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Abstract. Green hydrogen is expected to play a crucial role in achieving net-zero carbon emis-
sions. By supporting the development of photoelectrochemical (PEC) hydrogen production, 
the technology’s advantages in terms of scalability, low-cost materials, and reduced transmis-
sion losses can be utilised. This study presents the design, construction and characterisation 
of concentrating optics for on-sun testing with a PEC reactor. The optical design incorporates 
refractive primary optics (linear Fresnel lenses) and reflective secondary optics (stepped light-
guide) to produce a scalable line-concentrating system. Ray tracing simulations predicted an 
optical concentration ratio (OCR) and optical efficiency of 12.5 and 51.3%, respectively. How-
ever, experimental testing revealed lower performance, with maximum OCR and optical effi-
ciency of 5.8 and 23.8%, respectively. The greatest contributor to the discrepancy is found to 
be increased stray losses in the demonstrated system. While the optics were successfully cou-
pled with a PEC reactor to produce hydrogen in subsequent on-sun tests, the high energetic 
losses limit its suitability for large-scale implementation. The results presented herein contrib-
ute to an extended study investigating the up scaling of PEC reactor technology.  

Keywords: Concentrating Solar Optics, Linear Fresnel Lens Array, Solar Energy, 
Green Hydrogen, Photoelectrochemical Hydrogen Production 

1. Introduction

1.1 Background 

Due to its potential as an energy carrier, hydrogen is expected to play a crucial role in achieving 
net-zero carbon emissions. However, less than 0.7% of hydrogen produced in 2022 was pro-
duced using low-emission methods [1]. Therefore, if hydrogen’s decarbonisation potential is to 
be realised, the production capacity of clean hydrogen must increase drastically.  

One way to produce clean hydrogen is using a photoelectrochemical (PEC) hydrogen re-
actor that utilizes sunlight to drive the photoelectrochemical splitting of water into its constitu-
ents: hydrogen and oxygen. When compared to PV-electrolysis systems, PEC devices have 
advantages in terms of scalability, the use of low-cost materials, and a reduction in transmis-
sion losses [2]. However, the technology is still at an early developmental stage, with limited 
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studies reaching prototype-scale demonstrations [3]. Consequently, hydrogen produced using 
PEC technology is not yet economically feasible [2].  

The high cost of photoelectrochemically produced hydrogen can be addressed by con-
centrating the sunlight incident on the reactor [4]. However, the concentration ratio should be 
limited to 100 and the output flux should be uniform to reduce accelerated degradation of the 
photo-absorbers in the PEC device [4], [5]. While current commercial solutions, such as para-
bolic troughs, can achieve the required concentration, they suffer from non-uniform output flux 
[6]. Therefore, an alternative solution - a system of lenses and lightguides - was considered in 
this study. Although reported optical efficiencies of lightguide systems are lower than that of 
parabolic troughs (50% to 70% [7], [8], and 80% [9], respectively), the concept was chosen for 
its ease of integration with an existing PEC reactor, as well as its increased flux uniformity.  

1.2 Aim and Objectives 

In a collaborative research effort, Stellenbosch University (SU) and Imperial College London 
(ICL) designed and built an up-scaled PEC reactor system which incorporates concentrating 
solar optics. The system was successfully demonstrated on SU’s outdoor Solar Roof Labora-
tory. This research specifically addresses the development of the system’s solar concentrating 
optical assembly, which incorporates a combination of refractive (linear Fresnel lenses) and 
reflective (polished aluminium lightguide) optical components to produce a scalable one-di-
mensional optical system for a prototype-scale PEC reactor. 

2. Optical Design 

To ensure successful coupling in future demonstrations, the optics had to meet additional re-
quirements set by the reactor for which it was designed. The reactor had two photoactive com-
ponents: a photoanode, located in the anodic half of the reactor behind a quartz window, and 
a photovoltaic cell, mounted externally on the opposite face of the reactor. Each photoactive 
area was 30 cm2 in size, orientated in the vertical plane, and requiring lateral illumination from 
opposing directions. Along with these technical requirements, the optics were to be modular 
and equipped with dual-axis tracking. These requirements ensured on-sun testing in various 
configurations in future tests. The design also needed to allow the position of the optics to be 
manually fine-tuned to mitigate the effect of manufacturing errors. 

2.1 Concept Design  

The daylighting system proposed by Vu et al. [7] was used as a starting point for the design. 
Vu’s concept used linear Fresnel lenses to collect and concentrate incident irradiance, and a 
stepped lightguide to direct the concentrated light from the lenses laterally towards its exit 
aperture. The lightguide irradiated a rectangular area in the vertical plane, complementing the 
shape of the photoanode aperture of the reactor. Additionally, since the concept concentrated 
light in only one dimension, it could be scaled easily by increasing its size in the direction of 
the horizontal dimension of the target. The dimensionality also meant that the large-scale ap-
plication of the concept would only require single-axis tracking, as opposed to more expensive 
dual-axis tracking. The optical fibres shown in Figure 1 were discarded from the design pre-
sented in this study, since they were not required.  
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Figure 1. Daylighting concept proposed by Vu et al. [7]. Diagram adapted from [7]. 

To adapt the initial concept to the application of this study, several design changes were 
made. Firstly, the number of linear Fresnel lenses in the array was adjusted to three, according 
to the output flux required by the reactor. Using more lenses would collect more sunlight and 
ultimately result in a higher flux and optical concentration ratio at the exit aperture. Secondly, 
the proposed solid PMMA lightguide was replaced with a hollow, reflective lightguide. The new 
design was manufactured from Alanod Miro4® 4400GP, a specialised reflective aluminium 
sheet metal. Switching to a reflective lightguide reduced the attenuation losses within the light-
guide and offered advantages in terms of local manufacturability.  

The light path through the lenses and lightguide is shown schematically in Figure 2. The 
lenses were used to collect sunlight, concentrate it, and direct it into the reflective lightguide. 
The lightguide received the collected light and simultaneously homogenized and guided it lat-
erally towards the reactor, ensuring a uniform distribution over the exit aperture. Two optical 
sub-assemblies (consisting of the linear Fresnel lens array and a corresponding lightguide) 
were used. The sub-assemblies were placed on either side of the reactor with the lightguides 
facing inward, producing concentrated sunlight on each of the two opposing photoactive areas 
of the PEC reactor.  

Further refinements were made using design-level ray tracing simulations. The ray tracing 
studies were performed using the Ray Optics module in the COMSOL Multiphysics software 
package [10]. The geometry was simplified to a single optical sub-assembly. The simulation 
assumed ideal refraction through the linear Fresnel lenses but took into account transmission 
and reflection losses through the lenses and lightguide. Angular perturbations were also in-
cluded to correct for the size of the solar disc.  

Table 1 shows the categorisation of target surfaces for the irradiance transmitted through 
the system. The system achieved an optical efficiency of 51.3%, similar to the optical efficiency 
of 56.4% reported for the original refractive lightguide system proposed by Vu et al. [5]. The 
greatest contributor to optical losses (20.5% of the total input power) were stray losses. Stray 
losses occurred due to rays escaping the optical geometry without reaching the target surface. 
From the simulated ray trajectories, it was found that a large fraction of the rays entering the 
lightguide were reflected out through the entry apertures of the top surface. Other stray losses 
also occurred due to the angular perturbations introduced by the finite size of the solar disc. 
The stray rays can be seen in red in the ray trajectories plot in Figure 2. Although 225 000 rays 
were traced in the simulation, only 200 are shown in the figure. Rays that were incident on the 
target surface are shown in blue. Reflection losses and transmission losses refer to the energy 
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absorbed by the lightguide surfaces and linear Fresnel lenses, respectively. Combined, these 
losses make up the remainder of the energy losses in the simulation. 

Figure 2. Left: Schematic representation of the ray path (light blue) through the linear Fresnel lenses 
(shown in cyan) and the lightguide (shown in black). The lightguide guides collected light laterally to-
wards the photoactive components of the reactor (shown in yellow). Right: Simulated ray trajectories 
of a single lens-and-lightguide assembly. Rays incident on the target surface are shown in blue, while 

stray rays are shown in red. 

Table 1. Classification of simulated radiation energy fractions. 

Once the optical design was finalised, a supporting frame was developed to house the 
optical components. The support frame was modular, allowing the concentrating optical com-
ponents to be exchanged with mirrors for reference testing of the reactor under non-concen-
trated irradiance conditions in future tests. The frame made use of slots at several bolted con-
nection interfaces, allowing for the optical components to be adjusted in relation to each other. 
Therefore, manufacturing and assembly errors could be accommodated for by manually align-
ing the optical components until the system was “in-focus”. A diagram of the final design is 
shown in Figure 3. Post-design it was discovered that the optical surface of the linear Fresnel 
lenses did not match that of a plano-convex lens shape that would produce the focal length 
listed for the lens. Therefore, the optical surface, and consequently the optical output of the 
lens, differed from the simulated results.  

Figure 3. Annotated CAD diagram of the final design, showing the (1) lens array, (2) lightguide, (3) 
base, and (4) reactor mount with the reactor in blue and red. 

 

Radiation energy fraction Boundary Simulated Result (% of 
input power) 

Output power Target surface 51.3 
Stray losses Bounding box 20.5 

Reflection losses Lightguide surfaces 20.2 
Transmission losses Linear Fresnel Lenses 8.00 

 Total 100 
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3. On-sun Demonstration 

3.1 Experimental Design 

Experimental testing took place on the Solar Roof Laboratory at Stellenbosch University 
(33.928 S, 18.865 E). The facility provided a dual-axis tracking platform, as well as global 
horizontal (GHI), direct normal (DNI), and diffuse horizontal (DHI) irradiance measurements. 
The solar data was measured with a Kipp & Zonen Solys2 solar tracker, equipped with a CHP1 
pyrheliometer (DNI), shaded and unshaded CMP11 pyranometers (GHI and DHI) and a 
CM121 shadow ring with CMP6 pyranometer (DHI) [11]. Optical characterisation tests were 
performed in March 2024 to study the achieved optical concentration ratio (OCR), optical effi-
ciency, spectral dependence and acceptance angle of the optical concept. On-sun demonstra-
tions of the coupled optics-PEC system, in which hydrogen was produced, were performed in 
subsequent studies but are omitted here. 

The flux output of the optics was measured by taking spectrometer readings at the exit 
apertures of each lightguide. Two spectrometers were used: A StellarNet BLACK-Comet UV-
Vis measuring from 280 nm to 900 nm [12], and a StellerNet DWARF-Star Miniature NIR 
measuring from 900 nm to 1600 nm [13]. Readings were taken at three locations along the 
width of the lightguide exit aperture. The use of a cosine receptor ensured that all light in a 
180° field of view was collected. An image of the experimental setup is shown in Figure 4. 

Figure 4. Image (left) and schematic (right) of the experimental setup, showing the (1) cosine recep-
tor, (2) optics, and (3) dual-axis tracker, and (4) spectrometer and computer. 

3.2 Data Processing 

To produce representative OCR and optical efficiency results using the spectrometer readings 
and measured solar resource, appropriate data processing steps had to be taken.  

The DNI measured by the facility’s solar station had to be corrected to represent the DNI 
over the wavelength ranges of the respective spectrometers. Using AM1.5G as a reference 
[14], the fraction of irradiance intensity in each wavelength range, 𝑓range, was determined by 
integrating the spectral intensity, 𝑖AM1.5G(𝜆𝑗), over the wavelength range 𝜆min to 𝜆max, and di-
viding by the total intensity in AM1.5G, 𝐼AM1.5G [15]. Since the spectral data of AM1.5G is dis-
crete, the equation is written more appropriately using summation notation: 

 𝑓range =  
1

𝐼AM1.5G
∑ 𝑖AM1.5G(λ𝑗)Δλ𝑗

λmax
𝑗=λmin

. (3-1) 

Consequently, the achieved OCR and optical efficiency, ηoptical, could be calculated using 
equations 3-2 and 3-3, respectively, where 𝑖measured(𝜆𝑗) is the measured spectral intensity and 
GCR is the geometric concentration ratio of the optics [15]:  
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 OCR =
1

𝑓range DNI
 ∑ imeasured(λj) Δλ𝑗,

𝜆max
𝑗=𝜆min

 (3-2) 

 𝜂optical =
𝑂𝐶𝑅

𝐺𝐶𝑅
. (3-3) 

The optics’ acceptance angle was investigated by studying the change in optical perfor-
mance relative to the incidence angle of the solar irradiance. To do this, the optical system 
was placed in the on-sun position, where it was assumed to have zero tracking error. The 
system was fixed in this reference position, and periodic spectral recordings of the optical out-
put were taken as the sun followed its trajectory through the sky with passing time. The angle 
of incidence of the solar irradiance was determined from the azimuth and elevation angular 
displacements of the sun from the reference position.   

4. Results 

The results for the performance testing of the optical setup are presented and discussed in this 
section. Table 2 shows a comparison of the simulated and experimentally achieved results. 
The experimental results showed significantly lower OCR and optical efficiencies than what 
was predicted with the ray tracing simulation. It is expected that the greatest contributor to the 
deviation from the simulated results is the non-ideal optical surface of the linear Fresnel lenses. 
As previously explained, the deviation from the surface of a plano-convex lens introduced un-
desirable defocusing of the concentrated light, likely leading to significantly increased stray 
losses. These stray losses also contributed to low achieved optical efficiency.  

Table 2. Simulated and experimental optical performance results. 

The experimentally achieved OCR and optical efficiencies across multiple characterisation 
tests are plotted in Figure 5. Figure 5 also shows the dependence of the optical performance 
on the incidence angle of the irradiation.  

Figure 5. (Left) Experimentally achieved OCR and optical efficiencies across the width of the light-
guide exit aperture. (Right) Optical performance versus incidence angle for repetitions A to D and the 

simulation. 

Parameter Symbol Simulated Result Achieved Result 
Geometric concentration ratio GCR 24.4 24.4 

Maximum optical concentration ratio OCR 12.5 5.8 
Maximum optical efficiency 𝜂optical  51.2% 23.8% 
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A clear separation between UV-Vis and NIR results is present in Figure 5, indicating a 
spectral response produced by the optics system. The reduced OCR in the UV-Vis range is 
due to absorption in the linear Fresnel lenses. Its material, Poly(methyl methacrylate) or 
PMMA, boasts a high transmission factor of 92%. However, investigating its spectral transmis-
sivity reveals that the greatest absorption occurs at wavelengths between 200 nm and 380 nm 
[16]. Due to this absorption, less power in these wavelengths is transmitted through the lenses, 
to the lightguide and onto the exit aperture. The lower flux on the target surface consequently 
results in a lower OCR and optical efficiency at wavelengths in the UV-Vis range. 

During the experimental study, it was found that the optics were sensitive to misalignment, 
as highlighted by the plot on the right of Figure 5. An acceptance angle of approximately 
6 mrad, or 0.34°, exists for the optical system. However, further analysis showed that greater 
incidence angles significantly reduced the output flux on the target surface. At an angular dis-
placement in the order of 10 mrad, the output flux decreased by nearly 20%.  

Compared to competing one-dimensional concentrating solar optics in the literature, the 
optical efficiencies of 15% to 20% achieved in the experimental studies are low. Alternative 
technologies such as parabolic troughs have been demonstrated to achieve optical efficiencies 
in the order of 80% [9]. However, this number does not account for optical losses introduced 
when secondary optics are employed. The suggested optical system’s performance could be 
improved by procuring more precise linear Fresnel lenses manufactured from materials that 
have higher transparency in the UV-vis region. 

5. Conclusion 

This work presents the development and characterisation of a solar concentrating optical sys-
tem for use with a PEC reactor for hydrogen production. The system’s modularity and use of 
horizontal lightguides ensured its successful coupling with a PEC reactor to produce hydrogen 
in subsequent studies. However, while the investigated optics suited the unique requirements 
of the existing PEC reactor, the relatively low maximum OCR and optical efficiencies of ap-
proximately 5.8 and 23.8% presented in this work suggests that the advantages gained with 
smooth system integration are negated by high energetic losses. The experimental work also 
highlighted the importance of precise optical components and control over tolerances in pro-
ducing reliable and superior optical performance results.  
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