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ABSTRACT 

Keywords: Spectrum-Splitting, Holography, Diffraction, Photovoltaics, Bifacial Cells, Energy Conversion 

In this paper a spectrum-splitting photovoltaic system is proposed that uses bifacial silicon solar cells to 

maximize total energy yield. The system is unique in its ability to convert direct sunlight with high-efficiency 

(>30%) while simultaneously converting diffuse and rear-side irradiance. A volume holographic lens array is 

used to divide the solar spectrum into spectral bands optimized for conversion by wide-bandgap and bifacial 

silicon solar cells. An approach for simulating the energy yield, optimizing the holographic lens array, and 

analyzing the effect of concentration ratio, aspect ratio, and illumination characteristics is described. Design 

examples for two different solar cell combinations are provided. A GaAs and bifacial silicon combination 

achieves an energy conversion efficiency of 32.0% and a MgCdTe and bifacial silicon combination achieves a 

31.0% energy conversion efficiency. Additional solutions are provided when constraints on concentration ratio 

and aspect ratio are applied, allowing the designer to balance energy yield with cost and size considerations. 

The performance of the proposed system is compared to conventional monofacial silicon, bifacial silicon, and 

monofacial spectrum-splitting modules, and show that improvements in energy yield of over 45%, 25%, and 

10% can be achieved, respectively. 

1. INTRODUCTION 

The Levelized Cost of Energy (LCOE) of Photovoltaic (PV) solar energy has fallen significantly over the past few decades. 

The reduction in LCOE is primarily due to a lower price of silicon wafers and from an increase in the efficiency of silicon 

solar cells. In the next decade the LCOE of solar energy is only expected to decrease by 15% in comparison to 80% in the 

previous decade1. The stabilization in the LCOE of solar energy is due to a maturing wafer manufacturing industry and 

relatively small expected increases in the efficiency of silicon solar cells which have already achieved 92% of their 

theoretical limit2. In order to significantly reduce the LCOE of solar energy beyond what is projected it will be necessary 

to use new techniques that have higher energy yield than conventional silicon modules but have low component and 

manufacturing costs. 

Several systems have been explored for increasing the energy yield of photovoltaic modules. One extensively studied 

system uses high concentration optics to focus sunlight onto small, high-efficiency multi-junction solar cells (CPV). While 

CPV systems achieve high efficiency under direct sunlight, they fail to perform as expected in realistic solar conditions3. 

While there are several reasons for the lower than expected performance, a key reason is the inability to convert diffuse 

sunlight, which consists of approximately 20-40% of total incident sunlight4 even in predominately sunny regions, such as 

Tucson, Arizona. Another disadvantage of CPV systems is that they require expensive and bulky tracking systems and are 

not compatible with conventional one-axis tracking systems used in many utility-scale PV power plants. 

Many of the disadvantages of CPV systems are alleviated in Spectrum-Splitting Photovoltaic (SSPV) systems. Instead of 

using small, monolithically integrated multijunction cells, SSPV systems use a set of independently connected single-

junction solar cells in combination with optical filters that separate incident sunlight into spectral bands5-7. Each spectral 

band is redirected to a PV cell that has an optimal bandgap-energy and spectral response for converting that portion of the 
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spectrum. Many promising SSPV system designs are based on the use of volume holographic optical elements8-9 and can 

be designed in ways that yield Power Conversion Efficiencies (PCE) greater than 30%, convert diffuse sunlight, and have 

form-factors comparable to conventional silicon modules.   

Another class of PV system that has higher energy yield are Bifacial Photovoltaic (BFPV) modules10. Bifacial systems 

have become more common in recent years and it is expected that they will have a 30% market share by 202511.  BPV 

modules use bifacial solar cells which are made of silicon and have PN-junctions and contact grid patterns optimized for 

converting light from both the front and rear sides of the cell. While the technique does not improve the PCE of an 

individual cell surface, the energy yield of the module is improved by 10-50% depending on the surface albedo and PV 

module array configuration12-15.  

In this paper, a Bifacial Spectrum-Splitting Photovoltaic (BF-SSPV) system is proposed that combines the concepts of 

SSPV and BFPV systems. The system converts direct sunlight at high efficiency (>30%), converts diffuse and rear-side 

irradiance, and can be designed in packages comparable to conventional flat-panel silicon modules. The system 

architecture is shown in Fig. 1 and consists of a volume holographic lens array positioned over alternating strips of wide-

bandgap cells and bifacial silicon cells. Spectrum-splitting is accomplished by the holographic element. The holographic 

element provides a sharp spectral filter cutoff by focusing light at the bandgap wavelength of the wide-bandgap cell to the 

opposing boundary between the PV cells. The holographic element provides high optical efficiency by setting the Bragg 

condition to efficiently diffract wavelengths in the center of each spectral band. Diffuse sunlight is converted since light 

at non-normal incidence angles do not meet the Bragg-condition of the hologram and are transmitted without diffraction 

onto the PV cell surface.  

While spectrum-splitting is accomplished in a similar way to the design provided by Vorndran et. al9, the BF-SSPV system 

has the unique capability of converting rear-side irradiance by using bifacial silicon cells and transparent glass on the rear-

side of the module. Rear-side irradiance is converted when light reflected from the ground surface is transmitted through 

the rear glass and converted by the bifacial silicon cells. The rear-side energy yield is enhanced by increasing the 

concentration on the monofacial wide-bandgap cell or by using a diffusing scattering surface on the rear-side of the wide-

bandgap cell to re-direct light through total internal reflection onto the bifacial silicon cell. 

In this paper we provide a technique for simulating the energy yield of the BF-SSPV system and an optimization technique 

for the volume holographic lens array. We then analyze the effect of key system design parameters on the overall energy 

yield in order to balance design tradeoffs. Important geometrical parameters are width of the wide-bandgap cell, 𝑊𝑊𝐵𝐺 , 

the width of the bifacial silicon cell, 𝑊𝑠𝑖, the thickness of the front encapsulating material, 𝐻𝑓𝑟𝑜𝑛𝑡 , and the thickness of the 

rear encapsulating material, 𝐻𝑟𝑒𝑎𝑟 . These parameters can be expressed in terms of the concentration ratio, 𝐶𝑅 =
𝑊𝑊𝐵𝐺+𝑊𝑠𝑖

𝑊𝑊𝐵𝐺
, 

the front aspect ratio, 𝐴 =
𝐻𝑓𝑟𝑜𝑛𝑡

𝑊𝑊𝐵𝐺+𝑊𝑠𝑖
, and the rear aspect ratio, 𝐴𝑟𝑒𝑎𝑟 =

𝐻𝑟𝑒𝑎𝑟

𝑊𝑊𝐵𝐺+𝑊𝑠𝑖
. These parameters studied since they 

are related to practical considerations such as the cost of the component PV cells and the size and weight of the module. 

Higher concentration ratio and lower aspect ratio modules may be more commercially feasible due to their compact 

packaging and reduced use of expensive wide-bandgap PV cells, even though they have lower total energy yield. 
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Figure 1: Illustration of a repeating “unit cell” in the bifacial spectrum-splitting photovoltaic system. Direct sunlight is focused and 

dispersed by a volume holographic lens array onto alternating strips of bifacial silicon and wide-bandgap PV cells. Rear-side irradiation 

is converted by the bifacial solar cells. The rear-side of the wide-bandgap cell is coated with a diffuse scattering surface to redirect some 

of the irradiation onto the bifacial silicon through total internal reflection. 

2. ENERGY YIELD OPTIMIZATION 

In this section we provide a technique for optimizing the holographic element of the BF-SSPV system. The goal of the 

optimization is to maximize the PCE of the BF-SSPV system and it is assumed that the aspect ratio, concentration ratio, 

and PV cell conversion characteristics are given. The hologram parameters to be optimized are the K-vector, index 

modulation, and film thickness. The optimization is described in a set of four processes. In process ‘i’ the grating K-vector 

is optimized based on the geometry of the system and the spectral bands of the PV cells. In process ‘ii’ the diffraction 

efficiency is maximized by tuning the index modulation. In process ‘iii’ the energy yield and the PCE are calculated. In 

process ‘iv’ the holographic film thickness is optimized. Since the optimal index modulation is dependent on the 

holographic film thickness, process ‘ii’ must be repeated for each iteration of the film thickness optimization. Process ‘iii’ 

is also repeated for each iteration of the film thickness optimization and the PCE is used as the figure of merit. Unlike 

previous hologram design processes for solar applications9,16, the optimization is not constrained by the Kogelnik Q-

parameter, which limits the hologram to diffract into a single order, but instead the optimization uses Rigorous Coupled 

Wave Analysis to simulate multiple diffraction orders and directly maximizes the PCE regardless of the number of 

diffraction orders generated. 

After the holographic element is optimized, the effect of variables such as concentration ratio, aspect ratio, and illumination 

can be analyzed and used to design a variety of systems that meet different constraints. 
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Figure 2: Block diagram of the four-step energy yield optimization process. For a given aspect ratio, 𝐴, and concentration ratio, 𝐶𝑅, the 

optimizer returns the optimum energy yield 𝐸𝑌𝑜𝑝𝑡(𝐴, 𝐶𝑅) by optimizing the grating vector,  �⃑⃑� 𝑜𝑝𝑡(𝑥), the index modulation, 𝑛1, and the 

holographic film thickness, 𝑑. 

2.1 Grating Vector Optimization 

In process ‘i’ the optimal grating K-vector of the holographic element, �⃑⃑� 𝑜𝑝𝑡(𝑥), is determined based on the system 

geometry similarly to references9,17. In this method the desired K-vector, �⃑⃑� 𝑡𝑎𝑟𝑔𝑒𝑡(𝑥), diffracts and focuses light at a 

“transition” wavelength, equal to the bandgap wavelength of the wide-bandgap cell, to the boundary between the two PV 

cells. The Bragg condition is set so that normally incident light is diffracted at highest efficiency in the center of the spectral 

band of the PV cell it is diffracting to. Unfortunately, these conditions cannot simultaneously be fulfilled along the entire 

aperture of the holographic element using a standard two-point-source construction method with point sources located at 

𝑟1⃑⃑⃑   and 𝑟2⃑⃑  ⃑. To find the best approximation of �⃑⃑� 𝑡𝑎𝑟𝑔𝑒𝑡(𝑥), the error between the target grating vector and the grating vector 

constructed with point sources located at 𝑟1⃑⃑⃑   and 𝑟2⃑⃑  ⃑, �⃑⃑� (𝑥, 𝑟1⃑⃑⃑  , 𝑟2⃑⃑  ⃑), is minimized: 

minimize𝑟1⃑⃑⃑⃑ ,𝑟2⃑⃑⃑⃑ {𝑎𝑏𝑠 (�⃑⃑� (𝑥, 𝑟1⃑⃑⃑  , 𝑟2⃑⃑  ⃑) − �⃑⃑� 𝑡𝑎𝑟𝑔𝑒𝑡(𝑥))} (1) 

Where the minimize function finds the point sources 𝑟 1,𝑜𝑝𝑡 and 𝑟 2,𝑜𝑝𝑡 that minimize the error vector in the argument. Each 

component of the error vector is minimized by the finding least squares sum using the optimized least squares function in 

Python. Consequently, both the lateral and longitudinal components of the K-vector are optimized. After determining the 

optimal point sources the optimal K-vector is constructed:  

�⃑⃑� 𝑜𝑝𝑡(𝑥) = �⃑⃑� (𝑥, 𝑟 1,𝑜𝑝𝑡  , 𝑟 2,𝑜𝑝𝑡) (2) 

2.2 Index Modulation Optimization 

In process ‘ii’ we optimize the index modulation, 𝑛1,  given �⃑⃑� 𝑜𝑝𝑡(𝑥) provided in process ‘i’ and the holographic film 

thickness, 𝑑. The index modulation is optimized by scanning through different values of 𝑛1 for both holographic lenses, 

simulating the diffraction efficiency for the Bragg-matched wavelength, and choosing the value that maximizes the 

diffraction efficiency. The index modulation is restricted to a range that is attainable for the holographic material in 

consideration. In our optimization, we assume dichromated gelatin18, which can obtain index modulation up to 0.1. 

2.3 Energy Yield Simulation 

In process ‘iii’ the total energy yield, 𝐸𝑌𝑡𝑜𝑡𝑎𝑙, of the B-SSPV system is determined based on the properties of the solar 

illumination, holographic element, and component PV cells. A set of equations and simulations are used to determine the 

direct, diffuse, and rear-side illumination components of the energy yield, represented as 𝐸𝑌𝑑𝑖𝑟𝑒𝑐𝑡 , 𝐸𝑌𝑑𝑖𝑓𝑓𝑢𝑠𝑒, 𝐸𝑌𝑟𝑒𝑎𝑟  

respectively. The total energy yield is the sum of the individual components: 
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𝐸𝑌𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑌𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐸𝑌𝑑𝑖𝑓𝑓𝑢𝑠𝑒 + 𝐸𝑌𝑟𝑒𝑎𝑟 (3) 

The first step in obtaining the direct component is simulating the diffraction of normally incident sunlight onto the solar 

cells. Given holographic film thickness, 𝑑, and holographic lens index modulation, 𝑛1, the spectral diffraction efficiency 

is determined at a given position along the element using Rigorous Coupled Wave Analysis (RCWA) coded in Python19 

for five total transmission and reflection orders. The K-vector of the holographic element is sampled in 80 positions across 

the entire aperture of the holographic element and simulated at each position to obtain the spectral diffraction efficiency, 

𝜂𝑖(𝑥, 𝜆), as a function of position across the aperture of the holographic element. The number of sampling positions was 

determined to provide sufficient resolution for the variation in spectral diffraction efficiency across the element.  

After calculating the diffraction efficiency of the holographic element, the illumination of the PV cells can be modeled 

using FRED non-sequential raytracing20. First, a model for the holographic element and the PV cells is setup with the 

desired aspect and concentration ratios. An evenly-weighted broadband source is situated over the holographic element. 

The K-vector and spectral diffraction efficiency are entered for each sampled position across the aperture of the 

holographic element. Next, the illumination is modeled using a Monte-Carlo raytrace simulation and is analyzed for each 

PV cell using the Spectral Analyses functions in FRED. Since the spectral source is evenly weighted, the Spectral Analyses 

determines the fraction of light at each wavelength that is collected by each PV cell. This parameter is called the Spectral 

Optical Efficiency (𝑆𝑂𝐸𝑖(𝜆) ): 

𝑆𝑂𝐸𝑖(𝜆) =
𝐸𝑖(𝜆)

𝐺(𝜆)
(4) 

Where 𝐸𝑖(𝜆) is the spectral irradiance on the ith PV cell and 𝐺(𝜆) is the spectral irradiance incident on the unit cell. 

The Power Conversion Efficiency (PCE) of the system for direct sunlight can be determined using the 𝑆𝑂𝐸𝑖(𝜆) provided 

by the raytracing simulation, the Spectral Conversion Efficiency (𝑆𝐶𝐸𝑖(𝜆)) of each PV cell, and the incident direct 

illumination spectrum, 𝐴𝑀1.5𝐷(𝜆)6: 

𝑃𝐶𝐸 = ∑
∫𝐴𝑀1.5𝐷(𝜆) ∙ 𝑆𝑂𝐸𝑖(𝜆) ∙ 𝑆𝐶𝐸𝑖(𝜆) ∙ dλ

∫𝐴𝑀1.5𝐷(𝜆) ∙ 𝑑𝜆
𝑖

(5) 

The energy yield from direct sunlight is determined using direct normal solar insolation data, 𝐸𝑑𝑖𝑟𝑒𝑐𝑡 ,  obtained from the 

NREL TMY3 database4: 

𝐸𝑌𝑑𝑖𝑟𝑒𝑐𝑡 = 𝑃𝐶𝐸 ∙ 𝐸𝑑𝑖𝑟𝑒𝑐𝑡 (6) 

Diffuse energy yield is estimated by weighting the incident diffuse energy, 𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒, by the fractional area each PV cell 

fills the unit cell area and the individual conversion efficiencies of the PV cells, 𝜂𝑊𝐵𝐺  and 𝜂𝑠𝑖𝑙𝑖𝑐𝑜𝑛:  

𝐸𝑌𝑑𝑖𝑓𝑓𝑢𝑠𝑒 = (
1

𝐶𝑅
∙ 𝜂𝑊𝐵𝐺 + [1 −

1

𝐶𝑅
] ∙ 𝜂𝑠𝑖𝑙𝑖𝑐𝑜𝑛) ∙ 𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒 (7) 

The rear-side energy yield is obtained assuming that the incident rear-side energy, 𝐸𝑟𝑒𝑎𝑟 , is related to the total direct and 

diffuse energy by the rear irradiance factor10, 𝜒 =
𝐸𝑟𝑒𝑎𝑟

𝐸𝑑𝑖𝑟𝑒𝑐𝑡+𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒
  and weighting the rear-side energy by the efficiency and 

fractional area of the bifacial silicon cell: 

𝐸𝑌𝑟𝑒𝑎𝑟 = (1 −
1

𝐶𝑅
) ∙ 𝜂𝑠𝑖 ∙ 𝜒 ∙ (𝐸𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒) (8) 

When a diffusing surface is added to the rear-side of the wide-bandgap cell, an additional simulation is performed to find 

the fraction of light incident on the bifacial silicon, 𝑓(𝐶𝑅, 𝐴𝑟𝑒𝑎𝑟), where 𝐴𝑟𝑒𝑎𝑟 =
𝐻𝑟𝑒𝑎𝑟

𝑊𝑊𝐵𝐺+𝑊𝑠𝑖
 is the rear aspect ratio of the 

system. This simulation is also performed in FRED. In this model, the PV cells are laid out similarly to the front-side 

simulation, with cell widths determined by 𝐶.  A Lambertian scattering surface is placed on the rear-side of the wide-

bandgap cell and an encapsulating glass with 𝑛 = 1.5 with a thickness determined by 𝐴𝑟𝑒𝑎𝑟  is placed underneath the unit 

cell. Rays are traced from the bottom aperture of the system and the fraction of rays incident on the bifacial silicon is 
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𝑓(𝐶𝑅, 𝐴𝑟𝑒𝑎𝑟). When using a diffuser, the rear-side energy yield can be determined by replacing the fraction of area covered 

by silicon with 𝑓(𝐶𝑅, 𝐴𝑟𝑒𝑎𝑟): 

𝐸𝑌𝑟𝑒𝑎𝑟 = 𝑓(𝐶𝑅, 𝐴𝑟𝑒𝑎𝑟) ∙ 𝜂𝑠𝑖 ∙ 𝜒 ∙ (𝐸𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒) (9) 

2.4 Holographic Film Thickness Optimization 

In process ‘iv’ the holographic film thickness is optimized by scanning through a range of film thickness values that can 

be fabricated in dichromated gelatin. In this simulation, film thicknesses were assumed to lie between 1um and 30um. 

Since the optimal index modulation is dependent on the film thickness, the the index modulation is optimized using process 

‘ii’ for each film thickness value. The PCE for each film thickness value is determined using process ‘iii’ and the value 

that gives the highest PCE is selected as the optimal film thickness. After determining the optimal thickness, the algorithm 

returns the optimal energy yield, 𝐸𝑌𝑜𝑝𝑡(𝐴, 𝐶𝑅).  

3. DESIGN EXAMPLES 

In this section, two design examples are provided for different wide-bandgap PV cell types. First the light collection 

enhancement of the rear-diffuser is modeled and then the energy yield performance of the BF-SSPV system is modeled. 

The rear-diffuser was modeled using the method described at the end of Section 2.3. In FRED, a 96% reflecting Lambertian 

scattering surface was placed on the rear side of the wide-bandgap solar cell and the solar cells were encapsulated in a rear 

glass with a refractive index of n=1.5. The dimensions of the solar cells and rear glass are determined based on 𝐶𝑅 and 

𝐴𝑟𝑒𝑎𝑟 . The fraction of light collected with and without the diffuser, 𝑓(𝐶𝑅, 𝐴𝑟𝑒𝑎𝑟), is shown in Figs. 3a,b. The results show 

the benefit of the diffuser is greatest for concentrations around 𝐶𝑅 ≈ 2 where rear-side energy collection increases by up 

to 25%. The best results are obtained when 𝐴𝑟𝑒𝑎𝑟 ≈ 0.1 –  0.2, which allows an angular range sufficient for light to be 

reflected by total internal reflection and redirected to the bifacial silicon. There is a slight decrease in collection efficiency 

for higher 𝐴𝑟𝑒𝑎𝑟  because it is more likely that light will scatter to a diffuser in a neighboring unit cell and subsequently be 

scattered out of the escape cone. Based on these results, we assumed that 𝐴𝑟𝑒𝑎𝑟 = 0.2 in the following examples. 

 

Figure 3: Fraction of rear-side illumination collected, 𝑓(𝐶R, 𝐴𝑟𝑒𝑎𝑟), with and without a diffuser as a function of (a) rear aspect ratio, 

𝐴𝑟𝑒𝑎𝑟, and (b) concentration, 𝐶R. 

In the first example we use a 28.8% efficient Alta GaAs cell21 with a bandgap energy of 1.4eV and in the second example 

we use 21.1% efficient MgCdTe cell22 with a bandgap energy of 1.7eV. All examples use 22.5% efficient bifacial silicon 
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that is based on Prism Solar Technology’s n-type bifacial cells23. For these design examples, we report system performance 

using the Energy Conversion Efficiency (ECE) metric which we define as the ratio of the total energy yield to the total 

incident direct and diffuse energy: 

𝐸𝐶𝐸 =
𝐸𝑌𝑡𝑜𝑡𝑎𝑙

𝐸𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒

(10) 

The system was simulated assuming a ratio of diffuse to total front-side energy, 
𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒

𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒+𝐸𝑑𝑖𝑟𝑒𝑐𝑡
=10%, which is similar to 

the AM1.5G standard. The rear irradiance factor, 𝜒 = 15%, was selected as a typical value for utility-scale PV power 

plants as predicted by several models10-14.  

The optimized results for GaAs are shown in Figs. 4a,b and the results for MgCdTe are shown in Figs. 4c,d. All the results 

are summarized in Table 1. The results show a maximum ECE of 32.9% for GaAs and 31.0% for MgCdTe. Concentration 

ratios of 𝐶𝑅 ≈ 3 and aspect ratios 𝐴 ≈ 1.0 − 1.5  tended to yield the highest ECE. Higher ECE is obtained assuming 𝜒 =

30%, which is a typical value for PV modules arrays with higher surface albedo, less tightly packed spacing, and greater 

distance from the ground. In this scenario, the GaAs system obtains ECE = 35.0% and the MgCdTe system obtains ECE 

= 33.6%. Lower efficiencies are obtained for higher concentrations and lower aspect ratios, but can still exceed 30%. For 

example, GaAs achieves ECE = 30.3% at a concentration of 8X and ECE = 32.1% for an aspect ratio of 0.5. These results 

indicate that high energy yield BF-SSPV systems can be designed to meet a variety of design constraints. 

 

Table 1: Energy Conversion Efficiency for different system configurations and illuminations conditions. 

   

GaAs MgCdTe    

   Highest 

ECE 
CR=8x A=0.5 

Highest 

ECE 
CR=8x A=0.5 

Energy 

Conversion 

Efficiency 

𝜒 =
15%  

w/o 

diffuser 
32.1% 30.1% 31.4% 30.4% 28.9% 28.9% 

w/ 

diffuser 
32.9% 30.3% 32.1% 31.0% 29.1% 29.6% 

𝜒 =
30%  

w/o 

diffuser 
33.9% 33.1% 33.2% 32.7% 31.9% 31.2% 

w/ 

diffuser 
35.0% 33.3% 34.2% 33.6% 32.1% 32.1% 
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Figure 4: Simulated Energy Conversion Efficiency of the proposed bifacial spectrum-splitting system with 𝜒 = 15% for different system 

parameters: (a) GaAs wide-bandgap cell plotted as a function of concentration ratio, (b) GaAs wide-bandgap cell plotted as a function 

of aspect ratio, (c) MgCdTe wide-bandgap cell plotted as a function of concentration ratio, (d) MgCdTe wide-bandgap cell plotted as a 

function aspect ratio. 

4. COMPARISON WITH OTHER PHOTOVOLTAIC SYSTEMS 

In this section we compare the energy yield performance of the BF-SSPV system to other photovoltaic systems. The 

simulation results in this section are taken from the best performing configurations presented in Section 3. The total yearly 

energy yield of BF-SSPV, monofacial-SSPV, bifacial silicon, and monofacial silicon modules are presented in Figs. 5a,b 

as a function of the irradiance factor, 𝜒. Results are presented for systems based on both GaAs and MgCdTe. The simulation 

results use direct and diffuse yearly insolation values taken from TMY3 for Tucson and Seattle4. While the absolute energy 

yield is lower Seattle where there is a larger fraction of diffuse sunlight (33.5%) compared to Tucson (17.0%), in both 

locations the BF-SSPV systems have higher energy yield than equivalent monofacial-SSPV, monofacial silicon, and 

bifacial silicon modules. The results are summarized in Table 2 as the percent improvement in energy yield of the BF-

SSPV system compared to other PV systems. The results indicate that when 𝜒 = 15% the improvement in energy yield 

can exceed 10% compared to a monofacial SSPV system, 25% compared to a bifacial silicon module, and 45% compared 

to a monofacial silicon module.  
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Figure 5: Yearly energy yield of different photovoltaic systems as a function of irradiance factor, 𝜒 , in (a) Tucson and (b) Seattle. 

Table 2: Improvement in Energy Yield compared to three types of PV systems: monofacial spectrum-splitting, bifacial silicon, and 

monofacial silicon. The simulation data is assuming Tucson’s yearly direct and diffuse insolation and equivalent PV cell types are 

assumed for the comparisons.   

 GaAs MgCdTe 

 𝜒 = 15% 𝜒 = 30% 𝜒 = 15% 𝜒 = 30% 

Monfacial 

Spectrum-

Splitting 
7.8% 14.8% 10.5% 18.7% 

Bifacial 

Silicon 
26.4% 19.0% 18.1% 12.3% 

Monofacial 

Silicon 
45.3% 54.7% 35.9% 46.0% 

 

5. CONCLUSION 

In this paper we propose a photovoltaic system that achieves high energy yield by combining the concepts of volume 

holographic spectrum-splitting and bifacial conversion. Direct sunlight is converted at high efficiency by an array of 

volume holographic lenses that focus and disperse light onto alternating wide-bandgap and narrow-bandgap bifacial silicon 

photovoltaic cells. Diffuse sunlight is transmitted through the holographic element and converted, while rear-side 

illumination is partially collected by the bifacial silicon cells. A diffuser placed on the rear-side of the wide-bandgap cell 

increases rear-side energy conversion by up to 25%. A simulation and optimization algorithm is presented that allows for 

efficient and systematic study of the design space for holographic spectrum-splitting systems. The results for systems using 

28.8% efficient GaAs and 21.1% efficient MgCdTe wide-bandgap cells combined with 22.5% efficient bifacial silicon 

cells are presented. With the aid of a rear diffuser, the Energy Conversion Efficiency of the system is 32.9% for GaAs and 

31.0% for MgCdTe using a typical rear-side irradiance for utility-scale installations. Results are presented for different 
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concentration ratios and aspect ratios so that the system designer can balance factors such as cost of the wide-bandgap 

material, compactness of the system, and total energy yield. The proposed system is also compared to other photovoltaic 

systems and it is found the design can provide 10%, 25%, and 45% higher energy yield compared to monofacial spectrum-

splitting, bifacial silicon, and monofacial silicon PV modules respectively.  
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