundance
of prototypes, mostly without integrated tracking, have been
made based on this concept (Yamada and Okamoto, 2013;
Paap et al., 2014; Lee et al., 2016b; Li et al., 2018; Sato et al.,
2019; Yamada et al., 2013), recently extending to the combination
of CPV with bifacial solar cells to collect both diffuse and ground-
reflected irradiance along with a standardized procedure
proposed to rate the power output measured outdoors under
standard test conditions (STCs) and standard operating
conditions (SOCs) (Martínez et al., 2021). However, in the last
few years the concept of simply transmitting diffuse light for
illumination purposes (Hirai et al., 2015) has gained popularity.
In combination with tracking integration, this has the potential to
be a powerful technology for application in buildings or
greenhouses (Apostoleris and Chiesa, 2019).

The most fully developed tracking integrated CPV systems at
this time appear to be the commercially oriented modules of the
Swiss start-up Insolight. A micro-tracking feature operated by
electrical actuators is implemented in which the backplane moves
laterally and vertically to maintain illumination of the cells. Based
on high efficiency multi-junction solar cells, two different
architectures were designed. Transparent biconvex aspheric
lenses made into a hexagonal tile concentrate the direct light
component at a factor of ×180 onto the cells for angles of
incidence up to 55°. A secondary glass half-ball lens is added

FIGURE 2 | (A) Ray tracing diagram showing the capability of the middle glass sheet in sliding to align the cell with the focal spot at different angles (Price et al.,
2017). (B) Increased concentration due to the additional stack and movement of lenses in a curved trajectory relative to each other (Johnsen et al., 2019). (C) XY and
complimentary Z movement of the cell array is controlled by a ball foot and ball guide combination (Ito et al., 2018).
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on each cell to mitigate manufacturing errors and boost the
acceptant angle. In the first architecture (Figure 3A), diffuse light
is converted in large-area silicon PV cells mounted on the back
surface (Askins et al., 2019). In the second, the light is transmitted
through to provide illumination as in Figure 3B. This product is
being targeted at agricultural applications (Nardin et al., 2020). In
an additional feature, dynamic control of the tracking allows the
operational mode to be switch from electricity generation to
maximizing light transmission by focusing or defocusing light on
the cells.

A number of additional demonstrations of new micro-
tracking concepts have been presented in recent years. A
planar solar tracking system automated to move in dual
axis was studied (Lim et al., 2016) in which the overall
system consists of three plates in which the top plate is
fixed to the step motors that trigger the lateral displacement
and the middle plate holds the micro-lens array and is attached
to the top plate via spring-loaded poles. The lower plate
supports the dual-junction cells and has four blocks that
push or pull the middle plate vertically to hold the spot size
constant as the top plate forces a lateral displacement to
maintain light focus on the cell. An increase of short
current density by ×6.8 times was recorded for a system
with a geometric concentration factor of ×8.6.

Teng et al. (2020) presented a two-staged planar concentrator
coupled with a hybrid tracking mechanism to guarantee a higher
concentration ratio, increased efficiency, and more uniformed
illumination. The first stage consists of a stack of sheet collectors
cut into an arc shape and attached to a rectangular thin light guide
plate (LGP) to form an array at which light normally hits onto the
arc-segment and gets focused to be horizontally converged at the
LGP exit. A wide, curved prism then redirects light onto a
boundary. Consequently, light is received onto a transversely
moving assembly of light guide channel (LGC) and compound
parabolic collectors (CPCs). The LGC slides to align with the light
spot exit at the sheet and guides the light onto the CPC uniformly
for further concentration and finally, impingement onto the solar
cell. The whole structure is mounted onto a single-axis tracker
with a tilt angle consistent to the latitude. Optimization of the
design parameters promises to yield throughout the year an
average optical efficiency of 87%, uniformity of 0.875, and a
relatively high concentration ratio of ×738. One main advantage
that is not highly highlighted upon is the transparency of the
system and parameters that characterize its transmissivity and
usefulness for dual use.

Miscellaneous Concepts
A smaller body of research has focused on implementing tracking
integration in solar thermal collectors. An optical system
designed (Li et al., 2017) involves a set of five prism arrays
mounted on a belt with rollers to manoeuvre their movement
over a Fresnel lens through which light is redirected normally and
then impinged onto a compound parabolic concentrator (CPC)
and the stationary tube receiver. As the acceptance angle of the
CPC is large, only hourly adjustments in the prism array are
needed to maintain illumination of the receiver. The maximum
optical efficiency, at 0° is around 90% with a drastic decrease
beyond 45°.

Lower-concentration CPV systems have invited creative new
approaches to integrating optics with tracking. Lee et al. (2016b)
developed an array of origami-inspired hexagonal parabolic
concentrators that concentrate light onto GaAs solar cells that
are attached on the top tangential plane of sine-wave film of
origami trackers as shown in Figure 4. The lateral movement of a
plate by an actuator deviates the solar cells from the center of the
trackers and is linearly translated to a change in the rotation angle
of the solar cells. The shape and size of the concentrator were
designed such that to maximize the energy-harvesting efficiency
by analyzing the packing density of the usable concentrator area
and the light collection efficiency which characterizes the amount
of light directed at the solar cells from the concentrator. The light-
harvesting efficiency obtained by an array of hexagonal parabolic
concentrators is 88.5%. With a concentration up to six suns, a
minimal energy requirement of 2.9 J/m2/day for tracking, and a
tracking range of ±70°, the utilization of the semiconductor is
diminished by 450% in this low-profile planar photovoltaic.

Wang et al. (2017) developed a macroscale beam steering
mechanism highlighting planar smart, deployable, soft frame
structures that encapsulate kirigami and origami reflective
films. In terms of design structure, the difference between the
kirigami and origami films is the orientation of the reflective
surfaces in which the reflectors are aligned in a unidirectional
manner in the kirigiami and bidirectional in the origami. The
reflection/feature angle is achieved by the autonomous axial
strain of the films imposed by the continuous deformation of
the low-cost, lightweight structures. The large and reversible
deformation of the structures is triggered by the longitudinal
contraction of a shape-memory alloy (SMA) wire at its austenitic
phase transition temperature as a result of Joule heating once
electric current is applied. At both configurations, results show
that a wide range of deflection angles can be achieved in

FIGURE 3 | (A) In addition to micro-tracking, overall conversion rate is increased by embedding diffuse light onto Si cells (Askins et al., 2019). (B) Diffuse light being
transmitted for daylight or agriculture applications (Nardin et al., 2020).
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controllable and reliable means. In the unidirectional reflection
kirigami, reflective angle ranges from 0° to 75°. For the
bidirectional origami structure, light beaming at high feature
angles is directed on two reflective surfaces and only one in the
events of smaller angles bringing about two ranges are exhibited
in which it decreases from 60° to 12.8°, then hops to 82.8° and
declines to 0°.

Another dual-axis tracker that can be integrated with several
optics based on kirigami was designed and tested for mechanical
fatigue, optical operation and shadowing, electrical performance,
and thermal dissipation (Evke et al., 2020). A 2D pattern of
discontinuous concentric hexagonal rings expands in 3D to form
a spring of three rings once a force is applied in the middle of the
pattern. The spring displaces, forming a tilt angle that
corresponds to the sun’s position with the addition of a
photodiode and a hexagonal parabolic mirror inserted in the
middle ring.

Lower-concentration systems also allow for the use of line-
focus concentrators with single-axis tracking. A planar-type CPV
system was proposed by (Lee et al., 2019) in which cylindrical
lenses concentrate light onto thin compound semiconductor
GaAs solar cells incorporated onto the inner rounded surface
of the lenses. A microcontroller unit scans the angles and records
the current in order to find the optimum incident angle for power
conversion. To ensure that the width of the concentrated beam
width remains uniform at all angles of incidence, reduce Fresnel
losses, and guarantee that the incident light remains is directed in
a normal direction to the cell, an automated single-axis tracker
rotates the cylinder throughout the day via a motor, as
demonstrated in Figure 5. Results reveal an increase in short
circuit current of roughly ×8 in comparison to a reference cell
without concentration.

Finally, a rare innovation in reactive tracking that avoids the
use of conventional actuators is considered. To eliminate the need
of a motor in the design of Price et al. (2017), Grede et al. (2018)
proposed the utilization of shape memory alloy (SMA) wires that
can apply the force instead to translate the cells. By means of
resistive heating, the wires change lengths and move the cell array

FIGURE 4 | An array of “origami” concentrators is rotated by a laterally moving actuator that moves laterally to maintain alignment with incoming sunlight (Lee et al.,
2016a).

FIGURE 5 | A line-focus concentrator based on continuous rotation of a
cylindrical lens focusing onto a “strip” of solar cells (Lee et al., 2019).
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sheet at a high accuracy if optical feedback can be provided.
Power consumption of such a mechanism did not exceed 1% of
the output a full-scale module.

In addition to the concepts described here, Alves et al. (2019)
provided further insight into compact concentrator technologies
in their review on fabrication of thin-film micro solar cells.

To summarize, there remains a large conceptual space being
explored by tracking-integration researchers. In particular, a wide
variety of designs have been implemented on the lab-prototype
scale seeking to avoid the need for any mechanical tracking. This
is worthwhile goal as small mechanical components required for
microtracking can be expected to impose at least some additional
maintenance cost and risk of failure. However, the basic problem
of CPV design—the simultaneous optimization of optical
throughput, concentration factor and tracking range, while
maintaining manufacturability and long-term reliability—is a
convoluted one with many counteracting physical principles in
play (Apostoleris et al., 2019b). While non-mechanical systems
such as fluidic beam-steering systems represent impressive feats
of design, the path to large-scale manufacturability at present
remains unclear. Perhaps in recognition of this, high-level
“attention” in terms of large research grants and startup
financing has gravitated towards the more conservative
concepts—generally those based on planar
microtracking—with growing interest in utilization of diffuse
sunlight. Indeed, it is primarily these that have been
practically demonstrated on a module scale, as indicated by
the summary of experimentally confirmed performance
parameters in Table 1. This indicates that major players see at
least the potential for economic success in these technologies. In
the subsequent sections, an argument is built up for the economic
viability of tracking-integrated CPV with diffuse light utilization,
and the conditions that should be met in order for this success to
be realized are considered.

MODELING TI-CPV PERFORMANCE

Model Description
In order to evaluate TI-CPV performance accurately, it is
necessary to go beyond raw figures such as efficiency and
consider the interaction with the full solar resource in the
location and over the time period of interest—in other words,
to implement a performance model. Companies developing TI-
CPV products have developed their own modeling tools which
are specific to their products, and furthermore are typically

proprietary and as such of limited use to the general research
community. Nardin et al. (2020) described a modeling approach
for general TI-CPV systems in the Python PVLIB framework,
which uses a single-diode model for both CPV and PV
components of a hybrid system as described in the previous
section, adding correction factors for temperature and spectral
impacts on optical performance. This model was validated with
real-world data from outdoor tests of Insolight’s modules at
Madrid Polytechnic University and is under continued
development as a high-accuracy modeling tool.

In the past, the present authors have used a scaled-down
performance modeling methodology for “ballpark” estimates and
particularly for comparison to established PV technologies.
Intended for ease of use, the electrical performance model is
semi-empirical model and depends only on the plane-of-array
direct irradiance and direct light incidence angle, in addition to
the solar-to-electric efficiency as a function of the incidence angle.
This is often approximated as a step function characterized by a
single efficiency, typically measured at normal incidence, and a
maximum tracking angle. All parameters should be measured
under “real” conditions to the extent possible—e.g., use an
outdoor measurement of efficiency, in a climate similar to that
where it will be deployed, rather than one at standard test
conditions. For more accurate modeling and extrapolation to
other climates, factors to account for ambient temperature and
spectral variations should be included; accurately evaluating these
is the subject of ongoing work. The same approach can be taken
to evaluating light-splitting hybrid systems—either CPV-PV or
semi-transparent CPV.

These semi-empirical models can be “built up” in four
stages, which can be implemented depending on the
resolution of the available environmental data and the
number of system parameters that can be defined. The “first
pass”model, used for very rough estimations, simply separates
the direct and diffuse components, where the direct is
converted with a constant efficiency η and the diffuse is
transmitted with a constant transmittance τ. This does not
account for angle-of-incidence, spectral or thermal effects, but
this can be roughly compensated by appropriate definition of
the τ and η. The “second pass” model requires solar irradiance
data of hourly or greater resolution, including the angle of
incidence of the direct component on the plane of array. The
power output and light transmittance is calculated for each
timestep based on three parameters: η, τ and the maximum
tracking angle θtrack, where the electrical power output Pel is
given by:

TABLE 1 | Performance benchmark of module-scale designs.

References Concentrator type ηoptical ηelectrical Acceptance
angle

Ito et al. (2018) ×660 planoconvex refractive and reflective optics 92.5% at 0° θinc (reduction
after 70°)

30% ±70°

Price et al. (2017) ×127 bi-convex aspheric lens 82% at 0° θinc (reduction after 50°) 29.7% ±40°

Nardin et al. (2020) ×180 biconvex aspheric lens in hexagonal tile + a secondary glass half-ball on
cells

82% at 0° θinc (reduction after 56°) 29% ±55°
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Pel � η × POAbeam θinc < θtrack (1)
Pel � 0 θinc > θtrack (2)

And the transmitted optical power is approximated by

Popt � τ × POAdiff θinc < θtrack (3)
Popt � τ × POAtotal θinc > θtrack (4)

A third-pass model would evaluate the functions η(θ), τ(θ)
and τdiffuse (which is simply the appropriately weighted integral of
τ(θ)) and evaluate the instantaneous electrical and optical power
outputs under a prescribed operation mode [which may optimize
electrical power generation (E-mode) or alternate between power
generation and maximizing light transmission (MLT-mode)]. To
calculate the instantaneous efficiency of the module at each
incidence angle stamp, the power factor, as in the value of
power relative to the power at 0° incidence angle, is multiplied
with the constant efficiency value used in first and second passes.
The power factor is extracted from graphs generated by the
manufacturer that have been corrected to account for cosine
projection. The electric power generated takes into account the
ambient temperature effects, in which within the tracking range:

Pel � η(θ) × POAbeam × (1 − kT(Tcell − 25)) (5)

in which Tcell is calculated by adding the instantaneous Tambient to
a constant temperature offset ΔT representing the average
experimental temperature difference between the cell and the
ambient.

The transmittance is a bit more complicated as it differs
between the E-mode and MLT- mode, as shown in Table 2.

To clarify, in E-mode, within the tracking range, none of the
beams impinging at the plane of array affect the transmittance as
opposed to the diffuse component which is assumed to be
transmitted at a constant τ as in the first and second passes of
the model. All other values of direct component transmittance are
calculated as a function of angle of incidence using graphs
generated by the manufacturer. The transmitted power is then
the sum of the direct and diffuse transmitted irradiance.

A fourth-pass model would incorporate the effect of
temperature T and spectral matching factor S to evaluate the
functions η(θ, T, S) and τ(θ, S) (with limited temperature
dependence of the optical transmittance assumed). These
functions may be predicted by thermal, optical, and electrical
modeling, or fit to experimental data as functions of
environmental parameters.

Model Results
Studies are currently underway in collaboration with Insolight to
conduct detailed optical, thermal, and electric characterization of
their semi-transparent THEIAmodule in Abu Dhabi, UAE which
provides a foundation for implementing this model and use it to
predict the yearly performance of the module in addition to
validate the model for further developments and adaption for
other technologies.

The module is oriented towards the south at an optimum tilt
angle throughout the year in Abu Dhabi of 20° Figure 6. The test
rig accommodates instruments to measure parameters like

TABLE 2 | Transmittance at different modes.

E-mode MLT-Mode

Direct Diffuse Direct Diffuse

θinc < θtrack 0 Constant τ τ(θ) Constant τ

θinc > θtrack τ(θ) Constant τ τ(θ) Constant τ

FIGURE 6 | Test-rig with the Insolight module on roof.
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transmittance, PAR light levels, light intensity, electric power
accumulated, and cell and module temperatures at different
locations. Readings are taken at a timestamp of 1 min, but the
data for this model was averaged per hour to match TMY2 data.

To have an outlook on the generated results, the module was
compared to a conventional PV module used in the rooftops in
Abu Dhabi and the fixed parameters of both modules are in
Table 3. For the PV, values are based on the average range while
for the Insolight CPVmodule, values are either extracted from the
manufacturer’s data sheet or established from the experiments
carried out between January and April 2022.

The highest stage feasible to implement at this point is the
third-pass model. The first and second pass models overestimate
the yearly output electric power by 26% and 12.5%, respectively,
due to the ignorance of the second pass model with regards to
varying efficiency at different angles of incidence and effect of
temperature in addition to the independence of the first pass
model on the tracking range. The trends in electric power output
for the PV and TI-CPV module using the third pass model are
displayed in Figure 7.

It can be realized that the production is higher in the CPV but
that is compensated in days where the ratio of direct to total POA
irradiance is low, as shown in the purely yellow lines between
February and April and in November. Hence, the accumulated
electric powers per year are generally close at 317.3 kWh/m2 for
the CPV Insolight and 309.5 kWh/m2 for the PV module.
However, as previously explained, this is not the sole output
stream in case of the CPV module in which another output is the
electric power avoided due to the daylighting captured by the

transmissive module and totals up to 593.9 kWh/m2 yearly. The
method for this conversion is detailed in the next section.
Figure 8 illustrates the different output streams for both
systems in addition to the yearly direct and diffuse components.

Looking at the CPV behaviour more closely, Figure 9 shows
how the electric power and transmitted power vary throughout
the day at different incidence angles when the module is
operating in E-mode. As modelled, the electric power starts
and ends accumulation when the incidence angle equals the
tracking angle (±55°) and follows the change in POAdirect. As
for the transmittance, it is higher outside the tracking range
because in this incident, both components of light are transmitted
and its dependent on the GHI while during tracking, only the
diffuse is allowed through the module. Its important to notice that
in the hour before and after tracking, the transmittance continues
to increase and falls as soon as tracking initiates, but this behavior
cannot be observed in this model due to the hourly resolution.

After the model has been validated and furtherly developed, it
can be used to size and design a system utilizing an array of the
modules or be adapted for other TI-CPV technologies. At
present, however, these models have value for considering the
economic prospects for TI-CPV.

ECONOMIC CONSIDERATIONS

One thing that has become clear is that future economic value
from CPV systems will not come from a (typically modest) boost
in electrical output alone, but in the division of the solar resource
into multiple output streams (e.g. heat, light, electricity) as
recently described by several of the present authors
(Apostoleris et al., 2021a). To evaluate the economic potential
of these systems requires a slightly more involved computation
than the familiar LCOE estimation, although the same underlying
equation applies. To illustrate, a semi-transmissive CPV module
is considered based on that demonstrated by Insolight, which
splits light between an electrical and a transmitted light
component. The results of the third-pass model are used
implemented expressing the output electric power in kW/m2

TABLE 3 | Fixed parameters of the PV and CPV module in study.

PV Insolight (CPV)

Temperature coefficient (/°C) 0.004 0.0011
Efficiency η (%) 17 27
Temperature offset ΔT (°C) 30 40
Transmittance τ (%) — 70
Tracking range (°) — ±55

FIGURE 7 | Yearly trend of power generation for both systems.
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of module and the transmitted light in lumens/m2 of module.
This procedure indicates a first-year electrical output of
317.3 kWh/m2 and 59.4 million lumen-hours/m2 of module
optically. From Figure 8, it can be seen that the optical power
is around 2.5 times this value if the module is operating
in MLT mode since the full GHI resource is used for
transmission.

To evaluate the overall economic potential of this system, it is
necessary to assign values to each of the two output streams. The
value of the transmitted light depends on how it is utilized. In a
building-integrated setting the transmitted light is assumed to be
used for daylighting, where standard recommended lighting
levels (500–1,000 lux) are an order of magnitude lower than
the light transmitted through the module. Over a year, one square
meter of module at 20° tilt transmits roughly 63,500,000 lumen-
hours under Abu Dhabi weather conditions. If the entirety of this
light can be used for daylighting and offsets artificial light,
600–1,200 kWh of lighting energy are avoided per year, if that
light would otherwise be provided by LED lamps with
50–100 lumen/W luminous efficacy—exceeding the energy

produced by the module itself. The transmitted light, if it can
be used to offset artificial lighting, effectively doubles the output
of the module if both generated and avoided electricity are
counted. Since this light is only available while the sun is
shining, it can treated as displacing solar electricity with the
same value in c/kWh.

The value of the electrical output is straightforwardly given by
the price at which the electricity can be sold—in sunny parts of
the world. For this study, the price of electricity was set equal to
the LCOE of the PV module using the equation below:

LCOE � C + ∑L
y�0

Oy

(1+r)y∑L
y�0

Egen

(1+r)y
(6)

where C is the CapEx in ($/kW), Oy is the operating cost in year y,
r is the discount rate, Egen is the electricity generated, and L is the
system lifetime.

Setting a CapEx of 920 $/kW to account for EPC (equipment,
design, labor, etc.) as per NREL’s benchmark for commercial
rooftops PV systems, operating costs scaled up at a 2% of the
CapEx yearly, a discount rate equal to the project internal rate of
return (~4%), a lifetime of 25 years, and the power generated by
the PV module in the model the LCOE is 4.2 c/kWh which is a
reasonable or even conservative value for when-generated solar
electricity, as generation costs & contract prices have dropped
rapidly in recent years. In previous work (Apostoleris et al.,
2021b), it was shown that large-scale photovoltaic installations
in the Gulf region can achieve generation costs of 3 c/kWh at
capital costs of ~$1/W and operating costs of $10/kW annual
with an IRR of ~4%.

A generally applicable metric (Apostoleris and Chiesa, 2019)
for evaluating the economic potential of an energy (or other
infrastructure) investment is the net present value (NPV) taken as
the sum of all discounted revenues minus the sum of all
discounted costs. As the transmitted light has already been
converted into units of electricity consumption avoided, the
NPV can be expressed as:

FIGURE 9 | Electric power and Transmitted optical power on April 16th.

FIGURE 8 | Output Streams of the different modes and technologies.
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NPV � Pel
⎛⎝∑L

y�1
Egen

(1 + r)y +∑L

y�1
Eav

(1 + r)y
⎞⎠ −∑L

y�1
Oy

(1 + r)y − C (7)

where Pel is the electricity price (assuming the same price for
generated and avoided electricity) and Eav is the avoided
electricity consumption.

Without deeply considering the specific contexts in which TI-
CPV would be deployed, the module cost premium that could be
tolerated if all output streams are fully utilized and other costs
remain unchanged can be considered. The LCOE now represents
the minimum sustainable price of electricity and a worst-case,
conserved scenario of 100 lumens/W luminous efficacy (LED) for
the electricity avoided by the transmitted light is set. In Figure 10,
the NPV under these conditions is displayed as a function of
system price, given in USD per m2 of module on the lower x-axis
and the equivalent USD/W for a 20% efficient conventional PV
module array on the upper x-axis. This rough analysis suggests
that a cost premium in excess of $965/m2 could be tolerated
under these conditions. If all of this additional cost were
concentrated in the module, that would represent a maximum
viable module price roughly more than triple that of a
conventional Si module. The overall increase in solar resource
utilization should be owed to the mixed effect of integrated
tracking and the transmissive behaviour of the module.

A full consideration of the costs involved in a more realistic
building-integrated application will provide fruitful ground for
future study and will help to establish the conditions necessary for
novel TI-CPV systems to become viable. The work of Wright
et al. (2018) on “pure” TI-CPV without diffuse light utilization
offers a strong starting point for such analysis.

It is worth noting that if the transmitted component were
instead captured by silicon solar cells and converted with
(optimistically) 20% efficiency, the electricity generated would
be several times less than the electricity use avoided if the entire

transmitted component can be used for daylighting, offsetting
electric lights. This is a simple illustration of the power of the
“resource splitting” design approach that has advocated
previously in our earlier study (Apostoleris and Chiesa, 2020),
as opposed to seeking only to maximize electricity generation.
While splitting between light and electricity is emphasized here,
the same framework can also be applied to photovoltaic-thermal
systems that output both electricity and heat, a concept that is
again gaining popularity (Widyolar et al., 2020).

DISCUSSION & OUTLOOK

While interesting concepts in tracking integration have
proliferated in recent years, mechanical micro-tracking has
seen the most advanced demonstration and has made the
most progress towards commercialization. CPV systems
adopting integrated tracking and diffuse collection are able to
provide multiple output streams in conjunction with electricity
like daylight and heat simultaneously.

A number of technical challenges must be addressed in order
to realize commercially viable TI-CPV modules. The concept at
which the tracking motion is triggered needs to be reliable and
prompt since it affects the overall performance. Predominantly in
small cells, any minor misalignment or a lagging reaction to the
point of array’s incident angle will waste the potential of
irradiance accumulation.

Therefore, one design feature that requires more focus is the
alignment error between the cell array and the lenses. A study by
study by José et al. (2020) explains a method to characterize the
misalignments for micro-CPVs and quantify them in metric
values as distance between centres. The process starts with
capturing a magnified image of the receiver with a camera
followed by pre-processing the image like increasing its
contrast. Then, the images are segmented on MATLAB using
Superpixel Oversegmentation and Fast Marching Method.
Finally, Hough Transform helps realise the circles’ pixels.
Moreover, depending on the acceptance angle limits, the rate
at which trackers respond to the change in incidence angle and
actuate has a considerable effect on the power production yield
and heating of the cell.

Programmable techniques in micro-CPVs are promising
towards preventing these mishaps. One technique is
calculating the incidence angle at each timestamp based on the
geographical location, date, and tilt angle then establishing the
tracking movement accordingly when the incidence angle lies
within the tracking range. In addition to that, another concept is
predicting the maximum power production at each timestamp
and acquiring the exact coordinates of the cells relative to the
optics needed to realize that power. The limitation to this
approach is that the tracking process will cease to function as
expected in an event of a disrupted load cycle, as experienced in
the experimental characterization of the Insolight module. The
different tracking modes available can be efficiently used to serve
different applications. While it might seem unwise to acquire a
CPV module to operate it in MLT-mode (Maximum Light
Transmission), an optimized switching behaviour between it

FIGURE 10 | Net present value of a TI-CPV system based on the
performance model; the cost premium is the increase in CapEx over a
conventional ground-mounted system that can be tolerated while still
breaking even at current prevailing solar electricity prices.
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and E-mode (electrical generation) can help in regulating the
transmitted light in agriculture and daylighting applications or
keeping it constant throughout the day albeit the incidence angle.
In the case of low direct light irradiance, contrary to typical CPV
modules with no silicon cells in the back-pane, the solar resource
would still be utilized for transmission. In agriculture, some
plants require a certain level of instantaneous PAR
(Photosynthetically Active Radiation) or a constant total
accumulated level daily to flourish. In daylighting, it would be
preferable to maintain a regulated level of light in lumens/m2 at
all times of the day when sunlight is available. In both
applications, it’s worth noting that this switching mechanism
also has an effect on the temperature within.

The location and application of the TI-CPVmodule need to be
taken into consideration during the manufacturing and material
selection process. From “big league” components like the top
glass pane to “small fry” components like the glue between the
lenses in an array, the environmental conditions like temperature,
sand, and humidity need to be taken into consideration. The glue
between the lenses should withstand the ambient temperature or
else its melting behaviour would cause disintegration of the lens
array or clinging of sand and dust which would ultimately
decrease the aperture area. Regarding the top pane, a flat glass
surface would protect the optics from soiling and provide an
undemanding cleaning routine, considering that it should not
largely affect the intensity of transmitted irradiance. Another
undermined parameter that could facilitate the
commercialization of the modules is the weight of the module
frame, especially in roofing greenhouses and buildings.

A particular challenge has been the trade-off between the
concentration factor and the tracking range. Actually realized TI-
CPV systems have simultaneously achieved tracking angles in
excess of ±50° with concentration factors around ×200. However,
this concentration is roughly ×2 lower than what is needed to
make III-V multijunction cells, which are required to achieve the
performance assumed in the preceding analyses, economically
feasible to use. While continued research & development to
boost the performance of tracking-integrated optical systems
continues, advances in multijunction cell production—such as

a breakthrough in the long-sought goal of III-V wafer reuse, or
the development of a stable, high-efficiency perovskite-on-silicon
multijunction—could represent a critical development that would
transform the economics of TI-CPV.

Performance parameters depend on the application as well as
the location of the TI-CPV system, whereas for a greenhouse
application in a country with harsh climates, the savings in
cooling load prevail the sizing requirements. In countries
where field space serves as the main constraint, TI-CPV
systems not only save space by the elimination of tracker
hardware but also by co-serving power production and
agricultural or building needs.

To compete with mature solar technologies, TI-CPV
technology must be able to follow the same economic
trajectory as these established technologies. An
economically promising TI-CPV design should have a clear
path to reduce costs via industrial scaling—that is, it should
avoid relying on high-cost components that would set a high
floor for future manufacturing costs—and should have a clear
area of application where it can add value in the near term. A
deeper investigation into improving the manufacturability of
TI-CPV systems, extending beyond the mechanical systems
being commercially developed today to non-mechanical sun-
tracking and beam-steering systems such as those surveyed in
the literature review presented here, could represent a fruitful
area for future study. This survey has attempted to highlight
promising areas of development that satisfy these two
conditions and offer potential pathways to finally realizing
the promise of high CPV power densities by the industrial
adoption of TI-CPV.
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