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ABSTRACT 

 
 

The aim of this project is to characterize a hybrid unit for the production of drinking water and 

electricity by means of solar application. From the scientific point of view, photocatalysis and 

photovoltaic effect are built on the same fundamental taking both profit of sunlight; photochemical 

processes use high-energy photons to promote specific chemical reactions and photovoltaics depend on 

the threshold photon above which an array of electrons will conduct electricity. A photocatalytic flat 

reactor works in tandem with a solar cell, which is attached immediately under the photoreactor. The uses 

of solar radiation are distributed as following: Ultraviolet range of the spectrum will be absorbed for 

photocatalytic purposes; Visible light will be used by the solar cells, and water will absorb Infrared. The 

system takes advantage of a wide band of solar spectrum improving the efficiency of the whole system.  

Experiments are conducted under sunlight to optimize detoxification and production of electricity. 

Results revel the possibility to combine both technologies. It is also proposed a larger-scale plant based 

on the hybrid system. A cost-effective hybrid solar electricity and water purification system is described 

for meeting the needs for electricity and clean water in a single integrated, autonomous and affordable 

system. 

 

        

 

 

 

 

 

 

 



 

 

v 

 

 

ACKNOWLEDGEMENT 

 

This work has been supported in part by the grant Erasmus Mundus External Cooperation Windows 

at Anna University Chennai in collaboration with the Australian National University. 

Especially I would like to express my deepest gratitude to Dr. Marta Vivar and Dr. Igor, Centre of 

Sustainable Systems, Australian National University, Canberra for giving me the opportunity to work on 

this area, as well as for their guidance in selecting the guidelines for the work. I really appreciate their 

vast patient. The dearest thanks to Dr. Marta Vivar who since the very beginning encouraged and 

supports me.  

I would also like to thank the Laboratory of the Chemistry Department and Environmental Science 

Department for providing the facilities for carrying out this work. I also convey my sincere thanks to all 

these people at the Institute for Energy Studies, College of Engineering Guindy, Anna University, 

Chennai who contributed to making this work possible in one or the other way. 

I would like to place my sincere thanks to all those who stay behind the scenes. To my friends, for 

their help and knowing how to listen; and to my family, for their unconditional support, even being far. 



 

 

vi 

CONTENTS  

ABSTRACT           iv 
 
 

ACKNOWLEDGMENT          v 
 
 

 LIST OF FIGURES         viii 
 

 
LIST OF TABLES          ix 

 
  

1	  

	   INTRODUCTION	  ...................................................................................................................................	  13	  
	  
1.1	   BACKGROUND	  .....................................................................................................................................................	  13	  
1.1.1	   Introduction	  ................................................................................................................................................	  13	  
1.1.2	   The	  importance	  of	  Water	  ......................................................................................................................	  16	  
1.1.3	   India	  overview	  ...........................................................................................................................................	  18	  
1.1.4	   Water-‐Energy	  Relationship	  .................................................................................................................	  22	  
1.1.5	   Hazardous	  Waste	  Management	  in	  India	  .......................................................................................	  23	  

1.2	   FUNDAMENTALS	  .................................................................................................................................................	  24	  
1.2.1	   The	  characteristics	  of	  Solar	  Energy.	  ................................................................................................	  24	  
1.2.2	   Semiconductors	  .........................................................................................................................................	  26	  
1.2.3	   Basic	  Principles	  of	  solar	  cells	  ...............................................................................................................	  28	  
1.2.4	   Photocatalysis	  ............................................................................................................................................	  30	  
1.2.5	   Mechanisms	  of	  photocatalysis	  ............................................................................................................	  33	  
1.2.6	   Solar	  Photochemical	  Systems	  ..............................................................................................................	  36	  

 

 

2	   LITERATURE	  REVIEW	  .......................................................................................................................	  39	  
	  
2.1	   DEGRADATION	  OF	  4-‐CP	  USING	  TIO2	  AS	  A	  PHOTOCATALYST	  ........................................................................	  39	  
2.2	   PWAP	  TECHNOLOGY	  ...................................................................................................................................	  40	  
2.2.1	   Planar	  design	  ..............................................................................................................................................	  43	  
2.2.2	   Tubular	  design	  ...........................................................................................................................................	  44	  
2.2.3	   Main	  characteristics	  ................................................................................................................................	  45	  
2.2.4	   Cases	  of	  application	  .................................................................................................................................	  48	  

2.3	   INFLUENCE	  OF	  OPERATING	  PARAMETERS	  IN	  PWAP	  EFFICIENCY	  .............................................................	  49	  
2.3.1	   Light	  intensity	  and	  duration.	  ...............................................................................................................	  50	  
2.3.2	   Nature	  and	  initial	  concentration	  of	  contaminant	  and	  intermediate	  pathways	  ...........	  50	  
2.3.3	   Photocatalyst:	  Type,	  dosage,	  mode	  of	  application	  and	  duration.	  .......................................	  51	  
2.3.4	   Adsorption	  and	  kinetic	  studies	  ...........................................................................................................	  52	  
2.3.5	   Medium	  pH	  ..................................................................................................................................................	  53	  
2.3.6	   Reaction	  Temperature	  ...........................................................................................................................	  53	  
2.3.7	   Influence	  of	  oxygen	  ..................................................................................................................................	  53	  



 

 

vii 

2.3.8	   Optical	  properties	  .....................................................................................................................................	  54	  
2.4	   PHOTOREACTORS:	  COMPOUND	  PARABOLIC-‐BASED	  COLLECTORS	  FOR	  PWAP	  ........................................	  62	  
2.4.1	   Geometry	  ......................................................................................................................................................	  62	  
2.4.2	   Tubular	  reactor:	  material,	  diameter	  and	  thickness	  ..................................................................	  63	  
2.4.3	   Reflector	  surface	  .......................................................................................................................................	  63	  
2.4.4	   Operational	  mode	  and	  dimensioning	  ..............................................................................................	  64	  

2.5	   CASE	  OF	  APPLICATION	  .......................................................................................................................................	  66	  
 

 

3	   METHODOLDOGY	  ...............................................................................................................................	  68	  
	  
3.1	   INSTRUMENTS	  ...............................................................................................................................................	  68	  
3.1.1	   PV	  cells	  ..........................................................................................................................................................	  68	  
3.1.2	   UV-‐Visible	  Spectrophotometer	  ...........................................................................................................	  69	  
3.1.3	   High	  Performance	  Liquid	  Chromatograph	  ...................................................................................	  69	  
3.1.4	   Total	  Organic	  Carbon	  Analyser	  ..........................................................................................................	  69	  

3.2	   CHEMICALS	  ..........................................................................................................................................................	  70	  
3.2.1	   Stock	  Solution	  of	  4-‐Chloro	  Phenol	  .....................................................................................................	  70	  
3.2.2	   Hydrochloric	  acid	  solution	  ...................................................................................................................	  70	  

3.3	   SET	  UP	  FOR	  THE	  OUTDOORS	  TESTING	  AND	  ANALYSING	  ...............................................................................	  70	  
 

4	  

	   RESULTS	  AND	  DISCUSSION	  ..............................................................................................................	  75	  
	  
4.1	   PRELIMINARY	  EXPERIMENTS	  ............................................................................................................................	  75	  
4.2	   SERIE	  OF	  EXPERIMENTS	  .....................................................................................................................................	  75	  
4.2.1	   Photovoltaic	  results	  .................................................................................................................................	  75	  
4.2.2	   Photocatalytic	  degradation	  .................................................................................................................	  80	  

 

5	   	  
	   CONCLUSIONS	  ......................................................................................................................................	  86	  

 

 

6	   REFERENCES	  .........................................................................................................................................	  88	  
 

 

7	   REGULATION	  ........................................................................................................................................	  97	  
 

 

 



 

 

viii 

LIST OF FIGURES 

Figure 1.1.1 Estimation of Population Growth and self-elaboration. ......................................................... 14	  
Figure 1.2 World CO2 emissions according to the reference case, 2005-2035 [12] and self-elaboration. . 15	  
Figure 1.3 Projection of the global primary energy consumption in the reference case [12] and self-

elaboration. ........................................................................................................................................ 16	  
Figure 1.4 GDP expressed in market exchange rates according to the projection 2005-2035 [12] and self-

elaboration. ........................................................................................................................................ 17	  
Figure 1.5 Gaining access to improved sources of drinking-water in 1990-2008 [27]. ............................. 17	  
Figure 1.6 Distribution of the population in urban regions [28] and self-elaboration. ............................... 19	  
Figure 1.7 Electricity Production by source [27] and self-elaboration. ...................................................... 20	  
Figure 1.8 Electricity power consumption (TWh) and electric power transmission and distribution losses 

(% of output) [27] and self-elaboration. ............................................................................................ 20	  
Figure 1.9 Primary energy consumption and production, energy imports [27] and self-elaboration. ........ 21	  
Figure 1.10 Projection of the energy generating capacity and consumption in India [27] and self-

elaboration. ........................................................................................................................................ 21	  
Figure 1.11 Gender distribution of collecting drinking-water [21]. ........................................................... 22	  
Figure 1.12 Distribution of the solar spectrum [18] .................................................................................... 25	  
Figure 1.13 Terrestrial solar radiation [18] ................................................................................................. 26	  
Figure 1.14 a) Bond model; b) Band model [26] ........................................................................................ 27	  
Figure 1.15 (a) Insulator, (b) Conductor, (c) Semiconductor [13] .............................................................. 27	  
Figure 1.16 Formation of a p-n junction [26]. ............................................................................................ 28	  
Figure 1.17 PV effect [15] .......................................................................................................................... 29	  
Figure 1.18 How to increase the use of the spectra in photocatalysis. ....................................................... 32	  
Figure 1.19 Photocatalytical reaction [41] .................................................................................................. 34	  
Figure 1.20 Major processes occurring on a semiconductor particle following the electron excitation [47]

 ........................................................................................................................................................... 35	  
Figure 2.1. (a) Schematic representation of the HPPS, (b) HPPS installed in Switzerland [44] ................ 41	  
Figure 2.2. Scheme of a PWAP working in batch conditions ..................................................................... 42	  
Figure 2.3. Detail of figure 2.2. ................................................................................................................... 42	  
Figure 2.4 Planar design of PWAP integrated system [24]. ....................................................................... 44	  
Figure 2.5 Diagram of the spectral absorbance for a planar design [24]. ................................................... 44	  
Figure 2.6 Tubular design for the PWAP receiver [24]. ............................................................................. 44	  
Figure 2.7 Spectral absorbance of the tubular configuration [24]. ............................................................. 45	  
Figure 2.8 Solar spectral irradiance and spectral response of a crystalline silicon solar cell [25]. ............. 46	  
Figure 2.9 Utilisation of the solar spectrum in the PWAP receiver [138]. ................................................. 46	  
Figure 2.10 Irradiation in Chennai, Tamil Nadu, India [24]. ...................................................................... 48	  
Figure 2.11. Absorption of: a) nano-TiO2 [93], and b) TiO2 Degussa P-25 [71] ...................................... 52	  
Figure 2.12. (a) Refractive index of quartz glass compared with its absorption spectrum [117]; (b) 

Scattering efficiencies, for equal volumes of anatase spheres RI = 2.54, plotted against particle size 
and wavelength in the visible wavelength region (particle size > 50 nm) [129]. .............................. 56	  

Figure 2.13. a) Refractive-thickness [122]; b) disinfection of E. coli bacteria in a CPC reactor with TiO2 
fixed or suspended [126]. .................................................................................................................. 56	  

Figure 2.14. a) Refractive index of pure rutile [119]; (b) Refractive index of pure anastase [119]; (c) 
Wavelength dependence of the refractive index n of a TiO2 thin film on quartz after thermal 
oxidation [121]; (d) refractive index of rutile [120]. ......................................................................... 57	  

 Figure 2.15. Ligth path for angle of incidence of 30º. a) bulk TiO2 Degusssa P-25; b) nano-TiO2; c) 
coated TiO2 ........................................................................................................................................ 58	  

Figure 2.16. Measuring scattering. .............................................................................................................. 61	  
Figure 2.17. (a) Evaporation, direct photolysis and adsorption of 4-CP  [116] ;(b)[107] .......................... 62	  
Figure 2.18. CPC tubes ............................................................................................................................... 62	  
Figure 2.19. Transmittance of various materials [100]. .............................................................................. 63	  



 

 

ix 

Figure 2.20. Proposed plant. ....................................................................................................................... 66	  
Figure 3.1 Configuration of the two hybrid solar samples [24]. ................................................................. 68	  
Figure 3.2 A sample of one solar cell provided by ANU [25]. ................................................................... 69	  
Figure 3.3 Set-up for the initial experiment and recording data [24].  (a) Schematic representation of the 

set-up [95]; (b) Set-up for the experiment and recording data under sunlight at Anna University 
Chennai. ............................................................................................................................................. 71	  

Figure 3.4 Methodology flow chart ............................................................................................................ 71	  
Figure 3.5 Set-up at the terrace of Anna University Chennai. .................................................................... 72	  
Figure 3.6 Detailed photo of the set-up. ...................................................................................................... 72	  
Figure 3.7 Full Methodology flow chart ..................................................................................................... 73	  
Figure 3.8 UVA and potential Monitoring of of both PWAP prototypes by Data Logger. ........................ 73	  
Figure 4.1. Experiment 50 mg TiO2: from strong milky solution to high level of sedimentation. ............. 76	  
Figure 4.2. Experiment with 6 mg of TiO2: mild milky solution and less sedimentation. ......................... 76	  
Figure 4.3. Current in Reference and Test cell, UVA and VIS during the experiment. ............................. 78	  
Figure 4.4. I/G versus time .......................................................................................................................... 79	  
Figure 4.5. Accumulated energy Ref. versus test (f, g experiments) .......................................................... 79	  
Figure 4.6. Accumulated energy Ref. versus test (e) .................................................................................. 80	  
Figure 4.7. Quv (accumulated on the PWAP system energy and R kinetics) (22-Sept-2010: 50 mg TiO2, 

50 ppm 4-CP) .................................................................................................................................... 80	  
Figure 4.8. PV and PC output for experiment (22-Sept-2010: 50 mg TiO2, 50 ppm 4-CP) ....................... 81	  
Figure 4.9. Absorbance Sequence of 4-CP with 0.2g/l TiO2 and TOC ...................................................... 81	  
Figure 4.10. Stock solution ......................................................................................................................... 82	  
Figure 4.11. 1st Sample (1h) ....................................................................................................................... 82	  
Figure 4.12. 3rd Sample (3h) ...................................................................................................................... 82	  
Figure 4.13. Absorbance Sequence of 4-CP with 0.1g/l TiO2 and TOC analyses. .................................... 83	  
Figure 4.14. Stock solution ......................................................................................................................... 83	  
Figure 4.15. 1st Sample (1h) ....................................................................................................................... 83	  
Figure 4.16.. 3rd Sample (3h) ..................................................................................................................... 83	  
Figure 4.17. Isc for both test and reference cell (photovoltaic output), plus dye degradation 

(photocatalytic output for the test PWAP). For experiments (i) up left to (iv) down right. June 2011 
[ANU]. ............................................................................................................................................... 84	  

  
 

 

 

 

 

 

 



 

 

x 

LIST OF TABLES 

Table 1.1. Water and Sanitation coverage in India. .................................................................................... 19	  
Table 1.2. Water Treatment Processes [14], [38]. ...................................................................................... 31	  
Table 1.3. Classification and general characteristics of solar water purification systems [24]. ................. 37	  
Table 1.4. Some characteristics and examples of non and concentrating water purification systems [24]. 37	  
Table 2.1 Losses AM1.5G according to [24]. ............................................................................................. 47	  
Table 2.2 . Literature of the characteristics of the catalyst ......................................................................... 51	  
Table 2.3 . Literature review: Degradation of 4-CP using TiO2 ................................................................ 54	  
Table 2.4 . Literature review: Conditions Degradation of 4-CP using TiO2 .............................................. 55	  
Table 2.5 . Angle path for supposed angle of incidence. ............................................................................ 57	  
Table 2.6 . Reactor CPC-batch. ................................................................................................................... 65	  
Table 2.7 . Characteristics of various effluents from various textile mills estimated by ATIRA* [123] and 

Tolerance Limit. Effluent standard for discharge of sewage effluent. TNPCB*, 21.02.1984 .......... 66	  
Table 4.1 Experiments: conditions and results ........................................................................................... 75	  
Table 4.2. Conditions experiment and results. ............................................................................................ 77	  
Table 4.3. Results, transmittance losses [ANU]. ........................................................................................ 85	  
 



 

 

xi 

LIST OF ABREVIATIONS, SYMBOLS AND SYNOMYMS 

General Nomenclature 

CB    Conduction Band 

DC     Developing Countries 

EDCs     Endocrine Disrupting Chemicals  

EM     Electromagnetic 

FPC     Flat Plates Collector 

GDP    World Gross Domestic Product 

GI    Global Irradiance 

HLPC    High Performance Liquid Chromatography 

IR    Infrared 

MDG     Millennium Development Goal  

PC    Photocatalytic (referred to aspects, issues) 

PV    Photovoltaics  

PWAP    Purified Water and Power 

TOC    Total Organic Content 

UV    Ultraviolet 

VB    Valence Band 

VIS    Visible 

4-CL    4-Clorophenol  

TNPCB     Tamil Nadu Pollution Control Board 

TiO2    Titanium Dioxide or Titania 

SC    Semiconductor  

AOT    Advanced Oxidation Technologies  

CPC    Compound Parabolic Reactors 

 

Units 

GWh    Gigawatt-hour 

PWh     Petawatt-hour 

Volts     V 

Electron volt    eV 



 

 

xii 

 

Symbols 

Isc1    Current of the Reference solar cell  

Isc2     Current of the Test solar cell 

hυ    Photon  

h+    Hole 

e-    Electron 

e--h+ pair   Ectron-Hole pair, charge carriers. 

 

Synonyms 

Insolation    Solar electromagnetic radiation 

Irradiance   Radiant-flux density, Light Intensity, power    
    density of sunlight (W/m2)  

Irradiation   Energy density of sunlight (kWh/m2) 

N-type material   Electron transport material 

P-type material   Hole transport material 

Photovoltaic Cell   Solar cell 

Solar beam   Direct or normal solar radiation 

Non-concentrating systems One-sun (x 1) 

Photocatalysts    Photosensitisers, Photochemical 

Photocatalytic reaction   Photo-Oxidation or Redox reaction  

 



 

 

13 

CHAPTER 1 

1 INTRODUCTION  

1.1 BACKGROUND 

1.1.1 Introduction 

Access both to energy and drinking-water are two crucial challenges of the 21st century that the world 
is facing nowadays. The human population of the earth has now passed more than 6.9 billion (IEO 2010) 
and above all it is projected to increase in non-developed countries (see Figure 1.1.1). All of these 
inhabitants want the energy necessary to sustain their lives. In the positive case, Earth would posses all 
resources our society consumes, three essential question need to be addressed by the present and by future 
generations: exactly how much energy is required to meet these necessities, exactly what sources of 
energy will meet the needs, and finally, if our technology would bear the rising ratio of extraction of 
energy resources and raw materials.  

Energy has always played an important role in human and economic development and in society’s 
well being. For example, fuel-wood has been used from time immemorial to make fire, and the first 
civilisations were already making use of wind in sailing overseas.  

Energy is at the heart of most critical economic, environmental and developmental issues facing the 
world today. Clean, efficient, affordable and reliable energy services are indispensable for global 
prosperity. Developing countries (DC) in particular need to expand access to reliable and modern energy 
services if they are to reduce poverty and improve the health of their citizens, while at the same time 
increasing productivity, enhancing competitiveness and promoting economic growth.  

Current energy systems are inadequate to meet the needs of the world’s poor and are jeopardizing the 
achievement of the Millennium Development Goals (MDGs). For instance, in the absence of reliable 
energy services neither health clinics nor schools can function properly. Access to clean water and 
sanitation is constrained without effective pumping capacity. Food security is adversely affected, often 
with devastating impact on vulnerable populations. 

Since world’s conventional energy supplies (oil, natural gas and coal) dominate primary energy 
consumption worldwide, the increase in energy consumption has certainly direct effect to reserves of 
them; they are going to be exhausted someday. Therefore the insight to the restriction of reserves has also 
to be taken into account. 

Nowadays, more than ever before, energy is what makes our world continuously work. World 
primary energy annual consumption in 2007 was around 145.09 PWh and is expected to grow about 1.4% 
as a rate average each year for the next 25 years, reaching about 216.44 PWh in 2035 (IEO 2010). 
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Figure 1.1.1 Estimation of Population Growth and self-elaboration. 

Fossil energy resources have a finite lifetime as our major source of energy, and current forecasts 
suggest that alternatives must make a major contribution in the near future, also because mankind cannot 
afford to continue to progress by relying on sources of energy that release greenhouse gases. Though 
nuclear power was once regarded as a solution for increasing energy demand and the depletion of fossil 
fuels, concerns about the storage of nuclear waste led scientists to explore alternative and renewable 
sources of energy. Both types of energy seems may take importance in energy matrices. Climate change 
is one of the most important problems the world is facing nowadays, thus we may take our way towards 
non fossil-based sources. Large amounts of released CO2 speeds up global warming. Although nuclear 
technology involve hazardous waste disposal, its stability, CO2 free and low cost make it an attractive 
source for the future. Uranium is not even by far a large reserve as it is the Sun, but it is known it will last 
for a long period. On the other hand, non-conventional energies are by far main energies for the mix even 
the problem regarding to fluctuations and storage.  

 The energy’s production by renewable sources is growing rapidly in interest during the recent 
years, due to the fossil combustibles continuous cost’s increase and to the polluting emissions. Some 
renewable energy options rely on a net input of energy into the Earth and since the Sun is our only 
external energy source, using its energy, which is clean and let say infinite, one of the main objectives of 
all alternative energy strategies.  

Nowadays renewable sources comprise about 13% of all energy production, and photovoltaic (PV) 
sector is actually in strong expansion, also thanks to economic incentives proportional to the electric 
energy’s production. Even so, PV only account for no more than 0.04%, and, most probably, only in 2030 
will that figure reaches 1%.  

Efficiency, saving and a rational use of energy play an important role to reduce the growing ratio of 
consumption. In order to achieve successful implementation is required a binding agreement and social 
consciousness about the current energy juncture.  

At the global level, the energy system – supply, transformation, delivery and use – is the dominant 
contributor to climate change, representing around 60% of total current greenhouse gas (GHG) emissions. 
Current patterns of energy production and consumption are unsustainable and threaten the environment 
on both local and global scales. Emissions from the combustion of fossil fuels are major contributors to 
the unpredictable effects of climate change, and to urban air pollution and acidification of land and water. 
Reducing the carbon intensity of energy – that is, the amount of carbon4 emitted per unit of energy 
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consumed – is a key objective in reaching long- term climate goals. As long as the primary energy mix is 
biased towards fossil fuels, this would be difficult to achieve with currently available fossil fuel-based 
energy technologies. Given that the world economy is expected to double in size over the next twenty 
years, the world’s consumption of energy will also increase significantly if energy supply, conversion and 
use continue to be inefficient. In this line, CO2 emissions will increase basically due to DC (see Figure 
1.2). Energy system design, providing stronger incentives for reduced GHG emissions in supply and 
increased end-use efficiency, will therefore be critical for reducing the risk of irreversible, catastrophic 
climate change. 

World is already facing the consequences of climate change and is yelling out for a radical change in 
our current patterns. In addition, the issue about the available reserves (it is worth to pointing out that oil 
zenith is already here), and if it will be possible to extract them at the required speed ratio to meet the 
demand, are other vital concerns. It is remarkable that just 10 minutes of solar irradiation onto the Earth’s 
surface is equal to the total annual human energy consumption (Messenger 2005). 

Sustainable development is popularly defined as meeting the needs of the present in such a way that we 
will be able to meet the needs of the future as well. It requires the promotion of values that encourage 
consumption standards that are within the bounds of the ecologically possible and to which all could 
reasonably aspire. However, it is true that only a small percentage of the world's population, those living 
in the developed countries, is responsible for most of the resource use and hazardous emissions at a ratio 
of 20/80. The realisation of this uneven distribution with 20% of the global population (see Figure 1.1) 
using 80% of the resources (see Figure 1.3) has many implications both for society and environment, as a 
result of specific patterns of development and consumption. 

To understand it better, series of data are given below. The main one is that the current world 
population is estimated at approximately 6,900 million people. It is disheartening, because there are more 
than 1,000 million (around 15%) people living in extreme poverty and nearly 2,500 million (around 36%) 
living in subhuman conditions, i.e. without access to safe water or basic medicines; both adding up the 
half of the population (UNICEF). Thus, within that 80% there is also an unequal distribution. 

 

Figure 1.2 World CO2 emissions according to the reference case, 2005-2035 [12] and self-
elaboration. 
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Figure 1.3 Projection of the global primary energy consumption in the reference case [12] and self-
elaboration. 

According to AGECC who calls on the United Nations system to commit two key goals: ensuring 
universal energy access and reducing global energy intensity. Moreover, economic growth goes hand in 
hand with increased access to modern energy services, especially in low and middle-income countries 
transitioning through the phase of accelerated industrial development. Primary energy consumption will 
continue to grow over the coming years (see Figure 1.3) driven by the growth of the economy, the 
progressive industrialization of DC (see Figure 1.4) and the increase in world population (see Figure 1.1). 

1.1.2 The importance of Water  

The amount of freshwater on Earth is finite, but its distribution has varied considerably, driven 
mainly by natural cycles of freezing and thawing and fluctuations in precipitation, water runoff patterns 
and evapotranspiration levels. That situation has changed, however alongside natural causes are new and 
continuing human activities that have become primary ‘drivers’ of the pressures affecting our planet’s 
water systems. 

These pressures are most often related to human development and economic growth. Important 
decisions affecting water management are made outside the water sector and are driven by external, 
largely unpredictable drivers: demography, climate change, the global economy, changing societal values 
and norms, technological innovation, laws and customs, and financial markets (WWDR-3 2009).  

There is no doubt that water and sustainable development are inextricably linked.  Without adequate 
supplies and management of fresh and salt-water resource, socio-economic development simply cannot 
take place. Accordingly, water has always played a key role in economic development, and economic 
development has always been accompanied by water development. Investment in water management has 
been repaid through livelihood security and reductions in health risks, vulnerability and ultimately 
poverty. Water contributes to poverty alleviation in many ways – through sanitation services, water 
supply, affordable food and enhanced resilience of poor communities faced with disease, climate shocks 
and environmental degradation (WWDR-3 2009). Water of the right quality can improve health through 
better sanitation and hygiene and, when applied at the right time, can enhance the productivity of land, 
labour and other productive inputs.  
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Figure 1.4 GDP expressed in market exchange rates according to the projection 2005-2035 [12] and 
self-elaboration. 

In addition, according to the third United Nations World Water Development Report: Water in a 
Changing World 2009 (WWDR-3 2009) written within the framework of the World Water Assessment 
Programme (WWAP) under the UNESCO, India is the largest worldwide water user (in terms of volume) 
with 646 km3 a year while China accounted up to 630 km3 (2001 data, (WWDR-3 2009).  

At the current rate of progress, the world is expected to exceed the MDG target of halving the 
proportion of the population without sustainable access to safe drinking-water. Even so, 672 million 
people will still lack access to improved drinking-water sources in 2015 (WHO 2010).  China and India 
are home to more than a third of the world population. Both countries have made considerable progress. 
In China, 89% of the population of 1.3 billion use drinking-water from improved sources, up from 67% in 
1990. In India, 88% of the population of 1.2 billion use drinking-water from such sources, as compared to 
72% in 1990. China and India together account for a 47% share, of the 1.8 billion people that gained 
access to improved drinking-water sources between 1990 and 2008 (WHO 2010). This share is almost 
equally distributed between the two countries. Obviously, these two countries heavily influence the global 
trend. Therefore, the ability to reach the MDG target is highly dependent on the performance of these two 
countries (see Figure 1.5). 

 

Figure 1.5 Gaining access to improved sources of drinking-water in 1990-2008 [27]. 
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According to UNICEF almost 50% of the developing world’s population, which means 2.5 billion 
people, lack improved sanitation facilities, and over 884 million people still use unsafe drinking water 
sources. Inadequate access to safe water and sanitation services, coupled with poor hygiene practices, 
kills and sickens thousands of children every day, and leads to impoverishment and diminished 
opportunities for thousands more.  

For sanitation, even with the increase between 1990 and 2008 in the proportion of the population 
using improved sanitation facilities in China (from 41% to 55%) and India (from 18% to 31%), the world 
is not on track to meet the sanitation target (Figure 1.5), where nearly half of world population gaining 
access to improved sources of drinking-water in 1990-2008 live in China and India. This is despite the 
fact that 475 million people gained access to improved sanitation in these two countries alone, a 38% 
share of the 1.3 billion people that gained access globally (WHO 2010). 

In 2006, 54% of the world’s population had a piped connection to their dwelling, plot or yard, and 
33% used other improved drinking water sources. The remaining 13% (884 million people) relied on 
unimproved sources. Progress has been greatest in East Asia, with an increase in coverage of improved 
drinking water sources from 68% in 1990 to 88% in 2006 (WWDR-3 2009). Coverage is much higher in 
urban than in rural areas for both water supply and sanitation. 

India’s huge and growing population is putting a severe strain on all of the country’s natural 
resources. Most water sources are contaminated by sewage and agricultural runoff. India has made 
progress in the supply of safe water to its people, but gross disparity in coverage exists across the country. 
Although access to drinking water has improved, it is estimated that 21% of communicable diseases in 
India (World Bank Data) are related to unsafe water, where diarrhoea alone causes more than 1,600 
deaths daily. Hygiene practices also continue to be a problem in India. Latrine usage is extremely poor in 
rural areas of the country; only 14% of the rural population has access to a latrine. Hand washing is also 
very low, increasing the spread of disease. In order to decrease the amount of disease spread through 
drinking-water, latrine usage and hygiene must be improved simultaneously. 

As a result of excessive extraction of ground water to meet agriculture, industrial and domestic 
demands, drinking water is not available during the critical summer months in many parts of the country. 
Water shortages in cities and villages have led to large volumes of water being collected and transported 
over great distances by tankers and pipelines. Furthermore, chemicals such fluoride, arsenic and selenium 
pose a very serious health hazard in the country. It is estimated that about 70 million people in 20 states 
are at risk due to excess fluoride and around 10 million people are at risk due to excess arsenic in ground 
water (WHO 2010). Apart from this, an increase in the concentration of chloride, TDS, nitrate, iron and 
other agrochemicals (mostly fertilizers and pesticides) in ground water are of great concern. It has 
estimated that the total cost of environmental, damage in India amounts to 4.5 % of the gross domestic 
product. Of this, 59 % results from the health impacts of water pollution (World Bank Data).  

Lastly, it must have to be pointed the importance of the development of suitable technologies for 
drinking water supply, safe and potable drinking water to all citizens, and sustainable sanitation options 
for achieving total sanitation by 2012, well before the timeframe of the Millennium Development Goal. 
In so doing, three ambits might be upgraded (DDWS 2010): data management work; building 
infrastructure, especially in rural India (such as irrigation, roads, water supply, rural housing, rural 
electrification and rural telephony); and harvesting rainwater (per example, Karnataka is a pioneer in the 
implementation of rooftop rainwater harvesting in schools). 

1.1.3 India overview 

India is the largest emerging market joint with China, and with its bullish primary energy 
consumption (see Figure 1.3), has the necessity to meet the growing demand by means including 
renewables in its mix energy system in order to find the pathway towards sustainability. In addition, its 
high solar energy potential makes India an attractive country that can contribute to the deployment of 
solar energy. On the other hand, the scarcity of safe water, which is a main cause on mortality being 
aggravate in rural areas, is the other concern of this century in India.  
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Moreover, the population of India is focused basically in rural areas; even the tendency during last 
decades shows an important increasing on urban areas (see Figure 1.6). Large population located on these 
zones are crying out for safe water. Some indicators given by (UNICEF) are proven of it: 

1. GDP growth is 5 per cent a year, but the deficit is high and many states cannot meet expenses. 
2. One-third of the population lives in poverty; 22% of the urban population lives in slums. 
3. Every year, about 1.9 million children die, 20% from diarrhoeal disease. The under-five mortality 

rate is up to 8,7%.  
4. The status of women and other vulnerable groups is poor, but articulate and demanding 

community women's groups offer some hope. 

Table 1.1. Water and Sanitation coverage in India.  

Water and Sanitation Coverage 

 Water (%) Sanitation (%) 
Urban 96 58 
Rural 82 18 
Total 86 30 

Source: (UNICEF) 
 

The electricity production in India is by large coal-based, as it can be observed in the figure below 
(Figure 1.7). It is important to point, the up ward trend of the electricity losses and the huge amount of 
energy lost in transmission and distribution. Figure 2.9 shows the gap between the primary energy 
production and the use of it; the energy imports raised up during last decade in order to meet the growing 
demand not meet by the production. In addition, Figure 2.10 gives the details between production and 
capacity of the whole country. Finally, Figure 2.8 details the losses during the power transmission. It is 
understood how important is decentralised systems.  

 

 

Figure 1.6 Distribution of the population in urban regions [28] and self-elaboration. 
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Figure 1.7 Electricity Production by source [27] and self-elaboration. 

 

Figure 1.8 Electricity power consumption (TWh) and electric power transmission and distribution 
losses (% of output) [27] and self-elaboration. 
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Figure 1.9 Primary energy consumption and production, energy imports [27] and self-elaboration. 

 

Figure 1.10 Projection of the energy generating capacity and consumption in India [27] and self-
elaboration. 
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1.1.4 Water-Energy Relationship 

Water-energy nexus approach is understood that energy is needed to generate water, as water is 
needed to generate energy. With demand outstripping sustainable supply, energy and water both face 
many of the same challenges. An estimated 6 to 20% of an average city's energy demand is used to 
produce, treat and transport water, while 15% (Gewater Technologies) of fresh water worldwide is used 
for industrial purposes. And, as the industrial sector grows, so will demand for both power and water. 
Therefore, the efficient use of both water by consumers and energy by the water industry can provide 
energy benefits. 

Water and energy are two interrelated resources: water is needed for energy production and energy to 
get the water cycle. In the 21st century the binomial water-energy is a key factor for sustainable 
management of both resources. It is necessary to establish joint policies that allow integrated planning of 
these two important resources. 

Combined and integrated generation of both water and energy (polygeneration) is a new line of 
research. Traditionally, water-energy binomial basically means that water produces electric power and 
water production requires energy. The ultimate goal is to offer all products with the lowest primary 
energy consumption, environmental impact and possible cost: "water-energy integration." 

There are mature, widely practised technologies for generating fuels from sewage treatment and 
research has identified future methods for exploiting sewage as an energy resource. For example, in 
United Kingdom during the year 2005 – 2006, the amount of renewable energy generated on water 
industry sites was 493 GWh - 6.4% of the total energy used to treat water and wastewater (UK sewage). 

The current technologies for energy production are sludge incineration and biogas. In addition, there 
are several novel technologies that produce energy or fuel as a by-product of sewage treatment, although 
further work is needed to improve performance, reliability and cost-effectiveness. Some examples are 
conversion of sludge to oil and gas, biomass crops (as fertiliser), hydrogen from sewage and microbial 
fuel cells (UK sewage. The processes implied in purifying water from sewage to industrial effluents 
among many others unsafe water sources consume large quantities of energy, moreover the extra energy 
required to solve the necessity of obtaining more safe water. 

The role of the women in energy-water binomial  

There are gender disparities while collection of drinking-water in the same way, wood energy is 
collected, as per example. For families without a drinking-water source on the premises, it is usually 
women who go to the source to collect drinking-water. Moreover, in many cases the water collection 
burden is shared, and children often make several round trips carrying water.  

 

Figure 1.11 Gender distribution of collecting drinking-water [21].  
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In Figure 1.11 women shoulder the largest burden in collecting drinking-water. Poor sanitation, water 
and hygiene have many other serious repercussions. Children, particularly girls, are denied their right to 
education because their schools lack private and decent sanitation facilities. Women are forced to spend 
large parts of their day fetching water (UNICEF). Moreover, Figure 1.11 is just a pattern, which it is 
almost repeated, as per example, for collecting wood as an energy source. 

1.1.5 Hazardous Waste Management in India 

Framework Regulation 

Hazardous Waste (HW) can be classified into: solid wastes, liquid wastes, gaseous wastes and sludge 
wastes (Babu 2003). (HPC 2001) defines a HW as any substance, whether in solid, liquid or gaseous 
form, which has no foreseeable use and which by reasons of any physical, chemical, reactive, toxic, 
flammable, explosive, corrosive, radioactive or infectious characteristics causes danger or is likely to 
cause danger to health or environment, whether alone or when in contact with other wastes or 
environment, and should be considered as such when generated, handled, stored, transported, treated and 
disposed off. This definition includes any product that releases hazardous substance at the end of its life, 
if indiscriminately disposed off. The HW needs to be disposed off in a secured manner in view of their 
characteristic properties. 

There is a growing concern all over the world for a safe disposal of HWs generated from 
anthropogenic sources. Hazardous Waste Management (HWM) is a new concept for most of the Asian 
countries, including India. The lack of concern towards the matter, besides the scarcity of financial 
resources and regulatory controls of HW, all of them in conjunction with the rapid industrialization 
during the last few decades, have led to the generation of huge quantities of HWs (Envis 2006). These 
issues have further aggravated the environmental problems in India by depleting and polluting natural 
resources. Besides, the adverse impacts caused due to the indiscriminate disposal of HWs come under the 
category of Environmental Disasters (Babu 2003). 

Unluckily, very few industries in India own proper treatment and disposal facilities (Babu 2003). It is 
interesting to note that, until 1997, there was no secured HW landfill facilities available in the country 
(HPC 2001). The first framework regulation by the Government of India promulgated the HW 
Management and Handling Rules in 1989 through the Ministry of Environment and Forests (MOEF) 
under the aegis of Environment Protection Act.  The HWs are divided into 18 categories. The details are 
given in Table 1 (see Annex). In order to encourage the effective implementation of these rules, the 
MOEF further brought out the Guidelines for HW (M & H) Rules in 1991 (Babu 2003), which contain 
technical details. 

Hazardous Waste Policy in Tamil Nadu 

The Tamil Nadu Pollution Control Board (TNPCB), established in 1982, is implementing the 
Pollution Control Legislations and Rules and Notifications framed. The Board investigates, collects and 
disseminates data relating to water, air and land pollution, lays down standards for sewage/trade effluent 
and emissions.  

The objective of TNPCB is to control, prevent and abate pollution of streams, wells, land and 
atmosphere in the State to protect the environment from any degradation by effective monitoring and 
implementation of pollution control legislations. 

TNPCB plays a catalytic role in the implementation of common effluent treatment plants for 
polluting cluster of small scale units like tanneries, textile dyeing units etc. TNPCB is taking effective 
steps for safe disposal of HW and has completed the inventory of HW, by generating units and also 
identified sites for disposal of HW. TNPCB is creating environmental awareness in the State through: the 
Environmental Training Institute, Environmental Awareness Cell, Environmental Awareness Programme, 
Environmental Pavilion constructed at the Periyar Science and Technology Centre in Chennai, NGO Cell 
and publishing pamphlets on environmental issues (TNPCB web site). 
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1.2 FUNDAMENTALS 

1.2.1  The characteristics of Solar Energy. 

Electromagnetic Solar Radiation 

The sun has played a dominant role since time immemorial for different natural activities in the 
universe at large and in the earth in particular for the formation of fossil and renewable energy sources. It 
will continue to do so until the end of the earth’s remaining life, which is predicted to be about 5·109 
years (Sen 2008).  

The Sun is composed of a mixture of gases with a predominance of hydrogen (H; 70%) and helium 
(He; 27%) (Sen 2008). The origin of solar radiation is assumed by a solar fusion reaction. The sun 
converts H to He in a massive thermonuclear fusion reaction; this reaction is the unlimited source of 
almost all-renewable energy. Then mass is converted to energy according to Einstein’s famous formula, 
! = !!! . As a result of this reaction, the surface of the sun is maintained at a temperature of 
approximately 5800 K (Messenger 2005). The delivered energy into the space in the form of radiation -
light and heat- is also known as “electromagnetic energy radiation” (EM energy radiation or solar 
radiation); which is uniformly radiated away from the sun in all directions in terms of “photons” (light 
particles). 

In the same way that there is large temperature gradient between the core and the outer parts of the 
Sun; the farthest the radiation intensity travels from its center, the more the outgoing radiant flux spreads 
out. In this line, at a distance corresponding to the outside of the Earth’s atmosphere, the radiant flux 
received from the Sun is remarkably constant. The so-called “solar constant” (flux density, intensity of 
solar radiation…) is 1,367 W/m2 (Kalogirou 2009). It is defined as the average of the amount of energy 
received in a unit of time on a unit area perpendicular to the path of the radiation outside the atmosphere 
at the average distance of the Earth’s orbit around the Sun.  

Electromagnetic Solar Spectrum 

Once the electromagnetic solar radiation passes through the earth's atmosphere, the radiation is 
attenuated by scattering from oxygen, ozone, water vapour, carbon dioxide, besides dust and some other 
air molecules. This gives a characteristic fingerprint to the solar radiation spectrum on the earth's surface 
(see Figure 1.12). From all wavelengths (radio to gamma rays), solar radiation is in the form of white 
light. It spreads over the following spectrum of wavelengths: from the short-wave IR (Infrared) to 
Ultraviolet (UV) (Figure 1.12). The maximum of the spectral distribution is situated in the area of visible 
light (VIS) with a wavelength of 0.38 µm until 0.78 µm; and drop steeply out one side to Ultraviolet (UV: 
0.2 - 0.38 µm); and the other side to Infrared Radiation (IR: 0.78 - 2.6 µm).  

It is worth noting that the wavelength distribution directly depends on the temperature of the Sun’s 
surface (5800 K). The earth’s surface has much lower temperature, typically between 270 K and 320 K, 
and hence radiates at longer wavelengths (It does not do appear in the spectrum of Figure 1.12). 

The atmosphere is largely transparent to visible and radio wavelengths, but it absorbs radiation at 
other wavelengths. The available solar irradiation in a certain place depends on the latitude, the altitude 
and the climatic type in a yearly basis, and on the season, the time of day and the weather conditions in a 
specific time. In a large scale, the determination of the actual practical grid-connected PV potential is of 
course a far more complicated task, since factors such as type of the buildings, roof shapes, tilt angles, 
shading questions, ages of the buildings, tracking or not and other technical questions has to be 
concerned.  

Solar Energy and its Balance 

Basically all the forms of energy in the world are solar in origin. In general, the Sun supplies the 
energy absorbed in the short term by the earth’s atmosphere and oceans, but in the long term by the 
lithosphere where the fossil fuels are embedded. Conversion of some of the sun’s energy into thermal 
energy derives the general atmospheric circulation (Sen 2008). A small portion of this energy in the 
atmosphere appears in the form of the kinetic energy of the winds, which in turn drive the ocean 
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circulations. Some of the solar energy is intercepted by plants and is transformed by photosynthesis into 
biomass. In turn, a large portion of this is ultimately converted into heat energy by chemical oxidation 
within the bodies of animals and by the decomposition and burning of vegetable matter. On the other 
hand, a very small proportion of the photosynthetic process produces organic sediments, which may 
eventually be transformed into fossil fuels. It is a very large source of energy. The power from the sun 
intercepted by Earth is about 1.8·1011 MW (Chetan 2009), which is many thousand times larger than our 
current power consumption from all sources.  

 

 

Figure 1.12 Distribution of the solar spectrum [18] 

It exists a balance between the EM energy from the Sun and the amount of energy radiated by the 
Earth. If the in and out energies are not balanced, then the earth is expected to increase or to decrease in 
temperature, and radiate more or less energy into space to establish another balance level. It is noteworthy 
that the absence of the greenhouse effect would make the Earth's surface temperature about −18°C; thus 
greenhouse gases are required to keep the temperature of the Earth. However, an increase of its 
concentration, basically due to humans, contributes to climate change phenomena. 

As it is illustrated, some of the incoming energy is radiated back to space (clear skies) while IR 
radiation and the rest is absorbed in the atmosphere. Some of this IR radiation goes back into space and 
the rest is re-radiated back to Earth. A proportion of the scattered light comes to earth as diffuse radiation. 
The term “sunshine” implies not the diffuse but the direct solar radiation (solar beam) that comes straight 
from the sun. On a clear day, direct radiation can approach a power density of 1000W/m2, which is 
known as solar power density for solar collector testing purposes.  

Among the well-known advantages of solar energy, it is found that the resource itself is available to 
all at fairly equal manner unlike fossil fuel sources, which are concentrated at some locations. This 
equitable availability can also play a role in social development, especially for developing countries like 
India.  

One of the problems associated with the use of solar energy is that is a very dilute source of energy. 
Though the overall power intercepted by Earth is very large, the power received per unit area is not so 
large; its maximum value is only about 1000 W/m2. This is not a large number, specially considering that 
1 kg of petrol provides us about 12.5 kWh (Chetan 2009) of energy, while the energy collected from 1m2 

Wavelenght (µm) 
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throughout the day would be about 7 W maximum (as the total radiation received over a day is at best 
about 7 kwh/day). Due to diluteness of solar energy, large collection area is required to provide given 
quality; and large area results in higher cost of renewable energy system. Also, the availability of solar 
energy sources fluctuates along the day and reliable forecasting techniques are required. This makes it 
essential to store in some form, from which energy can be recovered as per the requirement for instance, 
in batteries. 

 

Figure 1.13 Terrestrial solar radiation [18] 

Finally it is worth mention that the solar energy can be converted to useful energy in several ways: 
direct, one-step route or multi-step route. Solar energy technologies can provide electrical generation by 
heat engine or photovoltaic means, space heating and cooling in active and passive solar buildings; 
potable water via distillation and disinfection, day lighting, hot water, thermal energy for cooking, and 
high temperature process heat for industrial purposes.  

1.2.2 Semiconductors 

A semiconductor (SC) is a material with electrical conductivity due to electron flow, and in 
magnitude, it is intermediate between a conductor and an insulator; it can conduct electricity only under 
certain conditions. Semiconductors act as insulators at low temperatures, but as conductors when energy 
or heat is available; its conductance varies depending on the current or voltage applied to a control 
electrode, or on the intensity of irradiation. They can be used in many fields as electronic devices as 
spintronics or sensors, for nanotechnology or photoelectrochemical applications. The electrical properties 
of semiconductors can be explained using two models, the bond and the band model.  

Bond model 

The bond model uses the covalent bonds joining the i.e. silicon atoms to describe semiconductor 
behaviour, which is the largest material used for photovoltaics purposes as it is explained in the following 
sub-sections. Figure 1.14 (a), illustrates the bonding and the movement of electrons in a silicon crystal 
lattice. At low temperatures, the bonds are intact and the silicon behaves as an insulator. At high 
temperatures, some bonds are broken and conduction can occur by two processes: (i) electrons from 
broken bonds are free to move, (ii) electrons from neighbouring bonds can also move into the ‘hole’ 
created in the broken bond, allowing the broken bond or hole to propagate as if it had a positive charge. 

Band model 

Molecular orbitals of semiconductors have a band structure. The electrical properties of 
semiconductors can also be explained using the band model (Figure 1.14 (b)), which describes the 
semiconductor behaviour in terms of the energy levels between valence and conduction bands.  



 

 

27 

 

Figure 1.14 a) Bond model; b) Band model [26] 

In some energy bands, electrons (e-) are allowed to exist, and in other bands electrons are forbidden. 
The electrons at the outermost shell are the only ones that interact with other atoms. This is the highest 
normally filled band, which corresponds to the ground state of the valence electrons in an atom and is 
called the Valance Band (VB, i.e. energy of covalent bonds). The electrons in the valence band are 
loosely attached to the nucleus of the atom and, therefore, may attach more easily to a neighbouring atom, 
giving that atom a negative charge and leaving the original atom as a positive charged ion. Some 
electrons in the valence band may possess a lot of energy, which enables them to jump into a higher band. 
These electrons are responsible for the conduction of electricity and heat, and this band is called the 
Conduction Band (CB), where electrons can freely move. The Forbidden Gap (where the movement of 
electrons are restricted) corresponds to the minimum energy needed to release an electron from a covalent 
bond to the conducting band where it can conduct a current. The holes (h+) remaining conduct in the 
opposite direction in the valence band. The difference in the energy of an electron in the valence band and 
the innermost shell of the conduction band is called the Band Gap (Ebg). 

 

Figure 1.15 (a) Insulator, (b) Conductor, (c) Semiconductor [13] 

A schematic representation of the energy band diagrams of three types of materials is shown in 
Figure 1.15. Insulators are those materials, whose valence gap is full, and conduction band is empty, they 
have very high band gaps (greater than 3 eV) and current can not be carried by electrons. Conductors 
have relatively empty valence bands and may have some electrons in the conduction band. In this case, 

(a) (b) 
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the valence and the conduction bands overlap. The valence electrons are able to accept energy from an 
external field and move to an unoccupied allowed state at slightly higher energy levels within the same 
band. Semiconductors have valence gaps partly filled and the band gap is smaller than 3eV (Kalogirou 
2009). They have the same band structure as the insulators but their energy gap is much narrower.  

Due to the aim of the study, the following section will focus on: (i) photovoltaic semiconductors as 
energy conversion devices and (ii) semiconductor photocatalysis using semiconductor materials. While 
the PV technology will focus on the PV semiconductor, the PC technology will focus on the 
semiconductor as a photocatalyst. 

1.2.3 Basic Principles of solar cells 

The role of semiconductors in photovoltaics 

Silicon (Si) belongs to group 4 of the periodic table of elements. In SCs, if the material that is doped 
has more electrons in the valence gap than the semiconductor, the doped material is called an n-type 
semiconductor. The n-type SC is electronically neutral but has excess electrons, which are available for 
conduction. This is obtained when Si atoms are replaced with periodic table group V elements, such as 
arsenic (As) or antimony (Sb), and in so doing, form electrons that can move around the crystal. If these 
excess electrons are removed, the atoms will be left with positive charges. 

If on the contrary, the material that is doped has fewer electrons in the VB than the SC the doped 
material is called a p-type semiconductor. The p-type semiconductor is electronically neutral but it has 
positive holes (missing electrons) in its structure, which can accommodate excess electrons. This type of 
material is obtained when Si atoms are replaced with periodic table group III elements, such as gallium 
(Ga) or indium (In), and in so doing, form positive particles, called holes, that can move around the 
crystal through diffusion or drift. If additional electrons could fill the holes, the impurity atoms would fit 
more uniformly in the structure formed by the main semiconductor atoms, but the atoms would be 
negatively charged. 

Silicon and other SC materials are used for manufacturing solar cells. Mainly they can be crystalline, 
multicrystalline, polycrystalline, microcrystalline or amorphous.  

When joined both types of semiconductors together (both n-type and p-type), they form a junction, 
the P-N Junction (Figure 1.16). The excess of holes in the p-type material flow by diffusion to the n-type 
material, while electrons flow by diffusion from the n-type material to the p-type material, as a result of 
the carrier concentration gradients across the junction. The electrons and holes leave behind exposed 
charges on dopant atom sites, fixed in the crystal lattice. An electric field therefore builds up in the so-
called depletion region around the junction to stop the flow.  

 

Figure 1.16 Formation of a p-n junction [26]. 

As it can be seen (Figure 1.16), when the two materials are joined, the excess electrons from the n-
type jump to fill the holes in the p-type; and the holes from the p-type diffuse to the n-type side, leaving 
the n-side of the junction positively charged and the p-side negatively charged. The negative charges of 
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the p-side restrict the movements of additional electrons from the n-side; however, the movement of 
additional electrons from the p-side is easier because of the positive charges at the junction on the n-side. 
Therefore the p-n junction behaves like a diode. 

The Photovoltaic Effect  

The photovoltaic effect is the basic physical process through which a PV cell converts sunlight into 
electricity. Sunlight is composed of photons, package or particles of energy. These photons contain 
various amounts of energy corresponding to the different wavelengths of the solar spectrum (light). When 
photons strike a PV cell, they may be reflected or absorbed, or they may pass right through. Only the 
absorbed photons generate electricity. When this happens, the energy of the photon is transferred to an 
electron in an atom of the cell (which is actually a semiconductor).  

With its newfound energy, the electron is able to escape from its normal position associated with that 
atom to become part of the current in an electrical circuit. By leaving this position, the electron causes a 
hole to form. Special electrical properties of the PV cell - a built-in electric field - provide the voltage 
needed to drive the current through an external load. It can be said to sum up that the radiation energy is 
transferred by means of the photo-effect directly to the electrons in their crystals. With the photovoltaic 
effect an electrical voltage develops in consequence of the absorption of the ionizing radiation.  

Summarizing, when photons of sunlight strike the surface of a solar cell and are absorbed by the 
semiconductor, some of them create pairs of electrons and holes. If these pairs are sufficiently near the p-
n junction, its electric field causes the charges to separate, electrons moving to the n-type side and holes 
to the p-type side. If the two sides of the solar cell are now connected through a load, an electric current 
will flow as long as sunlight strikes the cell. 

 

Figure 1.17 PV effect [15] 

The base material of almost all solar cells for applications in space and on earth is silicon. 
Approximately 300µm of silicon wafer consists of two layers with different electrical properties prepared 
by doping foreign atoms such as boron and phosphorous. The back surface side is total metallized for 
charge carrier collection, whereas on the front, which exposes to the beam of incident light, only one 
metal grid (Figure 1.17) is applied in order that as much light as possible can penetrate into the cell. The 
surface is normally provided with an antireflection coating to keep the losses from reflection. 

When no more sunlight is available, the system must return to a state of equilibrium and the electron-
hole pairs (e--h+ pair) generated by the light must disappear. With no external source of energy, the 
electrons and holes wander around until they meet up and recombine. Any defects or impurities within or 
at the surface of the semiconductor promote recombination. 

The carrier lifetime of a material is defined as the average time for recombination to occur after 
electron-hole generation. For silicon, this is typically 1 µs (Wenham and Green 2007). Similarly, the 
carrier diffusion length is the average distance a carrier can move from point of generation until it 
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recombines. For silicon, this is typically 100–300 µm (Wenham and Green 2007). Solar cells are typically 
produced from semiconductor material by the addition of a rectifying p-n junction. 

PV’s viability 

The energy payback time of the photovoltaic systems depends on the energy content of the entire 
photovoltaic system, but also on the local irradiation conditions. Furthermore, quite opposite to the fossil 
energy sources, the CO2 emissions associated with photovoltaic energy conversion depend on the CO2 
emission factor of the local energy utility system, which provides the energy for the manufacture of the 
PV system.  

In order to be a fully sustainable energy technology, photovoltaics have to qualify in certain 
indicators of viability such as the energy payback time, the CO2 emissions and the end-of-life 
management and recycling (Alsema and Nieuwlaar 2000) . 

The requirement of sustainability of photovoltaic energy conversion extends beyond the operating 
lifetime of a PV system. Depending on the PV technology the cells contain small amounts of different 
hazardous and regulated materials, such as Cd, Pb and Se, which raises concerns about their disposal into 
municipal landfills. However, the technology for recycling the solar cells already exists and it can be 
considered also economically feasible (Fthenakis 2000).  

1.2.4 Photocatalysis 

Introduction 

The generation of hazardous industrial effluents is a serious problem; while western countries took an 
increasing legislation during the nineties (Robertson 1996), developing countries are facing a lack of 
measures. Sectors such as the pharmaceutical, textile, agricultural, food, and chemical industries all 
produce waste effluent contaminated with organic compounds such as aromatics, haloaromatics, 
aliphatics, dyes, dioxins and a wide range of other polluting materials.  

A growing body of scientific evidences has shown that a range of chemicals introduced into the 
environment are producing adverse health effects in human beings and wildlife species by disrupting the 
function of endocrine system. Such chemicals are referred as Endocrine Disrupting Chemicals (EDCs). 
The following chemicals are classified as EDCs (Kumaresan 2010): 

1. Pesticides 
2. Products associated with plastics (bisphenol-A, phthalates) 
3. Pharmaceuticals (drug estrogens-birth control pills. Diethyl stilbesterol, cimetidine) 
4. Ordinary household products (breakdown products of detergents and associated surfactants 

including nonylphenol and octylphenol) 
5. Industrial chemicals (polychlorinated biphenyls (PCBs), dioxin and benzo (a) pyrene) 
6. Phenols used for pesticide manufacturing and formulating processes (4-chlorophenol and 4-

nitrophenol) 
7. Heavy metals (lead, mercury and cadmium). 

The European Union also produced a report containing substances suspected of interfering with hormone 
systems of human and wild life. The study identified 118 substances that are classified as endocrine 
disruptors or potential endocrine disruptors (Colborn 1996). However, more research is needed on this 
topic. 

Among the mentioned pollutants, this project is focusing on chlorophenols, which are toxic, recalcitrant, 
and hazardous compounds, normally present in soil, water and wastewater as persistent pollutants 
because of its non-biodegradable nature. Chlorophenols are widely used as herbicides, pesticides, and 
wood preservatives, which are the main sources of chlorophenols. Among the different chlorophenols, 4-
chlorophenol (4-CP) is commonly found in the wastewater of pulp and paper, pharmaceutical and 
dyestuff industries (Neppolian 2007) and this project will focus on its degradation. 
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Traditional waste treatment systems have involved the use of techniques such as coagulation, 
chlorination or ozonation (see Table 1.2), which utilise potentially hazardous or polluting materials. 
Advanced Oxidation Technologies (AOT) has a great potential to destroy completely harmful, non-
biodegradable and biocidal organic contaminants in water and wastewater. These technologies proceed 
through the generation of highly reactive oxidising species, which eagerly attack the organic 
contaminants. The following Table 1.2 shows different widespread and mature technologies for the 
removal of EDC and other pollutants. 

Table 1.2. Water Treatment Processes [14], [38]. 

Process Drawbacks 
 

Activated Sludge 
(Biological Treatment) 
 

 

Slow reaction rates, inefficiency at low concentration of pollutant, 
disposal of sludge, control of proper pH, and temperature. Besides, 
the by-products formed are more toxic than the parent compounds 
which can endanger the microorganisms during the degradation 
process. 
 

Granular activated carbon 
adsorption 

The spent carbons need to be disposed properly. Besides it’s non-
destructive. 

  
Air stripping 
(Commonly employed for the removal 
of volatile organic contaminants in 
wastewater) 
 

 
Transfers pollutants from water phase to air phase rather than 
destroying them. Thus, most air stripping processes currently 
require subsequent treatment of the off-gas. it’s non-destructive. 
 

Chlorination Generates mutagenic or carcinogenic by-products. 
Advanced Oxidation (AOT) More research is required. It have a great potential. Example: 

Photocatalytic degradation (see sub-section 1.2.4 Introduction) 
 

Heterogeneous photocatalysis has been considered to be one of best methods under the AOTs for the 
efficient treatment of water, wastewater as well as air pollution (Neppolian 2007, (Robertson 
1996(Hoffmann 1995 and (Cheng-Fang Lin 2008). The main advantage is the complete degradation 
(oxidation) of organics into CO2 and water along with mineral acids within a short period of time without 
leaving any other solid waste. 

Technology background  

The most common solar energy applications are thermal, photovoltaics and photochemical energy 
conversion. Thermal applications uses heat as energy by collecting and/or concentrating largest number 
of photons of any wavelength to reach a specific temperature, but photovoltaics depends on the threshold 
photon below which electricity conversion does not take place (i.e. band gap) and photochemical 
processes use high-energy photons (short wavelengths) to promote specific chemical reactions. Over the 
last few years, there has been a growing interest in photovoltaic-thermal collectors, which can provide 
both electrical and thermal energy [66]. Nevertheless, only few efforts have focus on photovoltaic-
photocatalytic hybrid systems. 

Most traditional wastewater treatment systems such as activated sludge, granular activated carbon 
adsorption, air stripping, chlorination or ozonation utilise potentially hazardous materials. During the last 
two decades Advanced Oxidation Technologies (AOT) have demonstrated to have a great potential to 
destroy completely harmful, non-biodegradable and biocidal organic contaminants in water. These 
technologies proceed through the generation of highly reactive oxidising species, which eagerly attack the 
organic contaminants. Heterogeneous photocatalysis has been discussed as an alternative method for 
clean-up polluted water in the scientific literature under the AOTs for efficient treatment of wastewater 
that can be applied to extensive types of pollutants such as recalcitrant and endocrine disrupting 
chemicals [70][61][62][71][64][63]. Photocatalytic detoxification completes degradation of organics into 
CO2 and water along with mineral acids within a short period of time without leaving any other solid 
waste. Reactions are accelerated using photosensitisers or photocatalysts, commonly being a 
semiconductor. Compilations of substances, which can be mineralized using photocatalysis are available 
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[79][80]. Several reviews have been published discussing the underlying reaction mechanisms and 
illustrating examples of successful laboratory and field studies [62], but the overall stoichiometry of most 
mineralization and complex reaction mechanism are, however, still only known in a few selected cases 
[63] [64].  

Water purification technologies can mineralise almost any water but they do require energy, 
commonly in the form of fossil electricity [70], [71]. Under this point of view, water issue means energy 
matters. Some detoxification systems involving solar fuels include, for instance, photovoltaic (PV) 
powdered water purification systems [64], solar desalination, solar pasteurization [67] and alternative 
small-scale and low-cost approaches like detoxification in plastic bottles [69]**. In addition, considerable 
public attention has been focused on the possibility of combining heterogeneous catalysis with solar 
technologies to complete mineralization of toxins present in water [64].  

From the point of view of solar applications, any method that takes profit from an extended spectrum 
of sunlight is welcome since efficiency will be increased. PC systems use only UV radiation and the 
remaining natural sunlight energy is wasted as heat. In order to profit a wider range of the spectra a vast 
research is being conducted across the scientific community to outspread the absorption of the 
photosensitisers into the VIS part of solar spectrum [76]; another approach is harvesting the residual solar 
irradiation not absorbed by the PC system using and additional technology such as photovoltaics (Figure 
1.18). It is worth noting that solar UV light reaching the Earth surface contains 0.2-0.3 mol photons/m2·h 
with a typical UV flux of 20-30 W/m2 in the range of 300-400 nm [86], which is only around 5% of the 
whole spectrum.  

It is worthy to note the tandem cell projected by Gräetzel et. al 2005 [81], which consists of a double 
photosystem combining PV and PC technologies that achieves direct splitting of water into H2 and O2 by 
VIS-light. Sarria et. al (2005) [66] proposed a novel Hybrid Photocatalytic-Photovoltaic System (HPPS), 
which is made up of 4 modules supported on a same fix structure inclined 46º. Each module consists of a 
photo-reactor and a solar panel. The PC system (photo-reactor) uses UV radiation, which is absorbed by 
the photocatalyst, and IR by water. The PV system (solar panels) converts VIS light into electricity. 
Hence, utilisation of solar spectrum is increased. The photo-reactors are made of UV/Vis transparent cells 
through and water flows directly from one to another, and finally it runs to a tank with centrifugal 
recirculation pump. These rectangular cells are placed over 4 PV panels connected in series. Results 
proved autonomy and significant degradation but to a lesser degree than separate technologies.  

 

Figure 1.18 How to increase the use of the spectra in photocatalysis. 

The aim of this paper is to further study and assess the novel hybrid system called Purified Water and 
Power (PWAP) presented by Vivar et. al 2010 [76] designed for meeting the needs for both energy and 
drinking water. PWAP is a self-sufficient, cost-effective, environmental-friendly and single integrated 
compact device with a dual function. The system uses UV solar radiation to evoke photocatalytic 
degradation of pollutants; and VIS radiation to generate electricity. It was previously mentioned the 
importance of energy-water nexus, above all in non-developed, and developing countries. Vivar et. al 
2010 [76] conducted an initial analysis for a case in India.  
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Photocatalytic process  

Among several available technologies, photocatalytic process (see Table 1.2) is chosen as per the 
system configuration in this project. Photocatalysis is an acceleration of a photoreaction by the presence 
of a catalyst.  Hagen 2009 [9] defines the process as follows: 

“A change in the rate of chemical reactions or their generation under the action of light in the presence 
of substances – called photocatalysts – that absorb light quanta and are involved in the chemical 
transformations of the reactants”  
 

Photocatalytic degradation process is gaining importance in the area of wastewater (detoxification) 
treatment; above all during the last two decades by using semiconductors and introducing catalyst to 
promote specific redox processes. The process combines heterogeneous catalyst and solar energy. The 
hazardous organic chemicals can be mineralised into carbon dioxide, water and simple mineral acids.  

The major advantages of a photocatalytic process in the field of water purification are: secondary 
disposal processes are not required, expensive oxidising chemicals are not required as ambient oxygen 
(from the atmosphere) is the oxidant, photocatalysts have capability for simultaneous oxidative and 
reductive reactions. Moreover, photocatalysts are also low-cost, innocuous and self-generable, they can 
be reused or recycled. Furthermore, the catalyst can be attached to different types of inert matrices.  
Additionally, the process takes place at ambient temperature and oxidation of pollutants into CO2 and 
water is complete. 

It must be point, as per the case of study that the rate of purification by solar radiation is proportional 
to the radiation intensity and temperature, and inversely proportional to the depth of water covering the 
photocatalytic surfaces [24].  

The role of TiO2 

Typical photocatalysts or photosensitisers are semiconductor materials. There are many chemical 
compounds which can act as photocatalysts to promote specific redox processes. During the last three 
decades, many semiconductor photocatalysts, such as TiO2, ZnO, CdS, ZrO2, WO3, SnO2 have been used 
for the environmental remediation processes under the AOTs. Most of the semiconductors are either 
photocorrosive in nature (ZnO, CdS, SnO2) or posses higher band gap energy (ZrO2, SnO2), which 
cannot be useful as efficient photocatalysts for long time usage. The application of illuminated 
semiconductors for degrading undesirable organics dissolved in air or water is well documented, and has 
been successful for a wide variety of compounds (see Annex, Table 4).  

After the discovery of photosensitisation effect of TiO2 electrode in the electrolysis of water into H2 
and O2 by Fujishima and Honda (1972), TiO2, also known as Titania, has been proven to be the most 
suitable for widespread environmental applications, in addition to water and air purification. Furthermore, 
it is been extensively studied with the aim of efficiently converting light energy into reliable and effective 
chemical energy (Kumaresan 2010).  

Although the wide band gap of TiO2 (3.2 eV) is enough too large to generate many charge carriers by 
thermal excitation; charge carriers are generated by absorption of photon with energy equal to or greater 
than 3.2 eV which corresponds to near UV light with wavelength around 380 nm (Robertson 1996).. 

TiO2 is broadly used and is the most suitable for widespread environmental applications, above all for 
its potential as a photocatalysts: is safe, non-toxic, biologically and chemically inert; strong oxidizing 
power, long-term stability against photo- and chemical corrosion, it can be reused for a large number of 
times without loss its photocatalytic activity and cost-effectiveness. 

1.2.5 Mechanisms of photocatalysis 

A photocatalytic process starts when UV radiation of an appropriate wavelength activates a 
semiconductor photocatalyst and establishes a redox environment in the aqueous solution (see reactions 
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above). SCs act as sensitizers for light inducing redox processes due to its electronic structure. They 
become powerful oxidants (redox reagents) and are able to convert most organic materials into CO2 and 
H2O. 

 

Figure 1.19 Photocatalytical reaction [41] 

 

 (Step 1) Light Absorption: 

    !"(!"!!) +   hυ →   !! +     !!     

(Step 2) e--h+ Recombination in the bulk or at the surface, which generates heat. 

    !! +     !! → !"#$      

(Step 3) Oxidation of an electron donor “D “at the surface by a photogenerated h+. 

    ! + !! →   !.!       

(Step 4) Reduction of an electron acceptor “A” at the surface by a photogenerated e-. 

    ! + !! →   !.!       
 

Light Absorption (step 1) 

Recalling previous sections, when a SC is illuminated with light of greater energy than its Ebg, an electron 
is promoted from the VB to the CB. This leaves a positive hole in the VB. Thus, SCs lead to form an 
array of electrons in the excited state CB; and positive holes in the VB (Figure 1.19). 

Holes can initiate further interfacial electron transfer or other chemical reactions to an adsorbate or it 
can itself diffuse into the bulk solvent with surface bound OH- ions. The photogenerated electron is 
usually in the CB edge, and the hole is in the VB edge.  

On the TiO2 surface, electrons and holes (e--h pairs generated) can participate in redox reactions. The 
holes can oxidise water or hydroxide ions into hydroxyl radicals (1.1). The excited electrons reduce the 
molecular oxygen and produce superoxide radicals (1.2) (Figure 1.19). Both these hydroxyl ( !∗ !) and 
superoxide radicals ( !!! ∗) are strong oxidising agents for the decomposition of organic pollutants. 

!!! +   !! →    !∗ ! + !!           (1.1) 

  !! + !! → !!! ∗                (1.2)
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These hydroxyl radicals ( !∗ !) and superoxide radicals ( !!! ∗) are the critical species for the 
decomposition of pollutants. The various processes occurring on the surface of the photocatalyst are 
represented in Figure 1.20, which shows on the surface of the semiconductor particle: 

1. An e--h recombination [reaction (a)] or in the bulk [reaction (b)] - (step 2) 
2. Photogenerated electrons reduce an electron acceptor “A” [reaction (c)]; and photogenerated holes 

oxidise an electron donor “D” [reaction (d)]. The combination of reactions (c) and (d) represents 
the semiconductor sensitisation of the general redox reaction - (step 3 and step 4) 

 

Figure 1.20 Major processes occurring on a semiconductor particle following the electron 
excitation [47] 

 

e--h+ Recombination (step 2) 

The recombination of an e--h pair may be difficult if energies of electrons and holes do not match. 
Unlike metals, semiconductors lack a continuum of interband states to assist the recombination of e--h 
pairs. This assures e--h pair lifetime sufficiently long enough to allow these species to participate in 
interfacial electron transfer (Kumaresan 2010). Hence, photoexcitation commonly generates an e--h pair 
poised at the CB and VB edges respectively. 

On the contrary, if they are separated, they can become involved in electron transfer reactions with 
other species in the solution, for example oxidation of species D or reduction of species A (step 3,4; 
Figure 1.20).  

Oxidation and Reduction (step 3,4) 

The recombination of these charge carriers is to be effectively prevented to utilise them for the redox 
reactions involving adsorbed species. As it is has been said, charge carriers (electrons and holes) may take 
different paths as they can get trapped either in shallow traps or in deep traps or they can recombine non-
radiatively or radiatively, dissipating the input energy as heat (step 2). Finally, they can react with 
electron donors or acceptors adsorbed on the surface of the photocatalyst.  

An adsorbed electron donor can be oxidated by transferring an electron to a hole on the surface, and 
an adsorbed acceptor can be reduced by accepting an electron from the surface. Hole trapping generates a 
cation radical (!∗!), and electron trapping generates an anion radical (!∗!).  

These radical ions can participate in several pathways. They may react chemically with themselves, 
or other adsorbates, or may recombine by back electron transfer to waste the excitation energy by a non-
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radiative pathway (step 2), or may diffuse from the semiconductor surface and participate in chemical 
reactions in the bulk solution (Kumaresan 2010). 

A general photocatalytic reaction (photo-oxidation or redox) can be potted by equation (1.3), which 
summarizes both step 3 and step 4. The usual form of a semiconductor photocatalyst in reaction (1.3) is 
as particles of micrometre to nanometre diameter, which are aggregates of nanocrystals. These particles 
are used either as a powder dispersion or layered to form thin films (typically, 100–10000 nm thick) [9]. 

! + !
!"#$%&'()%*&+;    !!!!!

!! + !!        (1.3)
    

For oxidation to occur (step 3) the VB must have a higher oxidation potential than the material under 
consideration. The redox potentials of the VB and CB for different SCs varies between +4.0 and -1.5 V 
concerning Normal Hydrogen Electrode (NHE) respectively (Robertson 1996). Therefore by careful 
selection of the semiconductor photocatalyst, a wide range of species can be converted via these 
processes. 

The majority of work in this field has involved the use of TiO2. The Ebg of TiO2 (2.3eV) is the energy 
required for promoting or catalysing. The VB and CB energies are estimated to be +3.1 and -0.1 V 
respectively. The material is consequently capable of oxidising and reducing a wide range of materials. 
The use of TiO2 as a photocatalyst for the destruction of polluting materials has now been demonstrated 
to be an effective process and it has a strong oxidising potential in comparison with traditional reagents 
(Robertson 1996) and (Hoffmann 1995). 

1.2.6 Solar Photochemical Systems 

This subsection pretends to give a brief about the systems and technology used. Table 1.2 is based on 
Vivar et. al (2010) and describes the general classification of solar water detoxication systems and Table 
1.4 gives a brief of characteristics and also title the most common systems used classifying them as 
concentrated or non. Currently, most of these systems are based on compound parabolic collectors (CPC) 
concentrating optics and tubular receivers. Its advantages are: the collection of both diffuse and direct 
light, low concentration working levels, no tracking is required and a reduced reactor area is enough 
(Vivar et. al 2010a). Nevertheless, there is a trade-off between both cost and spectral and surface 
limitation, and broad acceptance. 

Most photocatalysts are active only in the UV and near UV components of the solar spectrum. 
Doping, structural modification among other techniques are nowadays lines of research to extend the 
absorption of TiO2 into the visible part of solar spectra. On the other hand, the active surface area of a 
photocatalyst is constrained by the surface of the receiver. A larger area means a faster and more effective 
purification. Large surface areas can be achieved by dispersing nano-particles in water, but plays against 
the difficulty of remove TiO2 from the purified water. It can be solved by attaching nano-particulate   to 
magnetic particulate carriers, which can be removed by the action of magnetic force (Vivar et. al 2010a). 

The specific hardware needed for solar photocatalytic applications is very similar to that used for 
conventional thermal applications with the following main differences: the fluid must be exposed to the 
ultraviolet solar radiation, so the absorber must be transparent to this radiation and no thermal insulation 
is required as the temperature does not play a significant role in the photocatalytic process. For solar 
photocatalytic applications, non-concentrator based collectors are more efficient than concentrator-based 
systems due to the use of both direct and diffuse UV light. A simple flat plate solar photo reactor setup is 
developed at CSEM-uae using local infrastructure. The setup consists of a tank for mixing the polluted 
water with the catalyst and a photoreactor with UV radiation filtering glass. The schematic of the 
experimental setup is shown in Figure 2. 

Solar water purification systems classify regarding geometry, level of solar concentration or 
temperature. At present, the scientific community is mainly focusing on solar water purification systems 
based on tubular receivers and Compound Parabolic Collectors (CPC) concentrating optic [97] and it 
seems to be the best option for solar PC purposes. CPC combines characteristics of concentrator 
collectors and static flat systems: they concentrate solar radiation but they are static and they can also 
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collect diffuse radiation. Advantages are that they can capture both direct and diffuse light, its low 
concentration working level and they have the advantages of one-sun collectors; moreover, there is no 
need for track the sun due to its geometry and its reduced area [76]. CPC systems are simple, cost-
effective, easy to use, and require low capital investment [98]. Its geometry enables almost all light 
entering the aperture to be reflected into the focal line, including the back of the tube, almost the whole 
tube is illuminated [98]. In addition, evaporation of possible volatile compounds does not occur, they 
have high optical and quantum efficiency as they use almost all-entering solar radiation, they not receive 
a high flow of photons [100] and e-/-h+ recombination is less probably to occur since photonic density is 
lower than in concentrating systems; moreover turbulent flow conditions avoids sedimentation of catalyst 
and overheating may not happen. 

Table 1.3. Classification and general characteristics of solar water purification systems [24]. 

Solar Thermal Systems Photovoltaic Systems  Flat-plate (1 sun flat collectors) Tubular Photoreactor

Non-concetrating or Low 
temperature (150ºC)

No concentration              
(1 x )   Diffuse and direct radiation

Structural integrity of 
tubing (smaller areas 
required)

Medium-concentrating or 
medium temperature (150-
400ºC)

 Low concentration 
(over 1-5 x)

Larger areas are required (as the 
radiation is not concentrated)

Low-pressure drop 
within the tube

High-concentrating or 
high temperature (over 
400 1C)

Medium concentration                   
(50-50 x)

Difficulties in manufacturing (the 
system must resist operating 
pressures)

High concentration 
(over 50-1000 x or 
more)

High cost (extended areas and UV-
transparent materials as requeriment)

Solar Techology Geometry of the Collector

Cost-effectiveness 
System

Solar water purification systems (Concentrating or Non-concentrating Systems)

  
 

Table 1.4. Some characteristics and examples of non and concentrating water purification systems 
[24]. 

Non-concentrating Systems                               
(Non-Concentrating light (1 x)) Concentrating Systems

Traquing is not necessary, they use Global 
Radiation (direct or beam and diffuse)

It may be located properly as only beam 
radiation is collected.

High cost Lower costs

One-sun flat collectors: simple design, low 
cost. E.g.: free-falling films or trickle-down 
flat plates collector (FPC)

Systems below 5 x and wide acceptance 
angles can also collect a significant fraction of 
diffuse radiation

One-sun tubular collectors: usually 
Compound Parabolic Collectors (CPC)

Medium-concentrating collectors. E.g. 
Parabolic troughs (over 5-50 x), using beam 
radiation.

High-conectrating Point-Focus collectors 
(over 100-10000 x)

 
 
 

However main common limitations of water detoxification solar collectors are: reduced use of 
spectra, surface limitation and high cost [76]. Regarding to the spectrum, photocatalyst are active only in 
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the UV and near UV, which represents around 5 or 10% of the whole sunlight spectrum. The remaining 
energy is dissipated. Significant efforts have been conducted by the scientific community to enlarge the 
UV absorption of titania as it was described before. Concerning the area, photocatalyst can be suspended 
or coated to a substrate. A suspension on water entails complexity since extra separation techniques such 
as centrifugation are required besides coupled costs; attaching nano-particulate Titania to magnetic 
particulate carriers facilitate the removal by the action of magnetic force. However, magnetics imply costs 
and stealing of VIS-light [76].  
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CHAPTER 2 

2  LITERATURE REVIEW 

Chapter 2 sets up the framework within which the current project was started by analysing 
information on previous research carried out in the field of photovoltaic-photocatalysis hybrid systems. In 
this point it may be highlighted the research work done by Vivar et. al (2010a) which becomes the 
context where this study finds itself. 

The present section also offers a summary of the main findings concerning both theoretical and 
experimental aspects.  It may be pointed the plenty research founded about the characterisation of TiO2 in 
decontamination of water focusing on the degradation of 4-Clorophenol (4-CP), which is a model 
pollutant representative of industrial contamination. This chapter concludes with an outline of a number 
of methodological issues to be taken into consideration for the experimental side of this project. 

The goal of this section is to present an overview of the international researches in relation to this 
study. Various resources have been accessed for the literature review. These include traditional sources 
such as textbooks or published referred journals. Quite suitably, the literature review will refer to the 
growing fields of the accessible and dynamic sources found through the Internet. This includes a variety 
of electronic materials, articles from on-line refereed journals and un-refereed papers. It is important to 
acknowledge sources and credibility. Peer-reviewed sources and reputation are commonly regarded as 
indicators of reliability and integrity of pieces of literature. It is significant to note if original material may 
have certain validity, or on the other hand if it come from an interesting but not necessarily from reliable 
or accredited authors. 

2.1 DEGRADATION OF 4-CP USING TIO2 AS A PHOTOCATALYST 

PhD thesis of Kumaresan (2010) titled ‘Mesoporous and nanostructured titanium based materials for 
catalytic and photocatalytic applications’ gives a full view about the action of TiO2 in photocatalysis. 
Kumaresan (2010) in his PhD Thesis focuses on the preparation, characterization and photocatalytic 
performance of metal-doped mesoporous and nanostructured TiO2. This valuable information gives the 
keys for the instrumentation used on laboratory. 

Fukahori (2003) focused on the extent of degradation and mineralisation of 4-CP, which was 
followed by UV-Vis spectroscopy, HPLC and TOC analyser. In the case of TiO2 promoted photocatalysis 
of aromatic compounds, initial hydroxylation of aromatic rings by hydroxyl radicals plays an anticipating 
role in a sequential ring cleavage. In the case of 4-CP degradation, compounds like hydroquinone and 
hydroxyhydroquinone were the predominant intermediates in which hydroquinone existed for longer 
period during the photocatalytic degradation. The released electrons thus neutralise the holes of TiO2. The 
electron in the conduction band can also be easily trapped by quinone to form hydroquinone. For this 
reason, the mineralisation of hydroquinone by photocatalytic degradation is quite difficult.  

The anatase phase of TiO2 is a known photocatalyst for the degradation of several environmental 
contaminants due to its high photosensitivity and large band gap. Although the wide band gap of TiO2 
(3.2 eV) is enough too large to generate many charge carriers by thermal excitation; charge carriers are 
generated by absorption of photon with energy equal to or greater than 3.2 eV which corresponds to UV 
light with wavelength < 380 nm (Kumaresan 2010).  
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2.2 PWAP TECHNOLOGY 

The most common solar energy applications are thermal, photovoltaic and photochemical energy 
conversion. Over the last few years, there has been a growing interest in photovoltaic-thermal collectors 
(Sarria et. al 2005), which can provide both electrical and thermal energy from the same system. 
Nevertheless, only few reports have focus on photovoltaic-photocatalytic hybrid systems.  

Forstmeier et. al (2008) assessed a photovoltaic powered water purification system, which combines 
a membrane filtration plant with PV power supply. The advantage is providing clean drinking water in 
addition to small independent mini-grids. The study provides a solution to water scarcity and electricity 
supply, both major problems in developing countries and rural areas. However, in this case solar energy is 
only used for PV purposes.  

PC systems use only UV radiation and the remaining natural sunlight energy is wasted as heat. In the 
same way, PV uses only VIS-light. Any approach that increases the utilisation of the spectrum would 
result in an increase in efficiency. To this end, a vast research is being conducted across the global 
scientific community to outspread the absorption of TiO2 into the VIS part of solar spectra (Vivar et. al 
2010a and (Anpo 2000). The approaches include doping of titania with noble, lanthanide, and alkaline 
metals in order to decrease the effective energy band-gap (6,13,14 and (Anpo 2000b), N-doping [15], 
structural modification of titania nano-particles [16], and the formation of core–shell particles, comprising 
a polar core and a shell formed from nano- structured anatase [17].  

A minor extension into the VIS-spectrum, such as 50nm in the wide band can result substantial 
improvements in PC effectiveness (Vivar et. al 2010a). This is because the number of short wavelength 
visible light photons in sunlight is much greater than that of UV photons. However, there is a trade-off 
between performance and longevity due to corrosion resistance concerns. However, all this efforts are 
focused only on the PC process. The following proposals ((Grätzel 2005(Sarria et. al 2005 and (Vivar et. 
al 2010a) mix already both PV and PC technologies, which uses different sunlight band spectra. 

Grätzel (2005) at the Ecole Polytechnique Federale de Laussane (EPFL) in Switzerland projected a 
double photosystem, which achieves the direct cleavage of water into H2 and O2 by VIS-light. 

At the top level, a thin film of nanocrystalline tungsten trioxide operates as an electrode, which 
absorbs the blue part of the solar spectrum. The holes generated at the VB of the film, oxidize H2O into 
O2 (eqxx). The second photo-system located at the back of the cell consists of a dye-sensitized 
nanocrystalline TiO2 cell, well known as Dye Sensitized Solar Cell (DSC) or Grätzel cell. This layer 
absorbs the green and red parts of the solar spectrum that is transmitted through the top electrode. This 
increases the energy of the electrons generated at the CB to the extent that the photovoltage generated by 
the second photosystem enables the generation of H2  

    4ℎ! + 2!!! → !! + 4!!   

    4!! + 4!! → 2!!    

 

The overall reaction corresponds to the splitting of water by VIS-light. There is close analogy with 
photosynthesis in green plants. The advantage of this tandem approach is that higher efficiencies can be 
reached in comparison with single junction cells, due to the two photo-systems absorb complimentary 
parts of the solar spectrum. The PC process is enhanced by PV electrical power (DSC). Recently Grätzel 
reported a tandem cell reaching 8% conversion efficiency in simulated sunlight (Grätzel 2005).  

A first approach was proposed by Sarria et. al (2005). His novel proposal named as Hybrid 
Photocatalytic-Photovoltaic System (HPPS) is made up of 4 modules supported on a same fix structure 
inclined 46º (Figure 2.1). Each module consists of a photo-reactor and a solar panel. The photo-reactor is 
made of UV/Vis transparent cells through which water flows directly from one to another, and finally it 
runs to a tank with centrifugal recirculation pump. These rectangular cells are placed over 4 PV panels 
(collecting surface 1.5 m2) connected in series.  

Initial results observed a fall in PV power between 14% (photo-reactor made of commercial glass) 
and 22% (photo-reactor made of Plexiglas) compared with the PV panel without a photo-reactor. The 
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efficiency for the PV panel is 5.8% under normal conditions, which it drops to 4.89% (commercial glass) 
and 4.67% (Plexiglas).  

 

 

Figure 2.1. (a) Schematic representation of the HPPS, (b) HPPS installed in Switzerland [44] 

Photocatalytic performance is evaluated with reference to a CPC (see 1.2.6 section), which within 
these days it could de one of the best solar photo-catalytic reactor for degradation purposes (Sarria et. al 
2005). The pollutant 5-amino-6-methyl-2-benzimidazolone (AMBI) was chosen to test the photocatalytic 
degradation. According to the results, CPC is 1.5 and 3.1 times more efficient than photo-reactors made 
of glass and Plexiglas, respectively. CPC achieves higher performance for degradation, but HPPS are 
energy autonomous. Eq. (2.1) is applicable to low concentration CPC collectors (see sub-section 1.2.6). It 
is possible a comparison between a combination of data from several days experiments and their 
comparison with other photocatalytic experiments is possible always conditions of CPC system are the 
same, such as tilt and materials. 

!!",! = !!",!!! + ∆!!!"!,!
!!"#$%&!
!!"!

    (2.1) 

Where ∆!! = !! − !!!! , !!  is the experimental time for each sample,  !"!,!  is the average !!!  
during ∆!!,   !!"#$%&!   is the irradiated surface of collectors,   !!"! is the total volume of the photoreactor, 
and !!",! is the accumulated incident energy on the reactor for each sample during the experiment per 
unit of volume (kJl-1). 

It is important to note that both these photo-catalytic systems; the one proposed by Sarria and the one 
proposed by Graetzel, are designed in flat, one-sun arrangements and are housed in independent devices 
physically separate from the photovoltaic system. The particular drawbacks of such arrangements have 
been described above. 

(Vivar et. al 2009) introduces a prototype of hybrid solar linear concentrator in India specifying its 
potential and viability. Later, (Vivar et al. 20010) presents a new concept combining solar water 
purification and PV system, the so-called along this study, Purified Water and Power (PWAP). This study 
details the technology and configuration of the system, besides its characteristics and the potential of the 
concept.  

First of all it is certainly worth pointing that all the fundamentals, data and information of this section 
are mainly based on “M.Vivar et. al. A concept for a hybrid solar water purification and photovoltaic 
system. Solar Energy Materials & Solar Cells 2010;94:1772–82” . Revisiting the research done by Vivar 
et. al 2010 [76], PWAP system is introduced as a hybrid receiver in which the photocatalytic treatment of 
fluids is combined with photovoltaic generation of solar power. The concept is evolved on cutting-edge 
technologies for solar photovoltaic systems and the photocatalytic treatment of water, and combines them 
in an altogether integrated and compact device. Photocatalytic treatment does no require external power 
source and any electricity surplus can be stored in batteries or connected into the grid network (Figure 
2.2). 
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Figure 2.2. Scheme of a PWAP working in batch conditions 

 

Figure 2.3. Detail of figure 2.2. 

PC systems use only UV radiation; a small fraction of solar spectrum, and the remaining natural 
sunlight energy is wasted as heat. Thus, the presented concept uses a wide range of solar spectrum 
increasing its efficiency and consequently, reduces the cost. 

The Purified Water and Power (PWAP) is a hybrid receiver in which the photocatalytic treatment of 
fluids is combined with photovoltaic generation of solar power. The concept is evolved on cutting-edge 
technologies for solar photovoltaic systems and the photocatalytic treatment of water, and combines them 
in an altogether integrated and compact device. The receiver comprises two devices integrated into a 
single unit, using two sub-modules: the PV cells and the photocatalytic reactor. The sub-modules can be 
assembled in two different configurations:  

Electron flow Hole flow 

pn Junction 

Coolant 

n-type 

p-type!

Electricity 
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1. Planar (one above the other): the PV cells are attached to the PC reactor by means of a common 
encapsulation (Figure 2.4). 

2. Tubular (one inside the other): the encapsulated PV cells are surrounded into the PC reactor (Figure 
2.6). 

Moreover, in order to minimise optical losses, the refractive indices between the various interfaces 
and materials may be adjusted. 

2.2.1 Planar design 

PWAP compact integrated system comprises the PV cell sub-module, which is attached below of an 
encapsulant to the rear of the PC sub-module. A conventional back cover completes the system. The 
breaking-down of the diverse layers, which made up the whole unit, is described below (Figure 2.4). 

Front Photocatalytic sub-module: 

1. Transparent cover (x2): One layer is situated at the first level to protect the module from outside 
conditions. Its both corresponding internal surfaces can support the photocatalyst or it can be carried 
suspended in the water, such in this study case.  

2. Photocatalyst (x2): located internally between the transparent cover.  
3. Water: the water fills immediately the space between the two layers of photocatalyst when is 

pumped. 
4. Optional electrodes: can improve the purification process and are located between the photocatalyst 

layers. 

Back Photovoltaic sub-modul: 

5. Encapsulant: below the second transparent cover, the encapsulant protects the PV cell. It can be made 
up of clear silicones, EVA, or some other cooling liquid, selected to adapt the optical refractive 
indices between the transparent cover and the PV cells (the photocatalyst and solution layer absorbs 
UV and far-IR, thus they do not affect but transparent (x2) and encapsulant layer). 

6. The PV cells: are encapsulated to the back of the second transparent cover.The PV cells can be of 
any technology, concentrating or one sun, depending on the application.  

7. Back cover: this layer completes the unit. It can be standard cover similar to the flat PV panels, a 
white reflector in case of bifacial cells, or a heat sink if required when using concentrating collectors.  

It is worthy to remark that the refractive index of the water, the transparent covers and the 
encapsulating material may be practically identical; hence VIS and near IR light propagates practically 
unaltered through the receiver until it is absorbed by the solar cells. The distribution of the spectral 
absorbance along the unit is described below (Figure 2.5). 
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Figure 2.4 Planar design of PWAP integrated system [24]. 

1. A large UV solar radiation: is absorbed by the supported, coated, or suspended photocatalyst, 
which commonly may be TiO2.  

2. The far-IR component: is partially absorbed by the water pumped between the PC reactor 
surfaces.  

3. VIS and near-IR reach the cell and converted them to electricity. 

 

Figure 2.5 Diagram of the spectral absorbance for a planar design [24]. 

Solar electrical power is used to run the pumps and can also be used for the improvement of water 
detoxication using electrodes; optional electrodes can use directly the electrical power generated by solar 
cells improving the photocatalytic reaction. 

PC systems use only UV radiation, which is a small fraction of the solar spectrum and the remaining 
natural sunlight energy is wasted as heat. Thus, the presented approach uses a wide range of the solar 
spectrum increasing its efficiency and consequently, reduces the cost. 

2.2.2 Tubular design 

Tubular design has some advantages over the planar: improved water flow, lower cost, maintained 
pressure, and reduction of land area. In addition, it can be integrated in a wide range of system designs 
from non-concentrating system to medium concentration systems. 

 

Figure 2.6 Tubular design for the PWAP receiver [24].  

The configuration requires two concentric structures to assemble the modules (Figure 2.6): an outer 
tube (the external side also transparent to UV&VIS) which contains the photocatalyst, and an optimized 
internal structure containing the encapsulated cells (transparent to VIS) (Figure 2.7).  A cooling liquid can 
replace the encapsulant if it is required. Finally, the catalyst can be permanently coated to the inner and 
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outer surface or also could be suspended, thus almost doubles the effective surface area. PV cells are 
encapsulated on the inner surface (surrounding it or centered) or located inside reducing the area.  

When optimizing the parameters of the cell encapsulation, there is the possibility of using another 
liquid in the inner tube  (tubular design) in order to increase the cooling action and moreover, helping to 
adapt the refractive index transitions.  

 

Figure 2.7 Spectral absorbance of the tubular configuration [24].  

This design provides high structural integrity at a relatively low cost, and allows pressurised 
pumping. 

2.2.3 Main characteristics 

The PV conversion efficiency of silicon cells in the region of VIS and near-IR can be as high as 35%. 
This is due to the reduction of the two main important loss mechanisms: 

The sub-band far-IR light, which water absorbs and also PV cells were not able to do it; under normal 
operation would raise the temperature, hence it would decrease efficiency. In addition, the UV range 
contributes only to the PC reaction by creating an array of electron–hole pair; but under normal condition 
it would heat the solar cell and reducing the efficiency.  

Summing up, the crystalline silicon solar cell does not use the far-IR and most of the UV. Thus, the 
cell temperature drops and raises the efficiency. 

The proposed system uses the solar spectrum more efficiently due to the selective absorption of the 
different materials. The UV contributes to photocatalysis; the visible and near-IR light is converted into 
electricity by the cells, and remaining near and far-IR warm the water instead of heating the cells. In 
addition, the whole unit is benefit due to the endothermic process of purification, which in a way, 
refrigerate the system i.e. PV power output is reduced to the benefit of the water purification process. 

Figure 2.10 plots the solar spectrum utilisation in a PWAP receiver: UV light - for water disinfection 
using photocatalysis, and Visible and Near Infrared for electricity generation using photovoltaics. Far 
Infrared component of the solar spectrum is absorbed in water.  Heat generated within the receiver can 
optionally be used in low grade heat applications. 

All the materials introduce losses in the system, selectively absorbing wide components of the solar 
spectrum but also a little bit of each wavelength. In  Table 2.1, an example of the optical losses 
throughout the unit, are detailed. It can be observed that the most of the UV (75%) is absorbed in the TiO2 
layer, the far IR is absorbed mostly by the water (60%), and the visible and near infra-red reach the cell 
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with total losses of 36% and 30%, respectively. The glass layer absorbs already 9% for each component 
and TiO2 up to  21% for VIS.  

 

 

 

Figure 2.8 Solar spectral irradiance and spectral response of a crystalline silicon solar cell [25]. 

 

 

Figure 2.9 Utilisation of the solar spectrum in the PWAP receiver [138]. 
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Table 2.1 Losses AM1.5G according to [24]. 

 
 

Consequently, a reduced range of the solar spectrum reaches the cells and the power output is lower. 
Notwithstanding, the main purpose is the water purification, which must be performed in a unique 
compact unit being autonomous and self-powered. The selection of materials can be optimized to adapt 
the absorption only in the required band, hence the photo-catalytic reaction and the solar cell performance 
is also varied (2.2) 

!!"#! = !!"  !"##$ + !!"  !"#$%&'(     (2.2) 

The efficiency of the cells is calculated by means of energy generated and the PC by abstracting the 
final concentration of pollutant to the initial one. It is essential to identify the sources of the possible 
losses of the system, to specify all the causes that can reduce the electrical output and that avoid the total 
degradation of the pollutant. 

There are several causes, which contribute to losses, as per example the material surface reflectivity 
of the optics in concentrating systems, discontinuities in mirrors, uniformity of light, turbidity, 
temperature losses, interconnection, etc. Regarding to PC reaction it is found: optical transmission to the 
photocatalyst being limited for UV band, the temperature, UV irradiance, water flow, etc. 

Multidisciplinary research of the presented PWAP hybrid receivers means focusing on: PV 
technology, solar concentrator technologies, and nanotechnology of nano- particulate photo-catalytic 
TiO2. The development of an independent and compact water purification facilities and solar electricity 
generation gains importance in remote rural areas that are in great need of both drinking water and power. 

Potential of the PWAP system in India 

Depending on the location, the photovoltaic technology changes as per the different GI throughout 
the year. In the particular case of Chennai (Figure 2.10),  

Material Losses Error! Reference source not found.. 

Spectral 
Band 

Band 
(nm) 

Total 
spectral 
irrad. 
per band 
(W/m2) 

% Of 
total 
spectra 

Transmittance Total 
losses 
before 
the cell 
(%) 

Total 
irrad. 
reaching 
the cells 
(W/m2) 

Glass    
(1 mm) 

TiO2      
(300 nm) 

H2O  
(1 cm) 

Encap. 
(1 mm) 

UV <400 46 4.61% 0.86 0.257 0.9958 0.8768 83.40 38.3 
VIS 400-750 488 48.96% 0.91 0.7892 0.9831 0.9982 35.87 175 
near-IR 750-1120 275 27.58% 0.92 1 0.8535 0.9963 29.58 81.3 
far-IR >1120 188 18.86% 0.93 1 0.425 0.9733 65.75 123.6 
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Figure 2.10 Irradiation in Chennai, Tamil Nadu, India [24]. 

In Figure 2.10 Gdm(0) refers to global radiation on the horizontal surface; Ddm(0) to diffuse on the 
horizontal surface, and Bn means the direct normal irradiance. Figure 2.10 shows that the diffuse 
component is comparable to the direct radiation component during summer and autumn. Thus, in this 
case, concentrator systems are viable only during the winter and spring months.  

A particular advantage of solar concentrator systems with low concentration ratios (i.e. wide 
acceptance angles) and ratios ranged between 1 x and 5 x, is that they can collect both the direct beam 
and a fraction of diffuse light. These systems have been recommended to the majority of India due to the 
high values of diffuse radiation. However, the current study is focus on one-sun collectors. Finally, it is 
worthy note that social acceptance plays a vital role to spread out the deployment of the technology. In 
addition, social factors may be analysed to identify the needs of society.  

2.2.4 Cases of application 

Moreover (Garcés and Peñuela 2009) gives an example of textile water treatment with PC tubular 
reactor and (Bandala et. al 2002), and example in Mexico of degradation of polluted effluents from 
laboratories. Non-referred!! 

Textile Industries 

Chennai and surroundings hold large number of textile industries, which pollutes water with high 
levels of colorants. The dye is absorbed by the materials and a remaining content is hydrolysed with 
water.x (Garcés and Peñuela 2009) studies the case of PC in textile industries with a tubular reactor and 
TiO2, as photocatalyst. Completed degradation is not achieved but at high levels is able to degrade orange 
reactive among other dyes. In this line, PWAP system meets another implementation case. 

Rural areas 

Rural areas are yelling out for both fresh water and electricity. A lot of them are located far from the 
main sources of generating power and drinking water, moreover it is cost and non-efficient bring both 
since transportation and distribution losses play against (Figure 1.8). In addition, long distance 
transportation is mainly consuming fossil fuel-based sources. 

PWAP technology would be able to meet this growing up demand of save water and power in a 
sustainable way. The unit may be capable to treat low amounts of water enough for few families scale 
system. Social acceptance and high-cost due to being state-of-arts technology may be analysed.  

Others 
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Generally, the technology can be applied into domestic purposes and also for small-scale commercial 
and industrial applications. The type of pollutant is the other limitation. It should be analysed its possible 
implementation in food, leather, and so on. 

Laboratories 

Waste disposal or recovery from research laboratories is vital since they signify a high pollutant 
source. Some water testing laboratories uses blue methylene and chloroform in the process to determinate 
detergents by the technique of methylene blue active substances (MBAS) (Bandala et. al 2002). Thus, its 
presence makes difficult the water treatment by means of biological degradation due to the high level of 
toxicity of chloroform.  

In addition, normally and due to the low number of laboratories, the pollution could be negligible but 
this kind of test is a routine technique, so the amount of generated waste becomes important. Solar 
photocatalysis seems to be an alternative solution to this waste. On the other hand, effluent treatment of 
sewage in terms of intermittent low volumes can be applied to PWAP system.  

Anna University of Chennai posses a sewage treatment plant for its effluents. Moreover, the large 
number of laboratories in the whole university which, lacks properly disposal harvesting could be solved 
by the proposed system. In this case, at least two kinds of residual deposits would be required in order to 
classify the pollutant solution into both, effluents which PWAP technology can be applied and effluents, 
which will require specific further treatments. Finally, it must be pointed that in the case explained in 
(Bandala et. al 2002) uses photocatalysis by photo-Fenton process in a tubular reactor, hence it should be 
studied the possibility to use TiO2 in the proposed planar design, instead.  

Proposal for Anna University 

The scarcity of a proper waste disposal management in most of the research laboratories in India, 
besides there are industries without proper disposal may think that education becomes the first step in a 
society with a lack of a safety culture on the labs. Imply rules, laws and campaigns abroad are important.  
The volume of toxic water generated is reduced and produced in batch, for that reason the PWAP system 
can be applied in the laboratories, and at least, start to classify the hazardous waste and avoid to throw all 
them down the drain/sink (see Annex), what it will make easy the work in the Sewage Recycling Plant of 
Anna University. Although if we compare the huge amount of hazardous waste not treated among all 
industries in India, research labs all over the country may seem a drop on the ocean, but it would be a first 
step towards an educated sustainable chemical society in a long term. 

List of main Labs at Anna University:  

1. Chemistry Department 
2. Chemical Engineering Department 
3. Environmental Science Department 
4. Leather Department (CLRI) 
5. Department of Biotechnology    

A lot of organic solvents are used in substantial quantum, and most of them are miscible with water 
and are highly inflammable. These should not be thrown into the sink but should be collected separately 
in different labelled containers. It is always advisable and also economical to redistill such solvents e.g., 
acetone, ethanol, benzene, methanol, ethyl acetate etc., for reuse as cleansing purposes only. However, 
the waste acids and alkalis must be first neutralized and then poured down the sink followed by liberal 
flushing with tap water. Disposal of Hazardous Waste (sewage and non-sewage) (see Annex). 

2.3 INFLUENCE OF OPERATING PARAMETERS IN PWAP EFFICIENCY 

Ahmed et. al 2010 [86] and Herrmann (1999) [91] summarize major operating parameters in 
heterogeneous PC water purification (Table 2.3 and Table 2.4)condense some research studies concerning 
the effect of these parameters, which are discussed along this section focusing on the degradation of 4-CP 
with TiO2 P-25 as catalyst (normally used a benchmark).  
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2.3.1 Light intensity and duration. 

 Light intensity determines the extent of light absorption by the semiconductor catalyst at a given 
wavelength. Light intensity distribution within the reactor determines the overall pollutant conversion and 
degradation efficiency [86]. The rate of reaction (r) is proportional to the radiant flux (Φ), however it has 
been demonstrated that above a certain value, estimated to be 250 W/m2 in the laboratory, the reaction 
rate becomes proportional to Φ!/! [91]. Increasing the intensity of light expands the probability of 
excitation and the reexcitation of recombined electrons [70]. In addition, pollutants and intermediates 
might better not absorb light to conserve the energy exclusively for the photo-activation of the catalyst 
(UV range) and for generation of electron flow in the PV cell (VIS range). 

Neppolian et. al 2007 [70] used three different lamps for the degradation of 4-CP: UV-A (315-400 
nm) achieved 60% degradation of the contaminant, while UV-B (270-300 nm) degraded up to 75%, 
however a higher energy light UV-C (254nm) made drops degradation to 2%. UV-A was low intensity 
light and not sufficient to excite e- form the VB. UV-C light is high energy light source which can 
generate more e-h pair but also leads to more recombination, and explain the bit difference between UV- 
B. Venkatachalam et. al (2007a,b) illuminated 4-CP over TiO2 with lamps of 254 and 365 nm and higher 
rates of mineralization were found with 365 nm light. Total degradation was the goal, to do so, time 
required was found to be 8 h using TiO2 P-25. Nevertheless, global irradiance from the Sun is 
unpredictable but it can be used as an economically and ecologically sensible light source during 
unlimited time. 

2.3.2 Nature and initial concentration of contaminant and intermediate pathways 

Comprehensive literature has reported the potential of photocatalysis to degrade numerous pollutants, 
such as dyes, pesticides or other organics. Nevertheless, absorbance of pollutants and possible 
intermediates may be taken into account. Electricity output will be affected regarding the effluent mix 
VIS absorption. Compounds and intermediates absorbing on the VIS reduce the efficiency of the PV cell; 
however, as these substances are degraded electricity will increase. The absorbance of various dyes was 
analysed at the VIS-spectrophotometer methylene blue shows its peak at 670 nm, methylene orange at 
468-470 nm and congo red at 502-504 nm. Vivar and Skryabin (2010) achieved almost completed 
degradation of methylene blue in 20 min at 1sun in a PWAP system; Isc was increased around 25% as 
pollutant was being degraded [96].  

At high pollutant concentration, the adsorbed reactant molecules may occupy all the active sties of 
the catalyst TiO2 surface, which leads to a decrease in the degradation rate (zero-order kinetics);  a 
saturation of the catalyst may lead to constant velocity of degradation. An increase of concentration can 
generate intermediates, and due to a slow diffusion of the intermediates can result in the deactivation of 
the active sites and consequently, a reduction in the degradation rate.  

Venkatachalam et. al (2007a,b) studied the influence of  the initial 4-CP amount on the degradation 
rate by using solutions (pH=5) of 100 ml from 50 to 300 ppm at a constant TiO2 loading of 200 mg. The 
research team observed that concentrations higher than 250 ppm lead to screening effect. Besides, the 
formation of wOH radicals was constant for given amounts of catalyst and hence, radicals were 
insufficient for degrade the pollutant at higher concentrations. 

Neppolian et. al (2007) found benzoquinone, 4-clorocatechol as major intermediates and in lesser 
percentage catechol hydroquinone. Sun et al. (2009) agree on the formation of quinone and hydroquinone 
as intermediates. Cheng et. al (2007) agree on hydroquinone (HQ) and hydroxyhydroquinone (HHQ). 
Venkatachalam et. al (2007a) and Moonsiri et al. (2004) also found HQ and HHQ as predominates. The 
last could reduce 38% of the TOC of a solution of 4-CP without catalyst; however, when using TiO2 P-25 
the concentration of HQ and HHQ as intermediates was much more lower than without catalyst. HQ has 
its absorbance peak at 250 nm [115].  
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2.3.3 Photocatalyst: Type, dosage, mode of application and duration. 

Regarding the type of catalyst (nature, size, surface, doping) results differs widely in terms of total 
mineralisation and rate of degradation, although as it was mentioned previously, TiO2 Degussa P-25 has 
been demonstrated to suit in numerous conditions. Most of the literature exposed treat with suspensions 
of TiO2, however Xu J et al. (2008) proposed a novel optical fiber reactor and it was found 600 nm as the 
optimum thickness of TiO2 for degradation of 4-CP, where a layer of silicone between the quartz and 
TiO2 (anatase) intermediates was intercalated [118].  

Concerning to kinetics, initial rates of reaction are directly proportional to the concentration of 
catalyst [91]. However, above certain values of mass the reaction rate levels off and becomes 
independent. This limit depends on the geometry and on the working conditions of the photo-reactor [91]. 
Optimum amount of catalyst has to be chosen in order to avoid excess of catalyst and to ensure a total 
absorption of efficient photons. Additionally, instantaneous efficiency is related to the ratio of reaction 
(molecules or mol per second), which is equal to the efficient photonic flux in photons per second. It may 
vary according to the nature of the catalyst, the experimental conditions (e.g. concentration, temperature, 
photo-reactor, etc.) and the nature of the reaction considered [91]. 

Several studies have shown that the photocatalytic degradation rate initially increases with catalyst 
loading and then decreases at high dosage or amount of TiO2 because of light scattering and screening 
effects [86]. At high catalyst loading, the tendency towards agglomeration also increases due to the 
reduction in the surface area available for light absorption and hence a drop in the photocatalytic 
degradation rate. In order to ensure uniform light intensity distribution in the photocatalytic reactor, 
optimum catalyst concentration must be determined for efficient photocatalytic degradation. Limit 
depends on the nature of the pollutants, the reactor geometry and operating conditions of the photoreactor 
and the size of the illuminated surface of the TiO2 particles [86]. 

A suspension solution of TiO2 has been demonstrated to be more efficiency than the easy-to-use 
immobilized TiO2 [86] since this last one leads to deactivation caused by: (i) a loss of active sites on 
surface due to by products, or (ii) fouling, which can change the surface. 

Neppolian et. al 2007 [70] synthesised TiO2 by sol-gel method and studied the effect of different 
calcination temperatures for 3h in a furnace. Results show 44% of degradation when calcination was 
carried out at 450 ºC; 550 ºC increased degradation till 66%; whereas 500 ºC gave the optimum results 
reaching 72% of disappearance of 4-CP.  

Cheng et. al (2007) [92] attempted different conditions while synthesising TiO2 by solution 
combustion method and studied the effect of them on the degradation of 4-CP. Firstly, some parameters 
were studied under VIS-light (temperature, time and fuel ratio). Different ignition temperatures range 
between 300 and 600 ºC were considered, and it was observed that no significant phase change was 
occurring around 350 and 500 ºC; whereas at 600 ºC, some of the anastase phase changed into rutile. The 
effect of calcination time (1, 2 and 3 h) revelled that the degree of degradations can vary up to 40%. The 
study also shows that efficiency increases when the fuel ratio increases from 1 to 3; it is thought that 
carbonaceous species can act also as photosensitizers, thus increasing the ratio would raise the formation 
of coke-like compounds during the combustion process. The solar photocatalytic activity study focuses 
only with one of the synthetized TiO2, however, the carbon modification shows a red-shifting light almost 
to 800 nm and degradation and mineralization rates are 93% and 75%, respectively. 

Table 2.2 . Literature of the characteristics of the catalyst 

TiO2 Specific 
surface area 
(m2/g) 

Particle 
size (nm) 

Band gap 
energy 
(eV) 

Band edge wavelength 
(UV) 

Ref 

Degussa P-25 50 - 54.18 24 - 25 3.0 - 3.18 380 - 391.4 [61],[71], 
[116] 

Nano TiO2* 66 18-20 3.21 400 [93] 
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*Synthetized by sol-gel method 

Neppolian et. al 2007 [70] also studied the effect of different amount of catalyst from 100 to 300 
mg/200mL of 4-CP. Results revel only 63% of degradation at 100 ppm; an optimum amount of 200 ppm 
reached the 72%, while a higher amount of TiO2, such as 300 ppm, drops disappearance to 57%. In 
addition, when continuous oxygen is purging during the process, e-h recombination is prevented to some 
extent, which in turn increases the rate of degradation up to 81%. Optimization the optimum amount of 
catalyst is necessary before to proceed the effects of other variables in order to avoid unnecessary amount 
of catalyst. Furthermore, Pt doping was optimized to an amount of 0.4wt% Pt/TiO2, which rose 
degradation up to 97%; however, the low-cost and standard benchmark TiO2 P-25 showed 91%. Finally 
and due to the complication of settling or filtration of TiO2 after the reaction is completed, some studies 
prefer to use a support (e.g.: activated carbon, aluminia, silica, coating TiO2 on glass surface, thin films, 
coating on metal sheets, concreted surfaces and so on). Neppolian et. al 2007 [70] studied the effect of 
CNTs (multi-wall carbon nano-tubes) as a supporting material for Pt-TiO2 , after optimizing it was found 
that 1wt%CNTs+0.2wt%Pt/TiO2 gave 86% of degradation (1% of reduction in comparison with 
0.2wt%Pt/TiO2). 

Venkatachalam et. al (2007a,b) carried out a series of tests varying the concentration of nano-TiO2 
from 100 to 500 mg in 100ml 4-CP solution of 250 ppm. Results show that the rate of degradation 
increases linearly when loading nano-Tio2 up to 200 mg; then decreases because of the inference on light 
transmission due to turbidity, and deactivation of activated molecules by collision with ground state 
molecules of Titania.  

Chuang et al. (2010) using commercial P-25 could remove 80% of 4-CP within 4h and total 
degradation was achieved in 9h. For extended time of reactions, degradation can be completed if there is 
no saturation of the catalyst in the solution. For solar applications, reactions can be prolonged as much as 
it is necessary since energy is not going to affect the costs. 

The maximum absorption wavelength of Degussa P-25 (around 380 nm) is shifted to a broad intense 
absorption around 400 nm for nano-Tio2 (Figure 2.11)  

 

Figure 2.11. Absorption of: a) nano-TiO2 [93], and b) TiO2 Degussa P-25 [71] 

2.3.4 Adsorption and kinetic studies 

Degradation efficiency or conversion can be defined as Eq. (13) [111]. Some other publications refer 
Eq. (2.3) to the percentage of pollutant adsorbed on the catalyst surface [93][94] after reaction is 
completed. 

! = !!!!
!!

       (2.3) 

According to vast number of researcher, heterogeneous photocatalytic degradation of pollutants may 
follow Langmuir-Hinshelwood kinetic model ([62][79][107][104]). The Langmuir model assumes that 
the adsorption energy of the entire catalyst surface is uniform and the adsorbed species do not interact 
with each other. It can be expressed by the following equation: 
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! = !"
!"
  = !"#

!!!"
      (2.4) 

Where ! is the oxidation rate of the reactant (mg/l·min), ! is the concentration of the reactant (mg/l), 
! the duration, ! the reaction rate constant (mg/l·min), and ! is the adsorption coefficient of the reactant 
(l/mg). When !! is low, the equation can be simplified to an apparent first-order equation: 

ln !!
!

= kt     or     !!
!
= !"#!"    (2.5) 

2.3.5 Medium pH 

The degree of electrostatic attraction or repulsion between the surface of the sensitizer and the ionic 
forms of an organic molecule can vary with pH. It also influences adsorption and dissociation of the 
substrate, catalyst surface charge and oxidation potential of the valence band among other physiochemical 
properties. All this effects enhances or inhibitates the photo-degradation of organic pollutants in the 
presence of TiO2.  

Cheng-Fang Lin et. al (2008) [71] studied the degradation of  4-CP under TiO2 with a lamp situated 
at 369 nm. Results showed that the photodegradation rate constant (k, h-1) at pH=4 reached 1.068 while 
on increasing pH, k was reduced (0.708 for pH at 7 and 0.504 for pH at 10). 

Venkatachalam et. al (2007a,b) studied the role of pH on degradation It was attempted under 
optimum concentration of 4-CP (250 mg/l) and nano-TiO2 (200 mg), both previously explained, by 
varying the initial pH values from 4 to 9. It was reported better results for acidic pH range (at 5) than the 
alkaline pH. It can be explained due to enhanced adsorption of 4-CP on the surface of TiO2 that carries 
positive charge and prevention of recombination, while in alkaline pH both pollutant and catalyst carries 
negative charge reducing the degradation rate. 

2.3.6 Reaction Temperature 

Photocatalytic systems do not require heating and are operating at room temperature because of the 
photonic activation. However, several studies have indicated the dependence of the photocatalytic 
degradation rate on the reaction temperature [87]. Generally, an increase in temperature promotes the 
recombination of charge carriers and is believed to be associated with a substantial desorption of 
adsorbed reactant species and subsequently, reduces the photocatalytic activity of the reactor [86]. 
Additionally, apparent activation energy Ea (experimental energy) is often very small (a few kJ/mol) in 
the medium temperature range (20-80 ºC) since when it increases above 80 ºC tends to the boiling point of 
water becoming the rate limiting-step [91]. Hence the optimum temperature is generally comprised 
between 20 and 80 ºC.  

2.3.7 Influence of oxygen 

The oxygen molecule can to trap electrons out from the hole of pollutant and intermediates and also 
reduces the chance of e-h pair recombination [106]. The oxygen is reduced by the photogenerated 
electrons to form  superoxide anion radical (7), which reacts with hydrogen cation to give perhydroxyl 
radical (8). This last radical will form hydrogen peroxide (9), which undergoes further decomposition to 
hydroxyl radicals (Eq. 10-11) [106]. 

!! + !! → !!·!        

!!·! + !! → !!!·         

!!!· + !! → !!!!        

 !!!! → 2!!!        
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 !!!! + !!·! → !"· + !!! + !!      

 !!!! + !! → !"· +   !!!       

 

If oxygen is regularly supplied, it can be assumed that it will constantly cover the surface of titania 
[91]. Neppolian et. al 2007 [70] optimized the amount of TiO2 for detoxification of 4-CP when 
continuous oxygen was purging the process, consequently e-h recombination were prevented and the rate 
of degradation was increased up to 81%. Moonsiri et al. (2004) reduced 38% of TOC for a solution of 4-
CP after 360 min of UV irradiation without the presence of catalyst but with pure oxygen aeration; 93% 
of 4-CP was degraded with TiO2 Degussa P-25 by bubbling pure oxygen gas into the solution and some 
observed that the presence of oxygen could reduce the apparition of intermediates. 

2.3.8 Optical properties 

Transmittance   

When a solar ray with incident intensity I, move from one layer to another thorough the PWAP 
system: a beam of RI intensity will be reflected, and TI will pass through the medium. Snell’s law 
measure the relation between the refractive index and the incident angle Eq. (2.6), where the refractive 
index depends on the temperature and wavelength (Figure 2.12). Note that larger n values on the UV 
region are accompanied by a loss of transmission at these wavelengths. 

!!!"#!! = !!!"#!!      (2.6) 

The intensity of light reflected is given by the reflection coefficient. 

! = !!!!!
!!!!!

!
      (2.7) 

If absorbance and scattering are neglected, transmission of light is complementary to reflectance. 

! = 1 − !       (2.8)  

 

Table 2.3 . Literature review: Degradation of 4-CP using TiO2 

Description of study Reference 
Degradation of 4-CP using TiO2 and modified TiO2 (by sol-gel method synthesis) using UV-
(A,B,C) lamps during 1 h. UV-B lamp (270-300 nm) achieved higher rates of degradation. 

Neppolian et. al 
2007 [70] 

Degradation of 4-CP using TiO2 and coupled TiO2/WO3 and SnO2, using UV (369 nm) and 
VIS-light (435 nm) during 3 h. 

Lin Cheng-Fang 
et. al 2007 [71] 

Photocatalytic degradation of 4-CP (65 ppm) in a 450 ml of solution using UV lamp. For the 
purpose, TiO2 (500 mg/l), TiO2/Ag and TiO2/Pt were used. 

Moonsiri et. al 
(2004) [106]  

Photocatalytic degradation of 4-CP (20 ppm) in 1L photoreactor using UV lamp during 25 
min. For the purpose prepared TiO2 (2000 mg/l) by different sol-gel methods were used. 

Chuang et al. 
(2010) [107] 

Decomposition of 4-CP over Nitrogen-doped TiO2 (Pure TiO2 as benchmark was obtained 
adding sodium hydroxide instead of nitrogen donors). When using sunlight irradiation for 6 h, 
4-CP is reduced to 60% while with N-doped TiO2 reaches up to 82%. 

Sun et. al 2009 
[77] 

Study of the effects of using different conditions during the synthesis of TiO2 by solution 
combustion method on the decomposition of 4-CP. A solution (100 mg of catalyst suspended 
in 4-CP 100 ml-19.2 ppm) was illuminated under VIS-light; another solution (200 mg of 
catalyst suspended in 4-CP 200 ml-19.2 ppm) was illuminated with solar light. Both 
experiments were carried out during 4 h (only prepared TiO2 were used). 

Cheng et. al 
(2007) [92] 

Mineralization of a solution of 4-CP using TiO2 P-25, nano-TiO2 and Zr 4+ doped nano-TiO2 
prepared by sol-gel method. Reactions were carried out for 8h using lamps of wavelength 254 

Venkatachalam et. 
al (2007a) [93]  
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and 365 nm. Variables in degradation were optimised and mineralization path was studied.  
Degradation of a solution of 4-CP using TiO2 P-25, nano-TiO2 and Mg2+ and Ba2+ doped 
nano-TiO2 prepared by sol-gel method. Reactions were carried out for 8h using UV light. The 
influence of various parameters was optimised and mineralization path was studied. 

Venkatachalam et. 
al (2007b) [94] 

Photodegradation of an artificial effluent containing 4-CP in a 500 L pilot-scale reactor and 
studies of operational modes (continuos, intermittent, pressure…). 4-CP of 100ppb was 
completed degradated after 2h using a BLP Lamp. 

Ryu J et. al (2005) 
[103] 

Degradation of 4-CP in an enhanced TiO2-coated reactor under solar light.  Effect of TiO2 –
film thickness and optic action of intermediate layers. 

XuJ et al. (2008) 
[118] 

*In case of no indication, TiO2 P-25 Degussa was used as benchmark 
 

Table 2.4 . Literature review: Conditions Degradation of 4-CP using TiO2 

TiO2 (g/L)   load 
or thickness (nm) 

Initial 
4CP 
(ppm) 

Vol.* (L) 
solution  

Time 
(min) 

Lamp, pH %   
Degradation 

Ref 

1 g/L P-25 
(optimized) 

320 0.2   60  UV-B lamp 91% [70] 

1.2 g/l  P-25 25.7  3  (r) 180  UV-Lamp (369 nm); pH=7 85% [71] 
0.5 g/l P-25 64.6  0.45   360  UV lamp (200-280 nm); 

pH=5.5 
93% [106] 

2 g/L P-25 20  1  (r) 540  UV lamp 80%, 240 min; 
100% 540 min 

[107] 

1 g/l pure TiO2 
(96.2% A) 

 0.2   360  180 min of Sunlight 
Irradiation and 180 min 
Diffusive Sunlight. 

66.2% [77] 

1 g/l ** 20  0.2   240  Sunlight Irradiation 93% [92] 
2 g/l  nano and P-
25 TiO2 

250  0.1  480   Lamp (365 nm); pH=5 ~100% (420 min 
with nano TiO2; 
480 min with P-
25) 

[93] 

2 g/l nano  and P-
25 TiO2 

250  0.1  480  Lamp (365 nm); pH=5 80% (480 min 
with P-25);  
~100% (420 min 
with nano) 

[94] 

0.5 g/l P-25  100  500 (r) 120  Lamp (365 nm) 100% [103] 
 

300-1100 nm 10 40 (90 r) 480 Sunlight irradiation; flow rate: 
2 L/min 

79.24% (600 nm 
optimum 
thickness) 

[118] 

 
 

When passing through different intermediates, the final intensity light reaching the last intermediate 
is given as follows. 

!!"#$% = !!!
!!!       (2.9) 
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Figure 2.12. (a) Refractive index of quartz glass compared with its absorption spectrum [117]; (b) 
Scattering efficiencies, for equal volumes of anatase spheres RI = 2.54, plotted against particle size 

and wavelength in the visible wavelength region (particle size > 50 nm) [129]. 

 Figure 2.12 show the dependence of refractive index with the wavelength, the particle size, the 
thickness in case of fixed tio2 and a comparison between tio2 suspended or fixed. Figure 2.14 show the 
refractive index of pure rutile and anatase, and the effect of coating TiO2 on a layer of quartz. 

 

Figure 2.13. a) Refractive-thickness [122]; b) disinfection of E. coli bacteria in a CPC reactor with 
TiO2 fixed or suspended [126]. 
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Figure 2.14. a) Refractive index of pure rutile [119]; (b) Refractive index of pure anastase [119]; (c) 
Wavelength dependence of the refractive index n of a TiO2 thin film on quartz after thermal 

oxidation [121]; (d) refractive index of rutile [120].  

Regarding Eq. (2.6 to 2.9), the refractive index of two consecutive intermediate layers may be as 
close to each other as it is possible for the requirements of the system in order to decrease the loss energy 
due to reflection. To do so, the use of intermediate layer to form an anti-reflection coating by means of 
index matching may increase the total transmittance of the system. Regarding formula (R), the closer the 
refractive indices are between each other, the more transmittance of light will pass through the 
intermediates. To do so, an intercalate layer can be placed between two intermediates and its optimum 
value is given by Eq. (2.10). 

! = !! · !!       (2.10) 

 

Table 2.5 . Angle path for supposed angle of incidence. 

 

For a specified incidence angle, the angle ray passing through each layer of the PWAP it will be 
changing with the normal (Figure 2.15). Moreover, depending on the thickness of each layer and with a 
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Air 1
Quartz 1,47 6,7841 13,4541 19,8852 25,9299 31,4073 36,0955 39,7357 42,0622 42,8649
TiO2 2,5 3,9829 7,8632 11,5370 14,8989 17,8435 20,2679 22,0785 23,1988 23,5782
Water 1,33 7,5021 14,9015 22,0824 28,9011 35,1678 40,6281 44,9538 47,7704 48,7535
TiO2 2,5 3,9829 7,8632 11,5370 14,8989 17,8435 20,2679 22,0785 23,1988 23,5782
Quartz 1,47 6,7841 13,4541 19,8852 25,9299 31,4073 36,0955 39,7357 42,0622 42,8649
Silicone 1,5 6,6478 13,1801 19,4712 25,3740 30,7102 35,2644 38,7896 41,0364 41,8103
Solar Cell 4 2,4881 4,9051 7,1808 9,2473 11,0410 12,5039 13,5871 14,2529 14,4775

!in



 

 

58 

carefully adaption of the refractive index, the angle ray reaching the solar cell could be the same as the 
incident but displaced. In the case of tubular reactor an adequate cooling liquid could enhance the 
process.  

Figure 2.15 show the path of a light ray in a PWAP unit with suspended (P-25 and nano) or coated 
TiO2. Note that the particle size implies more scattering; even the particles are not absorbing the VIS 
energy. When using a coated layer of TiO2 will divert the light and correct the angle. Total reflection is 
happening when !! > !! , but the critical angle and only !!"#$  will be higher than the next ones 
(!!"#$  (!) > !!"#  !"  !"#$%&  (!)) and its !! = !"º, so refraction is assured (see Above Table 2.5) critical 
incidence angle (!!), total internal reflection occurs (!! = 90º).  Applied to Snell’s law: 

!! = !! = arcsin   !!
!!

      (2.11) 

Also the UV light reflected passing through the second layer of tio2 can be used again in the previous 
one. Light scattering is accomplished by refraction and diffraction of light as it passes through or near 
particles. Light passing near a particle is bent.  

 Figure 2.15. Ligth path for angle of incidence of 30º. a) bulk TiO2 Degusssa P-25; b) nano-TiO2; c) 
coated TiO2 

Ideally, VIS light may be refracted through the unit, and UV light may be reflected between the two 
layers of TiO2. If there is reflection in the second layer, the UV light could be transmitting in the reactor 
for longer time. It could be also possible that once returning into the first, it is again reflected (Figure 
2.15). Nevertheless if this phenomenon occurs to the VIS light, the efficiency of the solar cell may be 
reduced.  For this reason due to refraction index varies with wavelength, it should be available each index 
of each intermediate for UV range and VIS, and then selectively choose. Absorbance it should also take 
into account.  

It is possible that when using smaller size of TiO2 particles may imply low scattering since is more 
possible the light ray pass through the solution without interaction with the particle (Figure 2.15b). There 
is another possibility, coating only one of the sides of the concentric tube. However coating the bigger 
internal tube side may provide bigger area of TiO2-coated and may absorb the UV rays reflected on the 
following layers.  Nevertheless, Dunlop et al. (2009) used the CPC-SODIS technology introducing a TiO2 
coated borosilicate glass tubes into the reactors used at PSA. Results show that coating the external side 
of the smaller concentric tube gave better results in both static and recirculating batch [127]. 

Introducing some parameters explained below, refractive index affects scattering. Theoretically, VlS 
light may be able to pass through the reaction creating less scattering for nano TiO2. However there is a 
trade-off between scattering and absorbance. For example, Xu J et al. (2008) [118] proposed a TiO2-
coated reactor with an intercalated layer in order to achieve totally reflection of UV within the reactor.  

Turbidity 

Straight VIS-light rays should reach solar cell, but intrinsic features of the reaction affect on the 
efficiency of PV sub-module. When particles are equal to or larger than the wavelength of the incident 
light beam, it will impinge on a molecule and induce an oscillating dipole that radiates light, well-know 

UV VIS 

!"#

VIS UV VIS UV 
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as scattering. Turbidity is a qualitative optical property that causes light to be scattered and absorbed 
rather than transmitted in straight lines through a sample. Turbidity is not a direct measure of suspended 
particles in water, but a measure of the scattering effect such particles have on light.  

Dispersions of mesoscopic-sized TiO2 particles are ranged from tens of nanometers to several 
microns form a colloidal suspension [104]. There are two principal ways of monitoring light scattering 
from colloidal suspensions: (i) by measuring the scattered light directly at some fixed angle to the 
incident beam, or (ii) measure turbidity, i.e. the reduction in intensity of the transmitted light due to the 
scattering of colloidal particles [105]. Turbidity (!), also known as the extinction coefficient, is related to 
the transmitted light (Eq. (7)) [105]. 

! = !!!"#!(!)!      (2.12) 

Where ! is the intensity of the light after passing through a length ! of suspension, and !! is the 
intensity of the incident light. Bulk materials are normally ranged between 100 and 300 nm, for particles 
much more smaller that the wavelength, i.e. nano particles (<100 nm), the parameter may be related to 
Rayleigh ratio [105]. For a monodisperse suspension containing ! particles per unit volume, the turbidity 
can be expressed as: recommendations 

! = !!!        (2.13) 

Where !! is the scattering cross-section of a particle, which depends on the size and refractive index 
of the particle and on the wavelength of the incident light. The turbidity is related to the optical density  
!! by: 

! = 2.3 !!
!

        (2.14) 

For a monodisperse colloidal suspension, the turbidity and optical density are linearly proportional to 
the number concentration of particles. This means that capture of particles in the deposition system will 
cause a decrease in the turbidity (or optical density) of the suspension [105]. Ryu J et. al (2005) studied 
the correlation between turbidity and concentration of TiO2 P-25 Degussa and found this correlation 
[103], where ! is turbidity (NTU) and !!"!! is concentration of TiO2 (g/L). 

! = 3645.5 · !!"!! − 57.28      (2.15) 

Scattering 

The scattering effect produced by solid particles may be classified as follows [110]: (i) isotropic 
scattering, when incident rays are scattered equally in all directions; (ii) specular refection, when light is 
principally scattered in the forward direction; and (iii) diffuse scattering or backward scattering. Vishnu et 
al. (2003) proposed the following balance for an incident ray from a lamp to any point of a reactor, !: 

!!!
!"
= !!" +!! − (!!"# +!!)     (2.16) 

Where !! is the incident radiation of a certain frequency; !!" is the gain of radiation intensity due to 
in scattering; !! is the radiation emission from the reaction, which can be neglected; !!"# is the loss in 
radiation intensity due to out-scattering; and !! is the loss of absorption. 

Screening effect 

Literature [108][91],[109] refers to screening effect when the concentration of catalyst in the 
suspension is so high that masks the photosensitive surface forming a screen blocking photons to reach 
the photocatalyst particles, and light penetration is found to be difficult diminishing the reaction rate due 
to an excess of opacity in the solution that in turns decreases the photocatalytic efficiency of the process. 
This frequently ends in conversion reaching equilibrium plateau; for excessive catalyst concentrations 
conversion may also decrease due to increased light reflectance onto the catalyst surface. There is 
maximum amounts of TiO2 in which all surface particle exposed are totally illuminated, and higher 
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quantities will lead to screening effect. The optimum mass of catalyst will avoid excess of catalyst and 
will ensure total absorption of efficient photons.  

Absorbance  

Absorbance1 is a measure of the extent to which a substance transmits light (2.17) and quantum yield 
can be defined as the amount (mol) of reactant consumed or product formed in the bulk phase per amount 
(einstein) of photons absorbed2 by the photocatalyst at wavelength λ [112]. When polychromatic radiation 
is used, the action spectrum in the region of interest complicates the measurement of quantum efficiency 
(no yield) 

!! = !"#!"
!!
!

       (2.17) 

Photonic efficiency 

IUPAC (1999) recommend a methodology useful to compare photocatalytic process efficiencies 
within different laboratories (reactor-independent) using a standard photocatalyst (TiO2 Degussa P-25) 
and a standard substrate (phenol). For heterogeneous systems, like this case (solid/liquid), the extent of 
light scattered or reflected by the particulate in the dispersion reaches a non-negligible percentage 
between 13% to 76% of the total incident photon flow [112]. The relative photonic efficiency, !! is 
defined due to the difficult to measure the number of photons absorbed by the sensitizer. It is applicable 
to whatever heterogeneous medium used: (i) for dispersions, (ii) for cases where the photocatalyst is 
immobilized on a support, and (iii) is also applicable to solid/gas as is for solid/solution media. 

This relative process efficiency is obtained by relating the initial rate of substrate degradation, !!", to 
the initial rate of phenol degradation, !!"(phenol), for constant incident photon flow !!,! (the same 
reactor must be used for both the substrate and phenol).  

!! =
!!"#![!"!!]
!!"#!![!"!!]

=
!!"   !"#!$%&$'

!!,!
!!"   !!!"#$

!!,!

= !!"   !"#!$%&$'
!!"  (!!!"#$)

    (2.18) 

First equality of eq. (2.18) refers to Langmuir-Hinshelwood model defined previously, where !!"# is 
the limiting photonic efficiency for high loadings of TiO2 and ! is the constant. The second definition is 
an attempt to compare results within different conditions (reactor, size, source, etc). Finally, to calculate 
!!, there is no need to measure the photon flow of a light source, !!,! (third equality). Quantum yield can 
be obtained through !! once the true quantum yield for phenol has been determined. IUPAC (1999a) 
noted that Φ may be around 10% for TiO2 [112]. 

Φ = !!Φ!!!"#$       (2.19) 

Reduction of electricity output due to PC activity 

Another method to calculate the loss of energy due photocatalytic activity (e.g. scattering due to 
TiO2 and stirring pellet, adsorption of 4-CP on the catalyst, effect of water, etc.) is proposed below. 

The experiment may be conducted constant conditions, so it may be essential that the intensity of 
light is kept equally and from (a) to (g), duration might be equal. For a duration t and with a sunlight 
simulator, the PWAP system will register different amount of energies (from a to g). The loss due to each 
component can be obtained as follows: 

1. % loss by cover = (a)-(b) 
2. % loss H2O = (a) – (b) – (c)   

                                                             
 

1 According to IUPAC recommendations, terms like absorbancy, extinction and optical density (OD) 
should no longer be used [114]. 
2 The number of photons absorbed drives the reaction, not the incident light. 



 

 

61 

3. % loss by 4-CP= (a) – (b) – (d) 
4. % loss pellet = (a) – (b) – (c)       
5. % loss TiO2 = (a) – (b) – (c) - (e)      
6. % loss TiO2+4-CP = (a) – (b) – (c) – (d) – (e) – (f)    

 

Figure 2.16. Measuring scattering. 

The loss of the cover and water is being tabulated Table 2.1 .The loss of 4-CP may be similar to the water 
since its absorbance peak is ranged in the UV-spectrum and the pollutant is diluted in a molecular state. 
The pellet is covering all the time a little surface of the PV area. TiO2 is found in particulates, so even it 
is not absorbing on the range of VIS, may scatter light.  To conduct this method under same real sunlight 
conditions, the number of PWAP units may equal the number of experiments, so the irradiation would be 
the same.  

TiO2 is believed to be the main responsible of scattering, but the amount of TiO2 will remain always 
constant for the water purification once it is fixed and optimized. For that reason TiO2 alone can 
introduce a reduction the electricity obtained, but it may always be constant. However, and as it will be 
shown in some experiments conducted under real sunlight, the tendency of the test cell changes compared 
with the reference, when both of them may have the same behaviour. The same it might happen when 
introducing the cover, water and pellet. All of them may reduce the efficiency, the electricity output (due 
to absorbing light, scattering, etc.) but this gap should be constant for all the experiment. Any behaviour 
or tendency that is deviated from the reference it may be found because of the photo-degradation reaction, 
which affects the transmission of VIS light. Note that during the first minutes the solution should be 
stirred in dark to ensure homogeneity. 

H.-H. Ou et al. (2006) conduct a serie of previous experiments to quantify the effects of photolysis, 
evaporation of the pollutant (4-CP) and adsorption of 4-CP on the surface of the TiO2. The results 
revelled that the disappearance of the pollutant caused by ambient conditions was negligible [116]. Using 
a UV-lamp for 180 min, the concentration of 4-CP remained constant for those three, implying that the 
degradation of 4-CP could be definitely attributed to photodegradation. Chuang L-H et al. (2010) 
observed as well that the degradation of 4-CP is mainly caused for the catalytic reaction. Figure 2.17b 
shows the constant concentration when no catalyst is add or in UV dark conditions. 

PWAP system (no cover) 

PWAP system (cover) 

PWAP system (cover+ h2O) 

PWAP system (cover+4-CP) 

PWAP system (cover+h2O+pellet) 

PWAP system (cover+h2O+pellet+TiO2) 

PWAP system (cover+h2O+pellet+TiO2+4CP) 

Solar Lamp  
source 

100 units  
of Energy are 
collected by the pv 
area during t (h) 

INPUT OUTPUT (collected energy by cell during t (h)) 

% loss by cover = (a)-(b) 
% loss H2O = (a) – (b) – (c) 
% loss by 4-CP= (a) – (b) – (d) 
% loss pellet = (a) – (b) – (c) 
% loss TiO2 = (a) – (b) – (c) - (e) 
% loss TiO2+4-CP = (a) – (b) – (c) – (d) – (e) – (f) 
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(e) 

(f) 

(g) 
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Figure 2.17. (a) Evaporation, direct photolysis and adsorption of 4-CP  [116] ;(b)[107] 

2.4 PHOTOREACTORS: COMPOUND PARABOLIC-BASED COLLECTORS FOR PWAP 

2.4.1 Geometry 

CPCs are static collectors with an involute reflective surface around the cylindrical tube and it is 
reported to be the best reflector arrangement [97] (see section 1.2.6).  

 

Figure 2.18. CPC tubes 

The azimuth should be adjusted to the complementary angle of the geographical altitude and pipes 
are facing south and aligned horizontal, however other studies pipes are aligned from top to bottom [64]. 
The concentrator factor !!"!  is given by equation (7) [100]: 

!!"! =
!

!"#!!
= !"

!!"
       (2.20) 

Where !! is semi-angle of acceptance, ! is aperture, ! is index of refraction of water, ! is the radius 
of the inner circumference  (in case of having the catalyst fixed) and if it is suspended, ! becomes 1 
[100], .The optimum semi-angle of acceptance is ranged between 60º and 90º for catalytic purposes 

!"
!!"!!

!#!!

!!"!!
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[100], [102] . For !! = 90º (!!"! = 1), the absorber involute will not over pass the concentric tube as it 
is been widely used, in other words, the two symmetrical involutes begin at the same point located in 
outer diameter vertical axis. Angle of acceptance 2!! is the angle over which almost all rays are accepted, 
i.e. reflected into the tube [102]. The light reflexed on the reflector surface is distributed all around the 
tubular receptor, thus almost the whole circumference of the tube is illuminated being the incident light 
similar to a flat. 

The requirements of a photo-reactor are keeping uniform turbulent flow and guarantee that the 
incoming photons intercept the particles in he reactor. In addition, there is a relation between 
photocatalyst load and light-path length (diameter) in the photoreactor, i.e. larger diameters result in a 
lower optimum catalyst concentration [100]. Thus, an optimum catalyst load may reduce light scattering 
effect.  Malato S et al. (2004) remember the extinction parameter of TiO2 (!) equation (8), which 
combines scattering and absorption coefficients. 

 ! = !"#        (2.21) 

Where ! is light absorption, ! is light-path length and ! is concentration (mass/volume if TiO2 is 
suspended).  

2.4.2 Tubular reactor: material, diameter and thickness 

Ethylene-tetrafluorethylene and fluoroethylenepropylene could be candidates to fabricate the reactor, 
which can be extruded in tubular shape, are transparent and thermal resistance [127]. Quartz is excellent 
for UV transmittance (see Figure 2.19) and chemical resistant, but its high cost makes scientific 
community focus on low-iron glass (borosilicate, e.g. Pyrex®) containing a low percentage of Silicon, 
which may also reduce solarisation effect (Fe2+ is oxidised, and Fe3+ may absorb UV) [100]. 
Nevertheless, thickness might be considerable increased when an array of modules is connected, and in 
doing so, transmittance is affected [127]. 

 

Figure 2.19. Transmittance of various materials [100]. 

Blanco (2005) exposed that light penetration is limited by the opacity of the solution (e.g. milky 
solution of TiO2). A solution which is contains 1g/l may reduce to null illumination after 10 mm [127]. 
Plataforma Solar of Almería (PSA) after many experiments with different reactors found that the 
optimum concentration of TiO2 under sunlight conditions is 200 mgL-1. Due to the head loss, diameters 
of less than 20-25 mm are not feasible; the ideal diameter for solar application must be range of 25-50 
mm [127], [100]. 

2.4.3 Reflector surface 

Highly reflective in the spectrum range of work (VIS and UV for PWAP), weather resistant and 
reasonable cost are the three ideal conditions of a reflective surface. Mirrors based on aluminium are 
highly reflective in the UV solar spectrum, more than conventional silver surfaces [100]. During last two 
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decades some attempts try with commercial aluminium surfaces coated with plastic, transparent to UV, 
the necessity for a stuck to supercar, the lack of rigidity, implied extra cost and loss of reflectivity [100]. 
Later, anodised and electropolished aluminium surface had the inconvenient of a growing coating due to 
humidity and pollutants, decreasing UV reflectivity. An alternative was using acrylic enamel as a coating 
but there is a trade off between UV reflectivity and weather resistance. Few years back, it was introduced 
anodised aluminium film that seems to have acceptable the three requirements [100]. 

2.4.4 Operational mode and dimensioning 

Wastewater can be treated in recirculate batch. The catalyst can be suspended or fixed. The efficiency 
of suspended catalysts has been demonstrated to be superior compared to the immobilized catalyst [86]. 
This can be attributed to an increase of the active surface and the enhanced mass transport in suspended 
form. However, the cost incurred for catalyst recovery makes the slurry system impractical. In contrast, 
immobilized catalyst would be easier to handle but will likely be more costly due to fouling and 
deactivation of the catalyst. In the photocatalytic oxidation, the deactivation of the catalyst is an 
unavoidable problem. The reasons for the deactivation include (a) the generation of reaction by products 
which cause the loss of active sites on the surface, and (b) fouling which changes the catalyst surface by 
blocking pores. The stability and the photo reactivity of the catalyst are strongly influenced by the 
number of hydroxyl groups. As the reaction proceeds, the density of hydroxyl groups on the catalyst 
surface decreases, consequently the activity of the catalyst drops. The experimental results [24] indicated 
that strongly adsorbed intermediates occupied the active sites on the catalyst surface and lead to the loss 
of photocatalytic activity. 

The flow may be turbulent ! = !" (m/s), where ! is velocity flow and !, the area of the tubes or 
collector area (m2). For  !!"! = 1, the area may be equal to the external are of the tube. Once the reaction 
rate (r) is obtained, the flow might be adjusted as follows: 

! ≥ !!!
!!!

        (2.22) 

Where !! is the initial concentration (mg/L), and ! the conversion [125]. The total required area of 
the reactor (!!) m2 is defined as follows, where !!" (KJ/l) is the accumlaed energy per volume unit in 
the reactor to achieve the desired final concentration, !! (m3) is the total fluid volume, !! is thetime of 
operation, and !"!  is the average UV radiation (W/m2), !!"  is obtained by plotting !!"  versus 
degradation (for example, mg/l of pollutant); !!" is the accumulated energy at the point when desired 
degradation is obtained, so it will takes into account that the total volume of the solution inside the tube is 
!!"#$ = ! !! − !! ! the annular space between the tubes. 

!! =
!!"·!!
!!·!"!

         (2.23) 

The collecting are of one tube is !!"#$ = 2!"#, so the number of required tubes to degrade the 
solution is defined below and tubes may be less than 1.5 m to facilitate its manipulation, it is also 
recommended not to use more than 10 tubes per each module [125].  

!"#$%&  !"  !"#$% =
!!!

!!"·!!
!!·!"!
!!"!

     (2.24) 

Once the caudal is defined for the size of the system and for turbulent flow, it will be chosen a pump 
powdered by the PV-submodule. It is required conduct previous experiments with the proposed reactor to 
quantify !!"; however for example roughly considering that the volume of a tube is 1 m length, the 
internal diameter of the external concentric tube is 45 mm and the external diameter of the internal tube, 
which makes the annular space, is 30 mm; then the reactor-tube volume is 3.5 L/tube. Supposing a total 
volume of 100 L and half of the volume would be keep in a tank, the number of required tubes is 14, and 
it can be assumed two modules of 8 tubes each. If we oversize a pump of 100 W, 

!!"#! =
!

!!"#·!
       (2.25) 
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If the inner tube can keep a solar cell surrounded inside, the PV are is 0.19 m2/tube. The total PV 
area is 3 m2. Considering a reduced efficiency of 10% due to PC activity and 1 sun of irradiance, it may 
give a power of 300 W enough for pumping. In case, a regular rectangle-shaped cell is inside, the power 
drops to 50 W. Both may be around the required power.  

Table 2.6 . Reactor CPC-batch. 

Process Irradia-tion Ill. Vol (L)  Vol 
(L)  

Flow 
Rate 
(l/min) 

Pollu-
tant 
(ppm) 

Time 
(min) 

% 
degra-
dation 

Ref 

CPC-PSA. TiO2 
supported on glass 
fibre and slurry 

Lamp and 
solar 
irradiation 

0.5 L 1.3  0.08 Benza-
mide   

400  90% [130] 

 
CPC- suspended 
TiO2 (0.025g/l)  

 
Solar rad 
irradiation 

 
2.5 L 

 
15  

 
7.3 * 

 
Cyanide 
*  

 
320  

 
72% 

 
[131] 

 
CPC-PSA 

 
Solar 
irradiation 

 
24 

 
57-
90 

 
0.6--
1** 

 
E. Coli 

 
90 

 
99.9% 

 
[132] 

* Pump of 0.132 KW for cyanide industrial effluent. 
**Recirculation time: 20.5 l/min 

 

Regarding Table 2.7, it may be pointed that the residence time of water for CPC photoreactor is 
defined as the quotient of the photoreactor volume and the flow rate. Flow rate can be obtained as the 
quotient of treated volume and the treatment time [132]. Pavas et al. (2005) observed 60.7 % of 
degradation within 120 min, whereas increasing the recirculation time; degradation is stabilized at 240 
min with 73.1% when using a cyanide solution of 360 ppm and UV-lamp [131]. 

IUPAC has recommended the use of figures-of-merit [134] to proceed to a comparison between 
different AOPs, i.e. electric or solar systems. Solar energy driven systems replaces the electric energy 
(kWh) by solar energy (kWh) collected. Frequently, the cost of a solar collector is attributed to the area. 
For that reason figures of merit based on the area of the collector have been considered appropriated. The 
collector area per order AC0 [m2/(m3-order)], for batch conditions, is defined as the collector area 
required to reduce the concentration of a contaminant C in polluted water or air in a unit volume (e.g., 1 
m3) by one order of magnitude in a time to (1 h) when the incident solar irradiance is 1000 W/ m2 [135], 
[118] where concentrations are measured in terms of (M).  

!!! =
!·!"!·!

!·!"  (!!/!!)
       (2.26a) 

 

!! is the average solar irradiance over the time of a given experiment is obtained by, 

!! =
!!(!)!"

!!
!!
!!!!!

       (2.26b) 

It is necessary to study the electrical consumption of the general AOPs under experimental 
conditions. Electric energy per order (EEO) is the electric energy (kWh) required to degrade a 
contaminant C by one order of magnitude in a unit volume [e.g., 1 m3 (1000 L)] of contaminated water or 
air [134]. It is best used for situations where the concentration of the pollutant is low, because the amount 
of electric energy required to bring a reduction by one order of magnitude does not depend on to the 
concentration of the contaminant. This energy generated by the cells will also avoid gasses emission in a 
rate of 0.836 gCO2/Wh [136] (estimated Indian emission factor). Electricity generation in India is based 
90% on coal [137]. In addition, recalling the energy-water nexus and regarding to INCCA 2010, 
wastewater emits 2.3% of total CO2 equivalent emissions front 37.8% from electricity generation [85]. 

!!" =
!!"#$·!·!"""

!·!"·!"# !!
!

      (2.27) 
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2.5 CASE OF APPLICATION 

 Figure 2.20 shows the conceptual design of PWAP plant to treat contaminated wastewater. The 
water may be recirculated and treated until reaching a fix percentage of mineralization. At the same time 
the remaining sunlight (VIS) generates electricity for pumping, industrial purposes, or it can be also 
stored in batteries or if it is needed, the grid can supply the requirements if there is not enough electricity 
generated. 

Solar Photocatalytic treatment plants are normally operating in batch mode [99] and most of the 
times the water is recirculate. For example, Ajona and Vidal (2000) [97] operated in batch mode at flow 
rates where Reynolds’s number varies between 10000 and 50000 assuring fully turbulent flow and 
avoiding the settlement of tio2 in the tubes. The solution was recirculate continuously, achieving almost 
total degradation. The PC loop in  Figure 2.20 shows a proposal of a PWAP plant. The water must be pre-
treated to conduct the detoxification process in better conditions, before adding the catalyst (i.e. removing 
big particles). Some chemical oxidants or acids can be added to improve the efficiency; in addition, 
oxygen can enhance the process. Then, the mixture is pumped in a batch process through the tubular field. 
Once the contaminants are degraded, post-treatment processes include pH adjustment and catalyst 
recovery in case of suspended TiO2, before discharge or re-using water for other industrial purposes, 
irrigation, etc. Depending on the nature of the polluted water, a posterior biological treatment will be 
required. The PV loop generates the electricity for feeding the pump. 

 

Figure 2.20. Proposed plant. 

Textil mills in India discharge large quantity of effluent water, for example an average sized mill 
having cloth production of about 8000 kg/day discharges about one million litres of effluent water per 
day, what means 125 m3/t [123]. Textile dyeing industries in Tirupur and Karur of Tamil Nadu (India) 
usually discharge effluents ranging between 80 and 200 m3/t of production [124]. It is considered a 
dyeing textile small-scale industry when the effluent is below 300m3/day [124]. The effluent mix varies 
form unit to unit, but tentative ranges for a few parameters are listed in Table 2.7.  

Table 2.7 . Characteristics of various effluents from various textile mills estimated by ATIRA* 
[123] and Tolerance Limit. Effluent standard for discharge of sewage effluent. TNPCB*, 21.02.1984 

Characteristics Estimated range (ATIRA) Tolerance Limit 
(TNPCB) 
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pH value 6.7-9-5 5.5-9 
TDS (mg/l) 2180-3600 2100 
Suspended Solids (mg/l) 80-720 100 
BOD, 20ºC, 5 days (mg/l) 60-540 30 
COD, (mg/l) 592-800 250 
Chlorides (as Cl) (mg/l) 488-1390 600 
Sulphates (SO4) (mg/l) 47-500 1000 
Phenols Compounds  5 

*Ahmedabad Textile Industry’s Research Association (ATIRA), Tamil Nadu Pollution Control 
Board (TNPCB) 
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CHAPTER 3 

3 METHODOLDOGY 

Details of the experimental methodology are given in this chapter. Major fixed objectives are described below.  

1. Compare the PC reaction rate versus the electricity generation under real conditions, as well as analyse the real 
behaviour of the different spectral components of the light throughout the unit. 

2. Identify the main relevant parameters. 
3. Establish next lines of research  

The experiments were conducted at the terrace of the Chemistry Dept., Guindy College, Anna University 
Chennai. 

3.1  INSTRUMENTS  

The following instruments were used for the analytical work described in this chapter.  

1. PV cells designed and manufactured at Australian National University (ANU). 
2. UV-Visible spectrophotometer (Shimadzu UV-1601, double beam) for absorbance measurements. 
3. High performance liquid chromatograph (HPLC) 
4. (Shimadzu LC-20 VP Series, RP 18-ODS column) for degradation and mineralisation studies. 
5. Total organic carbon (TOC) analyser (Shimadzu TOC-VCPN) for measuring the amount of total organic 

carbon. 

 

Figure 3.1 Configuration of the two hybrid solar samples [24].  

3.1.1 PV cells 

Based on the PWAP concept, two small samples of solar cells (based on conventional crystalline cells) were 
designed and developed at ANU (Figure 3.2 and Figure 3.1) and finally provided to Anna University Chennai 
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TiO2 (Immobilised or 
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Encapsulant

Cell support

Quartz or clear glass
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(AUC). The unit is made up of Petri Dish of Pyrex (Silgel 612 from Wacker), with the silicon solar cells attached on 
its bottom with a transparent encapsulant of silicone. The PC reaction occurs above, on the Petri dish, which should 
be covered by a transparent material like quartz, but clear glass (transparent to UV) it can also be used. It is 
important to clarify that in the carried experiments any cover was finally used. Finally, the photocatalyst utilised was 
Degussa TiO2.  

Regarding the PV part, we may focus on different solar cells, which would have different spectral responses; 
and the selection of materials to match the light transmittance (cover, photocatalytic reactor container, encapsulant). 
On the other hand, for the PC reaction we may make our efforts on the photocatalyst, the technology (suspended or 
immobilised), the pollutants or dyes, depth of the water, etc. 

 

 

Figure 3.2 A sample of one solar cell provided by ANU [25]. 

3.1.2 UV-Visible Spectrophotometer 

 This instrument is a double beam spectrophotometer. It has an in-built tungsten and deuterium lamps, 
which provide the measurement of optical density (OD) in the range 200-900 nm (near UV and visible regions). It 
was used to measure the absorption spectra of 4-chlorophenol. The sample dissolved in double distilled water was 
used for spectral analysis. The absorbance was measured with reference to double distilled water as blank. The 
reported absorbance maxima is 225 nm for 4-chlorophenol (see the results and discussion of experiment 1 in 
Chapter 5). 

3.1.3 High Performance Liquid Chromatograph  

 HPLC is a reliable technique for efficient analysis of samples of small quantity. The progress of 
photocatalytic degradation of 4-chlorophenol were monitored by withdrawing the samples after irradiation at 
various intervals of time and analysed after the removal of the catalyst by filtration. HPLC consists of a mobile 
phase, constant flow pump, injector, column, detector and interpreter.  

3.1.4 Total Organic Carbon Analyser 

 The samples, withdrawn at different time intervals during the photocatalytic degradation, were centrifuged, 
filtered and analysed using TOC analyser to estimate the amount of total organic carbon. The non-purgeable organic 
carbon (NPOC) is the most widely used method in which the inorganic carbon is removed from the sample by 
purging with 2NHCl in the presence of air. The acid is drawn from the acid bottle into the syringe and added into 
each of the vials that have been designated for acid addition.  

!
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 After removing inorganic carbon (IC) through acid sparing, the sample is allowed to flow through the 
combustion tube. When the sample enters the combustion tube, total carbon (TC) in the sample is completely 
oxidised to carbon dioxide. The carrier gas (oxygen) flow is regulated (150 ml/min) which carry the combustion 
products from the combustion tube and flows through dehumidifier, halogen scrubber and finally reaches the sample 
cell of the non-dispersive infrared detector (NDIR) which measures the carbon dioxide content. The output signal of 
the NDIR detector is displayed as peaks. The peak areas are measured and processed by the data processing unit. 
Since the peak areas are proportional to the total carbon concentration, the total carbon in a sample may be easily 
determined from the calibration curve prepared using standard solution of known carbon content. Total carbon (TC) 
measured in this method is referred as TOC. 

3.2 CHEMICALS 

1. 4-chlorophenol was purchased from E. Merck, India.  
2. TiO2 photocatalyst (Degussa P-25) with surface area 50 m2/g and particle size 30 nm containing 70% anatase 

and 30% rutile, obtained from Degussa AG, Germany, was used throughout the investigation. All other 
chemicals, reagents and additives used in this investigation were of analytical grade and obtained from E. 
Merck, India.  

3.2.1 Stock Solution of 4-Chloro Phenol  

Stock solution of 4-chlorophenol (50 ppm) was prepared by dissolving 50 mg of each phenol in one litre of 
water.  

3.2.2 Hydrochloric acid solution   

 Commercially available concentrated hydrochloric acid (100 ml) was slowly added into double distilled 
water (500 ml) and stirred well until a homogeneous solution (2MHCl) was obtained. The acid solution was used for 
inorganic carbon (IC) removal in non-purgeable organic carbon (NPOC) analysis. 

Standard for total carbon 

 Anhydrous potassium hydrogen phthalate (2.12 g) was dissolved in double distilled water and diluted to 
1000 ml to make a stock solution of 1000 mg/l total carbon (TC). It was further diluted to get the required 
concentration.  

Standard for total inorganic carbon  

 Anhydrous sodium carbonate (4.41 g) and anhydrous sodium bicarbonate (3.49 g) were dissolved in double 
distilled water and diluted to 1000 ml to make a stock solution of 1000 mg/l of total inorganic carbon (TIC). It was 
further diluted to get the required concentration. 

3.3 SET UP FOR THE OUTDOORS TESTING AND ANALYSING  

A prototype of a PWAP system fully described in section 4 has been fabricated by the Australian National 
University (ANU) and provided to Anna University Chennai. This prototype includes along the following 
components (Figure 3.3): two PWAP receivers, one calibrated solar cell to measure the global irradiance, a UVA 
sensor and a Datalogger System to monitor the short-circuit voltage of the solar cells (from the two PWAP 
receivers) and the UVA intensity. 

Based on the PWAP concept, two small samples of solar cells were designed and developed at ANU (Figure 3.2 
and Figure 3.1), and finally provided to AUC. The unit is made up of Petri Dish of Pyrex (Silgel 612 from Wacker), 
with the silicon solar cells attached on its bottom with a transparent encapsulant of silicone. The PC reaction occurs 
above, on the Petri dish, which should be covered by a transparent material like quartz, but clear glass (transparent 
to UV) it can also be used 
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Initial experiments are carried out to identify the major lines of research and main parameters. The experiment 
consists of placing two hybrid systems under real sunlight (Figure 3.3). One hybrid cell will be used as a reference 
to calculate the light transmittance to the cell, so the PC sub-module will maintain inactive. The test hybrid cell will 
conduct a photocatalytic reaction under electromagnetic stirring condition. The system might be placed for extended 
period of time to monitor the parameters. During the experiment samples from the test solar cell are collected to 
follow the degradation process and keep in dark. The steps are detailed below: 

1. Prepare the Test Hybrid Cell: water solution including the pollutant and photocatalyst. 
2. Prepare the Reference Hybrid Cell: the same volume of solution, but only purified water. 
3. Set up the Calibrated Solar Cell, to measure global irradiance. 
4. Set up a Thermometer to measure the ambient temperature. 
5. Set up the UVA sensor. 
6. Set up the Datalogger System, to monitor short-circuit current of the solar cells and the UVA intensity. 

 

Figure 3.3 Set-up for the initial experiment and recording data [24].  (a) Schematic representation of the set-
up [95]; (b) Set-up for the experiment and recording data under sunlight at Anna University Chennai. 

The samples might be placed under the sun for extended period of time to monitor the parameters. During the 
experiment samples from the test solar cell are collected, e.g. as for the carried experiment, within two hours of 
experiment, eight samples were collected (frequency equal to 15 min). The samples are analysed in the laboratory 
following the following steps (Figure 3.4). 

 

Figure 3.4 Methodology flow chart 
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Turbidity should be also measured before starting the steps shown in Figure 3.4. Turbidimeter analyser requires 
a volume of sample which is bigger than the collected samples, thus by the moment is not possible no study the 
turbidity within the whole experiment. The remaining solution can be used for that purpose; but in this case only 
both, initial and final turbidity of the sample, is available to discuss and compare. 

Centrifugation is conduct to separate the TiO2 from the pollutant solution.  Once the TiO2 is removed from the 
solution, the samples are analysed on the spectrophotometer to range the wavelength. High Performance Liquid 
Chromatography (HPLC) will reveal the concentration and Total Organic Carbon (TOC) shows the degradation of 
the pollutant. The parameters obtained are indicated below, which might be both together discussed including PV 
and PC performances. 

1. PV parameters: short-circuit current of the two solar cells (A), global irradiance (W/m2), ambient temperature 
(ºC) and UVA intensity (W/m2). 

2. PC parameters: UVA intensity (W/m2), Absorbance from spectrophotometer, HPLC concentration and 
fragments, TOC and concentration of pollutant.  

All these results may be both together discussed including PV and PC performances.  

 

 

Figure 3.5 Set-up at the terrace of Anna University Chennai. 

 

 

Figure 3.6 Detailed photo of the set-up. 
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Figure 3.7 Full Methodology flow chart 

 

Figure 3.8 UVA and potential Monitoring of of both PWAP prototypes by Data Logger. 
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Figure 3.6 describe the full steps done in order to study the PWAP prototype. Firstly, the solution of the 
polluted sample is prepared and in some experiments, pH is corrected to achieve enhanced PC results. At the same 
time, the semiconductor TiO2 is prepared. Even commercial Degussa has been used it was left in the oven at 450ºC 
during few hours in order to lose all the possible H2O molecules. Once, the experiment is carried out and it is 
obtained the data from monitoring (Figure 3.8), it is time to analyse the samples. For that, they are first centrifuged, 
so TiO2 is separated from the polluted samples. Finally, that polluted samples went through different degradation 
studies. As it shows Figure 3.6, from left to right, it shows spectrophotometer, TOC and HPLC used.  
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CHAPTER 4 

4 RESULTS AND DISCUSSION  

4.1 PRELIMINARY EXPERIMENTS 

The degradation without irradiation and/nor catalyst it can be considered negligible [107]. Some experiments 
were carried out to observe the effect of adding water as well as the effect when placing a cover on the top of the 
system on the power output. All experiments were conducted during midday. 

Table 4.1 briefs a series of experiments conducted in order to characterize the unit. Firstly, how trust is the 
comparison between the two PWAP systems. And then what would be the reduction of generated energy when 
introducing water and cover, two basic elements when the PC sub-module is working. From here, further 
experiments may revel reduction of generation electricity when a PC reactor is integrated. Comparison has been 
done by in absolute values (difference between reference and test). When working test and reference in the same 
conditions of medium and cover (experiments: a, b, c, e, g), it is found a maximum difference of accumulated 
energy between the reference and test of ± 5 %. The effect of adding water to the sub-catalytic module (d) is not 
affecting on the results, also see Table 2.1. Water is absorbing on the IR and not in the VIS. Using a cover reduces 
the transmittance is important, reaching almost to a loss of energy of 10%.  

 

Table 4.1 Experiments: conditions and results 

 
 

4.2 SERIE OF EXPERIMENTS 

4.2.1 Photovoltaic results 

Table 4.2 shows the experiments conducted when the fully system is working, i.e both sub-module. Firstly it 
was conducted an optimization of catalyst, starting with a load of 50 mg of TiO2 and 50 ppm of 4-CP. As it can be 

(i) 11/03/11
Ref Test Ref Test Ref Test Ref Test Ref Test Ref Test Ref Test Ref Test Ref Test

Duration
Starting time
Temperature (ºC)*
Medium 30 ml H2O - - ✓ ✓ - - - ✓ - - - - ✓ ✓ ✓ ✓ ✓ ✓
Cover - - - - - - - - ✓ ✓ - ✓ ✓ ✓ - ✓ - ✓
G average (15 min)
G avarage (60 min)
G average

Average:  I1-I2 (mA)

Standard Desviation (mA)

Qe at t=15 min 37,6 37,5 53,2 55,4 74,4 70,7 59,6 59,3 69,5 72,1 83,6 76,2 72,7 76,3 74,8 79,5 72,7 67,2
Qe at t=60 min 135,0 134,8 217,6 225,5 307,0 294,6 - - - - - - - - 296,6 321,2 - -
Qe (total) 155,4 155,2 564,6 576,5 307,0 294,6 59,6 59,3 0,0 72,1 83,6 76,2 72,7 76,3 296,6 321,2 72,7 67,2
Avarage on Energy Loss 
(%):  Test vs. Ref
Standard Desviation (mW)

*http://www.wunderground.com/history/airport/VOMM/2011
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observed in Figure 4.1, it was found TiO2 settled down. It can be attributed because two reason: the treated volume, 
which coincides with the illuminated volume, is 0.030 l in a total container volume of 0.054 l; thus, due to the low 
volume and geometry, the water could only be treated in low stirring conditions leading to sedimentation of the 
catalyst. Moreover, the excess of catalyst involves more scattering, saturation of the reaction and less efficiency.  

Figure 4.4 shows the UVA and VIS irradiance during experiment (f) detailed in Table 4.1. As it was expected, 
they follow the same trend and the generated current is a reflection of the light intensity. Figure 4.7 shows the 
results of all the experiments brief in Table 4.2. It was used the parameter current dived into irradiance (Isc/G); for 
exactly same conditions, it should be a constant number, same current is generated for the same amount of 
irradiance. Experiments (a to e) using 50 mg of TiO2 revel a big gap between the electricity output of the test unit 
and the reference PWAP. This can also be seen in Table 4.2, where the loss of energy due to the photocatalytic 
reaction is listed: when the TiO2 load is 50 mg, the test unit gives 70% less energy than the reference; while when 
using 6 mg, the test unit only decrease 24% respect to the reference, and for 3 mg is reduced by 10%. It may be 
consider that an error of 5% on electricity output can happen between the reference and the test PWAP unit, as it is 
been explained above.  

 

Figure 4.1. Experiment 50 mg TiO2: from strong milky solution to high level of sedimentation. 

However, when the TiO2 was reduced from 50 mg to 6-3 mg of TiO2 with 20 ppm of 4-CP, results revels almost 
the same electricity output (Table 4.2, Figure 4.5), besides when the test PWAP unit was holding a magnetic pellet, 
which reduces the PV area around 5%, which in turns imply more scattering. 

 

Figure 4.2. Experiment with 6 mg of TiO2: mild milky solution and less sedimentation. 

It may be mentioned that the high standard deviation of experiments (a,b,c) are caused due to no using a cover: 
as water is evaporated, the concentration of TiO2 on the solution increases, and in turns, more scattering occur, 
changing as well the parameter (Isc/G). In Figure 4.4, experiment’s (c, d) desviation is even higher, the reason may 
be found in the use of nano-TiO2 instead of commercial P-25. As it was explained in section 4.3.1, a ray of VIS light 
may have more probability to pass through without interaction in a solution with nano TiO2 than P-25 due to the 
particle size. Experiments (c, d) show higher dispersion of data because with nano TiO2 some VIS rays will just pass 
through the suspensions and some other will be scatter, however the final accumulated energy is not found to be 
much better than when using P-25, so the average of accumulated energy within two similar days (b, c with 
irradiance almost equal) and equal conditions (no cover and same amount of catalyst) are similar around 72 mWh, 
however experiment c (with nano TiO2) almost doubles the standard deviation, in parallel the same is occurring if 
experiments d and e are compared. Summing up, the quantity of catalyst influence the most on the final energy 
generated by the cells of the PWAP unit, and it should be conducted a full degradation study to compare the action 
of nano or P-25 TiO2 since they may provide similar loss of energy to the PV cells (nano might give more data 
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dispersion). However, separation of nano-TiO2 from the water may bring more difficulties compared with bulk 
particles, and processes like ultra-centrifugation more energy intensive may be carried out.  

 

Table 4.2. Conditions experiment and results.  

 

 

Figure 4.4 briefs Table 4.2 in a graph that plots Isc/G front time. Firstly, it may be considered, for all the 
experiments, only the reference results. It may be pointed out that the experiments conducted without cover, as it is 
expected, revel a Isc/G above the rest. Experiment (a, b, c) behaves similar, the reference cell presents an Isc/G 
almost constant, while Isc/G for test presents an increasing trend trying to reach the level of the reference. 
Experiment (d) using cover and nano-TiO2, is completely different since both have the same increasing trend from 
the very beginning, so it is considered that the test follows the trend of the reference. Experiment (e), with cover and 
P-25, revels a constant behaviour. Finally, experiments (f and g) revel a really small gap between the Isc/Go of both 
reference and test unit, due to the low amount of tio2 and they both are constant during the whole experiment.  

Summing up, test PWAP unit shows a deviated behaviour respect to the reference unit in experiments (a, b, c). 
The amount of TiO2 is constant during irradiation time, so the only origins of changing conditions may be: the photo 
degradation reaction, which is completed during the experiment and it may affect the pass of VIS-light; besides the 
level of solution in the photo-reactor sub-module, which due to any cover on the top was kept, it was decrasing 
during the experiment (TiO2 load was constant with exception of the little amount extract every 30 min as a sample 
and 4-CP is not expected to be evaporated (see Figure 2.17). However, for these first three experiments considerable 
sedimentation of TiO2 was observed, and results may reflex that the more sedimentation, the more electricity is 
being generated since the test unit follows a growing tendency while the reference is constant during the experiment. 
On the other hand, it may be considered that these three experiments are conducting without cover, so even 
considering that the concentration of TiO2 increases due to evaporation of water, which in turns increases scattering; 
results revel an increase of electricity as time went by contradictorily. Thus it make think that when TiO2 is settled 

Ref Test Ref Test Ref Test Ref Test Ref Test Ref Test Ref Test
Duration
Starting time
Temperature (ºC)**

Medium 30 ml H2O -
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Cover - - - - - - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

TiO2 -
50mg 
P-25 - 50mg P-

25 - 50mg 
nano - 50mg 

nano - 50mg 
P-25 - 6mg P-

25 - 3mg P-
25

4-CP
- 50 

ppm - 50 ppm - 50 
ppm - 50 ppm - 50 ppm - 20 

ppm - 20 
ppm

G average (100 min)
G avarage (120 min)
G avarege (180 min)
G average (360 min)
G average

Average:  I1-I2 (mA)

Standard Desviation (mA)

Qe at t=100 min 107,6 17,6 119,9 37,5 122,5 36,5 129,4 39,8 106,8 31,6 76,0 57,3 72,3 64,7
Qe at t=120 min*** 118,7 19,5 147,0 51,8 149,5 48,7 163,8 58,6 124,4 36,2 83,8 63,4 89,4 80,0
Qe at t=180 min*** 189,9 20,8 215,4 91,1 226,3 95,2 297,7 149,3 186,5 54,4 119,2 91,0 139,4 125,9
Qe at t=360 min*** 379,8 190,7 430,8 292,4 446,2 338,3 454,1 278,2 373,0 108,8 159,5 121,8 323,7 296,6
Avarage on Energy Loss 
(mWh):  Ref.vs Test
Standard Desviation (mW)

!(Ref.vs.Test)**** =                     
Qe(test)/Qe (Ref), (%)

* pH=4 (H2SO4) ***   Values in italics: expected accumulated energy (linear or polynomial trend; R2 > 0,99)
** Italics at: http://www.wunderground.com/history/airport/VOMM **** Taking into account only experimental values regarding total duration for each experiment)
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down is not scattering the light, but diffracting the light behaving as if it was one more layer intercalated in the 
system (also see section 4.3.1).  

 

 

Figure 4.3. Current in Reference and Test cell, UVA and VIS during the experiment. 

 

Moreover, when a transparent model pollutant as 4-CP is introduced into the solution and is adsorbed on the 
catalyst’s surface, the particle size of the TiO2 is believed to increase before its complete degradation. The catalyst –
in particle state- will create a bond with the pollutant – in molecule state- with it has more probabilities to happen if 
it is protonated (i.e. acidic pH), and in doing so, the particle size will be enlarged provoking more scattering. The 
size will be as the initial once the pollutant is degraded. Thus, theoretically, if the pollutant and intermediates are 
transparent on the VIS spectrum, the generation of electricity may be reduced when contaminates are adsorbed, but 
once degradation is achieved, the PWAP unit may give the same output as if only catalyst was there. In case 
adsorption starts from the very beginning, it will explain the gap and the tendency to reach the reference output level 
as degradation is being completed. 

TiO2 is reduced to 6 and 3 mg in experiments (f,g). Figure 4.5 shows the accumulated electricity generated, 
where the output given by the reference PWAP is meaning that the PC sub-module is not working, so it can be 
considered it is generating the 100% in comparison with the test, which its output may be reduced by the action of a 
PC reaction occurring above. In that line, it can be calculated the reduction of efficiency on the PV cells due to PC 
activity, which is tabulated in Table 4.2, achieving 90% when using 3 mg but PC analysis must be conducted to 
study the overall unit. The accumulated energy can be calculated as follows. 

!!,! = !!,!!! + ∆!! ∗ (!!,!"##)        (38) 

Where !!,! is in J convertible to Wh, ∆!! is in s, and ! for reference cell or test cell in W. The 10% or 20% is 
minimum amount lost, taking into account that comparision of both system have an error of 5%. Increasing the area 
of photovoltaics (as in tubular reactor) will make it reduce. The equation can be divided into the PV cell area, so it 
will mean the electricity generated per square meter of pv cell. 

 Figure 4.5 revels how close electricity output of both units are when TiO2 is optimized in comparison with 
Figure 4.7, where generated electricity and irradiance are plotted as well. The small difference can be attributed to 
the stirring pellet, TiO2 itself and the adsorption of 4-CP on the surface of TiO2. It can also be observed in Figure 4.4 
that both are having an Isc/G constant and similar. 
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Figure 4.4. I/G versus time 

 

Figure 4.5. Accumulated energy Ref. versus test (f, g experiments) 

 

!"

#"

$"

%"

&"

'"

("

)"

*"

+"

#!"

!" '!" #!!" #'!" $!!" $'!" %!!" %'!"

!"
#$
%$
&'
()

*'
$!+
+*
,-
*.

#/
$$0
1%

2
%3

4 5
67
8$

9:
$$

;-3/$03-.5$

,#-."/01" ,$-."/01" ,#-."/21" ,$-."/21" ,#-."/31" ,$-."/31" ,#-."/41" ,$-."/41" ,#-."/51" ,$-."/51" ,#-."/61" ,$-."/61" ,#-."/71" ,$-."/71"

!"

#"

$"

%"

&"

'"

("

)"

*"

+"

#!"

!" #!" $!" %!" &!" '!" (!"

!"
#$
%$
&'
()

*'
$!+
+*
,-
*.

#/
$$0
1%

2
%3

4 5
67
8$

9:
$$

;-3/$03-.5$

y = -0,0012x2 + 0,8757x 
R! = 0,99715 

y = -0,0009x2 + 0,6649x 
R! = 0,9967 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

0 50 100 150 200 250 300 350 

G
lo

ba
l I

rr
ad

ia
nc

e 
(W

/m
2 )

 

Q
e,

 A
cc

um
ul

at
ed

 E
ne

rg
y 

G
en

er
at

ed
 b

y 
th

e 
PV

 c
el

ls
 (m

W
h)

 

Time (min) 

!"#$%#!$&&'()*'

y = 0,0007x2 + 0,6471x 
R! = 0,9983 

y = 0,0007x2 + 0,572x 
R! = 0,99844 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

0 30 60 90 120 150 180 210 

G
lo

ba
l I

rr
ad

ia
nc

e 
W

/m
2 )

 

!
"#
$%
&&
'(

')
*+
",

$-
."

/0
1$
2"

."
/*
+"
,$
31
$+4

"$
56

$&
")
)7
$8(

9
4:
$

Time (min) 

;<=<>=?<@@$80:$



 

 

80 

 

Figure 4.6. Accumulated energy Ref. versus test (e) 

 

4.2.2 Photocatalytic degradation  

Experiment on 22-Sept-2010 

Figure 4.8 remains an initial experiment conducted on 22-Sept-2010. It is convenient plotting the accumulated 
UV energy on the photo-reactor, which is a reflection of the time versus the degradation achieved.  

!!",! = !!",!!! + ∆!!!"!,!
!!
!!

     (39) 

 

 

Figure 4.7. Quv (accumulated on the PWAP system energy and R kinetics) (22-Sept-2010: 50 mg TiO2, 50 
ppm 4-CP) 
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Figure 4.8. PV and PC output for experiment (22-Sept-2010: 50 mg TiO2, 50 ppm 4-CP) 

Figure 4.8 summarizes in one the PC and PV results. Degradation of the pollutant is about 55%. Global 
irradiation was decreasing as experiment went by, but it kept between 950 and 750 W/m2, what it is quite good 
conditions. Moreover, test cell shows a substantial different behaviour as it does Isc form reference cell. Test cell 
keeps more or less constant even irradiation falls down, due to degradation of 4-CP, as it is been said. At the end of 
the experiment is giving better results than it did in the begging due to the initial polluted solution that is half 
purified by the end.  

 

Experiment (f) (29/04/2011): 6 mg TiO2 in 30 ml: 0.2 g/L - 20 ppm 4CP 

The following figures in this section show the degradation studies conducted for the experiment (f). Regarding 
the absorbance, it may be said that the mother solution or stock absorbs clearly around 235 nm, whereas all samples, 
included the first taken, are almost equally degraded. So, 1h of experiment at these conditions was enough to purify 
water, and more photovoltaic energy was harvested. The same trend indicates total organic compound studies.  

 

Figure 4.9. Absorbance Sequence of 4-CP with 0.2g/l TiO2 and TOC 
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Finally HPLC studies give details about the several compounds found in the solution. It is plotted, the stock 
solution as well as the first and last sample graphs. Similarly to absorbance and TOC, stock solution contains 
different compounds than the samples, which are almost identical (as the rest of the others, i.e. at 2, 3, 4 and 5 hour 
samples. They are not plotted). It is said that retention time of phenols is 6.3 min, and the new compounds appearing 
during the experiment and due to secondary reactions happening, giving new compounds to the sample.  

 

Figure 4.10. Stock solution 

 

Figure 4.11. 1st Sample (1h) 

 

Figure 4.12. 3rd Sample (3h) 

Considering trusty this experiment (f), it gave 76,4% of the reference electrical output and degradation was 
achieved to 75.1% , taking into account an average of the TOC for samples 1 to 6. 

 

Experiment (g) (30/04/2011): 3 mg TiO2 in 30 ml: 0.1 g/L – 20 ppm 4-CP 

In this case, the pollutant concentration chosen was exactly the same, so at least stock solution should be given 
similar results. However, as figure below shows, 4-CP is not detected even at stock solution. Either the analyses 
conducted that day were failed or the concentration of 4-CP solution was mistaken.  

 



 

 

83 

 

Figure 4.13. Absorbance Sequence of 4-CP with 0.1g/l TiO2 and TOC analyses. 

 

 

Figure 4.14. Stock solution  

 

Figure 4.15. 1st Sample (1h) 

 

Figure 4.16.. 3rd Sample (3h) 

Retention time of 4-CP is 6.3 min (phenol show similar retention time in same conditions). Compound with 
retention time at 1.7 min is identified as a contaminant in the sample. It may also be pointed that the UV-analysis 
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were conducted within one week after the experiment, being the sample kept in dark in room temperature. HPLC 
analyses were conducted after one month and half, being the samples kept in dark and inside an A/C room.   

Both experiments revel total degradation within the first hour. The stock solution (4-CP, 20 ppm) in both 
experiments show different concentration, even the theoretical concentration was the same. Main error source found 
is that the stock solution of the first experiment was kept during 24h without a lid; evaporation of water may have 
lead to increase the concentration of 4-CP. If that was the real source of error, then the sensitivity of UV-
spectrophotometer and HPLC may not be enough for low concentrations as 20 ppm (Until now, it has been not 
possible to check the manuals of the devices…). 

The PC analysis revel a degradation of the contaminant. However more samples may have been taken during 
the first 30 min and/or first hour to observe the initial behaviour.  

When the experiment is conducted for long periods of time (1-2 to 6 h) evaporation is avoid using a cover. The 
volume of the reactor (45 ml) is reduced to 30 ml because of the use of cover and a magnet pellet; otherwise 
solution would have been lost by stirring. 

Series of experiments at ANU  

Four experiments were conducted at the Australian National University at Laboratory scale and they are 
described below. The PWAP sample was subjected to the same photocatalytic reaction but the reference sample set-
up was varying in each of the 4 experiments in order to isolate effects from the different components of the 
photocatalytic reactor in the photovoltaic output. The reference sample and the PWAP experimental receiver were 
exposed to natural sunlight at approximately standard testing conditions (1 sun, 1000 W/m2) for 15-20 min, and the 
photovoltaic (PV) and photocatalytic (PC) outputs were recorded.  

 

 

Figure 4.17. Isc for both test and reference cell (photovoltaic output), plus dye degradation (photocatalytic 
output for the test PWAP). For experiments (i) up left to (iv) down right. June 2011 [ANU]. 

The PWAP receiver was always filled with 45ml (equivalent to a water depth of 10.2mm) of DI water 
containing the photocatalyst (TiO2, 0.2 g/L) and the dye (MB, 0.005 g/L). The reference sample set-up was varied: 
(i) Empty (Experiment 1a); (ii) DI water (Experiment 1b); (iii) DI water + methylene blue dye (Experiment 1c); (iv) 
DI water + Photocatalyst (TiO2) (Experiment 1d). 
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This time, the photovoltaic sub-module of the solar receiver consisted of 4 small SunPower solar cells 
connected in series, with a short-circuit current of approximately 105mA at 1sun (1000W/m2), the photocatalytic 
reactor consists of a Pyrex glass Petri dish, exactly the same used in AUC. The solar cells were encapsulated 
underneath using clear silicone. 

Experiment (i), where the reference cell is kept empty shows greater photovoltaic output than test. There is a 
closer result in experiment (ii), since DI water was added to the reference PWAP, losing transmittance. At 
experiment (iii) is already an over-crossing from test to reference, since at test PWAP prototype was happening PC 
reaction, and water was being purified. However, the reference cell contains MB, which its concentration is not 
changing. Finally, experiment (iv) concludes at the same PV output when MB is degraded, remaining the same 
compounds at prototypes, water and the semiconductor. 

Table 4.3. Results, transmittance losses [ANU]. 

 Transmittance Losses (%) 
Empty -- 

DI Water (10.2mm) 8% 
DI Water + MB 28% 
DI Water + TiO2 21% 

DI Water + TiO2 + MB 42% 
 

Transmittance losses in the table above are obtained by measuring the output gab between both prototypes, 
(Isc1/Isc2-1) for the maximum and minimum (Isc1/Isc2) for each one. 
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CHAPTER 6 

5 CONCLUSIONS 

Considerations 

The twentieth century brought an unprecedented development in mankind history with major breakthrough in 
scientific and technical fields. Major charges of revolution are growth of population increasing four times since 
19001, water consumption rose nine fold during last century and energy consumption soared by sixteen fold [56]. 
All of them have driven to degradation of environment and natural resources. Relevant international organizations 
and celebrities2 recognize that energy security and water scarcity are the two most severe challenges humanity will 
have to face during the present 21st century. 

 Currently, one third of the world population does not have access to clean water sources and most of these 
people are not connected to the electrical grid at the same time [64]. It is also expected that in 2025 around 48% of 
world’s population will have an insufficient water supply and at the same time, about one third of population will 
not be connected to an electrical grid [64]. Concerning to water issue, first alternatives to concentrate on may 
include management strategies, saving measures, reuse and water reclaim. Nevertheless, for example desalination 
technology, which requires large amounts of energy, has been relied on providing fresh water for large cities and 
countries across the world [58]. For instance in oil rich Middle East region, desalination satisfies close to 50% of the 
domestic and industrial water requirements [59].  

Energy is linked to water since it is required for extended wastewater treatments, or as it is associated in the 
natural hydrologic cycle; vice versely water is needed for energy generation in power plants [84]. This nexus is 
known as energy-water binomial. Hence, environmental protection through the use of renewable energy must 
become part, as well, of water purification. Green energies like sunlight, in addition to provide clean energy, can 
also prevent a foreseeable water-shortage crisis at local or regional levels, related to electricity supply [60].  

Regarding to energy, the current primary worldwide energy consumption attained a level of over 145.2 PW-h 
during the year 2007 [53] and is projected to increase further driven by population growth and the rising demand for 
energy in developing countries. In our economic current system, development implies peak oil acceleration and 
volatile fuel prices leading to further aggravation of the environmental pollution. Energy matrix forecasting is set for 
a major energy shortage, unless renewable energy can cover the substantial deficit left by fossil fuels. Along these 
lines, Sun’s energy numbers are very encouraging. Solar irradiation falling on the continents is 450 EW-h a year3, in 
other words three thousand times more than what mankind consumes at present. This vast reservoir means that 
covering only 0.3% of the Earth’s surface with a low conversion efficiency system, such as 10% would satisfy our 
current energy needs. 

The path towards sustainable development may find balance in the energy trilemma: environment, security of 
energy supply and economy.  Economy-Energy might balance so that an increase of each unit of economy do not 

                                                             
 

1 From1.6 billion in 1990 [55] to 6.9 billion in 2009 [57]. 
2 e.g: UNESCO, WHO, UNICEF, IEO, IPCC and [101]. 
3 Land Area Surface (30% on Earth): 1.5·108 km²; Solar Constant: 1367 W/m2 (It is considered only one quarter of the flux power density - 342 
W/m2 – due to: unequal distribution of irradiance, seasonal effect, climatic conditions, etc.). Integrating this power over the whole year the total 
useful solar energy will be 450 EW-h.  
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imply a superior increase on energy, i.e. energy-saving, rational use of energy and efficiency. From the point of 
view of Energy-Environment vertex and focusing only on emissions, renewables and nuclear may replace fossil 
fuel-based resources. Nevertheless, the small contribution and slow growth rate of renewables on the energy mix 
finds difficult to make up for the increasing consumption rate. Concerning to Environment-Economy vertex, taxes 
may favour clean energies over polluting one’s without falling onto industry seeking for bulky subsides profits 
rather than environmental concern. Achieving future climate objectives requires a long-term agreement, which 
outlives the sitting government, and which establishes joint action strategies and mechanisms that are international 
and binding (e.g. fixing carbon taxes). Taxes might include impact of natural disasters drove by climate change that 
entail economic and energy costs. To this end, political action must be imbued with scientific knowledge. 

Environmental issues had been prompted by our unsustainable pattern. The movement of huge amounts of 
energy upsets the planetary balance and leads, for example, to increased levels of atmospheric CO2. The novel 
proposal means a step towards a diverse, decentralised and carbon low-intensity energy junction transition. It is an 
opportunity to increase access to electricity and enhanced energy security. It is a little step towards the 
independency of fossil fuel-based energy, which is leading geopolitical conflicts. 

Contribution 

Exhaustive literature survey has been done on the various technologies that PWAP involves. The hybrid system 
made-up of two sub-modules – PV cells and the PC reactor- is developed on the basics of solar energy utilization, 
since both technologies use the sunlight rays for respectively, generate electricity and mineralized water. The 
literature has been a guide to conduct experiments, to identify the parameters and scale-up of the unit. 

The multidisciplinary and transversally study has highlighted during the course the importance of working as a 
group as well as the accuracy while doing experiments. Experience is been vital, and slow steps achieved during 
first semester grew during on the second course thanks to the achieved knowledge throughout all the first phase 
study and thanks to calendared weather in our favour. 

The prototype provided by ANU encounters some limitations; mainly due to the low volume, which limits the 
stirring level and consequently settling down of catalyst is favoured. In addition, the fact of working under real 
sunlight makes difficult comparison between experiments when considering optic properties. To do so, more 
prototypes of the same unit may be used on the same day. Nevertheless, once initial concentration of pollutant and 
catalyst were optimized, experiments revel the potential of the hybrid system. The photocatalytic activity in the 
annular space of the tubes may reduce around 10-20% the efficiency of the photovoltaic cell; however when 
considering an array of modules, the photovoltaic area located in the internal tube may provided the required 
electricity for pumping. 

It is fundamental for future prototypes to optimize the load of catalyst for the amount of pollutant to be 
degraded. In addition light transmission increases as pollutant disappears, producing improvement in the 
photovoltaic output. This relationship, although being obvious, should be studied prudently in order to optimise the 
PWAP system considering trade-offs between electrical output and purified water. The PWAP prototype load with 
photocatalyst (TiO2 @ 0.2 g/l) and pollutant (4-CP @ 20 ppm) achieved 76,4% of the reference electrical output and 
75.1% of degradation. 

The unit can provided both electricity and purification of water in rural areas where grid finds difficult to reach. 
In addition, the extension through India on textile industries among other with big pollutant potential industries in 
conjunction with the lack of fresh water and electricity. 
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