
Solar concentrator with uniform irradiance for
particulate photocatalytic hydrogen production
system

Yan Yang, Qingyu Wei, Junyi Hou, Huan Liu, Liang Zhao*

State Key Laboratory of Multiphase Flow in Power Engineering, Xi'an Jiaotong University, China

a r t i c l e i n f o

Article history:

Received 23 January 2016

Received in revised form

1 June 2016

Accepted 8 June 2016

Available online xxx

Keywords:

Hydrogen production

Surface uniform concentrator

Optical efficiency

Uniformity

Energy conversion efficiency

a b s t r a c t

The solar concentrator is an essential part of the particulate photocatalytic hydrogen

production system (PPHS). In this study, a mathematical model was developed and applied

to avoid non-uniform concentration of solar intensity on the receiving surface of a com-

pound parabolic concentrator (CPC). The reflector profile curve was calculated via a first-

order differential equation. The geometric concentration ratio and bottom interval pa-

rameters were changed to optimize the surface uniform concentrator (SUC). The overall

performance of the concentrator was then assessed based on the optical efficiency and

uniformity on the receiver in ray tracing software. A prototype of a SUC was manufactured

to validate the calculation results. It is found that the conversion efficiency of solar energy

to hydrogen with the SUC was 8.57% higher than that of the CPC.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The search for innovative, sustainable energy is undoubtedly

one of the most important e and urgent e endeavors faced by

the scientific community today. The fuels used to power

anthropogenic activities move through three stages: from

solid, to liquid, to gas; to be precise, from carbon to hydrogen.

Pure hydrogen is considered an indispensible energy carrier

due to its high energy density, “clean” properties, and conve-

nience of storage and transport [1]. Combining the advantages

of solar energy and hydrogen represents one of the most

effective approaches to clean and renewable energy. Photo-

catalytic hydrogen production from water using solar energy

is a relatively common technique for doing so. Photoelectron

chemical decomposition of water for hydrogen production

was first discovered by Fujishima and Honda [2], and the

concept and methodology have since been extended to mod-

ern particulate systems for heterogeneous photocatalysis [3].

There are two key functions which apply to photocatalytic

hydrogen production technology: One is the use of a well-

designed photocatalyst, and the other is the full and efficient

use of solar energy. In recent years, researchers have focused

on the activity and stability of photocatalysts by improving

the preparation process and modification methodology.

Extensive research has been conducted on surface sensitiza-

tion, energy band modulation, noble metal deposition, and

semiconductor coupling for these purposes [4e7]. As far as the

use of solar energy, to increase the solar intensity on the

receiving tube the solar concentrator is also an integral part of
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the system. At present, there are four types of solar concen-

trators used most frequently: the tower, parabolic dish,

parabolic trough and compound parabolic concentrator (CPC).

The first two concentrators are mainly used for solar energy

utilization at high temperatures. Nevertheless, the condition

of photocatalytic reaction system for hydrogen production

requires low temperature and ordinary pressure conditions.

However, the latter two solar concentrators are mainly used

for photothermal conversion and the photocatalytic detoxifi-

cation or degradation.

Bakos designed a representative line-focused parabolic-

trough solar-collector for the solar steam-generation [8]. The

performance of a parabolic trough photovoltaic/thermal col-

lector was analyzed by Coventry [9]. The solar energy flux

distribution on the receiving tube of a parabolic solar collector

was simulated by Cheng via Monte Carlo Ray-Trace Method

[10]. The first European industrial-scale solar detoxification

system of hazardous and non-biodegradable water contami-

nants was created by Blanco based on CPC [11]. Malato later

discussed the technical feasibility and performance of pho-

tocatalytic degradation of water-soluble pesticides using CPC

[12]. The absorption of solar radiation in the reactors was

analyzed by Colina-Marquez based on CPC [13]. Researchers in

Spain and Jordan have established solar disinfection reactors

together with CPC [14,15]. A photocatalytic hydrogen produc-

tion solar reactor based CPC had been designed by Jing for the

first time [16].

The research on the catalyst-liquid particulate flow in the

photocatalytic reactor for hydrogen production has been car-

ried out by Hu [17] and Jing [18]. The state of catalyst-liquid

will be achieved in a fully developed flow due to the effects

of turbulence force. It is commonly accepted that the trough

and CPC are line focus collectors, the irradiation is extreme

non-uniform distributed on the surface of receiving tube.

Nevertheless, this phenomenon is not fit for the photo-

catalytic reaction according to the first law of photochemistry

[19]. Moreover, photocatalyst photocorrosion, which is accel-

erated under elevated local temperature, critically affects

steady operation during the reaction process, especially for

metal sulfide photocatalysts [20,21]. Most uniform concen-

trators in use in existing solar power systems are flat-plate

receivers, especially for photovoltaic cells. Akbarzadeh and

Wadowski, for example, designed a uniform concentrator

suitable for the flat receiver [22]. There has been relatively

little research to date on uniform sunlight illumination on the

surface of the receiving tube, i.e., innovative concentrator

design. Rabady recently did propose a solution to this prob-

lem, but achieved uniform sunlight concentration on only 64%

of the surface area [23].

In this study, we attempted to solve the uniform concen-

tration problem for the whole surface area of the receiving

tube. In order to simultaneously ensure the optical efficiency

of the concentrator and realize a uniform radiation distribu-

tion on the receiving tube, a design method of concentrator

was proposed. A mathematical model of the reflector profile

was established according to reflection and energy conserva-

tion laws. The surface uniform solar concentrator (SUC) was

optimized by investigating geometric concentration ratio and

bottom interval parameters. The overall performance of

the concentrator was then assessed based on the optical

efficiency and uniformity on the receiver in ray tracing soft-

ware. For comparison, a particulate photocatalytic hydrogen

production system (PPHS) based on the SUC and the CPC was

established. Then, using CdxZn1�xS as a model photocatalyst,

the performance of hydrogen production was discussed.

Mathematical model

The cross-section geometry of a typical reflector is shown in

Fig. 1. The center of the receiving tube is the origin of the

Cartesian coordinate system; the reflector profile is composed

of curves AB and CD and straight line BC. AB and CD are

symmetrical with respect to the y axis, and BC is parallel to the

x axis.

The optical performance of the SUC was evaluated by ray

tracing technology. During ray tracing analysis, each incident

ray was assumed to be parallel to the others and to carry the

same energy. The radius of the receiving tube and the geo-

metric concentration ratio are expressed as b and CR respec-

tively, so the coordinates of points B and A are represented as

(b, c1) and (CR · pb, c2), respectively, as shown in Fig. 2.

Assuming that one of the incident rays intersects the profile at

pointM (x, y) and the reflected ray intersects the receiving tube

at point N (xb, yb), the central angle of corresponding arc PN is

qN.

The vector form of the law of reflection for the purposes of

ray tracing can be expressed as follows:

�
2� 2

�
O � I��1=2 �N ¼ O� I; (1)

where I is the unit vector of incident light, O is the unit vector

of reflected light, and N is the normal unit vector of the

reflector curve. The three vectors shown in Fig. 2 correspond

to the following equations:

I ¼ ð0;�1Þ; (2)

O ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxb � xÞ2 þ �

yb � y
�2q �

xb � x; yb � y
�
; (3)

N ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dx2 þ dy2

p ð�dy;dxÞ: (4)

Substituting Eqs. (2)e(4) into Eq. (1) yields the following:

dy
dx

¼ fðx; yÞ ¼ x� xb

yb � yþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxb � xÞ2 þ �

yb � y
�2q : (5)

Fig. 1 e Geometrical configuration of the reflector profile.
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