
warwick.ac.uk/lib-publications  
 

 

 

 

 

 

A Thesis Submitted for the Degree of PhD at the University of Warwick 

 

Permanent WRAP URL: 

 

http://wrap.warwick.ac.uk/173230 

 

 

 

 
Copyright and reuse:                     

This thesis is made available online and is protected by original copyright.  

Please scroll down to view the document itself.  

Please refer to the repository record for this item for information to help you to cite it. 

Our policy information is available from the repository home page.  

 

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/173230
mailto:wrap@warwick.ac.uk


 
 

 

 

Compressed Air Energy Storage and its 

Application in Solar Photovoltaic Efficiency 

Improvement 

by 

Marcus King 

 

 

 

A thesis submitted in partial fulfilment of the requirements for the degree of 

Doctor of Philosophy in Engineering 

 

 

 

School of Engineering 

University of Warwick 

July 2022 

 



ii 
 

 

Table of Contents 
 

List of Figures ................................................................................................ vii 

List of Tables ................................................................................................. xii 

Acknowledgement ......................................................................................... xiv 

Declaration ................................................................................................... xv 

Published Work Arising from Thesis .................................................................... xvi 

Additional Author Contributions to Published Work ................................................ xvii 

Abstract ..................................................................................................... xviii 

List of Abbreviations ....................................................................................... xix 

Chapter 1 – Introduction ..................................................................................... 1 

1.1 Background ............................................................................................. 1 

1.2 Objectives .............................................................................................. 2 

1.3 Thesis Structure ....................................................................................... 2 

Chapter 2 – Overview of Electrical Energy Storage and Analysis of Compressed Air Energy 

Storage Potential in the UK and India ...................................................................... 4 

2.1 Overview of Current Development in Electrical Energy Storage Technologies ........... 4 

2.1.1 Technologies for Electrical Energy Storage ................................................. 5 

2.1.1.1 Pumped Hydroelectric Storage .......................................................... 5 

2.1.1.2 Compressed Air Energy Storage ........................................................ 6 

2.1.1.3 Gravity Energy Storage ................................................................... 9 

2.1.1.4 Flywheels .................................................................................. 10 

2.1.1.5 Electrochemical Batteries .............................................................. 11 

2.1.1.6 Flow Batteries ............................................................................ 12 

2.1.1.7 Hydrogen Energy Storage and Power to Gas ....................................... 13 

2.1.1.8 Discussion of Electrical Energy Storage Technologies ............................. 14 



iii 
 

2.2 Assessment of Recent Major CAES Projects .................................................... 17 

2.3. Compressed Air Energy Storage Utilising Underground Formations ..................... 22 

2.4. Potential Assessment and Analysis of Underground CAES in India and the UK ......... 25 

2.4.1 Methodology ................................................................................... 26 

2.4.2 Feasible CAES Storage Capacity in India .................................................. 30 

2.4.3 Feasible CAES Storage Capacity in the UK ............................................... 33 

2.5. Summary ............................................................................................. 34 

Chapter 3 – Compressed Air Energy Storage Integration to Benefit Photovoltaic Generation 36 

3.1 Overview of Solar Photovoltaic Technologies .................................................. 36 

3.1.1 Features of PV Technologies ................................................................ 37 

3.1.2 PV Characteristics ............................................................................. 38 

3.1.3 Properties of PV Power ...................................................................... 40 

3.1.3.1 Curtailment of PV Generation ........................................................ 40 

3.2 Photovoltaic Panel Soiling ......................................................................... 41 

3.2.1 Mitigating the Effects of PV Soiling ........................................................ 43 

3.2.1.1 Manual Cleaning ......................................................................... 43 

3.2.1.2 Automated Cleaning .................................................................... 44 

3.2.1.3 Electrodynamic Dust Shields .......................................................... 45 

3.2.1.4 Super-hydrophobic and Super-hydrophilic Films ................................... 46 

3.2.1.5 Passive Methods .......................................................................... 46 

3.2.1.6 Discussion of Soiling Mitigation Methods ........................................... 47 

3.3 Photovoltaic Panel Heating ........................................................................ 48 

3.3.1 Mitigating the Effects of PV Heating ....................................................... 49 

3.3.1.1 Air Cooling ............................................................................... 50 

3.3.1.2 Water Cooling ........................................................................... 51 

3.3.1.3 Phase Change Materials ................................................................. 52 

3.3.1.4 Heat Pipes ................................................................................. 53 



iv 
 

3.3.1.5 Thermoelectric Cooling ................................................................ 53 

3.3.1.6 Transparent Coatings ................................................................... 54 

3.3.1.7 Discussion of Heating Mitigation Methods .......................................... 54 

3.4 Proposed PV-CAES System for Panel Cleaning and Cooling ................................ 55 

3.4.1 DC Motor ....................................................................................... 57 

3.4.2 Scroll-type Air Compressor ................................................................. 57 

3.4.3 Air Store ........................................................................................ 58 

3.5 Summary .............................................................................................. 58 

Chapter 4 – Dynamic Mathematical Modelling Study of the Proposed PV-CAES System ...... 60 

4.1 PV Panel Generation ................................................................................ 60 

4.2 Dynamic PV Panel Temperature ................................................................. 64 

4.2.1 Natural Convection ........................................................................... 66 

4.2.2 Forced Convection ............................................................................ 67 

4.3 Panel Soiling and Cleaning ......................................................................... 69 

4.3.1 Particle Adhesion .............................................................................. 69 

4.3.2 Particle Detachment Modes ................................................................. 72 

4.3.3 Particle Detachment Criteria ................................................................ 75 

4.3.4 Soiling Power Loss ............................................................................ 76 

4.4 Air Compression System ........................................................................... 77 

4.4.1 DC Motor ....................................................................................... 77 

4.4.2 Air Compressor ................................................................................ 79 

4.4.3 Compressed Air Storage ...................................................................... 85 

4.4.3.1 Air Discharge and Velocity ............................................................. 86 

4.5 Full System Model .................................................................................. 87 

4.6 Control of System Charging Process ............................................................. 88 

4.6.1 Control Study Model Derivation ........................................................... 89 

4.6.2 Control Implementation ..................................................................... 91 



v 
 

4.7 Summary .............................................................................................. 97 

Chapter 5 – PV-CAES System Test Rig Design and Implementation .............................. 98 

5.1 Test Rig Requirements ............................................................................. 98 

5.2 Final Test Rig .......................................................................................100 

5.2.1 Test Rig Structure ............................................................................100 

5.2.2 Light Source ...................................................................................102 

5.2.3 Compressed Air System .....................................................................105 

5.2.3.1 Nozzle Arrangement ...................................................................106 

5.2.4 Sensors, Electronics, Data-acquisition Platform and Control .........................107 

5.2.4.1 Implementation of MPPT .............................................................112 

5.2.5 Test-dust .......................................................................................116 

5.2.6 Full Assembly of the Test Rig ..............................................................117 

5.3 Summary .............................................................................................118 

Chapter 6 – Mathematical Model Validation and System Performance Analysis ................120 

6.1 Mathematical Model Validation ..................................................................120 

6.1.1 Panel Temperature and Generation .......................................................120 

6.1.1.1 Natural Convective Effects ............................................................120 

6.1.1.2 Forced Convective Effects ............................................................123 

6.1.2 Soiling Effect, Compressed-air Cleaning and PV Generation .........................127 

6.1.3 Tank Discharging .............................................................................133 

6.2 System Performance Analysis ....................................................................134 

6.2.1 System Energy ROI .......................................................................141 

6.3 Summary .............................................................................................143 

Chapter 7 – Conclusions and Further Work ...........................................................145 

7.1 Conclusions ..........................................................................................145 

7.2 Further Work .......................................................................................147 

References ...................................................................................................149 



vi 
 

Appendix A – Technical Characteristics of Current CAES Plants ..................................170 

Appendix B – Results from CAES Potential in India Assessment ..................................171 

Appendix C – List of Test Rig Hardware ..............................................................173 

Appendix D – Parameters Used in Model Validation and System Study ..........................175 

 

 



vii 
 

List of Figures 

Figure 2-1. PHS plant operation ............................................................................ 6 

Figure 2-2. Huntorf CAES plant, Germany, commissioned 1978 [14]  (b) McIntosh CAES 

plant, Alabama, USA, commissioned 1991 [15] .......................................................... 6 

Figure 2-3. D-CAES operation principle .................................................................. 7 

Figure 2-4. A-CAES operation principle .................................................................. 9 

Figure 2-5. GES operation principle ..................................................................... 10 

Figure 2-6. FES operation principle ...................................................................... 11 

Figure 2-7. EB schematic ................................................................................... 12 

Figure 2-8. FB schematic ................................................................................... 13 

Figure 2-9. Comparison of EES technologies [45–47] ................................................ 14 

Figure 2-10. Types of formations for underground energy storage ................................. 22 

Figure 2-11. Indian locations with one of the four identified geology types ....................... 27 

Figure 2-12. Salt deposits of India ........................................................................ 27 

Figure 2-13. Large aquifer systems of India ............................................................. 28 

Figure 2-14. Identified areas suitable for CAES in India .............................................. 30 

Figure 2-15. (a) Solar capacity factor distribution for India (b) Wind capacity factor distribution 

for India [107] ................................................................................................ 32 

Figure 2-16. UK salt deposits. Operational and planned natural gas storage sites that have the 

potential to be converted to CAES storage [111] ...................................................... 34 

Figure 3-1. Installed capacity of solar PV by region, 2000 – 2020 [6] .............................. 37 

Figure 3-2. Typical current-voltage (I-V) characteristic curve for a PV module [120] .......... 38 

Figure 3-3. Typical power-voltage (P-V) characteristic curve for a PV module [120]........... 39 

Figure 3-4. (a) Effect of irradiance on typical I-V curve (b) Effect of cell temperature on typical 

I-V curve [120] ............................................................................................... 39 



viii 
 

Figure 3-5. Example of soiled panels (left) and unsoiled panels (right) in a large PV power plant 

[132] ........................................................................................................... 42 

Figure 3-6. Categorisation of soiling mitigation methods ............................................ 43 

Figure 3-7. Automated and semi-automated cleaning methods for PV modules ................. 45 

Figure 3-8. (a) Water droplet in contact with a super-hydrophobic coating (b) Water droplet in 

contact with super-hydrophilic coating [163] ........................................................... 46 

Figure 3-9. Categorisation of heating mitigation methods ............................................ 50 

Figure 3-10. Proposed active air-cooling mechanisms for PV panels [185,187] .................. 51 

Figure 3-11. Proposed integrated PV-CAES system for panel cleaning and cooling ............. 56 

Figure 3-12. Internal mechanism of typical scroll-type compressor [207] ......................... 58 

Figure 4-1. Single-diode representation of PV module ............................................... 60 

Figure 4-2. Panel natural convection heat balance ..................................................... 66 

Figure 4-3. Panel forced convection heat balance ...................................................... 68 

Figure 4-4. Adhesion mechanisms and detachment mechanisms of a particle on the panel 

surface, subject to airflow .................................................................................. 69 

Figure 4-5. Relative strength of adhesion forces ....................................................... 72 

Figure 4-6. Shear and air velocities for particle detachment ......................................... 76 

Figure 4-7. (a) Geometry definition for the scroll compressor blades (b) Scroll-type 

compressor blade geometry ............................................................................... 79 

Figure 4-8. Compression cycle for scroll compressor orbit .......................................... 81 

Figure 4-9. Continuity for compressible flow at steady flow conditions ........................... 86 

Figure 4-10. Interaction of mathematical model components in the full system model ......... 87 

Figure 4-11. System modelled for the charging process control development ................... 88 

Figure 4-12. Circuit diagram representation of the proposed system used for the derivation of 

the mathematical model .................................................................................... 89 



ix 
 

Figure 4-13. Block diagram demonstrating connections of mathematical model elements for the 

charging process control .................................................................................... 92 

Figure 4-14. Solar radiation variation and corresponding change in input and output voltage . 93 

Figure 4-15. Motor velocity and torque ................................................................. 94 

Figure 4-16. Compressed air tank pressure and temperature throughout charging period ..... 94 

Figure 4-17. PV voltage and motor voltage in response to 'positive front' scenario ............... 95 

Figure 4-18. PV voltage and motor voltage in response to a 'negative front' scenario ............. 96 

Figure 5-1. Uninclined PV-CAES test rig viewed from the side ...................................101 

Figure 5-2. Inclined PV-CAES test rig viewed from the side .......................................101 

Figure 5-3. Highlight of panel bed and securing struts in the test rig ..............................102 

Figure 5-4. Viewing angles of bulbs implemented in light panel ...................................103 

Figure 5-5. Layout of lamps implemented in light panel ............................................104 

Figure 5-6. Light panel in the test rig ...................................................................104 

Figure 5-7. Compressed air system used in test rig ...................................................106 

Figure 5-8. Single nozzle mounted in test rig ..........................................................107 

Figure 5-9. Two nozzles mounted in test rig ..........................................................107 

Figure 5-10. Position of thermocouples on the upper and lower surface of the PV panel .....109 

Figure 5-11. (a) Example of pressure transducer used in test rig (b) Volumetric flow sensor 

used in test rig ...............................................................................................109 

Figure 5-12. Control platform for system monitoring ...............................................110 

Figure 5-13. Schematic of components and control of PV-CAES test rig.........................111 

Figure 5-14. LABVIEW interface for managing PV-CAES test rig.................................112 

Figure 5-15. Panel heating and power loss with and without MPPT implementation ..........113 

Figure 5-16. Panel cooling power gain with and without MPPT implementation ..............113 

Figure 5-17. Panel soiling power loss with and without MPPT implementation ................114 



x 
 

Figure 5-18. Panel soiling power gain with and without MPPT implementation ...............115 

Figure 5-19. Perturb and Observe MPPT algorithm implemented in test rig ...................116 

Figure 5-20. (a) Test-dust under 350 times magnification (b) Test-dust under 600 times 

magnification ................................................................................................117 

Figure 5-21. Final test rig within containment ........................................................118 

Figure 6-1. Panel temperature comparison ............................................................121 

Figure 6-2. Panel voltage comparison ...................................................................122 

Figure 6-3. Panel current comparison ..................................................................122 

Figure 6-4. Panel power comparison ...................................................................122 

Figure 6-5. Nozzle orientation for mathematical model validation ................................124 

Figure 6-6. Panel temperature comparison for forced convective cooling .......................124 

Figure 6-7. Panel temperature comparison with 3-minute cooling period .......................125 

Figure 6-8. Panel voltage comparison with cooling ..................................................126 

Figure 6-9. Panel current comparison with cooling ..................................................126 

Figure 6-10. Panel power comparison with cooling ..................................................126 

Figure 6-11. Required detachment velocity for particles and panel established in test rig .....128 

Figure 6-12. (a) Panel before cleaning (b) Panel after cleaning. Note: the white-bordered 

regions indicate visible residual dust on the panel surface after blowing ..........................130 

Figure 6-13. Panel power with 5.2g deposited followed by cleaning .............................131 

Figure 6-14. Panel power with 10.4g deposited followed by cleaning ............................131 

Figure 6-15. Panel power with 15.6g deposited followed by cleaning ............................132 

Figure 6-16. (a) Discharging tank pressure comparison (b) Flowrate comparison ..............133 

Figure 6-17. Input irradiance and panel temperature ................................................135 

Figure 6-18. Panel power output across one day. The soiled panel is subject to 5.2g of dust on 

the panel surface. ...........................................................................................135 



xi 
 

Figure 6-19. System flowrate determining discharge duration and air velocity ..................137 

Figure 6-20. Impact of blowing duration and start-time on energy generation for a soiled panel

 .................................................................................................................138 

Figure 6-21 Impact of blowing duration and start-time on energy generation for a clean panel

 .................................................................................................................138 

Figure 6-22. Panel energy production under different scenarios ...................................140 

Figure 6-23. Compressor simulation characteristics ..................................................142 

Figure 6-24. Power production across two-week period for panel cleaned and not cleaned by 

the system ....................................................................................................143 

Figure D-1. I-V comparison of PV panel and model parameters ...................................176 

Figure D-2. P-V comparison of PV panel and model parameters ..................................176 

 

 



xii 
 

List of Tables 

Table 2-1. Comparison of EES technologies [9,13,16,18,23,45–47] .............................. 16 

Table 2-2. Major recent CAES projects ................................................................. 20 

Table 2-3. Underground storage methods: key for Figure 2-10 ..................................... 22 

Table 2-4. Total CAES capacity in India ................................................................. 31 

Table 3-1. Summary of soiling mitigation methods for PV panels .................................. 47 

Table 3-2. Summary of heating mitigation methods for PV panels ................................. 54 

Table 5-1. Design requirements of PV-CAES test rig ................................................. 99 

Table 5-2. Parameters of light sources in test rig .....................................................105 

Table 5-3. Required measurement and implemented sensor type .................................107 

Table 5-4. Measurement uncertainty of employed sensors..........................................110 

Table 6-1. Average relative errors for natural convective effects ..................................123 

Table 6-2. Comparison of experimental and simulated energy generation .......................123 

Table 6-3. Average relative errors for forced convective cooling ..................................127 

Table 6-4. Comparison of experimental and simulated energy capture ...........................127 

Table 6-5. Power recovery from compressed air cleaning of PV panel ...........................129 

Table 6-6. Summary of cleaning modelling validation ...............................................132 

Table 6-7. Average relative errors for air system .....................................................134 

Table 6-8. Simulated scenarios ...........................................................................140 

Table 6-9. Energy ROI for 14 days of PV generation ................................................142 

Table A-1. Key technical characteristics of current conventional CAES facilities ...............170 

Table B-1. Result of analysis of CAES and renewable electricity integration in India (by 1° grid 

cells) ..........................................................................................................171 

Table C-1. List of hardware in test rig ..................................................................173 

Table C-2. List of control platform modules ..........................................................174 



xiii 
 

Table D-1. PV panel parameters and constants .......................................................175 

Table D-2. Panel soiling model parameters ............................................................177 

Table D-3. Air system parameters .......................................................................177 

 



xiv 
 

Acknowledgement  

I would like to express my deep appreciation towards my supervisor Professor Jihong Wang for 

her guidance throughout my research, as well as the financial support that she provided that 

allowed the completion of my research and thesis. I am immensely thankful for the 

opportunities that she has generously provided and encouraged.  

I would additionally like to express my gratitude to Dr Dacheng Li for his expertise and 

assistance in technical matters that aided the project; his advice and feedback was greatly 

valued. 

Furthermore, I extend my thanks to Dr Oleh Kiselychnyk, Dr Wei He, Dr Mark Dooner as 

well as my fellow PhD students within the Power and Control Systems Research Laboratory 

for their support throughout my research. In addition to technical guidance, their friendly and 

warm nature ensured that undertaking my research was a wholly enjoyable experience.  

I would like to acknowledge EPSRC and the University of Warwick School of Engineering for 

the studentship that allowed me to pursue a PhD and finally, I would like to thank the 

organisers of the Joint UK-India Clean Energy Centre project that provided funding so that I 

could undertake a placement at the Malaviya National Institute of Technology in Jaipur, India 

to progress my research. 

 

Marcus King 

July 2022 

 

 

 



xv 
 

Declaration 

This thesis is submitted to the University of Warwick to support the author’s application for 

the degree of Doctor of Philosophy. The work contained in this thesis has not been previously 

submitted to any university for the application of any degree. The work contained within this 

thesis has been carried out entirely by the author, Mr Marcus King, under supervision by 

Prof. Jihong Wang.  

 

 

 

 



xvi 
 

Published Work Arising from Thesis 

Sections of this thesis have been previously presented in peer-reviewed publications; the 

published papers that contribute work to included thesis chapters are listed here:  

 

M. King, A. Jain, R. Bhakar, J. Mathur, J. Wang, “Overview of current compressed air 

energy storage projects and analysis of the potential underground storage capacity in India and 

the UK” in Renewable and Sustainable Energy Reviews, vol. 139, pp. 110705, 2021. 

D. Li, M. King, M. Dooner, S. Guo, J. Wang, “Study on the cleaning and cooling of solar 

photovoltaic panels using compressed airflow” in Solar Energy, vol. 221, pp. 433-444, 2021. 

M. King, D, Li, M. Dooner, S. Ghosh, J.N. Roy, C. Chakraborty, J. Wang, “Mathematical 

Modelling of a System for Solar PV Efficiency Improvement Using Compressed Air for Panel 

Cleaning and Cooling” in Energies, vol. 14(14), pp. 4072, 2021. 

M. King, D. Li, M. Dooner, J. Wang, “Modelling and control of the charging process of a 

PV-compressed air system for efficiency improvement from panel cleaning and cooling” in 

Automation and Computing (ICAC), 2021 26th International Conference on, 2021. 

 

Where chapters contain previously published material, it is indicated in the introduction of the 

respective chapter.  

 

Patent 

Furthermore, a patent, titled ‘Compressed Air Energy Storage (CAES) based self-powered active 

cleaning and cooling system for solar photovoltaic panels’ has been applied for, by the author, 

supported by work contained within the thesis. The patent is under review by the UK patent 

office at the time of thesis submission. 

 

 



xvii 
 

Additional Author Contributions to Published Work 

The author has also contributed to the following peer-reviewed publications throughout the 

PhD period of study, though none of the material within these works are submitted as part of 

the final thesis: 

 

W. He, M. Dooner, M. King, D. Li, S. Guo, J. Wang, “Techno-economic analysis of bulk-

scale compressed air energy storage in power system decarbonisation” in Applied Energy, vol. 

282, pp. 116097, 2021. 

D. Li, S. Guo, W. He, M. King, J. Wang, “Combined capacity and operation optimisation of 

lithium-ion battery energy storage working with a combined heat and power system” in 

Renewable and Sustainable Energy Reviews, vol. 140, pp. 110731, 2021. 

S. K. Mitra, S.B. Karanki, M. King, D, Li, M. Dooner, O. Kiselychnyk, J. Wang, 

“Application of Modern Non-Linear Control Techniques for the Integration of Compressed Air 

Energy Storage with Medium and Low Voltage Grid” in Energies, vol. 14(14), pp. 4097, 2021. 

W. He, M. King, X, Luo, M. Dooner D. Li, J. Wang, “Technologies and economics of 

electric energy storages in power systems: Review and perspective” in Advances in Applied 

Energy, vol. 4, pp. 100060, 2021. 

 



xviii 
 

Abstract 

As the penetration of power generation from renewable energy sources in electrical grids 

increases, the challenges of system stability and uncertainty are exacerbated. Electrical Energy 

Storage (ESS) provides an energy buffer to detach the power generation and usage and is 

regarded as one of the foremost solutions to mitigate the effects of the increasing adoption of 

variable renewable energy technologies. Within competing EES technologies, Compressed Air 

Energy Storage (CAES) is an established solution for providing large-scale, long-duration 

energy storage. The work presented in the thesis explores the potential of using CAES to 

support power generation from renewable energy sources and to develop a new technology for 

improving energy conversion efficiency through EES integration. 

CAES uses high-pressure air as its working medium and therefore possesses low energy storage 

density, leading to the requirement of large storage volumes for high-capacity systems. The 

research begins with an assessment of the suitable underground storage resources for CAES in 

the UK and India. A geographic study of Indian renewable generation potential and CAES 

geological resource distribution establishes the limitations for India to adopt the technology, 

even though the total storage capacity is shown to be sufficient to meet the Indian EES 

requirements; there are limited regions where there is coincidence between renewable 

generation potential and CAES suitability. This analysis provides essential information for 

evaluating economic viability in formulating the suitable energy strategy of exploitation of 

CAES in different countries.  

In addition to CAES acting as a buffer to aid intermittence of renewable power generation, this 

thesis proposes a new integrated PV-CAES system, whereby high-pressure air of a CAES 

system can be utilised as a secondary resource for panel cleaning and cooling. High-pressure air 

is directed to the PV panel surfaces through a series of pipes and nozzles, with the action of air 

release across the panel at a high velocity removing present dust and lowering the panel 

operating temperature through convective effects. The whole system dynamic model is 

established through deriving individual mechanism and component mathematical models. The 

model provides a valuable tool for analysing the soiling mechanisms, cleaning and cooling effect 

and their relationship with air flow and key parameters of system design.  

A laboratory test rig is constructed for model verification and for a feasibility investigation of 

utilising high-pressure air to improve PV generation efficiency through cleaning and cooling. 

The validated system model is then utilised in a study to inform a system operation strategy. 

The results indicate that the efficiency of PV generation can be improved using CAES for 

cleaning and cooling, however only cleaning effects have a beneficial impact when considering 

energy required for the CAES system operation.  
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Chapter 1 – Introduction 

1.1 Background 

The average global temperature has increased at a rate of 0.18°C per decade since 1981 [1], 

with Earth’s surface temperature projected to continue to increase in the coming decades.  A 

significant contributor to the rapid rate of warming in the global temperature is the combustion 

of fossil fuels for electrical power generation. It is estimated that between 20-30% of global 

greenhouse gas emissions are directly attributable to electrical power generation [2–4]. 

As a greater understanding and awareness of the negative impacts of global warming permeates 

nations worldwide, actions are being taken to address the impacts of climate change. In 2015, 

196 parties signed the Paris Agreement and agreed to be bound to a target-limit of a global rise 

in temperature of 1.5°C compared to pre-industrial levels [5]. To meet these aims, many 

nations are transitioning away from conventional thermal power plants combusting fossil fuels, 

to renewable electrical power generation. However, as this process occurs the balance between 

power supply and load demand in electrical grids becomes more complex. Energy storage 

systems are considered as one of the feasible solutions to aid this shift, as they provide energy 

buffers to detach power generation and the time of use. Large-scale energy storage systems 

allow for the storage of surplus electrical generation from renewable sources, in times of high 

availability but low demand, with this stored energy supplying the grid during periods of low 

available generation but high demand. Compressed air energy storage (CAES) is one of the 

most promising, suitable and established technologies for large-scale and long-duration energy 

storage. However, a limitation of CAES is the low energy storage density of the medium, 

compressed air. Because of this, to generate high-capacity systems, large storage volumes are a 

necessity. Utilising underground formations is the most feasible method of creating these large 

volumes. However, in many instances, there is a lack of information pertaining to geological 

features suitable for the forming of CAES caverns; this provides motivation for the initial 

presented work.  

Of the available renewable power generation technologies, solar photovoltaics (PV) are 

experiencing rapid growth in worldwide installed capacity. In 2020, PV accounted for 39% of 

all additions to generation capacity [6]. However, solar PV are subject to numerous sources of 

inefficiencies, primarily panel soiling and temperature effects. Panel soiling and heating are 

compounded as locations with a significant solar resource tend to be hot and arid environments 

where dust is also prevalent. With an increasing number of large-scale solar power plants being 
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constructed in arid environments, cleaning panels to maintain efficiency is extremely 

challenging with no access to convenient water sources [7].  

The research presented in this thesis explores the potential benefit to PV generation that CAES 

can provide, firstly by a quantification of capacity for CAES through and examination of 

underground features and proximity to renewable electrical power generation potential in 

India and then through the investigation of a proposed novel-integrated PV-CAES mechanism, 

whereby the CAES system can be used for panel cleaning and cooling. The secondary resource 

that is the high-pressure air used as the energy storage medium can be used to blow over the 

surface of PV panels, to remove adhered particles and cool the panels to improve the overall 

generation efficiency. 

1.2 Objectives 

The aim is to investigate the potential of using CAES to support power generation from 

renewable energy sources. Furthermore, this thesis aims to investigate the benefits to PV 

generation efficiency by the proposal of a novel integrated PV-CAES mechanism. Therefore, 

the inefficiencies introduced to PV generation from panel soiling and high temperatures, in 

addition to the promising potential to ameliorate these issues through the integration of CAES 

provided the motivation for the research. The primary aim of the research is to investigate the 

novel PV-CAES system for panel cleaning and cooling to assess the feasibility of such a system 

and the potential benefit to PV generation be achieved. A dynamic mathematical model will be 

derived and validated which can then be used for a wider study of the system. 

1.3 Thesis Structure 

The thesis proceeds with the following structure: 

Chapter 2 introduces electrical energy storage technologies and their benefits to renewable 

power generation, with a focus on CAES. Methods for the underground storage of compressed 

air are reviewed and a geographical study of the underground storage potential for CAES in 

India is conducted and compared with renewable electrical power generation potential; these 

results are compared with the potential for CAES utilisation in the UK. 

Chapter 3 specifies PV power generation and the issues arising from panel soiling and 

temperature effects. Current strategies for addressing these challenges are reviewed and a 

novel technological solution of integrating CAES with PV generation for panel cleaning and 

cooling is introduced and outlined.  
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Chapter 4 derives a dynamic mathematical model of the key mechanisms in the proposed PV-

CAES system. These are PV panel generation, panel temperature modelling for natural and 

forced convective heat transfer, particle adhesion and detachment mechanisms from air 

blowing, the soiling losses from particle deposition and compressed air system mechanisms. 

The chapter concludes with the presentation of a control strategy for the charging process of 

the PV-CAES system using the developed dynamic mathematical model. 

Chapter 5 describes the experimental test rig that has been designed and constructed to 

validate the mechanisms outlined in the modelling study. The test rig is used to assess the 

feasibility of using compressed air for the cleaning and cooling of solar PV panels. The 

hardware, instrumentation and test-rig control system are explained. 

Chapter 6 presents experimental results and the mechanisms introduced in the modelling 

study are validated. The validated mathematical model is subsequently used to demonstrate the 

potential for the PV-CAES system in improving the power generation because of reduced losses 

from soiling and heating and an overall system performance analysis is conducted. 

Chapter 7 concludes the work presented in the previous chapters and provides 

recommendations for additional work for the continuation of the project. 
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Chapter 2 – Overview of Electrical Energy Storage and Analysis of 

Compressed Air Energy Storage Potential in the UK and India 

In this chapter, electrical energy storage (EES) systems are introduced and their roles in 

mitigating against the intermittency, variability and uncertainty in renewable generation are 

highlighted. Key EES technologies are discussed with a focus on compressed air energy storage 

(CAES). Recent major CAES projects are highlighted and mechanisms for creating large-

capacity CAES systems utilising underground reservoirs are introduced. Finally, an assessment 

of the potential for underground CAES capacity for India and the UK is conducted and areas are 

identified where CAES integration can most benefit renewable power generation in India 

through a proposed methodology. 

This chapter is largely based upon the published work “Overview of current compressed air energy 

storage projects and analysis of the potential underground storage capacity in India and the UK” 

published in Renewable and Sustainable Energy Reviews by the author, M. King, and A. Jain, 

R. Bhakar, J. Mathur and J. Wang [8].  

2.1 Overview of Current Development in Electrical Energy Storage 

Technologies 

Renewable electrical power generation methods are dependent upon a natural resource as their 

primary source of energy, predominantly the sun and wind. This greatly effects the 

characteristics by which they operate when compared to conventional thermal generation. 

Firstly, there is a high degree of variability in the availability of the primary energy source 

across several timescales, from instantaneous changes to regular daily and seasonal variability. 

Furthermore, although forecasters make attempts to predict the future sun and wind 

availability, there remains a large amount of error in forecasts, compounding the variable 

nature of renewable generation. Another result of the dependence on natural resources is the 

discrepancy between good renewable generation potential and the local demand for power. For 

example, high potential renewable generation areas, such as offshore locations for wind power, 

or deserts for solar power, typically do not possess large urban areas with high power demands 

in proximity to them. These factors: variability, uncertainty and location restraints, make the 

operation of grids with a high proportion of renewable generation more difficult to manage.  

To ensure stability and a constant operating frequency, power generation must follow demand 

in electrical grids. However, the aforementioned variability and uncertainty of renewable 

generation threatens stability with power shortfalls, because of instantaneous lack of power, or 
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leads to curtailment and loss in potential generation, because there is no instantaneous demand 

for power. 

Implementing electrical energy storage (EES) technologies, is seen as one of the most 

promising solutions to mitigate the challenges imposed by renewable generation. Electrical 

power, in times of high renewable generation but no demand, can be stored and used to supply 

the grid during periods when potential generation has dropped but demand has increased. The 

alleviates some uncertainty of renewable generation and reduces the amount of curtailment 

required as all available renewable generation potential can be harnessed.  

At present, there are a multitude of viable technologies for storing large quantities of energy at 

the grid level, varying greatly in maturity, scale, response time, storage duration and cost. The 

most investigated EES technologies are introduced here. 

2.1.1 Technologies for Electrical Energy Storage  

2.1.1.1 Pumped Hydroelectric Storage 

The EES technology that has experienced the widest implementation in electrical grids is 

Pumped Hydroelectric Storage (PHS) [9], accounting for 93% of all implemented EES at 

present [10]. In PHS systems, energy is stored in the form of gravitational potential energy by 

pumping water between reservoirs at different elevations. Electrical power is regenerated 

when water in the elevated reservoir is allowed to flow down to the lower reservoir, through a 

turbine, which drives a generator. A typical PHS system can be seen in Figure 2-1.  PHS 

systems currently demonstrate the largest achievable power ratings and storage capacity of 

feasible EES systems. Implementation of PHS in developed nations is becoming limited by the 

availability of suitable locations for forming the necessary reservoirs [11]. Furthermore, 

environmental damage caused by the construction and operation of PHS remains of concern. 
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Figure 2-1. PHS plant operation 

2.1.1.2 Compressed Air Energy Storage 

Compressed Air Energy Storage (CAES) has been implemented at the grid level for over 40 

years [12], with two such CAES facilities operational at present, the Huntorf plant, in 

Germany, constructed in 1978, and the McIntosh plant, Alabama, USA, operational from 1991 

[13]. These can be seen in Figure 2-21.  

  

(a) (b) 

Figure 2-2. Huntorf CAES plant, Germany, commissioned 1978 [14]  (b) McIntosh 

CAES plant, Alabama, USA, commissioned 1991 [15] 

The complete cycle of conventional CAES operation is comprised of two processes, the 

charging and discharging processes. During the charging process, electricity from the grid is 

used to power a motor, which drives a turbine or series of turbines, compressing air into a 

large underground cavern as the heat of compression is rejected to the environment [16]. 

Later, during the discharging process, the high-pressure air from the storage cavern is mixed 

with gas and combusted to drive a turbine or series of turbines. This work is used to drive an 

electrical generator with the produced electricity supplied to the grid. Because of the rejection 

of heat and the necessity for an external heat source during the expansion stage, this CAES 

implementation is referred to as D-CAES (diabatic-CAES).  

 
1 The key technical characteristics of the Huntorf and McIntosh CAES plants are contained within Appendix A 
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The typical configuration of conventional D-CAES systems is given in Figure 2-3. The rejection 

of heat and necessity of the fuel input requirement in D-CAES during the discharging means 

overall efficiencies of traditional D-CAES systems are relatively low and is one of the main 

constraints of CAES as a storage option. Efficiencies of D-CAES systems can be improved 

significantly with the integration of recuperators, as in the McIntosh plant, in which the hot 

exhaust gas during the compression stage is directed to preheat the pressurised air from the 

cavern prior to the expansion stage [17]. This greatly reduces the thermal energy input 

required and results in improved efficiencies with less fuel consumption [18].   

 

Figure 2-3. D-CAES operation principle 

CAES possesses advantages over competing large-scale energy storage systems, excelling in 

technology lifetime, energy storage duration, possessing negligible self-discharge, as well as 

being scalable in terms of capacities and power output. Albawab et al. compared large-scale 

energy storage technologies across a wide range of factors to determine the overall 

sustainability of the competing technologies with CAES outperforming the other 

candidates [19]. Moreover, under current conditions in the United States market, CAES has 

been shown to be the most economically attractive grid-integrated energy storage technology, 

along with PHS, both in terms of cost per kW and cost per kWh [20]. 

However, aside from the relatively low efficiencies when compared to other established energy 

storage technologies, the greatest limitation of CAES as a large-scale energy storage technology 

is the low energy storage density. CAES energy density is comparable to PHS systems but is an 

order of magnitude smaller than existing energy storage technologies that are beginning to be 

implemented at the grid level, particularly electrochemical batteries (EB). Owing to the low 

energy storage densities, large storage volumes are required to create systems with large 

capacities. At present, the most viable option for constructing chambers with sufficient 
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volumes is the use of underground storage caverns. Although over-ground manufactured 

storage vessels can be used for the implementation of small-scale CAES with very high 

pressures [21] or for demonstration plants, large capacity systems cannot be constructed in this 

manner. The use of underground storage also provides the benefits of isolation from external 

influences, with the only surface features being connecting valves, and much lower specific 

costs for storage capacity when compared to the use of above-ground tanks [22]. Therefore, the 

availability of suitable geographic features for the formation and locations of underground 

storage caverns are the major constraint to the rate of adoption of CAES as a bulk energy 

storage technology. 

2.1.1.2.1 Adiabatic CAES 

A progression of the use of recuperators is the emergence of Adiabatic CAES (A-CAES). In 

A-CAES systems, heat rejected during the compression stages is stored in a thermal energy 

store (TES) and used to heat the compressed air before expansion. Therefore A-CAES systems 

can achieve higher system efficiencies, up to 80% expected to be achievable [23,24] with no 

external heat from the combustion of a fuel. TES are the limiting factor in the progression of A-

CAES because of the high temperatures that are generated during compression, which are 

difficult to store [25]. Thermal energy is traditionally stored in the form of sensible heat or 

latent heat: Sensible heat stores are a mature technology and economically attractive but latent 

heat technologies can store higher temperatures and achieve better system efficiencies [26]. 

There are examples of attempts to integrate chemical and thermochemical heat storage into 

CAES systems, though at present these are economically unattractive under the current 

technological state [27]. A representation of an A-CAES system is given in Figure 2-4. 
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Figure 2-4. A-CAES operation principle 

2.1.1.2.2 Isothermal CAES 

Although the progression of CAES as an EES is trending towards improving A-CAES systems, a 

competing approach to improve round trip efficiencies of conventional CAES facilities is the 

development of isothermal-CAES (I-CAES) [28]. When traditional turbomachinery is 

employed for compressing air to high pressures, very high temperatures are achieved and as a 

result the air cannot be practicably stored, thus heat must be rejected, cooling the air and 

energy is lost. Conversely heat must then be added to the system at the expansion stage to 

account for this. I-CAES systems aim to achieve slow compression and expansion such that 

these processes occur at a constant temperature. This requires continuous heat transfer during 

the compression and expansion stages but could result in considerably higher round trip 

efficiencies and additionally removes the requirement of a secondary TES. The most 

demonstrated methods of achieving the necessary slow expansion and compression are through 

the use of liquid pistons or hydraulic pumps [29,30]. 

2.1.1.3 Gravity Energy Storage 

Similar to PHS, in Gravity Energy Storage (GES), electrical energy can be stored as 

gravitational potential energy but with a solid object being the mass that is moved to a higher 

elevation rather than water. A motor provides the work to elevate the mass, then the mass can 

be allowed to fall to a lower altitude and convert the potential energy to electrical power with 

the motor now acting as a generator; this is represented by Figure 2-5. There have been 

different implementations of this technology at the pilot scale with systems working upon hill-

based rail carts moving up and down an elevated profile [31], lift-based systems with masses 

moving vertically up and down tracks [32] and crane-based systems with suspended masses 
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inserted in boreholes allowing a large variation in mass altitude [33]. GES has not been widely 

adopted in electrical grids and is limited to a small number of pilot plants attempting to 

demonstrate the feasibility of the solution. The greatest advantage of GES as a storage solution 

appears to be the storage duration, which theoretically could be indefinite with negligible losses 

over a long period of time. 

 

Figure 2-5. GES operation principle 

2.1.1.4 Flywheels 

Flywheels or Flywheel Energy Storage (FES) can be used to store electrical energy as kinetic 

energy, proportional to the moment of inertia and rotational velocity of a spinning disc. An 

integrated motor-generator is used to accelerate a disc and then is disengaged via a clutch. The 

key features of an electricity storing flywheel is shown in Figure 2-6. The motor-generator can 

then be reengaged and is driven by the rotating disc to produce electricity. FES are highly 

efficient with up to 95% system round trip efficiencies, excellent response times and good 

cycling capabilities [34]. However, current systems cannot be employed as bulk storage 

technologies owing to poor scaling. Also, flywheels cannot be used to store energy over long 

periods because of high self-discharge rates. FES for electricity storage employ magnetic 

bearings and vacuum casings to reduce friction losses but still are limited to a maximum of a 

few minutes of discharge. Consequently, applications of flywheels best lie in transport systems 

(primarily in energy recovery), uninterruptable or back-up power supplies, as well for the 

potential of power stabilisation and smoothing for short term variability in renewable 

generation [35]. The case for flywheels as a bulk energy storage solution is therefore restricted 

though may prove vital in small-scale distributed generation systems.   
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Figure 2-6. FES operation principle 

2.1.1.5 Electrochemical Batteries 

Electrochemical batteries (EB) have fallen in cost rapidly in recent years, driven by 

developments in electric vehicles and consumer electronics. As such they are increasingly being 

implemented as a large-scale store of electrical energy. Electricity is stored in the form of an 

electrochemical potential between two electrodes connected by an electrolyte to facilitate ion 

transfer. A schematic of a conventional lithium-ion battery is demonstrated in Figure 2-7. The 

total installed capacity of grid connected EB arrays now stands at approximately 1 GW [36], the 

most dominant type of which being lithium ion, with lead-acid, nickel-cadmium and sodium-

sulphur cells having all been suggested for large-scale use [37]. The scale of individual EB arrays 

has additionally increased rapidly in recent years, for example, the largest completed EB facility 

in 2017 was capable of supplying 100MW for 3 hours [38], by 2021, the largest battery facility 

can deliver 400MW for 4 hours [39]. The response times of EB are excellent, although EB 

technologies are limited by the short lifespan, materials required for manufacture, self-

discharge and end of life concerns. Furthermore, even though the scale of individual plants is 

increasing, they are still not as large as existing PHS or CAES systems. Therefore, EB 

technologies may show greater promise as a technology for integration with distributed 

generation and storage, for example in Vehicle-to-grid systems [40].  
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Figure 2-7. EB schematic 

2.1.1.6 Flow Batteries 

Flow batteries (FB), similarly to EBs, store energy as a difference in electrochemical potential 

between two electrodes. The main difference being that in FB, two aqueous electrolytic 

solutions are contained in separate tanks and connected by a circulating electrolyte; in contrast 

EBs contain internal solid electrodes and an electrolyte. A schematic demonstrating the 

operating principles of flow batteries is given in Figure 2-8. When compared to EBs, flow 

batteries excel in lifespan and scalability, with self-discharge presenting a negligible problem as 

flow batteries can also be fully discharged without impacting the life span of the cells. 

However, at present flow batteries are substantially more expensive than conventional batteries 

[41] and other grid scale storage technologies, partly owing to the requirement of mechanical 

circulating pumps and compounded by the previously lacking widespread applications. Flow 

batteries also rely upon expensive metals as the active species in the electrolytes (typical to 

vanadium redox batteries, zinc bromide batteries and polysulphide bromide batteries) [37].  

Thus, similarly to EB, flow batteries demonstrate promise at a medium to large-scale if these 

limitations can be eradicated.  



13 
 

 

Figure 2-8. FB schematic 

2.1.1.7 Hydrogen Energy Storage and Power to Gas 

There has been significant attention on utilising Hydrogen Energy Storage (HES) or Power to 

Gas (PtG) to balance electrical grids. Proponents suggest that excess electrical power can be 

used to synthesise hydrogen or synthesise methane. These secondary fuels can then either be 

converted back into electrical power via fuel cells, used in turbomachinery to power 

conventional thermal plants or used as a fuel for separate processes such as transportation. Fuel 

cells are the primary technology used for the synthesis of hydrogen from water and can also 

operate by consuming hydrogen to generate electricity. Fuel cell technologies are relatively 

mature and possess good scalability from the kW to hundreds of MW power level. 

Furthermore, hydrogen can be stored for long durations, exceeding months, so presents a 

promising solution when considering inter-seasonal storage [42]. Lack of practical large-scale 

demonstration and the practicality of the storage of hydrogen remain a challenge [43]. 

Similarly, methane can be synthesised from hydrogen, thus can be deemed as a potential EES. 

Many nations already possess natural gas storage infrastructure, so practical storage challenges 

present less of an issue. The synthesis of methane therefore could be a viable solution for 

introducing a load for grid balancing. The produced methane is a highly energy dense fuel that 

can be employed in a range of applications. Several pilot studies have been conducted to assess 

the possibility of large-scale applications, but to date, PtG is not widely practiced [44]. If 

synthesised methane is still used in natural gas power plants, this will be a contribution to 

greenhouse gas emissions and overall climate change. 
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2.1.1.8 Discussion of Electrical Energy Storage Technologies 

The predominant characteristics of an EES technology is its capability for power and capacity. A 

comparison of these parameters for the presented EES technologies is given in Figure 2-9.  

 

Figure 2-9. Comparison of EES technologies [45–47] 

At present, the two technologies that are capable of the largest power ratings and storage 

capacities are PHS and CAES, both also possessing very good ranges in power and capacity 

from mid-to-large capacity for PHS and small-large for CAES systems. EB are beginning to 

compete in terms of storage capacity in the mid-range in terms of power and capacity. Aside 

from power and capacity, important factors in the operation of EES are the storage duration, 

the operational life of the system, the self-discharge rate, round trip efficiency and response 

time. Additionally, there is great importance of the power and capacity density of the EES 

technology. The key metrics of each discussed EES technology are given in Table 2-1. 

With the long storage durations that CAES systems possess, up to the month timescale, CAES 

is one of the best suited technologies for inter-seasonal storage. Storage of large amounts of 

energy across long durations will be essential for countries with high penetration of renewables 

in their grids and high seasonal weather variability, so that summer surplus of power can be 

stored to meet the winter shortfall.  EES technologies with short storage durations cannot meet 

the demand for seasonal storage and are better suited for frequency regulation. Additional 

system lifespans of CAES systems are good when compared to competing ESS, this affects the 

overall economic viability of the plants as well as simplicity in long term planning. 

Efficiencies and energy densities remain a limiting factor of CAES systems, where efficiencies 

are attempting to be improved through the development of A-CAES and I-CAES. Low 

efficiency limits the economic viability of CAES systems and also the associated carbon 
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emissions with lost power generation. Batteries are emerging at the large-scale, but required 

materials necessary for fabrication remain an issue as well as short lifespans also presenting a 

challenge.  

 

. 
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Table 2-1. Comparison of EES technologies [9,13,16,18,23,45–47] 

 
2 The self-discharge of A-CAES facilities is dependent on the capability of the TES. 
3 The figures are estimated as these results have not been demonstrated/reported at present. 

Technology Power Capacity Storage 
Duration 

System 
Lifespan 

Self-
discharge 

Efficiency 

 

Response Time Energy Density 

 

Power 
Density 

 [MW] [MWh]  [year] [%] [%]  [Wh l-1] [W l-1] 

PHS 100-5000 100-8000 hour-month 40-60 0 65-85 minutes 0.13-0.5 0.01-0.12 

CAES          

D-CAES 5-3000 5-2860 day-month 40 0 42-54 minutes 2-5 0.5-2 

A-CAES 1-1000 10-1000 day-month 40 >02 803 minutes 0.5-20 0.5-2 

I-CAES 1-1000 10-1000 day-month 40 0  803 minutes 1-25 0.5-2 

FES 0.001-20 0-1 second-minute 15-20 1.3-100 75-95 milliseconds-seconds 20-80 1000-2000 

EB 0-400 0-1600 minute-day 5-15 0.5-20 70-95 milliseconds 100-500 1500-10000 

FB 0-100 0.2-1200 hour-month 5-20 0.2 60-85 milliseconds 16-30 <2 

GES 0-50 0.25-480 hour-month 25-50 0 75-90 seconds  2-5 3 

HES/PtG 0-1 0-600 day-month 20+ 0-4 25-45 seconds 500-3000 >500 
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2.2 Assessment of Recent Major CAES Projects 

Owing to the highlighted benefits of CAES systems, and as a long-established large-scale energy 

storage technology, there has been continued interest in the development of CAES since its 

first demonstration. Consequently, there have been numerous major CAES projects, 

commercial or demonstrations in recent years, which are given in Table 2-2.  

• The Norton CAES facility was a proposed project of up to 2700 MW, planned to 

be developed in Norton, Ohio repurposing a disused limestone mine as the 

storage method. The project suffered setbacks for a number of years and was 

finally discontinued in 2013. Regarding innovations, the Norton project did not 

advance CAES technology significantly as all planned implementations of 

technologies were pre-established, key lessons were learnt however, regarding the 

management and economics of large-scale energy storage developments [48,49] . 

• Another long planned commercial CAES project that has ultimately been 

abandoned, was a plant in County Antrim, Northern Ireland. The facility was 

again planned to utilise conventional D-CAES methods as well as employing a salt 

cavern as the air store. Designed to deliver 330MW for up to 6 hours, the project 

was awarded €90m from EU funding, though the company, Gaelectric, went into 

liquidation in 2017 and no buyer was found [10] with the planning application 

subsequently withdrawn and no substantial developments arising from the project. 

• Between 2010 and 2012, the New York State Energy Research and Development 

Authority (NYSERDA) aimed to achieve a 130 MW to 210 MW CAES facility in 

upstate New York, dubbed the Seneca CAES Project. The site was deemed to be 

feasible because of the local salt mining operations and on-site high-pressure 

natural gas pipeline that could be directly used in the D-CAES plant [50]. The 

initial plan was comprised of 3 phases. Phase 1 involved siting, design, financials 

and filings. Phase 2 was to be construction and Phase 3 was to be commercial 

demonstration and performance reporting. However, a number of factors led to 

increased projected necessary investment which resulted in the project ultimately 

being discontinued at the end of the first phase, citing lack of economic incentive 

[51].  

• The ADELE project, based in Staßfurt, Germany, aimed to be the first large 

commercial demonstration of A-CAES technology at the grid level. As with the 

previous CAES projects, salt caverns were planned to be used as the underground 
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air store, but with the addition of a large sensible heat store to capture and reinject 

the heat of compression. The project was designed to deliver 200MW up to 5 

hours with a 70% round trip efficiency. The project was placed on hold in 2016 

citing uncertain business conditions and no further updates have been published 

[52].  

• The Bethel Energy Centre is a commissioned CAES facility in Anderson County, 

Texas [53] developed by APEX CAES. The project is planned to incorporate 

conventional D-CAES technology, utilising underground salt caverns with gas as 

the heat source at the expansion stage. The proposed system power is 324MW, 

deliverable for up to 48 hours. At the time of writing, the facility is fully 

permitted and construction ready and planned to be operational by 2022. 

• Another proposed large-scale conventional CAES project was the Advanced 

Underground CAES facility from PG&E planned for San Joaquin County, 

California [54]. The facility aimed to deliver 300 MW and utilise a depleted gas 

reservoir. The project was outlined for three phases, although concluded at the 

end of the first because of uncompetitive economic conditions [55]. However, the 

project demonstrated the feasibility of using depleted natural gas reservoirs for 

CAES systems. 

In contrast to the implementation of existing CAES technologies in new plants, novel CAES 

methods are being developed and tested:  

• Hydrostor are a promising company that have demonstrated a unique type of 

CAES at the grid level. A commercial reference facility in Goderich, Canada 

became operational in 2019, rated at 1.75MW [56]. Air is stored in a specially 

excavated underground cavern that can be partially flooded by a surface water 

reservoir. This ensures constant air pressure throughout the process as the 

chamber volume can vary in size through the partial flooding. Additionally, the 

heat of compression is captured, stored and later reinjected making the system a 

demonstration of adiabatic CAES. Hydrostor are a fast-moving company, with a 

number of smaller and failed demonstration projects [57]. 

• The only megawatt-scale demonstration of isothermal CAES in recent years has 

been from SustainX. The company designed and tested a 1.5MW commercial 

scale prototype of a novel isothermal CAES system. The processes were based 

upon the compression and expansion of a foam-air mixture to facilitate fast heat 
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transfer and maintain constant temperature throughout [58]. The system realised 

round trip efficiencies of 54% a significant improvement upon D-CAES. A 

limitation of the scalability of the prototype is that specially constructed above-

ground air vessels were used as the storage medium and it is unclear whether this 

technology could be adapted to be integrated with larger underground storage 

methods. This is compounded also because SustainX has subsequently been 

acquired by GeneralCompression who and have divested in research in above 

ground CAES solutions with the future of this technology being unclear [59]. 

• A pilot plant for an A-CAES system is has been demonstrated by ALACAES near 

Biasca, Switzerland [60]. The system uses an excavated mountain tunnel and the 

focus of the research is the best integration of TES with CAES to create efficient 

A-CAES. Thus far, efficiencies of 63-74% have been achieved [61]  although the 

system can only operate at low pressures in the range of 1- 8 bar, the technology 

in this form is far from commercialisation [62]. 

• Construction has begun on a large-scale adiabatic CAES facility in Jintan, China. A 

collaboration between Tsinghua University and Zhongyan Jintan Company, the 

project hopes to achieve a 50 MW to 60MW A-CAES plant, requiring no external 

fuel input. The project aims to reduce solar curtailment in Jiangsu province. The 

facility will employ an existing salt cavern remaining for previous solution mining 

operations [63,64]. 

• A final example of an A-CAES demonstration is by the Chinese Academy of 

Sciences in Bijie City, Guizhou province. A 10MW system has been constructed 

by incorporating a network of above-ground storage tanks, chargeable to 70 bar, 

and a 22MWh sensible heat store such that the whole system can store up to 

40MWh of electricity. At the time of writing, the system is still subject to further 

development [65].  

Collating the recent major CAES developments, it is evident that there are challenges in getting 

the technology to market as a commercial operation. A number of well-planned and advanced 

projects have been stalled and ultimately failed such as the ADELE and Norton projects. 

Failures are predominantly attributable to economic factors. The more promising A-CAES 

technologies that are expected to become operational in the coming years are still far from the 

scale of conventional gas-fired CAES plants. 
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Table 2-2. Major recent CAES projects 

Project Name Location CAES Technology Project 

Purpose 

Project 

Status  

Years Active Power 

[MW] 

Capacity 

[MWh] 

Efficiency 

[%] 

Air Storage 

Pressure 

[bar] 

Storage Method  

 

Reference 

Norton CAES 

plant 

Norton, Ohio,  

USA 

Conventional 

diabatic, gas fuelled 

Commercial Not realised 2001 - 2013 800-2700 - - 55 – 110  Aquifer 

storage/repurposed 

limestone mine 

[48,49,66] 

GAELECTRIC 

Northern 

Ireland 

Islandmagee, Co 

Antrim, 

UK 

Conventional 

diabatic, gas fuelled 

Commercial Not realised 2008 – 2019  200 (charge) 

330 

(discharge) 

1980 - - Solution mined salt 

cavern 

[10,67] 

 

Seneca CAES 

Project 

Reading, New York, 

USA 

Conventional 

diabatic, gas fuelled 

Demonstration Not realised 2010 - 2012 130 - 210 2000 - - Solution mined salt 

cavern 

[50,51] 

SustainX Smart 

Grid 

Programme 

Seabrook, New 

Hampshire,  

USA 

Isothermal, 

innovative water-

foam mixture 

employed to ensure 

constant heat transfer 

during compression 

and expansion 

Demonstration Discontinued 2013 – 2015  2.2   (charge) 

1.65 

(discharge) 

1 54 12 – 207  Above ground 

pressure vessels 

[58] 

ADELE project 

 

Staßfurt,  

Germany 

Adiabatic, sensible 

heat store 

Commercial Discontinued 2010 – 2016  200  1000 70 100 Solution mined salt 

caverns 

[10,52,68] 

PG&E 

Advanced 

Underground 

CAES 

San Joaquin County, 

California, USA 

Conventional 

diabatic, gas fuelled 

Commercial Commissioned 2010-2018  300 - - - Depleted natural 

gas store 

[10,54,55] 

TICC-500 Tsinghua University, 

 China 

Adiabatic, sensible 

heat store 

Demonstration Active 2014 – 

present  

0.5  0.5 33 30 – 110  Overground 

storage tank 

[10,69] 
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Chinese 

Academy of 

Sciences, CAES 

demonstration 

plant 

Bijie City, Guizhou, 

China 

Adiabatic, sensible 

heat store 

Demonstration Active 2017 – 

present  

2.8 (charge) 

10 (discharge) 

40 62.3 70 Overground 

storage tanks 

[65] 

Pilot scale 

demonstration 

of AA-CAES  

Gotthard base tunnel, 

Biasca, Switzerland 

Adiabatic, sensible 

heat/combined 

sensible-latent heat 

store 

Demonstration Active 2017 – 

present  

0.7 - 63-74 8 Previously 

excavated unlined 

rock cavern 

[60,61] 

Zhongyan 

Jintan CAES 

Jintan, Jiangsu, 

China 

Adiabatic, sensible 

heat store 

Commercial Commissioned 2017 – 

present 

50 - 60 200 - 300 - - Solution mined salt 

cavern 

[63,64] 

Goderich A-

CAES facility 

Goderich, Ontario, 

Canada 

Adiabatic, cavern 

flooded and 

hydrostatic pressure 

used for isobaric 

storage 

Commercial Active 2019 – 

present 

2.2   (charge) 

1.75 

(discharge) 

7 >60 - Specifically mined 

cavern 

[56] 

Apex CAES 

Bethel Energy 

Centre 

Tennessee Colony, 

Texas, 

USA 

Conventional 

diabatic, gas fuelled 

Commercial Commissioned 2019 – 

present  

324 - 487 16000 - - Solution mined salt 

cavern 

[10,53] 

Feicheng A-

CAES  

Feicheng, Shandong, 

China 

Adiabatic, sensible 

heat store 

Commercial Active 2019 – 

present 

1250 

(expected) 

7500 67 - Repurposed salt 

and coal mine 

caverns 

[70,71] 
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2.3. Compressed Air Energy Storage Utilising Underground Formations 

Underground formations have long been utilised for the storage of natural gas because very 

large volumes and therefore storage capacities can be reached. The underground structures 

employed for gas storage can be adapted for several energy-carrying fluids and are increasingly 

being considered to use for the storage of air in large-scale CAES systems. A number of 

underground structures and techniques can be employed for storage, with main considerations 

highlighted in this section.  

 

Figure 2-10. Types of formations for underground energy storage 

Table 2-3. Underground storage methods: key for Figure 2-10 

 Underground storage method Note 

1 Salt cavern Typically, solution mined from a salt deposit 

2 Aquifer Storage Air is injected into permeable rock displacing 

water and capped by a cap rock 

3 Lined rock cavern A specifically excavated chamber, lined with an 

additional material to ensure hermeticity 

4 Depleted gas reservoir Reservoir previously used for gas tapping or 

storage, can be in permeable to semi-permeable 

rock type 

 

 

Both commercial CAES facilities currently in operation utilise solution mined salt caverns for 

the air storage. Salt deposits can be multiple of kilometres thick so provide the opportunity for 

engineering deep, very large volume caverns. Salt cavern walls also possess moderately high 

strength and are usually more uniform in properties than other rock types [72], as well as 

maintaining a self-repairing property, where the material can flow plastically to seal fractures 
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preventing further crack propagation [73], therefore salt caverns can remain stable for very 

long geological periods. Additionally, salt cavern storage requires significantly less base gas (the 

residual gas that must remain in the cavern upon discharging) than other mediums, particularly 

porous rock geologies [74]. Salt caverns are therefore best suited to the flexible operation and 

regular cycling that CAES plants operate under, providing higher flexibility with respect to 

turnover frequency with high injection and withdrawal rates [75]. Moreover, for salt caverns, 

exploratory work is typically lesser and therefore lower cost owing to existing knowledge of 

the salt structures because of prior prospecting for hydrocarbon resources [76]. A drawback of 

employing salt caverns is that the solution mining process is reliant on the local availability of a 

large amount of water for the extraction of the rock salt [77], though the obtained salt could 

provide an additional significant revenue stream in addition to the storage plant operation [73], 

provided that there exists the ability to refine the obtained brine into rock salt at a facility 

nearby. 

In addition to salt deposits, aquifers and porous rock formations have become a standard for 

storing natural gas worldwide, accounting for 13% of underground natural gas storage globally 

[76], where the principles can be easily configured for the storage of high-pressure air. An 

artificial gas field is formed by injecting high pressure gas into the permeable rock displacing the 

water and creating a variable volume gas store. A number of additional geological criteria must 

be met, with a suitable cap rock and surrounding rock to form a closure. Specific aquifer 

characteristics are also less widely known than salt formations and all of the factors result in 

aquifer storage being currently the most expensive form of natural gas storage available to the 

industry [74] and would therefore be an expensive method of underground storage in large 

CAES systems. Additionally, the injection of air into porous formations may change the 

existing cap rock properties and may impact the operation and security of the whole system 

without thorough prior consideration [78]. Moreover, aquifer stores require significantly more 

base gas remaining after discharging further limiting the utility of this form of storage, typically 

between 50% to 80% cushion gas in contrast to salt caverns requiring 20% [79]. Li et al have 

proposed attempting to identify locations with aquifers and a significant geothermal resource. It 

is suggested that this could improve the efficiency of the full system by maintaining or 

increasing the air temperature within the cavern, as it receives heat from the surroundings  

[80]. A novel well bore is suggested as the method of extracting the geothermal energy and 

preliminary modelling has been conducted. Determining suitable locations with this additional 

constraint would add complexity to the planning process however. In addition, modelling of 
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the operation cycle of an aquifer based CAES plant has been conducted, indicating the 

feasibility of operating such a facility on a daily, weekly or monthly cycle. 

A relatively new development to the underground energy storage industry is the consideration 

of hard rock geology lined caverns (Lined Rock Caverns – LRC). In principle, caverns can be 

excavated to large volumes and lined with concrete and steel to ensure no permeability. A 

single natural gas storage plant has demonstrated the feasibility of this type of storage in 

Grängesberg, Sweden with pressures or 500 bar achieved [81]. The achievable pressures could 

significantly exceed those of salt cavern storage, with current CAES facilities operate in the 45 -

 80 bar range [82]. Similar storage capacities could therefore be achieved even with the smaller 

chamber volumes. A small-scale test compressed air LRC facility has demonstrated 87 bar for 

the investigation of wall performance and deformation [83].The greatest potential for LRC for 

CAES is therefore for locations where other geographic features are not present. Capital costs 

of forming caverns in hard rock geologies are currently significantly greater than in salt 

geologies, potentially being 15 times greater [84], though specific costs will vary for each 

proposed location and depend heavily on the local lithological features. Zhou et al. have 

developed a modelling methodology for determining the degradation and damage to the cavern 

wall of a LRC over numerous air injection cycles [85]. 

Aside from utilising naturally occurring geological features, there is also great potential for the 

repurposing of existing underground infrastructure left as a remnant of resource extraction or 

natural gas stores for the storage of compressed air. At present, the most prominent method of 

gas storage is using depleted oil or gas reservoirs, accounting for 81% of total underground 

natural gas storage [76]. As these reservoirs previously contained oil or gas, the characteristics 

of the reservoirs, in terms of porosity and permeability, already meet the requirements for high 

pressure air storage [74] and it is likely that the structure and geologies of the depleted 

reservoirs are known owing to the surveying and prospecting prior to and during the extraction 

of the depleted resource. This is the method of air storage to be implemented in the previously 

planned PG&E CAES facility in San Joaquin, California [54]. The use of natural gas reservoirs 

can be seen as a viable candidate for the storage of compressed air particularly in Europe as the 

demand for natural gas is predicted to stagnate or decrease in the coming decades [86] with a 

number of existing reservoirs expected to be decommissioned. 

In addition to the exploitation of depleted reservoirs, oil and gas wells, the reuse of disused 

mines has been considered for use within CAES systems and natural gas storage [87]. Many 

depleted coal mines possess large pre-excavated volumes therefore have the potential to 
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significantly reduce the initial capital investment required. Additionally, closed coal mines are 

typically located locally to existing thermal power plants, therefore existing infrastructure 

could be utilised in adapting these systems into CAES facilities. The storage of natural gas and 

CO2
 has been demonstrated in abandoned mines, as with depleted oil and gas reservoirs, but 

never with a CAES system, the previously discussed company Hydrostor have aims to reuse a 

decommissioned mine for a CAES facility, though this project has not yet moved past the 

announcement phase [88]. There are plans to adapt a network of tunnels from a previously used 

coal mine in northern Spain into a small-scale A-CAES pilot plant. Preliminary work has 

modelled the impact on the tunnels walls of cyclic loading from the injection of high pressure 

air and indicates that the existing infrastructure is sufficient to withstand the imposed 

conditions [89] .The adaptation of existing shafts in previously used coal mines do however 

pose the risk of the combustion of remaining coal seams with high temperatures, thus shafts 

would have to be adequately sealed and assessed to ensure safe operation and feasibility [76] or 

exploration of underground mines from differing resources. 

2.4. Potential Assessment and Analysis of Underground CAES in India and the 

UK 

India is projected to become the most populous country by the mid-2020s [90]. Coupled with 

the nation’s rapid economic development, drive for electrification of rural communities and 

increasing urbanisation, the electricity demand of India will grow substantially in the coming 

decades [91]. Additionally, the government of India has set the ambitious target of providing 

40% of its electricity generation from renewable sources by 2030 [92]. To achieve this goal, 

the rate at which renewable electricity generation technologies are being installed in India is 

growing each year. The UK situation is similar, having achieved the target of 30% renewable 

electricity generation by the end of 2020. Additionally, in 2019, the UK government 

established the goal of achieving net zero emissions by 2050 [93]. In recent decades, 

greenhouse gas emissions from the power generation sector in the UK has been reduced over 

80% compared with its emission level in 1990s, however, emissions from transportation and 

heating sectors have not. To reduce emissions, the electrification of transportation and heating 

is inevitable, which will in turn require more power generation, and consequently must be 

supplied from renewable energy sources. Without grid scale, long-duration energy storage, it 

will be difficult to achieve the net zero emission goal. This section examines and compares the 

potential capacity of CAES in India and the UK, through a proposed methodology. 
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2.4.1 Methodology 

There have been a limited number of previous attempts to assess the potential and suitability of 

specific locations for underground CAES storage [94–96], but these do not regard all forms of 

possible underground CAES technologies and have not allowed for a quantitative analysis. A 

methodology for assessing the geological suitability of an area for the underground CAES is 

adapted from a study presented by Aghahosseini & Breyer [97], with three geological criteria 

under consideration to determine an area’s suitability. Firstly, the identification of hard or 

porous rock geologies: with data obtained from the Global Lithological Map (GLiM) [98], four 

rock classifications were mapped: Mixed sedimentary, carbonate sedimentary, acid plutonic 

rocks and siliciclastic sedimentary, these rock types have been demonstrated to be preferred for 

underground gas and air storage when combined with aquifers, natural gas reservoirs or 

excavated to form caverns, as discussed in the previous section. Secondly, geological and 

mineral maps for Indian states [99] were gathered and used to identify salt deposits, in the form 

of halite or potash beds, and then were additionally mapped. It was found that the Indian salt 

reserves are concentrated in the north-west of the country, although the general availability of 

salt resources was very limited when compared to other world regions. Thirdly, large aquifer 

systems were identified and mapped. The identified aquifer systems were composed 

predominantly of two subsystems, the Indus Basin aquifer and the Ganges-Brahmaputra aquifer 

[100]. ArcGIS was used to map and process the results. Data relating to operating and disused 

oil and gas reservoirs and coal mines were not obtained for this analysis and focus was given to 

natural geological features. The mapped results of these three criteria are presented in 

Figures 2-11 to 2-13. 
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Figure 2-11. Indian locations with one of the four identified geology types4 

 

 

 

Figure 2-12. Salt deposits of India 

 

 
4 The suitable geology types are: Mixed sedimentary, carbonate sedimentary, acid plutonic and siliciclastic 
sedimentary 
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Figure 2-13. Large aquifer systems of India 

Areas possessing at least two of these geological features were classified as being highly suitable 

for large-scale underground CAES. In practice, it is possible that an area possessing only one of 

these features would be sufficient for the formation of a large storage cavern i.e., salt deposits 

or some hard rock geologies, however, regions with two features present would identify the 

most suitable areas for CAES implementation. Therefore, the final classification generates the 

total suitable surface area for CAES underground storage within India. Moreover, further 

constraints were enforced by removing urban areas, roads, railways, national parks, other 

restricted land for construction, areas with elevation greater than 1500m and lakes. 

Furthermore, this study solely considers CAES for use in mainland India, although there are 

some suitable geological features present in India’s island territories, their potential for the 

formation of CAES caverns and their integration with renewable electricity generation are not 

assessed here.  

In addition to the determination of the overall CAES potential in India, the potential for 

renewable electricity generation is estimated, to assess the benefit that CAES can provide to 

renewable electricity generation technologies. Renewable generation can benefit from having 

the energy storage local to the site or entirely integrated, reducing transmission costs and 

losses, therefore resulting in higher round trip efficiencies. If a CAES system is directly coupled 

to the renewable generation, then there exists the potential for creating a dispatchable power 

plant or potential for consistent power output, decoupling the generation from the variable 

renewable resource. 
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 Contiguous Indian land area was divided into a grid of 1° intervals of latitude and longitude 

and the annual capacity factor for a power plant (both wind and solar) placed at the centre of 

the grid cells was calculated, this is given in Equation (2.1). Data for the calculation of the Solar 

Annual Capacity Factor (𝐴𝐶𝐹𝑠), was obtained from Renewables Ninja [101], which gives hourly 

solar data with the power output of the solar PV plant determined considering a 

monocrystalline solar PV module of 385 W possessing a temperature coefficient of power of -

0.39% per degree Celsius [102]. The data used for the computation of the Wind 

Annual Capacity Factor (𝐴𝐶𝐹𝑤) was obtained from Soda Pro [103] and modelled for a Suzlon 

S111 2.1MW wind turbine at a hub height of 90m [104]. This turbine was employed in the 

assessment as it is a large-scale Indian manufacturer and supplier of wind turbines.  

 

𝐴𝐶𝐹𝑠,𝑤 =  
𝐸𝑠,𝑤

365 × 24 × 𝑃𝑠,𝑤
 

(2.1) 

 

Where 𝐸𝑠,𝑤 is the annual energy generated by the assumed solar or wind plant for the centre of 

the grid cells and 𝑃𝑠,𝑤 is the rated power of the solar or wind generation. This capacity factor is 

then used as a method of ranking the potential for both forms of renewable generation within 

India. 

The available area suitable for underground CAES was additionally compartmentalised into the 

same 1° by 1° grid cells. The cell areas suitable for CAES were then min-max normalised to 

rank the locations in terms for CAES suitability availability, as were the capacity factors for 

solar and wind generation. The three normalised factors are then multiplied together to 

provide a CAES-solar integration potential score (𝐶𝐴𝐸𝑆𝑆𝐼𝑆), CAES-wind integration potential 

score (𝐶𝐴𝐸𝑆𝑊𝐼𝑆) and overall CAES-renewable integration potential score (𝐶𝐴𝐸𝑆𝑅𝐼𝑆) as 

in Equations (2.2), (2.3) and (2.4). These scores are between 0 and 1 and can be used for a 

direct comparison. 

 

𝐶𝐴𝐸𝑆𝑆𝐼𝑆 = 𝐴𝐹𝐶𝐴𝐸𝑆 × 𝐴𝐶𝐹𝑠 (2.2) 

 
 

𝐶𝐴𝐸𝑆𝑊𝐼𝑆 = 𝐴𝐹𝐶𝐴𝐸𝑆 × 𝐴𝐶𝐹𝑤 (2.3) 

 

 

𝐶𝐴𝐸𝑆𝑅𝐼𝑆 = 𝐴𝐹𝐶𝐴𝐸𝑆 × 𝐴𝐶𝐹𝑠 × 𝐴𝐶𝐹𝑤 (2.4) 
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2.4.2 Feasible CAES Storage Capacity in India  

Applying the methodology presented in Section 2.4.1, the regions suitable for underground 

CAES in India are identified and presented in Figure 2-14. Total land area with the geological 

potential for underground CAES is determined to be 34,400 km2, with the greatest density of 

CAES suitability across central-northern states of Madhya Pradesh and Uttar Pradesh. A small 

area of CAES suitable land is identified in the west of Gujarat and additional clusters of land in 

Jammu & Kashmir and Punjab. There is some suitability for CAES in the east of the country in 

West Bengal and Assam. 

 

Figure 2-14. Identified areas suitable for CAES in India 

The total land area of India is approximately 3.29 × 106 km2, therefore this analysis concludes 

that 1.05% of land would be deemed suitable for the installation of a large-scale CAES facility. 

Taking assumptions that all of the determined CAES suitable land could accommodate CAES 

plants with similar energy density characteristics to the Huntorf and McIntosh plants and a 

constant energy storage density (regardless of the implementable storage type at a particular 



 

31 
 

location), an estimate for the total capacity of CAES in India can be determined. The number of 

possible caverns is calculated from determining the amount of Huntorf caverns that would fit in 

the total above ground surface area deemed suitable for CAES. Note the Huntorf storage 

facility is comprised of two storage caverns, but parameters are only taken for one of these for 

this analysis. With the number of possible caverns determined an estimate of an upper limit of 

the cavern volumes can be given. The estimate for the potential CAES energy storage capacity 

is given in Table 2-4 with the full compartmentalised results contained in Appendix B, 

Table B-1. 

Table 2-4. Total CAES capacity in India 

Constant Value   

Total suitable area for CAES 34,400 km2  

Huntorf cavern surface area occupied 0.00125 km2 [97] 

Number of possible caverns 2.75 × 107   

Volume of Huntorf cavern 141,000 m3 [105] 

Total available volume for CAES caverns 3.88 × 1012 m3  

CAES energy storage density 0.003 MWh∙m-3 [47] 

Total potential for CAES in India  11.6 × 109 MWh  

  

Total electricity demand in India is estimated at 109 MWh annually [106], therefore the total 

underground CAES energy storage capacity potential stands at approximately 10 times greater 

than annual demand if all available land were utilised for this underground storage of air. Thus, 

although it can be concluded that there is sufficient geological resource to meet India’s energy 

storage requirements, it is highly unlikely that CAES alone will be a sufficient technology in its 

current form. Utilisation of all potential land is likely to be very small (much less than 1% of 

available) thus a variety of differing energy storage systems should be examined for the Indian 

situation. India’s suitable land area for CAES also ranks very low when compared to other 

nations [97] predominantly owing to the lack of availability of salt deposits. As such it is very 

unlikely that sufficient CAES plants can be constructed at an economically viable price to 

totally meet India’s energy storage requirements, unless there are substantial advancements and 

demonstrated CAES facilities utilising storage mediums other than salt caverns. 

Figure 2-15 displays the distributions of the potential for solar and wind generation across 

India. When considering electricity generation from solar, there is greatest potential in the 
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north-west of the country across the states of Rajasthan and Punjab. For wind generation, the 

highest potentials are in the western states of Gujarat and Rajasthan and across the south-central 

states of Karnataka and Maharashtra. In general, there is not good coincidence between areas of 

both high solar and wind potential, though Gujrat and some areas of Rajasthan do show 

promise of high levels of generation from both renewable resources.  

Of the 357 grid cells that India has been divided into, 31 contain suitable geographic criteria for 

underground CAES development. These are ranked in Table B-1 (Appendix B) along with the 

normalised factors for wind and solar generation. From the analysis, the states of Madhya 

Pradesh and Uttar Pradesh are identified as the locations where renewable generation could 

most benefit from integration with CAES owing to the good renewable potential and wide 

availability of CAES suitable land. Further detailed investigation should be conducted with a 

focus on these two states to determining the viability of underground CAES systems in these 

regions. 

The state of Gujarat possesses very good solar and wind power generation potential but 

possesses minimal geological potential for the construction of underground CAES, therefore in 

this area particularly renewables should be developed and integrated with more appropriate 

energy storage technologies. 

  

(a) (b) 

Figure 2-15. (a) Solar capacity factor distribution for India (b) Wind capacity 

factor distribution for India [107] 
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2.4.3 Feasible CAES Storage Capacity in the UK  

The availability of CAES suitable features in the UK is substantially different to that of India. 

The UK is a much smaller country by area and population and possesses a wide abundance of 

salt deposits; these can be observed in Figure 2-16. The Cheshire Basin in north-west England 

contains numerous large salt beds. Historically, caverns have been formed from these beds and 

used for the storage of natural gas, and because of the wide availability and previous usage, 

much attention has been directed at adapting this geological resource for CAES. If all of the 

existing salt caverns present in the Cheshire Basin were converted to the storage of air then 725 

GWh of capacity would be achieved, 26 times greater than the UK’s current pumped hydro 

capacity [108]. Taking all the salt beds present in the Cheshire Basin as a whole, it has been 

estimated that it is abundant enough to form up to 100 caverns, providing capacity for 

2.53 TWh of storage with an output power of up to 40 TW [109], this would greatly exceed 

daily average demand of the UK grid. It will almost certainly be cheaper to repurpose the 

existing gas facilities to CAES storage as the UK decarbonises than it will to construct new salt 

caverns. In addition to the use of salt caverns for CAES, there exists great potential for the 

UK’s saline aquifer resources to be employed. There is sufficient capacity for 96 TWh using the 

saline aquifers [110], although these will prove more difficult to harness and their use relies 

upon less established technologies than salt deposit storage. In the near future, it is 

recommended that the salt deposits should therefore be targeted for the development of CAES 

in the UK, prioritising existing infrastructure from previous gas stores. 
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Figure 2-16. UK salt deposits. Operational and planned natural gas storage sites 
that have the potential to be converted to CAES storage [111]5 

2.5. Summary 

One of the most promising solutions for mitigating the challenges of the variability and 

uncertainty in renewable generation is EES. There are several competing EES technologies, 

each possessing unique mechanisms and characteristics. CAES is one of the most mature EES 

technologies that excels, when compared to competing EES, in terms of range of system size, 

system lifetime and storage duration. The reliance of CAES on underground formations for 

storage is a major limitation to the rate of adoption of the technology. Several candidate 

methods for using underground formations for CAES have been discussed, however presently 

salt caverns show the most promise as these have been demonstrated for use in gas and CAES 

storage and are abundant in many locations.  A CAES capacity determination methodology is 

proposed, and an assessment of the potential for underground compressed air energy storage 

has been conducted for India by collating geological characteristics local to each region and 

integrating the potential for renewable electricity generation. India has great potential for solar 

generation, particularly in the northwest of the country and a lesser potential for wind 

 
5 Adapted from reference figure. 
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generation. The total land area suitable for underground air storage has been evaluated to be 

34,400 km2 or approximately 1.05% of total land area. It is suggested that this resource is 

sufficient to meet India’s electricity storage requirements solely with CAES though this 

scenario is highly unlikely as only a very minor fraction of this land could practicably be used. 

The UK situation for CAES potential is greatly different with large salt deposits with sufficient 

capacity to meet energy demand if fully utilised. The assessment methodology proposed in 

Section 2.4 can be adapted and applied to other nations for the determination of CAES and 

renewable integration feasibility and has the potential to inform the strategy of CAES 

technology expansion. 
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Chapter 3 – Compressed Air Energy Storage Integration to Benefit 

Photovoltaic Generation 

Following from the introduction of CAES as an EES and examination of its potential to benefit 

wind and solar photovoltaic (PV) power generation through conventional integration, this 

chapter introduces the prospects of additional benefits from the integration of CAES with PV 

generation that can be achieved by integrating CAES with PV for panel cleaning and cooling, 

ameliorating soiling and heating losses and therefore increasing generation efficiency. 

In this chapter, PV electrical power generation is examined, and key features of the technology 

are described. The negative impacts upon PV generation from panel soiling and high panel 

temperatures are identified and current mitigation strategies targeting these two sources of 

inefficiencies are discussed. A system for integrating CAES with PV generation to achieve panel 

cleaning and cooling is proposed.  

3.1 Overview of Solar Photovoltaic Technologies 

Solar photovoltaic (PV) panels generate electrical power via the photoelectric effect. Photons 

transfer energy to electrons in the modules’ semiconductor, allowing the electrons to break 

free leaving a positively charged atom and a free negatively charged electron [112]. Conductive 

grids at the top and bottom of the cell collect these charges and when connected into a circuit 

current is allowed to flow.  

The large-scale development and implementation of solar PV as an electrical power generation 

technology began to grow steadily from the 1970s onwards [113], driven primarily by the oil 

crises and subsequent desire to find alternative generation sources, independent of fossil fuel 

requirements. As the technology matured and achievable efficiencies increased in the 

subsequent decades, the adoption of solar PV began to grow rapidly during the late 2000s, this 

is demonstrated in Figure 3-1. To meet the goals of the United Nations Paris Agreement of 

limiting mean global temperature rise to less than 1.5°C [5] signed in 2015, fossil fuel 

generation is being phased out in most developed countries. Therefore, the rate of installation 

of PV continues to increase, as PV have been identified as one of the key low-carbon generation 

methods to replace greenhouse gas emitting generation. During the year of 2020, solar PV 

accounted for 3.1% of global electricity generation [114], with 135 GW of PV installed during 

the same period, accounting for 39% of all additions to generation capacity [6].  
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Figure 3-1. Installed capacity of solar PV by region, 2000 – 2020 [6] 

The proportion of worldwide generation from PV is expected to substantially grow over the 

next decades [115], with worldwide solar PV generation expected to surpass total coal 

generation by 2050 [116].  

The primary advantage of solar PV as an electrical power generation technology is the 

abundance of the solar resource. Solar radiation received by the Earth’s surface is 

approximately 85,000 TW, at least two orders of magnitude greater than current global 

electricity demand [117]. In addition to the availability of solar energy, PV generation possesses 

many advantages compared to conventional fossil fuel generation. Panels are simple to install, 

once installed produce no emissions, are implementable across a wide range of scales and are 

beginning to outcompete thermal power generation in cost terms because of a reduction in 

production cost and the rising price of oil, gas and coal.  

3.1.1 Features of PV Technologies 

Although there are many methods for harnessing energy from the solar resource, the solar 

energy sector is dominated by electrical power generation and within the solar-electric sector, 

photovoltaics are the dominant technology. For example, in 2020, 821 TWh energy was 

generated from PV compared to 14.5 TWh from concentrating solar power (CSP) generation 

[114,118]. Within PV generation, there are multiple sub-technologies with commercial 

installations dominated by two types: monocrystalline and polycrystalline cells [119]. 

Monocrystalline cells are formed from a single crystal that possesses a continuous lattice 

structure with very few impurities. Polycrystalline cells are comprised of multiple smaller 

elements of monocrystalline silicon that are compiled into a single cell. Monocrystalline cells 
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are more efficient at converting irradiance into electrical current, with typical efficiencies of 

14-15% and efficiencies in excess of 20% achievable [120], but are more expensive because of 

the complexity in growing single large crystals during the manufacturing process. Conversely, 

polycrystalline cells are less efficient, typically ranging from 12-14% [119] but are cheaper to 

manufacture, as crystals can be grown to a range of sizes, cut and bundled into complete cells. 

Of the two technologies, polycrystalline cells have been more widely implemented because of 

their lower cost, but with the reducing cost of manufacture and innovations in Silicon casting, 

the market share of monocrystalline cells is expected to increase in the coming years [121].  

3.1.2 PV Characteristics 

Figure 3-2 indicates a typical current-voltage (I-V) characteristic curve for a PV panel at a 

constant temperature and constant level of irradiance. When the panel is short-circuited, i.e., 

resistive load is negligible but current is allowed to flow, the current reaches a maximum, Isc. 

When the panel is not connected, i.e., open circuit, so no current can flow, the module voltage 

is at a maximum, Voc. The power delivered by a module to a connected resistive load is the 

product of the voltage and current, so in both instances, no power is delivered by the module. 

This can be observed through the power-voltage (P-V) characteristic curve, in Figure 3-3. 

 

Figure 3-2. Typical current-voltage (I-V) characteristic curve for a PV module 
[120] 
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Figure 3-3. Typical power-voltage (P-V) characteristic curve for a PV module 
[120]  

The maximum deliverable power is achieved when operating at the maximum power point 

(MPP), defined as the point on the I-V curve where the product of the current and voltage are 

at a maximum. These currents and voltages are denoted as Imax and Vmax respetively. Owing to 

the desire to operate at the MPP, maximum power point tracking (MPPT) algorithms are 

implemented to control the operating voltage and current and ensure that the MPP is reached. 

At the point of generation, the DC power generated by PV modules usually undergoes power 

conversion or inversion for integration with the load or grid and MPPT algorithms are 

implemented at this stage. 

The shape of the characteristic curves of PV modules are predetermined by factors such as cell 

material, size and connection of the individual cells in the panel but are additionally dependent 

on the instantaneous irradiance level and operating temperature of the module. Figure 3-4 

demonstrates the effect of temperature and insolation on the characteristic curves of a typical 

PV panel. 

  

(a) (b) 

Figure 3-4. (a) Effect of irradiance on typical I-V curve (b) Effect of cell 

temperature on typical I-V curve [120] 
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Figure 3-4(a) demonstrates the effect of irradiance on the I-V curve of a typical PV panel. The 

short circuit current increases linearly with an increase in irradiance and the open circuit 

voltage increases logarithmically. Therefore, for a panel at a fixed temperature, increasing the 

level of irradiance that the panel is subjected to, the power output increases. Observing 

Figure 3-4(b), an increasing temperature decreases the open circuit voltage linearly and 

increases the short circuit current linearly.  With temperature increase, the relative decrease in 

open circuit voltage is far greater than the increase in short circuit current, therefore the 

overall effect is a decrease in output power with an increasing temperature at a fixed level of 

irradiance.  

3.1.3 Properties of PV Power 

As with all renewable electricity generation methods, there are challenges to the adoption of 

PV technologies. Owing to the variable nature of the primary solar energy source, generation 

from PV is inherently intermittent. Although the overall quantity of solar energy reaching 

Earth is in abundant, there are large fluctuations in the instantaneous availability over each day 

and across seasons. During night, PV cells can produce no power and in winter seasons the 

overall availability of irradiance is diminished, so PV generation is significantly reduced. An 

electrical grid with a high proportion of variable renewable generation, such as PV, faces 

greater challenges in balancing supply and demand to maintain grid frequency and grid stability. 

The intermittency and stochastic nature of PV generation is not shared by traditional thermal 

plants that are dispatchable with operators able to ramp up or down generation to meet current 

grid demand. 

Additionally, PV technologies possess relatively low energy densities and efficiencies when 

compared to other generation technologies. This means a larger area is required to generate the 

same power as a conventional thermal power plant. 

3.1.3.1 Curtailment of PV Generation 

Owing to the variability of renewable generation and power demand, renewable electricity 

generation is subject to curtailment. This occurs when immediate potential for generation from 

renewable resources exceeds the current local power requirement, so power is not delivered 

from these resources and potential generation is lost. Although the curtailment rates of solar 

are typically low, as PV generation is prioritised over other forms of generation because it 

involves no-emissions and marginal costs at the point of generation, a significant quantity of 

energy from PV generation is lost because of curtailment. An estimate 6.5million MWh of PV 

generation was wasted because of curtailment in 2018 with estimated curtailment rates for 
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different countries ranging from 0.3-8.4% power reduction [122,123]. PV curtailment 

therefore reduces the profit of plant operators but at present is necessary to maintain the 

stability of the grid [124].  It is expected that as the proportion of PV power within the grid 

mix grows, rates of curtailment will grow as variability and uncertainty effects are magnified 

[125].  

3.2 Photovoltaic Panel Soiling 

Photovoltaic panel soiling is the accumulation of material on the surface of panels that leads to a 

reduction in power output. Particles present on the surface of PV panels block light from 

reaching the current producing photodiodes within the individual solar cells that comprise the 

panel, with the light either absorbed or reflected by the particles [126]. Figure 3-5 provides an 

example of soiled and un-soiled PV panels. Though predominantly arising from dust and sand, 

the term soiling does not exclusively refer to these particles, but also encompasses bird 

droppings and other sources of surface contamination [127]. The primary constituent 

components of particles contributing to soiling losses have been shown to be mineral dust, 

pollen, engine exhaust particulates, bird droppings, agricultural emissions and biological-

particles (algae or fungal spores etc.) [128] and exist within the range of 2-63µm diameter 

[126] with an average diameter of between 15-30 µm [129]. The adhesion of finer particles to 

panels’ surfaces has been shown to contribute to a greater reduction in power output than the 

same density of larger dust particles [130], because they can fit into grooves present owing to 

the surface roughness of the panels and are more efficient at filling voids present between other 

particles. Additionally, dust colour has been shown to effect soiling impact also [131], with dust 

of a darker shade reducing power out of PV panels greater than dust of a lighter shade. 
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Figure 3-5. Example of soiled6 panels (left) and unsoiled panels (right) in a large 
PV power plant [132] 

PV panel soiling is estimated to account for a minimum of 3-4% reduction in global PV power 

production annually resulting in approximately £4 billion loss in revenue [128]. Without 

cleaning, and dependent on location, loss in potential power generation arising from dust 

accumulation can exceed 1% per day [126] and 1-9.3% reduction in power output per month 

[133]. Cumulative loss factors of 15-43% across longer term assessments have been 

reported [134–137]. Estimates for the effect of dust potency on power output generally lie 

within the range of 2-8% g-1m2 [138]. 

Specific soiling losses of an individual installation can be measured, but precisely quantifying 

and predicting the impact of soiling on global PV power generation is challenging [139]; 

numerous factors influence the rate of dust accumulation and the effect on power generation 

that this introduces. The factors influencing soiling rates and effects can be divided into 

geographic, pertaining to location influenced factors, and installation factors, regarding choice 

of technology and design. Geographic factors comprise local temperature, dust type, wind-

speed, wind-direction, rainfall and humidity, with installation factors comprising panel tilt-

angle, orientation, height, panel surface material [140]. Furthermore, soiling is not uniform 

throughout the year but varies from month to month, season to season with changes to local 

weather conditions [141]. Because of this, it is generally easier to forecast soiling losses over a 

longer period than over short durations, as instantaneous variability in the environmental 

conditions and their impacts can be difficult to predict [142]. 

Furthermore, depending on the connection of the individual solar cells that comprise the PV 

module, non-uniform soiling can lead to a significant observed power reduction, because of a 

 
6 The panels are non-uniformly soiled with a greater concentration of sand accumulated at the top of the 
panels. 
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large current mismatch and local heating effects arising from the partial shading [143]. 

Therefore, losses in PV power generation can be greater for a panel that is soiled non-

uniformly than a panel that has equal dust distribution across the panel surface [144]. The effect 

of non-uniform soiling has also been shown to contribute to an overall degradation in the 

lifetime of the panel [145,146]. Non-uniform soiling can create local ‘hotspots’ of elevated 

temperature in the PV panels, that through repeated thermal cycling from intense sun exposure 

has been shown to decrease performance and lead to breakages at an accelerated rate through 

thermal degradation and expansion. 

3.2.1 Mitigating the Effects of PV Soiling 

To reduce the negative effects arising from the deposition of particles on PV modules, 

researchers and plant operators widely practice and investigate methods of soiling mitigation. 

Primarily, techniques can be categorised into active and passive. Methods are defined as active 

if regular intervention is undertaken to remove accumulated dust on the panels. Passive 

methods aim to minimise the amount of action required after the installation of the PV system. 

In addition to these derived methodologies, soiling effects can be ameliorated by natural 

phenomena (precipitation etc.), which can reduce the rate of dust accumulation on the panel 

surface as well as remove adhered particles. Figure 3-6 categorises the methods for limiting 

effects of panel soiling. 

 

Figure 3-6. Categorisation of soiling mitigation methods 

3.2.1.1 Manual Cleaning 

Manual cleaning is the most widely practised method for removing dust from the surface of PV 

panels [140], where human labour is used to mechanically wipe dust from the panel surface. 

Typically, hard-bristle brushes or soft cloths are used as the cleaning device, with water 

employed to aid particle detachment. Sometimes additional chemical cleaning solutions are 



 

44 
 

used [147]. Manual cleaning is heavily dependent on the local cost of labour but is generally the 

most economical technique for cleaning small to medium sized plants. As a method of 

removing adhered dust, manual cleaning is highly effective and if performed thoroughly, all 

present dust can be removed. However, repeated brushing of PV panels can damage the surface 

leading to a reduction in optical transmissivity and a decrease in performance as well as reduce 

the panel lifetime [148]. Additionally, the necessity of water to effectively clean the panels 

limits the technique’s application to non-arid regions. When employing manual cleaning of PV 

panels, the foremost consideration is the frequency and scheduling of cleaning, to create the 

optimum balance between additional revenue from clean panels compared to the required cost 

of cleaning [149–151]. 

3.2.1.2 Automated Cleaning 

Automated or semi-automated methods function similarly to manual cleaning with both being 

regarded as mechanical methods in which contact is made to the panel surface with some 

cleaning implement, however for automated methods, machinery replaces human labour. 

Brushes or cloths contact the panel surfaces and remove present dust. This may be done with a 

rotary brush system that tracks across a rail or may involve a fixed wiper that brushes dust 

away, as in the mechanisms proposed by Deb et al. [152] and Khan et al. [153], in Figure 3-7(a) 

and 3-7(b) respectively. Furthermore, vehicles can be used as the prime mover for the cleaning 

brushes, as depicted in Figure 3-7(c) [154] and small-scale robots capable of moving between 

panels cleaning each individually have reported some use as in Figure 3-7(d) [155]. 

The initial capital investment of cleaning machinery is greater than that of manual cleaning and 

there are still associated labour costs, particularly with semi-automated methods, where a 

trained operator needs to be present to begin or oversee the cleaning process. As with manual 

cleaning, abrasion to the panel surfaces and degradation of the panels can occur and in some 

cases, water is still a requirement. Semi-automatic methods are far more prevalent than fully 

automatic methods, with the latter only accounting for 0.13% of the global PV cleaning 

market [128]. Though not used commercially, investigations into the use of ultrasonics have 

been shown to be a viable method of dust removal from the surface of PV panels that has 

potential for easy automation [156].  
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(a) (b) 

 
 

(c) (d) 

Figure 3-7. Automated and semi-automated cleaning methods for PV modules 

3.2.1.3 Electrodynamic Dust Shields 

Electrodynamic dust shields (EDS) are a developing concept for the removal of dust by utilising 

dynamic electric fields [147]. A thin film with attached or printed electrodes is placed on top of 

the PV panel. The electrodes have alternating high voltages applied to them creating an 

electrodynamic wave; dust is repelled owing to the electrostatic charges of the particles [157]. 

Electrodes should be transparent or thin to limit shading losses [158] and the produced 

electrodynamic wave can be a standing wave or travelling wave. For systems designed for a 

standing wave implementation, particles are repelled and carried away by the wind and in the 

travelling wave orientation, the particles are migrated along the surface of the panel to the 

edges. A six-month study by Guo et al. reduced soiling losses by up to 33% using an 

electrodynamic dust shield when compared to a reference [159]. Most research has 

demonstrated their effectiveness on small solar modules, however increasing size of the EDS is 

expected to not impact the dust removal efficiency, indicating their potential use in large-scale 

solar plants. At lower levels of soiling however, the overall performance in the removal of dust 

by EDS are diminished [160]. 
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3.2.1.4 Super-hydrophobic and Super-hydrophilic Films  

Anti-soiling coatings, such as super-hydrophobic and super-hydrophilic films aim to create ‘self-

cleaning’ panels by maximising the benefit of rainfall at removing dust. Panels are coated with 

super-hydrophobic films that possess extremely low wettability, this means that droplets that 

come into contact with the surface have a large contact angle [147], this is demonstrated in 

Figure 3-8(a). This encourages the water droplets to roll rather than adhere or sit on the panel 

surface. As the droplets roll away, particles that the droplets encounter are carried to the edge 

of the panels. Super-hydrophilic films function an opposite manner, water in contact with the 

film forms a very low contact angle, demonstrated in Figure 3-8(b). With sufficient rain this 

creates a thin film of water across the entire surface of the panel. Settling dust therefore comes 

into contact with the thin film of water rather than with the panel surface and is carried away 

the by gravity to the edge of the panel, buoyant on this thin film. Gravity is the force driving 

the particles from the surface, so these coating methods’ effectiveness are dependent the panel 

tilt angle. It is unclear if these anti-soiling coatings can be practically applicable in large 

commercial solar plants, with cost and durability being key issues identified [140,161]. 

Additionally, few studies demonstrate their effectiveness outside of a laboratory setting so 

further field testing needs to be pursued [162]. The applicability of these coatings in 

commercial solar plants are limited further by the locations of the large-scale facilities in arid 

environments. As they rely on rainfall as the cleaning mechanism, in installations where rain is 

scarce, they would be ineffective [161].  

  

(a) (b) 

Figure 3-8. (a) Water droplet in contact with a super-hydrophobic coating (b) 
Water droplet in contact with super-hydrophilic coating [163] 

3.2.1.5 Passive Methods 

In some cases, passive, natural methods are used to retard the rate of panel soiling, reducing 

potential power loss. Also, natural phenomena can be used to provide a cleaning effect to a 
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soiled panel. These are particularly effective in regions where soiling is light so the cost of 

cleaning may exceed revenue gained from the excess generation of clean panels. The two 

dominant natural cleaning factors are precipitation and wind. Rainfall as a cleaning mechanism, 

possesses widely variable effectiveness and is unreliable and inconsistent. Furthermore, rainfall 

cannot be depended upon in arid regions where it is scarce. However, Conceição et al. have 

shown that in Southern Europe cleaning is not required throughout the winter months owing to 

the increased level in rainfall that prevents the accumulation of dust, regularly passively 

cleaning the installed panels throughout this duration [164]. Wind cleaning is similarly 

inconsistent, with a range of effectiveness. It has been shown to be effective for removing large 

particles, larger than 50 µm, however is ineffective at removing smaller particles, with these 

contributing more to soiling losses [165,166]. The orientation and angle of the panel can 

contribute to soiling rate, for example angling with consideration of prevailing wind direction 

to maximise wind cleaning. It is difficult however to do this while not compromising the best 

angle and orientation for solar gain. The tilt angle of the panel also plays a big role, Conceição 

et al. demonstrate that dust accumulates at a faster rate on a flat panel and reduces to a 

negligible amount on a vertical panel [167]; this relationship was also measured by Ullah et al. 

[168]. Therefore, if conscious of soiling effects, installers should be considerate of panel tilt 

angle, not only in terms of maximising solar input but also dust accumulation reduction.  

3.2.1.6 Discussion of Soiling Mitigation Methods 

There is no universally adopted method for mitigating soiling effects, with the main factors 

influencing the approach being location (determining the rate of soiling, climate, economic 

pressures, accessibility) and the size of the installation. It is clear there are a wide range of anti-

soiling strategies in use and under investigation owing to the great economic losses that are 

incurred because of panel soiling. Table 3-1 summarises the soiling mitigation methods 

identified in this section. 

 Table 3-1. Summary of soiling mitigation methods for PV panels 

Method Advantages Disadvantages 

Manual cleaning • High proportion of dust removal 

• Can be performed when needed 

• Low capital cost 

 

• Expensive and cost dependent on 

local availability of labour 

• Water requirement 

• Possible surface damage 

Automated cleaning • High proportion of dust removal 

• Minimal labour cost 

• Automation allows flexible 

operation 

 

• High capital cost 

• High operation and maintenance 

costs 

 



 

48 
 

Natural cleaning • No cost 

 

• Location and climate dependent 

• Low proportion of dust removal, 

particularly for smaller particles 

 

Super-hydrophobic 

coatings 
• Passive cleaning method, no 

additional action required 

 

• Short lifespan 

• Expensive 

• Cannot be implemented in arid 

environments 

Super-hydrophilic 

coatings 
• Passive cleaning method, no 

additional action required 

 

• Expensive 

• Cannot be implemented in arid 

environments 

Electrodynamic 

dust shield 
• Fast acting 

• High effectiveness in certain 

conditions 

• Can be automated 

• Water-free method  

 

• High capital cost 

• Ineffective in high-humidity 

environments 

• Needs high voltage electricity 

supply 

• Low effectiveness at low soiling 

levels 

Panel Positioning • No capital investment 

• Reduces required frequency 

between cleaning 

• Does not eliminate soiling losses 

• May not be applicable in some 

locations 

• Secondary cleaning may still be 

necessary 

 

As described, manual cleaning is markedly the most employed technique; therefore, the 

motivation for the development of subsequent strategies has been to alleviate the need for 

manual cleaning which can be expensive and logistically difficult owing to the increasing scale 

of newer plants and the remote and potentially inaccessible regions in which an increasing 

number of solar plants are being installed. The lack of automation within the sector ensures the 

cost of cleaning is linked to the local availability of labour. Additionally, semi-automated 

methods do not eliminate these requirements as some human operators are necessary. 

A common limitation of many of the existing methods is the reliance on water, whether this be 

as a resource or in terms of rainfall. This can drive costs up or limit the applicability of 

techniques in certain environments and render the proposed ‘self-cleaning’ methods ineffective. 

Additionally, complexity of methods, particularly engineered mechanisms tend to lead to 

reduced durability and increased maintenance requirements that in turn increases costs. 

Furthermore, the latter presented methods of panel coatings and dust shields are still in 

development and currently not mature enough to be employed in the PV cleaning sector. 

3.3 Photovoltaic Panel Heating 

Solar modules, typically, convert less than 20% of incident solar radiation into electrical power 

under standard conditions [169]. The unconverted radiation is stored by the panel material as 
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sensible heat, raising the cell temperature. When the material temperature increases, the 

bandgap energy of the semiconductor decreases. The electrons within the semiconductor are at 

a higher energy state and need less energy to escape to form an electron-hole pair. This means 

that at higher temperatures the intrinsic carrier concentration is greater and this results in a 

higher saturation current. The open circuit voltage is inversely correlated to the saturation 

current, so the open circuit voltage decreases with an increase in temperature. This results in a 

lower overall electrical conversion efficiency as the open circuit voltage is the dominant factor 

in overall cell power output [170].  

For typical commercially operating PV systems, there is an observed 0.3% to 0.5% decrease in 

efficiency per degree of temperature increase [171]. This is relative to the rated efficiency of 

the module which is measured under standard conditions of 1000 Wm-2 and cell temperature of 

25°C. However, in real-world operation, panels tend to operate at temperatures hotter than 

this and at lower levels of insolation. Cell temperatures of 50-60°C are common in tropical 

climates [172,173], with cell temperatures as high as 80-85°C measured in some locations 

[174,175]. This results a large wastage of potential generation capacity because of excessive 

temperatures. The efficiency losses from high cell temperatures are additionally exacerbated 

because locations that have a good solar resource, tend to also have high ambient temperatures, 

increasing average cell operating temperatures. It is therefore difficult to decouple cell 

temperature inefficiency from large-scale generation. 

Furthermore, temperature is one of the key factors that influences the degradation of solar 

cells, particularly large swings in temperatures. This situation presents itself most readily in 

desertic environments where ambient temperature can range from as much as 40°C per day 

and panel temperature up to 80°C. The expansion and contraction of the panel under these 

temperature effects leads to a reduction in overall panel lifetime [176]. 

3.3.1 Mitigating the Effects of PV Heating 

Although not extensively practiced in the PV industry, because of the negative effects to PV 

generation arising from high temperatures, there is a growing body of research investigating 

techniques for thermal management of PV modules. Previous, comprehensive reviews have 

presented heat mitigation methods for solar PV modules [177–183], with the key methods and 

research highlighted in this section. Figure 3-9 categorises the main approaches for managing 

PV panel temperatures. Primarily techniques can be broken down into active and passive 

methods. Active cooling approaches require additional energy input to cool the panels and 

passive methods operate without additional energy input. 
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Figure 3-9. Categorisation of heating mitigation methods 

3.3.1.1 Air Cooling 

Air cooling is applied in many engineering systems as a thermal management technique. Air 

cooling can either be active or passive; active air systems consume energy, typically through the 

powering of a pump or fan, blowing air across the component that needs to be cooled. Heat is 

transferred from the system to the high velocity air stream which carries it away, lowering the 

temperature of the system through forced convection. Passive air cooling involves the addition 

of heat sinks and finned surfaces to maximise the surface area of a component and increase heat 

losses via natural convection, therefore no additional energy consumption is required for 

cooling. It is advantageous to maximise the surface area in active cooled systems also as this 

increases the rate of heat loss.  

In many proposed active air-cooled PV systems, parallel plates are affixed to the underside of 

the panel with perpendicular channels between that control and direct the airflow, while 

increasing the surface area in contact with the air stream. This type of system can be seen in 

studied in [184–187] and in Figure 3-10. Air flowrates can be controlled to affect the rate of 

heat removal and air systems typically have lower operating costs than active liquid systems. 

Forced air cooling has been shown to be effective at reducing the temperature of PV panels and 

is particularly effective in low temperature environments, where average ambient air 

temperature is lower [177] and in cooler climates there is the potential of using the removed 

heat for space heating or other useful benefit in hybrid photovoltaic-thermal (PV-T) generation 

[188], where both electricity and heat can be generated.  
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(a) (b) 

Figure 3-10. Proposed active air-cooling mechanisms for PV panels [185,187] 

For passive air-cooling systems, finned heat sinks can be affixed to the underside of the PV 

modules to maximise surface area contact with air and therefore maximise losses from natural 

convection. Hernandez-Perez et al. present a comparison of numerous passive, air-cooled heat-

sink experimental studies and show effectiveness ranging from between 0.22-6°C drop in 

temperature depending on the size and design of fins that are implemented [189]. Additionally, 

Naghavi et al. demonstrated the benefit for elevation from the mounting surface to allow for 

maximal heat losses from natural convection. The study found that for roof-mounted PV 

panels, a mean difference of 18°C was observed between panels directly mounted to a roof and 

one elevated 0.2m from the roof surface [190]. Natural air cooling is the cheapest and simplest 

heat management technique for PV panels. Maximising heat loss from passive air cooling is low 

cost, requires no maintenance and components are highly durable. However, techniques are 

less impactful at cooling when compared to active air cooling other passive methods, and 

possesses irregular and variable functionality depending on current local weather conditions. 

3.3.1.2 Water Cooling 

Water cooling has been suggested for the thermal management of solar PV panels. The 

utilisation of water for PV temperature reduction feature two main approaches, top-side 

cooling, and underside water circulation. 

For top side cooling, investigations focus of spraying or running water over the panel surface to 

remove heat via evaporation and convention. Krauter et al. have investigated the benefits of 

running water over the surface of the PV modules to combine the evaporative and convective 

heat loss of the panels. The authors suggest this method could be reduce irradiation reflection 

and report a net gain of 8% power considering the energy required to operate the pump [191]. 

Raju et al. performed similar research into a water spraying method and report efficiency 
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increases from 9.4 to 14.57% from spraying, however the energy required to operate the 

pump for this exceeded the energy gained from the increase in panel efficiency [192]. 

Furthermore, Nižetić et al. performed a double spraying experiment and demonstrated average 

temperature reductions of the PV panel from 54 to 24°C, with a 5.9% increase in electrical 

conversion efficiency. The authors concluded that their proposed cooling method was not 

viable in terms of power consumption or water usage but could be a feasible system if the 

cleaning benefit of the water system is considered also [193]. Hadipour et al. also tested a 

water-spray based cooling system in a variety of operation modes. They reported an electrical 

power output increase of 25.9% and calculated the levelized cost of electricity (LCOE) of the 

power produced with the spraying mechanism was close to that with without any cooling. 

Therefore, the authors suggest that their spraying method has potential to be justifiable in 

instances where temperature effects permanently damage or stop the panels from working but 

cannot on temperature reduction and associated efficiency gains alone [194].  

For underside cooling, investigations target the capturing of the thermal energy extracted from 

water-based heat exchange systems, similar to the air-based PV-T systems. Bahaidarah et al. 

studied a thermal collector fitted to the underside of a PV module that circulated water with a 

pump. The extracted waste heat was stored in a hot water tank. With their system, they 

achieved a 20% reduction in panel temperature and 9% increase in electrical power 

output [195]. With these combined PV-T systems there are challenges with how to usefully 

utilise the captured heat. There are also limitations on the scale at which these systems can be 

conducted as well as the necessity of local water availability. 

3.3.1.3 Phase Change Materials 

When a material undergoes a change in state, energy is absorbed or released. Therefore, 

certain materials are suited for use as a store of thermal energy because they have high heat of 

fusion relative to their sensible heat; these are commonly referred to as Phase Change 

Materials (PCM). The implementation of PCM for the cooling of solar panels has been 

extensively explored [196,197]. Proposed systems typically integrate a container packed with a 

PCM to the underside of a PV panel, with or without the presence of fins or meshes to 

maximise heat exchange area. Stalin et al. demonstrated an integrated system of PV with novel 

PCM to improve the efficiency of PV generation through the reduction in panel temperature. 

Integrating paraffin-CuO material reserve on the back of a panel resulted in an overall 1.2% 

increase in panel efficiency from 15.4% to 16.5% [198]. Similarly, a PV-PCM system 

constructed by Stropnik et al. achieved overall electrical generation increase of 9.2% over a 
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one-month period, when compared to a reference panel without cooling [199]. Despite their 

effectiveness at reducing panel temperature and improving PV generation efficiency, PCM 

integration is not currently economically viable. PCMs integrated with PV appear to be best 

suited for regions that have consistent high levels of insolation and high ambient temperatures 

throughout the year. Chandel et al. suggest PV-PCM systems may find the greatest use case in 

roof integrated systems, where the underside of panels do not have air exposure and there is 

also the potential for heat reuse [197]. 

3.3.1.4 Heat Pipes 

Heat pipes contain a volatile liquid that readily evaporates when in contact with a hot surface, 

extracting heat. The vapour can condense when it comes into contact with the cooler end of 

the pipe, releasing the latent heat. The liquid can then return to the hot surface via capillary 

action or gravity and the cycle can begin. They provide effective passive cooling methods in 

many applications or can be made into active cooling methods with the circulation of air or 

water across the condensing end to quickening the condensation of the vapour.  

The implementation of heat pipes for the cooling of PV panels has been proposed. Tang et al. 

compared to passive cooling of a heat pipe system with water and air, in which the condensing 

end of the heat pipe system was surrounded by air and submerged in water. For the air and 

water cooling with the heat pipe system, overall energy generation in a day was increased by 

2.6 and 3% respectively [200]. The primary benefits of employing heat pipes are the passive 

nature and simplicity of the mechanisms. 

3.3.1.5 Thermoelectric Cooling 

A thermoelectric module (TEM) can convert a heat directly into electric current from the 

application of a large temperature differential between two terminals. However, more 

commonly TEMs are used as heat pumps, where current is applied, creating a source of heating 

or cooling, removing heat from one terminal and rejecting heat at another terminal.  

It is proposed that the voltage generated from the PV modules can be integrated with a TEM to 

either to actively cool the panels or to generate additional electrical power by the TEM using 

the waste-heat from the panel [201]. Salehi et al. demonstrated the use of an integrated TEM 

PV to cool the panel and produce additional power with the waste heat for a small-scale panel; 

the authors achieved a 10.04°C reduction and cell temperature and 10.5% increase in overall 

power production [202]. The scalability and cost of the application of TEM in such a way are 

unclear so it appears unlikely that this technique will find widespread adoption. 
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3.3.1.6 Transparent Coatings 

The incorporation of transparent coatings (photonic crystal cooling) on the surface of PV panels 

to reduce surface operating temperatures can be a method to improve the electrical generation 

efficiency [177]. The coating can act as a visibly transparent thermal blackbody that can allow 

light through to the PV module while maximising radiative losses. Zhu et al. demonstrate the 

concept of this method for cell temperature reduction on a 0.1m-diameter cell achieving a 

reduction in temperature of 13°C [203].  Zhao et al present a methodology using transparent 

coatings and radiative cooling from photonic crystals to provide increased PV efficiency 

through panel cooling and provide a nocturnal cooling effect through radiation, in a hybrid 

system [204]. As the technology is immature and expensive, it is currently difficult to estimate 

the long-term viability of this method for PV cell improvement. If the cost and durability of the 

coatings are improved, they could present an effective passive method for improving the 

electrical conversion efficiency through panel cooling. 

3.3.1.7 Discussion of Heating Mitigation Methods 

Of the proposed methods for reducing the temperature of PV panels, none are currently 

employed widely. This suggests a lack of maturity in each system or a lack of economic 

viability. Until the cost of employing a method is cheaper than increased economic benefit from 

excess generation, it is unlikely that these methods will be adopted, with an acceptance that 

generation losses arising from high panel temperatures is inherent to PV generation. The 

primary benefits and limitations of each of the described cooling methods are presented in 

Table 3-2. 

Table 3-2. Summary of heating mitigation methods for PV panels 

Method Advantages Disadvantages 

Natural air cooling  • Simple solution 

• Passive method  

• Relatively low cooing effect 

• Waste of potential heat resource   

 

Forced air cooling • Good cooling effect 

• Potential for hybrid 

electrical/thermal generation 

 

• Requires energy input 

Water cooling • Strong cooling effect 

• Potential for hybrid 

electrical/thermal generation 

 

• Water requirement 

• Requires energy input 

Phase change 

materials 
• Passive method 

• Good temperature reductions 

possible 

 

• Not economically viable 
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Heat pipes • Passive method 

• Simple device 

 

• Relatively weak cooling effect  

Thermoelectric 

cooling 
• Moderate cooling effect 

• Potential for additional 

electricity generation from heat 

source 

 

• Complex system 

• Cost concerns 

Transparent 

coatings 
• Passive method 

• Good temperature reduction 

• Expensive technology 

• Lack of durability  

• Unclear if technology will scale 

 

As will many of the proposed anti-soiling methods, the water dependent methods for cooling 

are limited by cost and location particularly in arid regions. Active methods seem to be 

unviable for heating mitigation alone, as the energy input for cooling will always exceed the 

energy benefit. Therefore, a key feature of active methods must be a combined benefit, be that 

extraction of useful heat for an additional purpose as in PV-T systems, or extension to system 

lifetime whereby lifetime energy output of the system may be greater and economic benefits 

may be greater because of the additional years of operation. 

3.4 Proposed PV-CAES System for Panel Cleaning and Cooling 

Chapter 2 introduced the benefits that EES, and specifically CAES, can bring to renewable 

power generation and thus far this chapter has highlighted the challenges arising from PV panel 

soiling and heating, as well as mitigations strategies. Now, a system for ameliorating the soiling 

and heating issues with PV generation is presented. 

It is proposed that integrating a CAES system directly with PV generation can combine the 

conventional benefits to renewable generation from EES (reduction in curtailment etc.) with 

the additional benefits of panel cooling and cleaning. CAES systems generate compressed air as 

the intermediate energy store; if this resource is utilised in a secondary way, a system can be 

created whereby the PV panels can be cleaned and cooled. The high-pressure air can be allowed 

to flow over the surface of the PV panels which will remove present dust and lower the 

operating temperature of the modules by forced convection. Therefore, it is suggested that this 

combined PV-CAES system can increase the overall energy efficiency of the PV generation. If 

the CAES system is charged via excess PV generation, the system has the potential to reduce 

the rate of curtailment. The system concept is displayed in Figure 3-11. 
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Figure 3-11. Proposed integrated PV-CAES system for panel cleaning and cooling 

The system is comprised of a PV panel or array of panels and an adapted CAES system. The PV 

generation is capable of delivering power to an external source e.g., an electrical grid or load 

and the CAES system is connected in addition to this. The CAES system is comprised of a 

power converter and a motor to drive the compressor. The electrical motor can be a DC or AC 

motor depending on the suitability for the system scale or configuration. For small-scale 

systems DC motors are more widely available so DC-DC conversion would be required to 

integrate the motor. If the implemented system is of a large-scale, an AC motor will be more 

suited, therefore DC-AC inversion will be required for the motor supply. For a small-scale 

DC-based system, the implementation of a DC machine simplifies the system by not requiring 

power inversion and thus the DC-DC converter can be used to control the operation of the 

motor. The motor is coupled to an air compressor and drives air into an air store. There are 

several candidate compressor types available, with component choice dependent on a number 

of factors such as pressure requirements, efficiency and cost. Widely used air compressors 

include rotary-screw, reciprocating piston and scroll-type. Furthermore, the choice of air store 

will be dependent on the scale of the system. Regarding the system concept, the air tank could 

have the option to feed an expander and operate in a way to recover electrical power from the 

CAES or the generated air can be used solely for cleaning and cooling purposes. A series of 

pipes and nozzles will deliver the air to the panel surface and must be regulated through a 
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pneumatic controller to open and close the system. The nozzles can be positioned in several 

ways but should be fixed. There are few moving parts in the cleaning system, thus the system 

should operate robustly with the potential for full automation. The proposed system is water 

free, which has been identified as one of the primary constraints in the implementation of 

cooling and cleaning technologies in PV generation. Of the reviewed air-based cooling 

methods, none propose upper-surface blowing for combined cleaning effects. Forced air 

cooling has however been investigated with regard to useful heat extraction in combined PV-T 

systems. 

The specific structure of the PV-CAES system studied for the remainder of this thesis considers 

a small-scale implementation such that the functionality can be tested in a laboratory setting. 

Therefore, a DC motor-based system is studied and a scroll-type compressor is adopted for 

analysis. These are introduced here.  

3.4.1 DC Motor 

A DC motor is determined as the most suitable device for the integration in a small-scale 

implementation of the system for laboratory demonstration. If a DC machine is implemented, 

this limits the requirement of power inversion from the PV generation to drive the motor. 

Additionally, DC motors tend to be simpler to install and require less maintenance than AC 

alternatives. DC motor modelling is less complex than AC alternatives which will aid in the 

development of the full-system mathematical model. 

3.4.2 Scroll-type Air Compressor 

For a small-scale implementation of the system a scroll-type air compressor is adopted. A 

scroll-type compressor is a form of compressor that pumps air through the meshing of two 

coupled scroll blades. Compared to alternative compressors that could be implemented in the 

system, such as reciprocating piston or rotary screw compressors, a scroll-type compressor is 

chosen here because of their high efficiency, robust nature and minimal maintenance 

requirement. Furthermore they are compact and quiet and therefore suited to a small-scale lab 

implementation. Moreover, they can be acquired in a range of sizes and power ratings. 

Additionally, scroll-type compressors can function normally without need for lubrication. They 

also exhibit low vibration which further promotes robust operation and long operating lifetime 

[205]. Therefore, this compressor type is more suited to the application in remote and arid 

areas [206]. Detailed explanation of their function is outlined in Section 4.4.2. Figure 3-12 

displays a cross section of an example scroll-type compressor. 
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Figure 3-12. Internal mechanism of typical scroll-type compressor [207] 

3.4.3 Air Store 

For the PV-CAES system that has been proposed, it is recommended that a small-scale above 

ground air tank is used as the storage medium as this is applicable to a laboratory environment. 

This will allow for the operation of the system in any location and will decouple the system 

from the requirement of large underground storage capabilities, though in theory this could 

also be suitable, the concept must be proven before examining large-scale implementation. 

Additionally, the small-scale air tank is most useful in terms of system assessment and initial 

study to assess the feasibility of improving PV generation from the compressed air cleaning and 

cooling. 

3.5 Summary 

PV generation faces many sources of inefficiencies. Firstly, panel soiling accounts for a large 

reduction in potential generation and impacts the overall lifetime of the solar modules. 

Secondly, high panel temperatures reduce electrical conversion efficiency of PV generation, 

exacerbated by the coincidence of good solar availability and high ambient temperatures. 

Thirdly, potential power generation is lost because of curtailment owing to the inherent 

variability and uncertainty in renewable generation. 

Of the available techniques for mitigating soiling effects on PV panels, manual cleaning is the 

dominant strategy but this faces limitations in water availability and labour costs. Furthermore, 

lesser practiced and emerging methods have shown effectiveness in laboratory settings, but face 

their own limitations, primarily in terms of cost, scalability and durability. 

Regarding temperature induced inefficiencies, there is not widespread application of heat 

mitigation strategies, although a wide number of mechanisms have been proposed. Active 

cooling methods are limited by the energy requirement leading to an overall net loss in energy 
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and are only justifiable if a secondary benefit it achieved. Furthermore, passive methods have 

not achieved a level of technological maturity to make them economically viable.  

A system integrating CAES with the PV generation is proposed. The conventional benefits to 

renewable generation from the integration of EES can be achieved and additionally, the 

capability of cooling and cleaning to improve the PV generation efficiency is provided from use 

of the compressed air. The proposed design is a water-free and automatable method that has 

the potential to be used across a wide range of scales of PV generation. The components for a 

small-scale laboratory demonstration of the proposed system structure are described, 

comprising of a DC-based system and scroll-type air compressor with above ground air vessel.  

 

 

 



 

60 
 

Chapter 4 – Dynamic Mathematical Modelling Study of the 

Proposed PV-CAES System 

This chapter derives a full-system dynamic mathematical model for the PV-CAES system for 

panel cleaning and cooling with specific components proposed in Chapter 3. These key 

components and mechanisms are discussed with the construction of the full-system model 

highlighted at the end of the chapter. The functionality of the constructed dynamic full system 

mathematical model is demonstrated through the development of control for the charging 

process of the system. 

Parts of the derived mathematical model have been described in the publications: “Study on the 

cleaning and cooling of solar photovoltaic panels using compressed airflow” in Solar Energy by D. Li, 

the author M. King, M. Dooner, S. Guo and J. Wang [208] and “Mathematical Modelling of a 

System for Solar PV Efficiency Improvement Using Compressed Air for Panel Cleaning and Cooling” 

published in Energies by the author M. King, D. Li, S. Ghosh, J. N. Roy, C. Chakraborty and 

J. Wang [209]. Furthermore, the control of the charging process presented at the end of this 

chapter is adapted from work presented by the author at the International Conference on 

Automation & Computing (ICAC), University of Portsmouth, UK, 2-4 September 2021 as 

“Modelling and control of the charging process of a PV -compressed air system for efficiency improvement 

from panel cleaning and cooling” [210]. 

4.1 PV Panel Generation 

A PV module can be represented as a simplified circuit comprised of a photodiode as a current 

source within a single diode circuit [211,212]. This is shown in Figure 4-1. 

 

Figure 4-1. Single-diode representation of PV module 

The photocurrent, 𝐼𝑝ℎ, generated by the photodiode, is determined as a function of the short 

circuit current (the maximum output current capability, achieved when the operating voltage is 

zero), 𝐼𝑠𝑐, the short-circuit temperature coefficient, 𝑘𝑖  the cell temperature, 𝑇𝑝, the cell 

reference temperature, 𝑇𝑟𝑒𝑓, and the solar irradiance, 𝐺, falling on the photodiode. This is 

given in Equation (4.1).  
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𝐼𝑝ℎ =
𝐺[𝐼𝑠𝑐 + 𝑘𝑖(𝑇𝑝 − 𝑇𝑟𝑒𝑓)]

1000
 (4.1) 

with: 

𝐼𝑝ℎ    Photocurrent [A] 

𝐼𝑠𝑐    Short-circuit current [A] 

𝑘𝑖    Short-circuit temperature coefficient [%⋅°C-1] 

𝑇𝑝   Panel temperature  [°C] 

𝑇𝑟𝑒𝑓   Cell reference temperature [°C] 

𝐺   Solar irradiance [W⋅m-2] 

 

The cell reference temperature, 𝑇𝑟𝑒𝑓,  is typically taken as 25°C and the short-circuit 

temperature coefficient is a measure of the change in current generating potential of the cell 

with respect to temperature, typically in the range of 0.05% °C-1.  

The diode saturation current, 𝐼0, is a function of the reverse-saturation current, 𝐼𝑟𝑠, cell 

temperature and reference temperature, electron charge constant, 𝑞, semiconductor band gap 

energy, 𝐸𝑔0, the diode ideality factor, 𝑛, and the Boltzmann constant, 𝐾𝑏, shown in 

Equation (4.2). 

𝐼0 = 𝐼𝑟𝑠 (
𝑇𝑝

𝑇𝑟𝑒𝑓
)

3

exp [

𝑞𝐸𝑔0 (
1

𝑇𝑟𝑒𝑓
−

1
𝑇𝑝

)

𝑛𝐾𝑏
] (4.2) 

where: 

𝐼0   Diode saturation current [A] 

𝐼𝑟𝑠    Reverse saturation current [A] 

𝑞   Electron charge constant [C] 

𝐸𝑔0   Semiconductor bandgap [eV] 

𝑛   Diode ideality factor [-] 
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𝐾𝑏    Boltzmann constant [m2⋅kg⋅s−2⋅K−1] 

 

The electron charge is a fixed constant of 1.602 × 10-19 C, as is the Boltzmann constant 

at 1.381 × 10-23 m2⋅kg⋅s−2⋅K−1. The diode ideality factor represents how similar the practical 

diode matches the ideal diode equation, and the semiconductor bandgap is the minimum energy 

require to excite and electron in the semiconductor to break free and carry charge, 

approximately 1.1 eV for silicon modules.  

The reverse-saturation current is calculated given the short-circuit current, electron charge 

constant, open circuit voltage, 𝑉𝑜𝑐, diode ideality factor, number of cells in series 

connection, 𝑁𝑠, Boltzmann constant and cell temperature. This relationship is described by 

Equation (4.3). 

𝐼𝑟𝑠 =
𝐼𝑠𝑐

exp [
𝑞𝑉𝑜𝑐

𝑛𝑁𝑠𝐾𝑏𝑇𝑝
] − 1

 (4.3)
 

and: 

𝑉𝑜𝑐   Open-circuit voltage [V] 

𝑁𝑠   Number of cells in series connection [-] 

 

where the open circuit voltage is the potential measured between the output terminal when the 

circuit is not connected.  

The current through the shunt resistor, 𝐼𝑠ℎ, is determined from the operating voltage, 𝑉, the 

current through the load, I, the series resistance, 𝑅𝑠, and the shunt resistance, 𝑅𝑠ℎ. The 

relationship is given by Equation (4.4). 

𝐼𝑠ℎ = (
𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
) (4.4) 

where: 

𝐼𝑠ℎ    Shunt resistor current [A] 

𝑉   Operating voltage [V] 
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𝑅𝑠    Series resistance [Ω] 

𝑅𝑠ℎ    Shunt resistance [Ω] 

 

Series resistances present themselves from resistances in the contacts between the silicon and 

casings and reduce the performance of real PV modules from the ideal I-V curves. Shunt 

resistances usually arise from manufacturing defects and allow alternate paths for currents 

therefore reducing efficiency. A cell with a high shunt resistance fits the ideal I-V curve more 

closely therefore. 

Finally, the output current can be determined from the photocurrent, saturation current, 

electron charge constant, operating voltage, output current, series resistance, diode factor, 

Boltzmann constant, number of modules in series, cell temperature and shunt current – given 

as Equation (4.5). 

𝐼 = 𝐼𝑝ℎ − 𝐼0 [exp (
𝑞(𝑉 + 𝐼𝑅𝑠)

𝑛𝐾𝑏𝑁𝑠𝑇𝑝
) − 1] − 𝐼𝑠ℎ (4.5) 

 

The power output of the panel is given as the product of the voltage and current. 

𝑃𝑝 = 𝑉𝐼 (4.6) 

where: 

𝑃𝑝   Panel power output [W] 

 

The total energy generation from the PV panel, 𝐸𝑝, can be used as a measure of performance 

comparison. The energy captured by the PV panel is given as the integral of the panel power 

output with respect to time, given in Equation (4.7). 

𝐸𝑝 =
1

3.6 × 106
∫ 𝑃𝑝 𝑑𝑡  (4.7) 

where: 

𝐸𝑝   Panel energy generation [kWh] 
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4.2 Dynamic PV Panel Temperature 

The temperature of the PV panel needs to be dynamically modelled, subject to both passive and 

active heating and cooling effects. Although several methods have been suggested for the 

thermal modelling of PV panels [213,214], these do not allow for the integration of cooling 

mechanism into the computation. Therefore, a heat-balance approach to the thermal modelling 

is taken, where the change in temperature of the panel is a result in the imbalance between heat 

input and heat output from the system. For this, a PV panel can be assumed to be a thin 

horizontal plate with uniform temperature and properties. The heat balance for the PV panel 

can be represented by Equation (4.8). When the heat into the system and out of the system are 

at an equal rate, no temperature change is observed. The calculated panel temperature is used 

to determine the PV panel operation, in Equation (4.1) – Equation (4.5). 

�̇�𝑝 =
�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡

𝑚𝑝𝑐𝑝𝑝
 (4.8) 

where: 

𝑇𝑝   Panel temperature [°C] 

𝑄𝑖𝑛    Heat input [W] 

𝑄𝑜𝑢𝑡    Heat out [W] 

𝑚𝑝   Panel mass [kg] 

𝑐𝑝𝑝   Specific heat capacity of panel [J⋅kg-1⋅K-1] 

 

For PV modules, the source of heat input to the panel, 𝑄𝑖𝑛, arises from incident solar radiation 

on the panel surface. A portion of incident radiation is converted to electrical current by the 

photodiodes, but the majority of energy is stored as sensible heat in the form of an increase in a 

panel temperature. This is given in Equation (4.9). 

�̇�𝑖𝑛 = 𝐺𝐴(1 − 𝜖) (4.9) 

where: 

𝐺   Irradiance [W⋅m-2] 

𝐴   Panel area [m2] 
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𝜖   Electrical conversion efficiency [-] 

 

For the determination of heat from the panel, pure convection is assumed as radiative effects 

are low relative to convective effects within the typical operational temperature range. 

Therefore, the total heat out of the panel, 𝑄𝑜𝑢𝑡, can be represented by Equation (4.10): 

�̇�𝑜𝑢𝑡 = ℎ𝐴(𝑇𝑝 − 𝑇𝑎) (4.10) 

with: 

ℎ   Heat transfer coefficient [W⋅m-2⋅K-1] 

𝑇𝑎   Ambient temperature [°C] 

The overall heat transfer coefficient is calculated from Equation (4.11): 

ℎ =  
𝑁𝑢𝐾

𝐿𝑐
 (4.11) 

where: 

𝑁𝑢   Nusselt number [-] 

𝐾   Thermal conductivity [W⋅m-1⋅K-1] 

𝐿𝑐  Characteristic length [m] 

 

Owing to the assumption that the panel is a thin horizontal plate of constant temperature, the 

characteristic length, 𝐿𝑐, is determined with Equation (4.12). 

𝐿𝑐 =  
𝐴

𝑃
 (4.12) 

where: 

𝑃   Panel perimeter [m] 

 

The mean film temperature must be calculated for the determination of the air properties, as 

these vary with temperature. It is the average temperature of the panel and the ambient air, 

given by Equation (4.13): 
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𝑇𝑓 =  
𝑇𝑝 + 𝑇𝑎

2
 (4.13) 

where: 

𝑇𝑓   Mean film temperature [°C] 

 

As the aim is to develop a dynamic model that can represent the panel temperature under 

natural conditions as well as subject to the proposed cooling mechanism, there are two cases to 

consider for convective heat transfer from the panel: natural and forced, dependent on if the 

proposed system is currently blowing air over the panel surface.  

4.2.1 Natural Convection 

Natural convective currents occur from differences in heat transfer fluid density because of 

temperature differences in the fluid (in this case air).  For the periods when air is not blowing 

over the surface of the panel, natural convection is the heat-loss mechanism. The natural 

convective heat-balance diagram is displayed in Figure 4-2. 

 

Figure 4-2. Panel natural convection heat balance 

 For natural convection, the Rayleigh number, 𝑅𝑎, must be calculated using Equation (4.14). 

𝑅𝑎 =  
𝑔𝛽Δ𝑇𝐿𝑐

3

𝜈𝛼𝑎 

(4.14) 

where: 

𝑅𝑎   Rayleigh number [-] 

𝑔   Gravitational acceleration [m⋅s-2] 

𝛽   Time constant [°C-1] 
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Δ𝑇   Panel-ambient temperature difference [°C] 

𝜈   Kinematic viscosity [m2⋅s-1] 

𝛼𝑎    Thermal diffusivity [m2⋅s-1] 

 

The kinematic viscosity and thermal diffusivity are both evaluated at the film temperature from 

look-up tables. The time constant, 𝛽, is the inverse of the film temperature, given in 

Equation (4.15). 

𝛽 =  
1

𝑇𝑓
 (4.15) 

From the determination of the Rayleigh number, empirical correlations for the average Nusselt 

number can be determined through Equation (4.16) [215]. 

𝑁𝑢 =  {
0.54𝑅𝑎1 4⁄           104 ≤ 𝑅𝑎 < 107

 
0.15𝑅𝑎1 3⁄           107 ≤ 𝑅𝑎 ≤ 1011

(4.16) 

The Nusselt number is then used in Equation (4.11) to determine the overall heat transfer 

coefficient and total heat loss. 

4.2.2 Forced Convection 

Forced convection occurs when the heat transfer fluid is driven by an external source; it results 

it greater heat loss than natural convection.  For the periods when the system is delivering air 

to the panels, correlations for forced convection must be used. It is assumed that the air 

blowing over the surface of the panel is uniform across the length of the panel and can reach 

every point on the panel surface. The forced convective heat balance is demonstrated in 

Figure 4-3. 
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Figure 4-3. Panel forced convection heat balance 

For forced convective effects, the Reynold’s number for the flow must be calculated: 

𝑅𝑒 =  
𝑉𝑎𝑖𝑟𝑙

𝜈
 (4.17) 

where: 

𝑅𝑒   Reynolds number [-] 

𝑉𝑎𝑖𝑟    Air Velocity [m⋅s-1] 

𝑙 Panel length [m] 

 

The kinematic viscosity, 𝜈, is evaluated at the film temperature. Additionally, the Prandtl 

number, 𝑃𝑟, must be evaluated at the film temperature. Once these are obtained, correlations 

for the average Nusselt number can be used. This is given in Equation (4.18) [215]. 

𝑁𝑢 =  {
0.664𝑅𝑒1 2⁄ 𝑃𝑟1 3⁄                                                 𝑅𝑒 < 5 × 105

 
(0.037𝑅𝑒4 5⁄ − 871)𝑃𝑟1 3⁄                   5 × 105 ≤ 𝑅𝑒 ≤ 107

(4.18) 

with: 

𝑃𝑟   Prandtl number [-] 

 

As with the natural convection case, 𝑁𝑢, can be used to determine the overall heat transfer 

coefficient and Equation (4.11) used to determine the panel temperature. 

Note for the modelling, natural convection continuously occurs from the underside of the 

panel. When the system is actively cooling the top side of the panel the heat loss mechanism 
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switches from natural to forced convection, as in Figure 4-3. Additionally, convective effects 

occur regardless of the current heat input with both heat in and heat out computed 

simultaneously. 

4.3 Panel Soiling and Cleaning 

4.3.1 Particle Adhesion 

To model the potential for air cleaning of PV panels, the particle soiling and detachment 

criteria must be established. For this, particles are assumed to be uniformly distributed on a 

smooth panel surface of uniform particle diameter. When dust is present on the surface of the 

panel, solar radiation is blocked from reaching the photodiodes so a reduction in electrical 

power output is observed. The modelling approach assumes that the air blows uniformly across 

the entire surface of the panel with all areas cleaned evenly and subject to the same air velocity.  

Particles adhere to the surface of the panels by three primary forces, Van der Waal forces, 

𝐹𝑉𝑑𝑊, electrostatic force, 𝐹𝑒, and capillary force, 𝐹𝑐. The dominant forces on acting between 

the panel and the particles are shown in Figure 4-4. 

 

Figure 4-4. Adhesion mechanisms and detachment mechanisms of a particle on 
the panel surface, subject to airflow 

The Van der Waals forces arise from interacting dipoles and at low humidity levels are the 

dominant form of interaction between the particle and the panel surface [216]. An expression 
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for the van der Waal forces between the particle and the panel surface is given in 

Equation (4.19) [217]. 

𝐹𝑉𝑑𝑊 =
𝐴ℎ𝑅𝑝

6𝐻0
2  (4.19) 

where:  

𝐴ℎ    Hamaker constant [J] 

𝑅𝑝   Particle radius [m⋅s-1] 

𝐻0    Closest distance between surfaces [m] 

 

The Hamaker constant reflects the strength of the Van der Waals forces between two 

interacting bodies and the closest distance reflects surface roughness of the material. For glass 

interaction to dust the Hamaker constant and closest-distance have been reported as 7 × 10-20 J 

and 0.3 nm respectively [216].  

The electrostatic force between the interacting particle arises from the respective charges of the 

interacting bodies [218]; they can either be attractive or repulsive in nature. An equation for 

the electrostatic force between a particle and the panel surface is given in 

Equation (4.20) [219]. 

𝐹𝑒 =
𝑞𝑝

 2

16𝜋𝜖0𝑅𝑝
2 [

1

(𝜁 + 𝜁2) (1 + 0.5 log (1 +
1
𝜁))

] (4.20) 

where: 

𝑞𝑝   Particle charge [C] 

𝜖0   Vacuum permittivity [F⋅m-1] 

𝜁   Ratio of closest distance to particle radius [-] 

 

The particle charge of a particle >0.1µm can be approximated with Equation (4.21) [220]. 

𝑞𝑝 = 2.37 × 𝑒 × √2𝑅𝑝 [𝜇𝑚] (4.21) 
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The vacuum permittivity is reported as 8.854 × 10-12 F⋅m-1 [126] and used in the calculations as 

stated. 

Capillary forces exist when a liquid is present between the particle surface and the particle. 

This can be a result of humidity in the air; with low humidity values, capillary forces will not 

dominate the adhesion mechanism. An expression for the capillary forces between the particles 

and the panel surface is given in Equation (4.22). 

𝐹𝑐 = 2𝜋𝑅𝑝𝜓(𝑐𝑜𝑠 𝜃1 + 𝑐𝑜𝑠 𝜃2) (4.22) 

with: 

ψ   Liquid surface tension [N⋅m-1] 

𝜃1   Contact angle [°] 

𝜃2   Contact angle [°] 

 

The contact angles refer to the angle made by the liquid contacting between the surface and the 

adhered particle. As such the total force with which the particle adheres to the panel surface is 

the sum of the present forces, given by Equation (4.23). 

𝐹𝑎𝑑 = 𝐹𝑣𝑑𝑊 + 𝐹𝑒 + Fc (4.23) 

where: 

𝐹𝑎𝑑    Total adhesion force between particle and panel [N] 

Figure 4-5 demonstrates examples of the relative strength of the adhesive forces of particles on 

the surface of PV modules. Parameters are as previously stated with contact angles of  

𝜃1 and 𝜃2 taken as 60° and 45° respectively for the demonstration of the capillary forces. If 

capillary forces are present owing to the presence of moisture, they will be the dominant 

adhesion mechanism. With the absence of moisture, Van der Waals forces will be the dominant 

adhesion mechanism. Electrostatic forces are 3 orders of magnitude smaller than the other 

adhesive forces, so are unlikely to influence the detachment of the particles in a significant 

manner.  
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Figure 4-5. Relative strength of adhesion forces 

4.3.2 Particle Detachment Modes 

Particles adhered to the panel surface will be removed by air blowing at a high velocity over the 

panel surface. The air is designed to be blowing parallel to the panel surface so will act in a 

direction perpendicular to the particle adhesion force. The air acting upon the particle 

generates a drag force, 𝐹𝐷, a lift force, 𝐹𝐿, and a rolling moment, 𝑀𝑟 on the particle, this is 

observed in Figure 4-4. The shear velocity, 𝑉𝑠ℎ, at the surface of the panel is calculated from 

the free stream velocity, 𝑉𝑎𝑖𝑟, and the surface correction factor 𝐶𝑓, and occurs from the no-slip 

condition on the panel surface, given in Equation (4.24) [165]. The shear velocity relates to the 

shear stress and characterises the stress at the boundary layer of the flow.  

𝑉𝑠ℎ = √
𝐶𝑓𝑉𝑎𝑖𝑟

2

2
(4.24) 

with: 

𝐶𝑓 = 0.0592 (
𝑉𝑎𝑖𝑟𝑙𝑝

2
)

−0.2

(4.25) 

where: 

𝑉𝑠ℎ   Shear velocity [m⋅s-1] 

𝐶𝑓    Skin friction coefficient [-] 

𝑙𝑝   Panel length [m] 

 

The shear velocity is used to determine the mean air velocity, 𝑉𝑚, at the centre of the adhered 

particle: 
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𝑉𝑚 =
Γ𝑅𝑝𝑉𝑠ℎ

2

𝜈
 (4.26) 

where:  

𝑉𝑚 Mean velocity at particle centre [m⋅s-1] 

Γ Wall coefficient [-] 

 

The wall coefficient is constant at 1.84 [165] and the kinematic viscosity is evaluated from a 

look-up table dependent on air temperature. The resultant drag force from an air stream is 

then given by Equation (4.27). 

𝐹𝐷 =
𝐶𝐷𝑓𝜌𝑎𝑖𝑟𝜋𝑅𝑝

2𝑉𝑚
2

2𝐶𝑐𝑢
 (4.27) 

where: 

𝐹𝐷   Drag force [N] 

𝐶𝐷    Drag coefficient [-] 

𝑓 Near-wall correction factor [-] 

𝜌𝑎𝑖𝑟   Air density [kg⋅m-3] 

𝐶𝑐𝑢  Cunningham correction factor [-] 

 

The near-wall correction factor, 𝑓, is taken as 1.7009 and accounts for the greater force 

exerted by a fluid to the particle on the wall than if suspended in the fluid [218] and the 

Cunningham correction factor relating to the corresponding wall effect [221]. The coefficient 

of drag is given as a function of the Reynolds number of the particle, 𝑅𝑒𝑝 [222] and shown in 

Equation (4.28). 

𝐶𝐷 =  {

24

𝑅𝑒𝑝
(1 +

1

6
𝑅𝑒𝑝

2 3⁄ )                   𝑅𝑒𝑝 ≤ 1000

 
0.44                             1000 < 𝑅𝑒𝑝 ≤ 2 × 105

(4.28) 

where: 
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𝑅𝑒𝑝 = 2Γ (
𝑅𝑝𝑉𝑠ℎ

𝜈
)

2

(4.29) 

and: 

𝐶𝑐𝑢 = 1 +
𝜆

𝑅𝑝
(1.257 + 0.4 exp (−1.1

𝑅𝑝

𝜆
)) (4.30) 

and: 

𝑅𝑒𝑝  Particle Reynolds number [-] 

𝜆 Molecular mean free path [m] 

 

The molecular mean free path is the shortest average distance a particle will move in the flow 

without changing direction, for air it is 0.07 µm at ambient conditions [218].  Additionally, the 

resultant rolling moment acting on the particle as a result of the blowing air is given by 

Equation (4.31): 

𝑀𝑅 =
8Γ𝑓𝑚𝜌𝑎𝑖𝑟𝜋𝑅𝑝

3𝑉𝑠ℎ
 2

𝐶𝑐𝑢

(4.31) 

where: 

𝑓𝑚   Wall correction factor [-] 

 

with 𝑓𝑚 given as 0.944 [222]. The resulting lift force 𝐹𝐿  arising from the air stream is 

determined from Equation (4.32). 

𝐹𝐿 =
11.904𝜌𝑎𝑖𝑟𝑅𝑝

4𝑉𝑠ℎ
 4

𝜈2
(4.32) 

Furthermore, gravity is acting upon the particle and contributes to the adhering of the particle 

upon the surface of the panel, dependent on the angle of inclination of the panel. The weight of 

the adhered particle is given in Equation (4.33). 

𝐹𝐺 =
4𝜋𝑅𝑝

3𝜌𝑑𝑔

3
(4.33) 

where: 
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𝜌𝑑 Particle material density [kg⋅m-3] 

𝑔 Gravitational acceleration [m⋅s-2] 

 

4.3.3 Particle Detachment Criteria 

There are three detachment conditions for the particles when blown by an air jet, they can 

either roll, lift away or slide [126].  

Particle lift-off will occur if the lift force is greater than the adhesion force plus the component 

of the particles weight acting perpendicular to the panel. The lift condition is given in 

Equation (4.34). 

   𝐹𝐿 ≥ 𝐹𝑎𝑑 + 𝐹𝐺 cos 𝜃 (4.34) 

Particle sliding will occur if the resultant drag force on the particle is greater than the 

perpendicular force of the particle to the panel (the sum of the adhesion force, perpendicular 

weight and lift force) multiplied by the coefficient of friction, minus the component of the 

particles weight acting parallel to the panel surface. The particle sliding criterion is given by 

Equation (4.35). 

𝐹𝐷 ≥ 𝜇(𝐹𝑎𝑑 + 𝐹𝐺 cos 𝜃 − 𝐹𝐿) − 𝐹𝐺 sin 𝜃 (4.35) 

where: 

𝜇 Coefficient of friction [-] 

The value of 𝜇 is dependent on the panel material, for glass materials as are typical in PV 

surfaces it is provided as 0.4 [223]. 

Finally, the rolling condition is determined by performing a moment balance around the rolling 

point of the particle [224]. The criterion for predicting particle rolling is given in 

Equation (4.36). 

(𝐹𝐷 + 𝐹𝐺 sin 𝜃)(𝑅𝑝
2 − 𝑅𝑟

2)
1 2⁄

+ 𝑀𝑅  ≥ (𝐹𝑎𝑑 + 𝐹𝐺 cos 𝜃 − 𝐹𝐿)𝑅𝑟 (4.36) 

with: 

𝑅𝑟  Particle contact radius [m] 
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The particle contact radius can be of a range of values but has been shown to be 

approximately 0.01𝑅𝑝   for adhered particles [216,225].  

Under the detachment criteria, if the air velocity is sufficiently great, adhered particles will be 

removed by one of the detachment criteria, whichever possesses the lowest threshold velocity. 

Figure 4-6 demonstrates the required shear velocities and air velocities to remove particles 

from a flat panel, 1m in length via the respective detachment criteria. 

  

(a) (b) 

Figure 4-6. Shear and air velocities for particle detachment 

Figure 4-6 demonstrates the detachment mode for particles in the range contribute most to PV 

generation soiling losses as discussed in Chapter 3 (from 2-63µm diameter [126]). Across the 

range of particle diameters, the rolling detachment criterion will be achieved at lowest air 

velocities first, i.e., particles will never be removed via the lift or sliding mechanisms. 

Additionally, it can be concluded that larger particles are removed more easily from the panel 

surface, being detached at lower air velocities. Larger particles, greater 63µm are more likely 

to be able to be removed by natural wind blowing across the panel surface and therefore should 

contribute less to panel losses. 

4.3.4 Soiling Power Loss 

The estimation of power loss from soiling is determined from the impact of the deposited 

particles to the radiative transmittance into the modules [129]. Equation (4.37) provides an 
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estimation of the soiling loss in terms of a factor that is multiplied to the incident solar 

radiation, reducing input radiation to the modules. 

𝐹 = 1 −
𝑚(𝐸𝑎𝑏𝑠 + 𝛽𝑓𝐸𝑠𝑐𝑎𝑡)

𝐴
 (4.37) 

where: 

𝐹  Soiling power loss factor [-] 

𝑚 Total dust mass [kg] 

𝐸𝑎𝑏𝑠  Absorption efficiency [m2⋅g-1] 

𝛽𝑓 Particle up-scatter fraction [-] 

𝐸𝑠𝑐𝑎𝑡  Scattering efficiency [m2⋅g-1] 

𝐴 Panel surface area [m2] 

 

The absorption efficiency, 𝐸𝑎𝑏𝑠, particle up-scatter fraction, 𝛽𝑓, and scattering efficiency relate 

to the interaction of radiation with particles. Their values have been reported as 0.02, 0.02 

and 1.0 respectively [129]. 

4.4 Air Compression System 

As introduced in Section 3.4. The primary components of the CAES system to be implemented 

is comprised of a DC motor driving a scroll-type air compressor. The compressor feeds a 

small-scale air tank, which then discharges through a series of pipes and nozzles to deliver air to 

the surface of the PV panel. Mathematical models of the subcomponents of the CAES system 

are outlined in this section.  

4.4.1 DC Motor 

A DC permanent magnet synchronous motor (PMSM) is implemented as the driver of the 

compressor, owing to the reasons laid out in Section 3.4. The rotational acceleration of the 

rotor, �̈�, is a function of the rotor inertia, 𝐽𝑚, the rotor torque, 𝜏, the viscous damping factor, 

𝑏, the rotor speed, �̇� and the load torque, 𝜏𝐿   [226]. The rotor is assumed to be rigid and the 

magnetic field constant. This is given in Equation (4.38). 

�̈� =
1

𝐽𝑚
(𝜏 −  𝑏�̇� − 𝜏𝐿) (4.38) 
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where: 

�̇�  Rotor velocity [rad⋅s-1] 

𝐽𝑚 Rotor inertia [kg⋅m2] 

𝜏 Rotor torque [N⋅m] 

𝑏 Viscous damping factor [N⋅s⋅m-1] 

𝜏𝐿 Load torque [N⋅m] 

 

As the magnetic field is assumed to be constant, the motor torque is directly proportional to 

the armature current, 𝑖𝑚, such that: 

𝜏 =  𝐾𝑡𝑖𝑚 (4.39) 

where: 

𝐾𝑡 Motor torque constant [N⋅m⋅A-1] 

  

The armature current is a function of the circuit inductance, 𝐿𝑚, the circuit resistance, 𝑅𝑚, the 

applied voltage, 𝑉𝐷𝐶, and the back emf, 𝑒. This is provided in Equation (4.40). 

𝑖̇̇𝑚 =
1

𝐿𝑚

(−𝑅𝑚𝑖𝑚 + 𝑉𝐷𝐶 −  𝑒) (4.40) 

where: 

𝑖𝑚 Armature current [A] 

𝐿𝑚 Circuit inductance [H] 

𝑅𝑚  Motor resistance [Ω] 

𝑉𝐷𝐶 Applied voltage [V] 

𝑒 Back emf [V] 

 

Similarly, the back emf is proportional to the rotor speed, as in Equation (4.41). 

𝑒 =  𝐾𝑒�̇� (4.41) 

where: 
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𝐾𝑒 Electromotive force constant [V⋅s⋅rad-1] 

 

4.4.2 Air Compressor 

A scroll-type compressor is comprised of two meshing scroll blades of identical spiral 

geometry. One scroll blade is fixed and the other sits on a shaft capable of orbiting around a 

fixed path. The meshing blade geometry is presented in Figure 4-7. As the moving scroll orbits, 

air is forced through the device as the chamber volumes decrease. The compressor is driven by 

an electric motor.  

A mathematical model for a scroll-type compressor is derived from a mathematical model of a 

scroll-type expander [227,228]. In contrast to scroll compressors, which are powered by 

rotational motion to produce pressurised air, scroll expanders work in reverse, powered by 

compressed air to produce rotational motion. Thus, the derivations of chamber geometry can 

be applied for compressors. 

  

(a) (b) 

Figure 4-7. (a) Geometry definition for the scroll compressor blades (b) Scroll-
type compressor blade geometry 

As in Figure 4-7, the moving scroll orbits on a fixed path and is enveloped by the fixed scroll. 

Air is compressed as in moves inwards from the inlet to the central outlet valve, which results 

in air being pumped through the device. The geometry of the moving scroll blade is 

determined by Equations (4.42) and (4.43). 

𝑥𝑚 = (𝜌0 + 𝑘𝜙) sin 𝜙 + 𝑘 cos 𝜙 − 𝑘 + 𝑟 sin 𝛼 (4.42) 

 

𝑦𝑚 = −(𝜌0 + 𝑘𝜙) cos 𝜙 + 𝑘 sin 𝜙 + 𝜌0 − 𝑟 cos 𝛼 (4.43) 
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where:  

𝑥𝑚  x-coordinate for moving-scroll geometry definition [m] 

𝑦𝑚 y-coordinate for moving-scroll geometry definition [m] 

𝜌0  Initial radius of curvature [m] 

𝜙 Angle of rotation [°] 

𝑘 Opening curvature value [m] 

𝑟 Orbit radius [m] 

𝛼 Orbit angle [°] 

 

The coordinates for the enveloping scroll blades can be similarly derived by Equations (4.44) 

and (4.45). 

𝑥𝑓 = (𝜌0 + 𝑘(𝜙 + 𝜋)) sin(𝜙 + 𝜋) + 𝑘 cos(𝜙 + 𝜋) − 𝑘 + 𝑟 sin 𝜙 (4.44) 

 

𝑦𝑓 = −(𝜌0 + 𝑘(𝜙 + 𝜋)) cos(𝜙 + 𝜋) + 𝑘 sin(𝜙 + 𝜋) + 𝜌0 −  𝑟 cos 𝜙 (4.45) 

where: 

𝑥𝑓  x-coordinate for fixed-scroll geometry definition [m] 

𝑦𝑓 y-coordinate for fixed-scroll geometry definition [m] 

 

Figure 4-8 demonstrates one full orbit of the moving scroll blade and the effect on the inlet, 

side and central chambers.  
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Figure 4-8. Compression cycle for scroll compressor orbit 

The volume of the compressor’s inlet chamber is calculated with Equation (4.46). 

𝑉𝑖𝑛 = 𝑉𝑡𝑜𝑡𝑎𝑙 −  𝑉𝑐 −  𝑉𝑠 (4.46) 

with: 

𝑉𝑖𝑛  Inlet chamber volume [m3] 

𝑉𝑡𝑜𝑡𝑎𝑙  Total scroll volume [m3] 

𝑉𝑐  Central chamber volume [m3] 

𝑉𝑠
 Side chamber volume [m3] 

 

The side chamber volume can be calculated using Equation (4.47). 

𝑉𝑠 = 𝑧[𝜋𝑟2 +  2𝜋𝑟(𝜌0 + 𝑘𝛼)] (4.47) 

where:  

𝑧 Scroll blade height [m] 

 

The volume of the central chamber can be calculated with:  
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𝑉𝑐 = 𝑧 [(𝑘𝑟 − 𝜋𝑘2) cos 𝛼 + (𝑘𝑟𝜌0𝜋 − 𝑟𝜌0) sin 𝛼 + (𝑘𝑟𝜋 + 2𝑘𝜌0𝜋)𝛼 + 𝑘2𝜋𝛼 − 𝑘𝑟

+
1

3
𝑘2𝜋3 −

1

2
𝑘𝑟𝜋2 + 𝜌0𝑟𝜋 +

1

2
𝑟2𝜋 + 𝜌0

2𝜋]   

(4.48) 

Calculating the volume of the respective chambers dynamically, allows for the determination of 

the pressure and temperature of the air in the respective chamber. For the model, perfect 

meshing is assumed so that no air leaks between alternate chambers. The pressure of the inlet 

chamber increases for the first phase of the orbit, such that the pressure decreases below 

ambient; this draws air into the inlet chamber. The pressure in the inlet chamber is related to 

the volume of the inlet chamber through Equation (4.49).  

�̇�𝑖𝑛 =  
1

𝑉𝑖𝑛
(�̇�𝑖𝑛𝑅𝑇𝑖𝑛,𝑡 − �̇�𝑖𝑛𝑝𝑖𝑛) (4.49) 

where: 

𝑝𝑖𝑛  Inlet chamber pressure [Pa] 

�̇�𝑖𝑛 Inlet mass flowrate [kg⋅s-1] 

𝑇𝑖𝑛,𝑡  Air inlet temperature [K] 

𝑅 Universal gas constant [J⋅kg-1⋅K-1] 

 

The pressure in the side chamber can be calculated through Equation (4.50). 

�̇�𝑠 =  
1

𝑉𝑠
(𝑚𝑠𝑅�̇�𝑠 − �̇�𝑠𝑝𝑠) (4.50) 

where: 

𝑝𝑠  Side chamber pressure [Pa] 

𝑚𝑠  Side chamber air mass [kg] 

 

and the pressure in the central outlet chamber can be calculated with Equation (4.51). 

�̇�𝑐 =  
1

𝑉𝑐
(𝑚𝑐𝑅𝑇𝑐 − �̇�𝑐𝑝𝑐 − �̇�𝑜𝑢𝑡𝑅𝑇𝑐) (4.51) 

where:  
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𝑝𝑐  Central chamber air pressure [Pa] 

�̇�𝑐 Mass in central chamber [kg⋅s-1] 

𝑇𝑠 Side chamber air temperature [K] 

𝑇𝑐 Central chamber air temperature [K] 

�̇�𝑜𝑢𝑡 Outlet mass flow of compressor [kg⋅s-1] 

 

The masses of air in the respective chambers are determined through the ideal gas law. The 

temperatures of the air in the side and central chambers are given by Equations (4.53) and 

(4.54) respectively. 

𝑇𝑠 = 𝑇𝑖𝑛,𝑡 (
𝑉𝑠|𝑉𝑠=𝑚𝑎𝑥

𝑉𝑠
)

𝛾−1

(4.53) 

𝑇𝑐 = 𝑇𝑠 (
𝑉𝑐|𝑉𝑐=𝑚𝑎𝑥

𝑉𝑐
)

𝛾−1

(4.54) 

with: 

𝑇𝑠
 Side chamber air temperature [K] 

𝛾 Ratio of specific heats [-] 

𝑇𝑐 Central chamber air temperature [K] 

 

In Equations (4.53) and (4.54), the subscript ‘max’ denotes the greatest value of the volume of 

the chamber that is achieved as the moving blade orbits around the fixed blade. The derivative 

of the temperature can be taken to satisfy the pressure calculation equations. The mass flowrate 

is determined through orifice theory [229] and given by Equation (4.55). 

�̇�𝑜𝑢𝑡 =  
𝐶𝑑𝐶0𝐴𝑜𝑢𝑡𝑝𝑐𝑓(𝑝𝑟)

√𝑇𝑐

 (4.55) 

where: 

𝐶𝑑  Discharge coefficient  [-] 

𝐶0
 Discharge coefficient [-] 
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𝐴𝑜𝑢𝑡  Outlet area [m2] 

𝑝𝑐  Central chamber pressure [Pa] 

𝑇𝑐  Central chamber temperature [K] 

𝑓(𝑝𝑟) Flow function [-] 

 

The flow function, 𝑓(𝑝𝑟), is determined by Equation (4.56). 

𝑓(𝑝𝑟) =  {

1                                                   𝑝𝑟  ≤  𝐶𝑟

 

𝐶𝑘[𝑝𝑟
2 𝛾⁄ −  𝑝𝑟

(𝛾+1) 𝛾⁄ ]
1

2⁄ ,      𝑝𝑟  ≤ 1  

(4.56) 

and: 

𝑝𝑡  Tank pressure [Pa] 

𝑝𝑟 Upstream-downstream pressure ratio7 [-] 

𝐶𝑟  Discharge coefficient [-] 

𝐶𝑘  Discharge coefficient [-] 

 

The discharge coefficients, along with other modelling parameters are listed in Appendix D. 

The resistive torque generated by the compressor is given in Equation (4.57) [230]. 

𝜏𝐿 = ∑ 𝑧𝑟[2𝜌0 + 2𝑘𝛼 + (4𝑗 + 1)𝑘𝜋]𝛥𝑝 (4.57) 

where: 

j Counter for number of compressing chambers [-] 

𝛥𝑝 Pressure difference between compression chambers [Pa] 

 

The torque calculated by Equation (4.57) is used as the load torque in Equation (4.38) for the 

DC motor operation. The counter, j, is either 0 or 1 depending on which stage of the scroll 

orbit is currently proceeding.  

 
7 In this case, the upstream-downstream pressure ratio is the ratio between the storage tank pressure and the 
pressure of the air in the central outlet chamber. 
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4.4.3 Compressed Air Storage 

A compressed air tank model can be derived from the energy conservation equations. 

Isentropic storage can be assumed with the pressure changes arising from mass flow in or out of 

the vessel or a change in temperature of the air [231]. The density of the air present in the air 

tank can be calculated through Equation (4.58).  

�̇�𝑡 =
�̇�𝑖 + �̇�𝑜

𝑉𝑡
 (4.58) 

with: 

𝜌𝑡  Tank air density  [kg⋅m-3] 

�̇�𝑖  Input mass flow [kg⋅s-1] 

�̇�𝑜
 Output mass flow [kg⋅s-1] 

𝑉𝑡
 Tank volume [m3] 

 

The variable �̇�𝑖  in the compressed air tank model corresponds to the variable �̇�𝑜𝑢𝑡 in the 

scroll compressor model. The output flow of the tank corresponds to discharging air to blow 

across the panel surface. The temperature of the air in the tank can be calculated with Equation 

(4.59): 

𝑇�̇� =  
1

𝑉𝑡𝜌𝑡𝑐𝑣
(�̇�𝑖(𝑐𝑝,𝑎𝑖𝑟(𝑇𝑖𝑛 − 𝑇𝑡) + 𝑅𝑇𝑡) + �̇�𝑜𝑅𝑇𝑡) (4.59) 

where: 

𝑇𝑡 Tank air temperature  [K] 

𝑐𝑣 Isochoric specific heat [J⋅kg-1⋅K-1] 

𝑐𝑝,𝑎𝑖𝑟
 Specific heat of air in tank [J⋅kg-1⋅K-1] 

𝑇𝑖𝑛
 Inlet air temperature [K] 

 

The pressure of the air in the air storage can be determined with Equation (4.60). 

𝑝𝑡 = 𝜌𝑡𝑅𝑇𝑡  (4.60) 

where: 
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𝑝𝑡  Tank air pressure [Pa] 

 

4.4.3.1 Air Discharge and Velocity 

The discharging air velocity can be determined through the continuity of compressible gas at 

steady flow conditions [232], represented by Figure 4-9 and Equation (4.61). 

 

Figure 4-9. Continuity for compressible flow at steady flow conditions 

 

𝜌1𝑢1𝐴1 = 𝜌2𝑢2𝐴2 (4.61) 

where: 

𝑄 = 𝑢𝐴 (4.62) 

and: 

𝑢1,2  Air velocity [ms-1] 

𝜌1,2 Air density [kg⋅m-3] 

𝐴1,2 Chanel cross sectional area [m2] 

𝑄 Volumetric flowrate [m3⋅s-1] 

 

and subscripts ‘1’ and ‘2’ denoting the pipe and the nozzle outlet respectively. The pressure 

and flowrate in the pipe allows the determination of the velocity of the air at the nozzle, 

assuming atmospheric pressure at the outlet.  

𝑢2 =
𝜌1

𝜌2

Q1

𝐴2

(4.63) 
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The average air velocity across the panel can then be approximated through the ratio of the 

panel width nozzle outlet width through expansion, this is given in Equation (4.64). 

𝑉𝑎𝑖𝑟 = 0.5 ×
𝑑2

𝑑𝑝
𝑢2 (4.64) 

where: 

𝑉𝑎𝑖𝑟   Air velocity [m⋅s-1] 

𝑑2 Nozzle width [m] 

𝑑𝑝 Panel width [m] 

𝑢2  Nozzle velocity [m⋅s-1] 

 

4.5 Full System Model 

Figure 4-10 demonstrates the interaction of the described subsystem components into a full 

mathematical model for representing the PV-CAES system for panel cleaning and cooling. The 

model is implemented in MATLAB/Simulink.  

 

Figure 4-10. Interaction of mathematical model components in the full system 
model 

The PV generation is determined from input of the panel temperature and the irradiance. The 

panel temperature is determined from the input insolation and can be dynamically switched 

between no air release and air release to determine natural or forced convective mechanisms. 

The panel input irradiance value is also dependent on the level of panel soiling, affected by the 
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mass of dust present on the panel surface and whether compressed air is being released across 

the panels surface and the particle detachment criteria have been met. The compressed air 

system dictates the air velocity of the released air over the panel surface and can be operated 

dynamically. The compressed air system is additionally used for the overall energy analysis 

regarding the required energy to produce the compressed air and assessment of potential 

energy benefit from implementing the system.  

4.6 Control of System Charging Process 

This section concerns the control of the charging process of the proposed PV-CAES system for 

panel cleaning and cooling and demonstrates the mathematical model functionality. The control 

is developed for the particular structure of the proposed system described in Figure 4-11 and 

the mathematical model elements derived in this chapter. These are, DC-DC power conversion 

from PV generation, a DC motor and small-scale compressed air tank, with a scroll-type air 

compressor. System discharging, concerning the temperature, soiling and detachment 

mechanisms are not considered here as only the charging process is concern; these are validated 

and studied in Chapter 6. 

 

Figure 4-11. System modelled for the charging process control development 

For the compressed air charging process and its control, the mathematical model of the 

proposed system introduced earlier in this chapter forms the basis of the model. This is a highly 

nonlinear system because of air compressibility and tank pressure changes as the charging 

process progresses. A control strategy for charging a compressed air tank from variable PV 

voltage source is developed and analysed to ensure the whole charging process operating 

smoothly.  



 

89 
 

Coupling the DC power generation from the PV panel to a boost converter is necessary to step 

up the low voltage PV output to suitable higher voltage. Additionally, the switching of the 

boost converter can be controlled to ensure a constant voltage supply to the motor for the 

variable voltage output from the PV generation, as this is dependent on the instantaneous 

availability of the solar resource. A functional requirement of this proposed system 

implementation is that there must be a minimum installed capacity of PV available to power the 

compressor.  

4.6.1 Control Study Model Derivation 

A further derivation of the charging process mathematical model must be established for the 

consideration of the charging process control. The introduction of the boost converter model 

modifies the operating principles of the previously described mechanisms. The modified 

charging process diagram is presented in Figure 4-12, which shows the equivalent circuits of 

the solar PV, converter and motor and their link to the compressor and air tank. From the 

equivalent circuit a mathematical model can be reformulated. PV generation equations remain 

the same as indicated in Section 4.1, but the DC motor mathematical model is modified based 

on the introduction of the boost-converter.  

 

Figure 4-12. Circuit diagram representation of the proposed system used for the 
derivation of the mathematical model 

The PV equivalent circuit, or any number of PV circuits connected in parallel to produce a 

large amount of current, can be coupled with a DC-DC boost converter to step up and control 

the output PV voltage. The converter can be modelled as a switching circuit with a 

predetermined inductance, 𝐿𝑏, capacitance, 𝐶𝑏, and resistance, 𝑅𝑏. The duty cycle, 𝜌, 

determines the switching and controls the output voltage. The boost converter output is 

connected to supply the DC motor. This can be represented by a resistance and inductance in 

series with a back emf generated by the motor, from the independent DC motor model 

examined in Section 4.4.1 and described by Equation (4.38) to Equation (4.41).   
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Voltage input to the boost converter will be variable owing to panel output voltage being 

dependent on the instantaneous solar radiation. For this control study, it is assumed that the 

array is sufficiently large that any current quantity can be drawn and the boost converter can 

regulate against the input voltage profile only. Following the circuit representation in 

Figure 4-12, the established DC motor model and applying Kirchoff’s laws, the following 

dynamic model of the boost converter and DC motor can therefore be derived; this are 

Equations (4.65) to (4.68) [233].  

𝑑𝑖

𝑑𝑡
=  

1

𝐿𝑏

(𝑉𝐷𝐶 − [1 − 𝜌]𝑉o) (4.65) 

𝑑𝑉o

𝑑𝑡
=  

1

𝐶𝑏
([1 − 𝜌]𝑖 −  

1

𝑅𝑚
𝑉o − 𝑖𝑚) (4.66) 

𝑑𝑖𝑚

𝑑𝑡
=  

1

𝐿𝑚
(𝑉𝑜 − 𝑅𝑚𝑖𝑚 −  𝐾𝑒�̇�) (4.67) 

𝑑�̇�

𝑑𝑡
=  

1

𝐽𝑚
(𝐾𝑡𝑖𝑚 −  𝑏�̇� − 𝜏𝐿) (4.68) 

 

The parameters listed here are the same as described earlier in this chapter, but are listed here 

again for convenience along with the additional parameters introduced by the boost-converter: 

 

𝑖 Panel output current [A] 

𝐿𝑏 Boost-converter inductance [H] 

𝑉𝐷𝐶  Panel output voltage [V] 

𝜌 Duty cycle [-] 

𝑉𝑂 Boost-converter output voltage [V] 

𝐶𝑏 Boost-converter capacitance [F] 

𝑅𝑚  Motor resistance [Ω] 

𝑖𝑚 Motor armature current [A] 

𝐿𝑚 Motor inductance [H] 

𝐾𝑒 Electromotive force constant [V⋅s⋅rad-1] 
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�̇� Motor velocity [rad⋅s-1] 

𝐽𝑚 Motor inertia [kg⋅m2] 

𝐾𝑡 Motor torque constant [N⋅m⋅A-1] 

𝑏 Viscous damping factor [N⋅s⋅m-1] 

𝜏𝐿  Load torque [N⋅m] 

 

The converter duty cycle, , ranges between 0 – 1 and corresponds to the proportion of time 

that the switch in the circuit is connected. For the control of the charging process the scroll-

type air compressor and air store model are as described in Sections 4.4.2.  

4.6.2 Control Implementation 

Solar radiation data at given locations can vary greatly throughout one day but is not typically 

subject to rapid step changes over short periods. It has been shown that maximum changes in 

measured radiation does not exceed 50 Wm-2s-1 over maximum changes of 500 Wm-2
 [234]. 

Hence typical changes in input radiation occur over a period between 5 and 10 seconds. These 

correspond to a ‘positive front’ where clouds can clear causing a rise in radiation and a 

‘negative front’ whereby clouds obscure the sun cause a quick drop in input radiation. These 

scenarios will correspond to a change in voltage produced from the PV modules. Additionally 

for average clear or overcast conditions, there is some natural variation in measured radiation 

and this typical variation occurs from random shading and is between 25 Wm-2 and 75 Wm-2 

for clear and overcast days respectively [234].  

To be able to respond to the changes in PV voltage arising from the aforementioned scenarios, 

control of the converter must be established. The controller needs to respond well in both 

standard operation, where there is only a slight variation in input solar values and also in the 

extreme cases, where there is the maximum possible increase, the ‘positive front’, and decrease, 

the ‘negative front’ in input radiation. In one case, it is desirable to maintain a constant voltage 

supply to the motor to have relatively constant power output. Another case, it is required the 

motor to deliver the required load torque at the speed which is optimal to the compressor. 

Here, the constant voltage maintenance control is reported. A PID control is implemented to 

regulate the duty cycle of the converter. PID control was chosen as the primary control 

strategy because of its simple mechanism, effective nature and robust functionality across a 

wide range of operating conditions [235]. The voltage across the motor is measured and used as 
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feedback in the control to determine the duty cycle in accordance with Equation (4.65) and 

Equation (4.66). Parameters for monocrystalline panels rated at 100W were measured and 

implemented as simulation parameters with multiple parallel connection of panels. 

Additionally, parameters for a 3-kW motor and compressor were adopted for use in the 

simulation. The choice of electronic component parameter values were sized appropriately to 

the system, with a small-scale 200 L air used as the air store. The parameters used for 

simulation are contained in Appendix D. The derived mathematical model is implemented in 

MATLAB and Simulink. The block diagram in Figure 4-13 indicates the interactions between 

the relative components with the corresponding control signal.  

 

Figure 4-13. Block diagram demonstrating connections of mathematical model 
elements for the charging process control 

For the case of the system response to standard solar variation on a clear day the following 

scenario was adopted. A radiation value of 750 Wm-2 was used as input with random variation 

of up to 75 Wm-2; this corresponds to the random fluctuation in solar input values for an 

overcast day across a short period of 120 seconds. The voltage was measured at the input and 

output of the boost converter to assess the control performance. The set-point voltage to be 

supplied to the motor was 110 V, the simulation results can be seen in Figure 4-14.  



 

93 
 

 

 

 

Figure 4-14. Solar radiation variation and corresponding change in input and 
output voltage 

Observing Figure 4-14, the PID control is effective at maintaining a constant voltage across the 

motor when subjected to the small variations arising during standard PV operation. The input 

voltage to the converter can be seen to vary but the set-point of 110V is achieved and 

maintained at a steady value with small signal spikes of maximum 3 V for less than 0.1s. The 

adjustment in duty cycle can also be observed as a response to the changing input voltage. The 

performance of the motor during this time period can be observed in Figure 4-15.  
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Figure 4-15. Motor velocity and torque 

Fig. 4-15 demonstrates functionality of the motor and compressor modelling during the 

overcast scenario. The speed of the motor decreases during the period and the required torque 

increases. This is because the upstream pressure in the air tank increases, which induces a load 

torque increase. As the motor is powered by a constant voltage source, the load torque increase 

drives the motor speed decrease. The accumulation of air in the tank during this period can be 

observed in Figure 4-16.  

 

Figure 4-16. Compressed air tank pressure and temperature throughout charging 
period 

Both the pressure and the temperature of the tank increase during the 120 second simulation 

period. If simulated for a longer duration the temperature and pressure will reach an 

equilibrium after the point at which the motor delivers the required torque with the reduced 

speed to compensate the pressure gradient from the compressor to the air tank.  
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 The system is also subjected to a ‘positive front’ scenario which represents the extreme case for 

increase to input radiation to the system. This is given in Figure 4-17. 

 

 

 

Figure 4-17. PV voltage and motor voltage in response to 'positive front' scenario 

Observing Fig. 4-17, the radiation value increases from 450 Wm-2 to 950 Wm-2 over a period 

of 10s. Additional random variation also added to the increase to emulate true measured solar 

data. This increase in input radiation corresponds to an increase from 37 V to 64 V at the 

output of the PV. A slight increase in motor voltage can be observed which increases from the 

set-point of 110 V to 112 V but the controller adjusts the duty cycle and returns the output to 

110 V within a 5 second settling time. The duty cycle response can be observed as a result of 

the input voltage change. This level of disturbance and settling time is adequate for the situation 

of charging the air tank. Additionally, the system response to a ‘negative front’ can be seen in 

Figure 4-18. 
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Figure 4-18. PV voltage and motor voltage in response to a 'negative front' scenario 

As with the ‘positive front’ case random variation has been added to the declining insolation 

value. The input insolation drops from 950 Wm-2 to 450 Wm-2 over 10 seconds. The change in 

input condition corresponds to a drop in voltage from 64 V to 37 V from the PV output. A 2 V 

drop in motor voltage is observed and the controller restores the voltage to the set-point within 

3 seconds. As with the overcast scenario and ‘positive front’ case the controller performance is 

satisfactory. The PID control has shown it is effective in the typical use for random fluctuations 

in solar data and has been shown to be effective at maintaining a constant output voltage at the 

extreme conditions. The mathematical model of the charging process of the proposed PV-

CAES has also been demonstrated to function suitably.  
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4.7 Summary 

A dynamic mathematical model has been derived for the proposed integrated PV-CAES system 

for panel cleaning and cooling. The key components and mechanisms for the small-scale system 

orientation have been described and a mathematical model for each has been given with the 

necessary assumptions and simplifications discussed. These are: PV panel generation, PV panel 

temperature subject to normal heating effects and cooling from the CAES system, particle 

surface adhesion and detachment subject to compressed air flow, soiling losses to PV, a DC 

motor, scroll-type air compressor and compressed air storage. Together, these systems are 

combined to create a model that can be used to assess the potential benefit to PV power 

generation from cleaning and cooling from high pressure air discharging. 

Further the mathematical model of the charging system of the proposed system has been 

derived, comprising of PV generation, a DC-DC boost converter, DC motor, compressor and 

air vessel. PID control has been implemented such that a constant voltage can be applied to the 

motor given a variable voltage input from the PV generation. The control has shown to be 

effective for charging the compressed air tank from a PV source for a standard use case of 

variable radiation from an overcast day as well as both the extreme increase and decrease cases 

of solar radiation. The closed-loop PID control is shown to be effective at maintaining a 

constant motor supply voltage in all these situations. The functionality of the charging process 

modelling has additionally shown to be effective.  

The derived system model will be used to guide selection of test rig components and the whole 

system evaluation. This chapter only presents the simulation study for compressed air charging 

process. The discharging process modelling, testing and validation will be presented in the 

subsequent chapters.  
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Chapter 5 – PV-CAES System Test Rig Design and Implementation 

An experimental test rig is necessary to assess the feasibility of using pressurised air to clean and 

cool solar PV panels and to validate the dynamic mathematical model derived in Chapter 4. 

The required functions that the test rig must perform are first given and then the individual 

elements of the test rig are discussed, with technical parameters and design rationale 

highlighted. The hardware, sensors, instrumentation and control system, including MPPT, are 

presented and the final test rig capabilities are discussed.  

5.1 Test Rig Requirements 

The fundamental requirements of the test rig are listed in Table 5-1. The design requirements 

were determined from consideration of the necessary features essential for assessing the 

capability of using compressed air to clean and cool solar PV panels. The test rig should 

emulate the components of the proposed system introduced in Chapter 3 and be capable of 

measuring and recording experimental data to validate the derived mathematical model 

presented in Chapter 4.  

The test rig is designed around a PV panel. The constructed rig must provide a source of light 

to a PV panel, that the panel can convert into electrical power that can be measured. The rig 

must be capable of heating the panel, to emulate the temperature effects experienced by 

operational PV panels and therefore the power generation reduction that the panel experiences 

can be measured. Thus, the test rig must have capability of measuring the operating 

temperature of the panel.  

Furthermore, the test rig must be able to emulate soiling effects on solar PV generation. For 

this, test-dust must be sourced that possesses similar characteristics to dust responsible for 

soiling losses in operational PV plants. The dust can be deposited on the panel surface and an 

output power reduction can be measured.  

A compressed air system is to be established such that air can be stored and subsequently 

directed to the panel surface through a network of pipes and nozzles, blowing over the surface 

of the panel. The flowrates and pressures of the airflow must be measurable and controllable. 

Nozzle implementation should be modular such that nozzle number and orientation can be 

varied and can be used to assess the effectiveness of different nozzles designs. 

An electronic load is required to vary the operating point of the PV panel and MPPT is to be 

implemented such that the panel can always be operating at the optimum generation point, 

given the variable temperature and soiling rate that the panel will experience. This will give an 
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accurate indication of the benefit to the generation from the cleaning and cooling system than if 

the panel was subject to a fixed resistive load. 

The test rig should accommodate PV panels of a commercial size, that are used in PV 

installations, and not simply accommodate small-scale solar modules; observing the effect of air 

cleaning and cooling on the commercial scale panels in the test rig will provide a better 

representation of a comparable system that could installed in a regular commercial setting. The 

test rig should also be able to accommodate a range of panels so that differently dimensioned 

PV panels can be assessed and the rig should not be limited to accommodating a single PV 

panel.  

Additionally, the test rig should be inclinable as most commercially implemented panels 

possess a positive angle of inclination. The angle of inclination is expected to affect the particle 

detachment and cleaning criteria as gravity contributes to detachment and increases with panel 

angle.  

The whole system should be enclosed such that when high velocity air is blowing over the 

surface of the panel and dust is being removed, the removed dust is self-contained and does not 

escape the system. Furthermore, a barrier will exist between the high velocity air within the 

test rig and the external environment. The enclosure will also create an increased internal 

temperature within the test rig system that can emulate ambient temperature of hot 

environments where PV installations may be present.  

Finally, the measured data from the implemented sensors and control of the electronic load and 

pneumatic components should be coordinated from a single interface that can also be used to 

record and export obtained data.  

Table 5-1. Design requirements of PV-CAES test rig 

Element Requirements 

Light source • Provide lighting to power a PV panel that can 

generate electrical power from this light source 

Heating • Heat the panel to emulate temperature effects on PV 

power output 

Soiling • Test-dust, to deposit on the panel surface to emulate 

soiling effects on PV power output 
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• The acquired test-dust should be representative of 

dust that induces soiling losses in commercial systems 

Structure • Accommodate commercial scale PV panels 

• Adaptable to a range of PV panel sizes 

• Panel should be inclinable 

Compressed air system • Direct high-pressure air to the surface of the PV panel 

• Possess a modular system of nozzles that can be 

altered and reconfigured easily 

Enclosure • Isolate the system from the external environment, 

preventing dust from escaping and containing high 

velocity air 

• Increase the internal ambient temperature of the test 

rig 

Measurement and control 

platform 

• Record the power output of the PV panel 

• Record the temperature of the PV panel and ambient 

• Record the pressure and flowrates of compressed air 

system 

• Regulate the airflow being delivered to the panels 

• Enact MPPT for maximal power extraction 

 

5.2 Final Test Rig 

5.2.1 Test Rig Structure 

The finalised structure of the constructed test rig is demonstrated in Figure 5-1. A panel bed of 

1.95m by 1.37m lies parallel to a lighting panel of the same dimensions, elevated 0.4 m above. 

The panel bed possesses a test area of 2.67 m2, which is sufficient to accommodate most 

commercial PV panels. The entire test platform is inclinable up to 45° as per the design 

requirements, indicated in Figure 5-2. When inclined, the lighting panel remains parallel to the 

panel bed and the perceived level of solar irradiance on the panel bed remains constant. The 

structural frame of the test rig is comprised of extruded aluminium. 
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Figure 5-1. Uninclined PV-CAES test rig viewed from the side 

 

 

Figure 5-2. Inclined PV-CAES test rig viewed from the side 

Lengths of aluminium profile hold the PV panel in the panel bed, with a bar running across the 

span of the rig at the top and bottom with perpendicular bars that can be moved into position 

to secure the PV panel from the side, this is indicated in Figure 5-3. Because the securing struts 

run around the perimeter of the PV panel holding it in place, they can be used for the mounting 

of the nozzle mechanism.  
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Figure 5-3. Highlight of panel bed and securing struts in the test rig 

5.2.2 Light Source 

In the test rig, a lighting panel hosts an array of lamps that act as the source of energy for the 

PV panel. LED bulbs were chosen as the light source to be implemented within the array 

because of their relatively high energy conversion efficiency, compact and robust nature, which 

is desirable for repetitive testing. Two ‘colour’ LED lamps, 2700 K and 4000 K, were mounted 

in the light panel, to provide a broader spectrum of wavelengths to the PV panel under testing. 

The array of lights is comprised of two grids of LED bulbs offset by half of the length between 

two bulbs in the grid. The length between bulbs of the same colour is 0.125m vertically and 

0.173m horizontally.  The interspersed bulbs were implemented to create homogeneity in the 

light intensity experienced by the PV bed by creating overlap in the light projection between 

individual bulbs. In total 100 6.5 W, 2700K and 81 7 W, 4000 K bulbs were installed8. The 

viewing angle of the 2700K LEDS was 110° and the viewing angle of the 4000K LEDs was 36°. 

A transverse view of the LED lamp orientation is given in Figure 5-4.  

 
8 The specific LED bulbs used along with the list of all components used in the test rig is contained within 
Appendix C. 
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Figure 5-4. Viewing angles of bulbs implemented in light panel 

The constructed light source resulted in an average measured irradiance value on the panel bed 

of 129.3 Wm-2. The achieved irradiance value using LED bulbs as the light source is relatively 

low when compared to standard conditions for characterising solar PV modules (1000 Wm-2). 

Furthermore, under this level of irradiance, tested panels were not reaching temperatures 

representative of the conditions that panels are subject to hot arid environments and therefore 

were not able to assess the benefit of cooling the PV panels with compressed air. Because of 

this, it was determined that the method for heating the panels would be through high-power 

incandescent heat lamps. This would fulfil two functions within the test rig: Firstly, they would 

provide additional radiation to the panel surface, increasing the average irradiance value 

perceived by the panel bed. Secondly, they would heat panels to higher temperatures, 

providing a better representation of high insolation regions, and therefore the cooling effect of 

compressed air could be more robustly tested. 

To fit the incandescent heat lamps to the constructed light panel, 12 of the 4000 K LED bulbs 

were removed and replaced with 12 175 W incandescent heat lamps. These spaced evenly 

across the surface of the light panel. After this modification the final arrangement of the light 

sources on the light panel is given in Figure 5-5. 
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Figure 5-5. Layout of lamps implemented in light panel 

The installed light panel with the combination of LED and incandescent heat lamps can be seen 

in Figure 5-6. 

 

Figure 5-6. Light panel in the test rig 

The installation of the heat lamps increased the total average irradiance value measured from 

the panel bed to 547 Wm-2. The individual lamp types are wired independently so can be 

switched on in combination. Therefore, a range of insolation values can be emulated between 0 

to 547 Wm-2, the maximum achieved when all lamps are switched on. Table 5-2 demonstrates 

the range of irradiance values that can be achieved by the test rig through the switching of light 

sources.  
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Table 5-2. Parameters of light sources in test rig 

 Light source Average irradiance value 

measured on panel bed [Wm-2] 

 4000 K lamps 53.9  

 2700 K lamps 62.9  

 4000 K lamps + 2700 K lamps 119.1 9 

 IR heat lamps 411.3  

 4000 K + IR heat lamps 448.4  

 2700 K + IR heat lamps 481.6  

 4000 K lamps + 2700 K lamps + IR heat lamps 547.4  

 

5.2.3 Compressed Air System 

High velocity air blowing over the panel surface is the investigated mechanism for cleaning and 

cooling PV panels in the system concept and test rig. The research laboratory in which the test 

rig is situated is fitted with a mains air-line that delivers air at 7 bar gauge. The compressed air 

network feeds a low-pressure 200 L air tank. A booster compressor is connected to the low-

pressure air tank and increases the pressure up to 20 bar, connected to a larger high-pressure 

340 L tank. The air is filtered and lubricated before supplying the booster compressor. Both 

tanks can act as the air reservoir for the test rig. The compressed air system is presented in 

Figure 5-7.  

The tanks can be charged then disconnected from the mains supply such that when the valve to 

the test rig is opened, the pressure difference between the tank and the ambient pressure causes 

air to be expelled through the system. A manual pneumatic regulator is installed between air 

tanks nozzle system for safety and an electronic, variable pressure regulator is installed and 

controlled from the measurement and control platform. Air is delivered through pneumatic 

tubing and connected through push-fit connectors. 

 

 
9 The combined irradiance value of the LED bulbs has reduced from the initial 129.3 Wm-2 because of the 
removal of 12 of the 2700 K LED lamps to be replaced with the IR heat-lamps. 
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Figure 5-7. Compressed air system used in test rig 

5.2.3.1 Nozzle Arrangement 

Owing to the established test rig structure as described in Section 5.2.1, nozzles can be fitted 

around the perimeter of the test rig on the securing struts. The design allows for the 

investigation of the effectiveness of several nozzle arrangements and designs. Examples of the 

mounting of nozzles in the test rig, a single installed nozzle and a dual arrangement of nozzle, 

are given in Figure 5-8 and Figure 5-9 respectively. Nozzles are lain flat, parallel to the surface 

of the panel as this will provide the greatest perpendicular force to dust adhered to the panel 

surface. As the test rig is inclined, the relative angle between the nozzles and the panel surface 

remains constant. Wide fan nozzles were the implemented nozzle type as they generate a thin 

air profile vertically and wide angle horizontally. This creates a broad cleaning and cooling area 

across the panel surface.  The nozzles were sourced from Silvent UK Ltd., a UK manufacturer 

of air and liquid nozzles.  
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Figure 5-8. Single nozzle mounted in test rig 

 

Figure 5-9. Two nozzles mounted in test rig 

5.2.4 Sensors, Electronics, Data-acquisition Platform and Control 

Several variables need to be measured and controlled in real-time during testing of the cleaning 

and cooling mechanisms. The required measurements can be broken down into electrical, 

pneumatic and thermal measurements. The necessary measurements that the test rig must 

record and the sensors used for monitoring these are given in Table 5-3. 

Table 5-3. Required measurement and implemented sensor type 

Category Measurement Sensor 

Electrical PV panel voltage 

PV panel current 

Integrated Digital Multimeter 

Integrated Digital Multimeter 

Pneumatic Tank air pressure 

Pipeline air pressure 

Nozzle pressure 

Flowrate 

Pressure Transducer 

Pressure Transducer 

Pressure Transducer 

Volumetric flowrate meter 
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Thermal Panel temperature 

Ambient temperature 

Thermocouple Array 

Thermocouple 

 

The test rig is monitored and controlled through a National Instruments PXI embedded 

controller and ancillary modules. The power from the PV panel is connected to an electronic 

DC load with the voltage and current measured through the NI integrated Digital Multimeter 

Module (DMM) connected to the PXI system. LABIEW was used for the processing of the 

acquired signals and a user-interface (UI) front panel was designed to interact with the 

components. 

To measure the temperature of the PV modules, thermocouples are affixed to the PV panel. A 

total of 16 thermocouples are used to measure panel temperature, with 8 attached to the top 

surface and 8 attached to the underside of the panel. A temperature gradient will exist across 

the depth of the panel, therefore the upper surface of the panel is measured in addition to the 

lower surface, this gives a more representative temperature measurement. Thermocouples 

were affixed in the manner as displayed in Figure 5-10. Four of the thermocouples were 

mounted in the corners of the panel and the remaining four were fitted at distances of one-third 

of the horizontal and vertical length of the PV panel. The array of thermocouples will reduce 

the effect of temperature anomalies that may occur from uneven heating of the panel. In 

addition to the panel mounted thermocouples, a thermocouple is elevated away from the panel 

to measure the ambient air temperature in the surrounding test rig. The employed 

thermocouples were 0.2mm thickness; this was to interfere as little as possible with air stream 

across the panel surface.  
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Figure 5-10. Position of thermocouples on the upper and lower surface of the PV 
panel 

Pressure transducers were fitted to measure the tank pressure, pipe pressure and nozzle 

pressure. A flowrate sensor also measures the volumetric flowrate of air from the tank. These 

are displayed in Figure 5-11. Both types of devices output analogue voltage signals which are 

measured and calibrated to give a pressure and flow reading.  

  

(a) (b) 

Figure 5-11. (a) Example of pressure transducer used in test rig (b) Volumetric 
flow sensor used in test rig 

The uncertainties of the employed sensors are provided in Table 5-4. 
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Table 5-4. Measurement uncertainty of employed sensors 

 Measurement Sensor Accuracy 

 Voltage measurement Integrated Digital Multimeter ±0.10 [%] 

 Current measurement Integrated Digital Multimeter ±0.10 [%] 

 Pressure Pressure Transducer ± 0.25 [%] 

 Flowrate Volumetric flowrate sensor ± 0.30 [%] 

 Temperature Thermocouple ± 0.75 [%] 

 

Figure 5-12 displays the measurement and control platform, relative to the test rig. The rig is 

entirely operated through the LABVIEW interface.  

 

Figure 5-12. Control platform for system monitoring 

The schematic presented in Figure 5-13 demonstrates the interaction between the hardware, 

instrumentation and control elements in the test rig. There are three primary elements in the 

rig: the compressed air channel, the electrical power channel, and measurement and control 

signals. The thermocouple array is comprised of the 16 thermocouples mounted to the top and 

underside of the panel as previously outlined, as well as the single individual thermocouple 

used for measuring ambient temperature. A LABVIEW interface was designed to monitor and 
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control the test rig. The designed UI front panel of the LABVIEW programme is given in 

Figure 5-14. 

 

Figure 5-13. Schematic of components and control of PV-CAES test rig 

The LABVIEW UI displays real-time data acquired from the instrumentation. The measured 

data for pressure and volumetric flowrate are displayed numerically and as a time plot. The 

current, voltage and power of the PV panel is additionally displayed numerically and as a time-

plot. The individual thermocouple measurements are displayed and the average temperature of 

the panel is calculated. The resistive load can be set manually, or MPPT (discussed in 5.2.4.1) 

can be engaged through the switch. The pressure regulator valve is also controlled from the UI, 

where the desired pressure is numerically entered. The data is saved for later analysis through 

engaging the ‘Data Save’ button.  
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Figure 5-14. LABVIEW interface for managing PV-CAES test rig 

5.2.4.1 Implementation of MPPT 

MPPT is required in the test rig to assess the full benefit of CAES-based cooling and cleaning of 

PV panels. In PV installations at most scales, MPPT algorithms are implemented through the 

inverters, however in the test rig this effect is emulated through the dynamic alteration of the 

resistive load of the electrical DC load. Owing to the characteristic curves of PV modules as 

introduced in Section 3.1.2, as panels are soiled and heated, dramatic changes to their 

operation are observed. When cooling and cleaning is introduced, this can introduce rapid 

changes to the power generation and therefore large changes to the characteristic curves and 

potential power generation. Therefore, to better represent operational PV generation, MPPT 

is implemented in the test rig.  

Figure 5-15 demonstrates a typical example of the effect of panel heating on the perceived 

power loss from PV generation. Without a dynamically changing load, the perceived power 

loss is greater when heating than when compared to the MPP of the elevated temperature 

panel. 
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Figure 5-15. Panel heating and power loss with and without MPPT 
implementation 

Conversely, Figure 5-16 demonstrates the necessity for MPPT implementation for a decreasing 

panel temperature. Convective cooling, which the PV panel will be subjected to will induce a 

reduction in panel temperature. Without MPPT implementation there is unrealised potential 

power generation as the panel would still be operating at the same voltage operation point 

although the instantaneous characteristic curve has changed. 

 

Figure 5-16. Panel cooling power gain with and without MPPT implementation 

Similarly, the severity of soiling on the panel changes the power characteristic of the PV 

module. The amount of accumulated dust on the panel surface is proportional to the perceived 
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level of solar irradiance experienced by the panel. Although the available solar radiation level 

may be high, a heavily soiled panel will experience a low level of irradiance because of the 

accumulated dust blocking and reflecting the light from reaching the photodiodes. Cleaning the 

panels with high velocity air is likely to induce rapid changes in perceived solar irradiance and 

therefore rapid changes to the operation of the PV modules. MPPT implementation is 

therefore recommended in the test rig to account for this and ensure the maximum power 

extraction benefit is demonstrated, representative of a commercial system. Figure 5-17 

provides an example of the power generation difference for a typical PV panel with or without 

active MPPT. A decrease in solar radiance from 1000 Wm-2 to 500 Wm-2 could be analogous to 

a clean panel and heavily soiled panel, operational under 1000 Wm-2 input radiation.  

 

Figure 5-17. Panel soiling power loss with and without MPPT implementation 

The impact of MPPT relating to cleaning effects will be less of that than of cooling effects 

owing to the greater influence of temperature on the open-circuit voltage of PV panels. 

Irradiance primarily effects the short-circuit current. Although MPPT impacts will be less, 

greater power extraction will be achieved for between clean and soiled panels because of the 

implementation of MPPT algorithms.  

Figure 5-18 conversely demonstrates the difference in power generation with a fixed operation 

point or MPP tracking with a panel subject to rapid cleaning. Rapid cleaning of a PV panel will 

correspond to a large perceived increase in available solar irradiance. The operating voltage 

should increase to account for this and extract the maximum available power.  
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Figure 5-18. Panel soiling power gain with and without MPPT implementation 

The MPPT algorithm chosen to be implemented in the test rig was Perturb and 

Observe (P&O). This is because of its wide adoption in commercial PV operation and the 

simplicity and robustness of the method [236]. For the P&O algorithm a small perturbation is 

introduced in the operating voltage, with the power output determined before and after the 

action. If the power output increases after the perturbation, then the perturbation is repeated. 

If the power decreases because of the perturbation, then the action is reversed and the effect on 

the resultant power is measured. An expression of the P&O algorithm, implemented in the test 

rig is given in Figure 5-19.  

The MPPT control is implemented through LABVIEW logic. The voltage and current are 

measured and the output power is calculated. In the following loop iteration, the power is 

again calculated and the logical sequence as described in Figure 5-19 is carried out. The 

platform then sends a signal to the electronic load to vary the resistance, changing the operating 

point of the PV panel.  
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Figure 5-19. Perturb and Observe MPPT algorithm implemented in test rig 

5.2.5 Test-dust 

As discussed in Section 3.2., particles in the range of 2-63µm contribute the most to panel 

soiling. The mean size of particles contributing to soiling power losses has been reported as 15-

30µm [129], 9-25µm [237] and 10-32µm [238]. Test-dust to be deposited on the surface of the 

PV panel is sourced to emulate these soiling conditions as far as is practically feasible. Talc was 

deemed as the suitable candidate for test-dust as it is naturally occurring, readily available in the 

required particle diameter range and does not impose significant safety restrictions. 

Additionally, talc has been previously used in laboratory solar PV soiling studies [239–241] for 

the purpose of emulating natural soling effects.  

A scanning electron microscope (SEM) image of the talc as test-dust for the experimentation 

was obtained and is shown in Figure 5-20. The material composition and properties of the talc 

are provided in Table 5-5. From the SEM analysis it was estimated that the average diameter of 

the talc used as test-dust for experimentation was approximately 20µm, therefore was deemed 

to be suitable for use as test-dust. 
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(a) (b) 

Figure 5-20. (a) Test-dust under 350 times magnification (b) Test-dust under 600 
times magnification 

Table 5-5. Material properties of test-dust employed in testing [242] 

Feature  Value 

Composition  [%] SiO2 (63.37), MgO (31.88), H2O (4.75) 

Density  [kg m-3] 2700 

 

5.2.6 Full Assembly of the Test Rig 

The final assembly of the test rig is shown in Figure 5-21. A clear greenhouse was employed as 

containment for the test rig to act as a barrier between the rig and external laboratory 

environment. This containment retains dust blown from the panel surface and acts as a barrier 

from to the high velocity air. Additionally, the greenhouse insulates the test rig and raises the 

internal ambient temperature and is useful for emulating the ambient temperatures of hot, arid 

environments of some PV installations.   

A complete list of components and their manufacturers is contained in Appendix C. 
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Figure 5-21. Final test rig within containment 

5.3 Summary 

A test rig is required to demonstrate the feasibility of using compressed air to clean commercial 

scale PV panels and to validate the full system dynamic mathematical model established in 

Chapter 4. The main functional requirements have been identified and the resulting test rig has 

been outlined, with the elements of the test rig described in detail.  

The constructed test rig can generate an irradiance value of up to 547 Wm-2 over a panel bed 

that can accommodate a commercial scale solar PV panel, inclinable up to 45°. The rig 

additionally can heat the panels through the installed heat lamps. An established compressed air 

system allows the operator to blow air over the panels at high speed. The PV panel is 

connected to a programmable DC load and voltage and current of the PV panel can be 

measured. The temperature of the panel and of the ambient environment is measured from an 

array of thermocouples. The pressure of the CAES system and volumetric flowrate of the air 

being delivered to the panel is additionally measured. The system is controlled via a central 

control platform and a LABVIEW interface has been established to monitor the measured data 

in real-time. The interaction of the sensors and control elements of the test rig are highlighted. 

Test-dust is acquired to emulate soiling effects that PV panels experience. MPPT has been 

established through the control platform and the programmable DC load to demonstrate the 

maximum effect of panel cleaning and cooling to the PV power output. The test rig is 

contained within a greenhouse containment unit to isolate the test rig from the external 
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laboratory environment. The completed test rig is of a flexible nature that is easily adaptable 

and therefore is very useful in terms of potential testing functionality. The modular nature of 

the developed test rig allows for a multitude of testing options and investigations to be 

pursued. The specific individual components and hardware implemented in the test rig are 

given in Appendix C.  
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Chapter 6 – Mathematical Model Validation and System 

Performance Analysis 

In this chapter, the dynamic mathematical model of the proposed PV-CAES system is validated 

by comparison to experimental results gathered from the constructed test rig.  The validated 

model is subsequently used for a system performance analysis to assess the potential benefits 

that can be brought to PV generation from panel cleaning and cooling. 

As with the mathematical model outlined in Chapter 4, elements contained within this chapter 

have been presented in the previously indicated publications [208,209]. 

6.1 Mathematical Model Validation 

Experimental validation of the dynamic mathematical model described in Chapter 4 using data 

obtained from the test-rig described in Chapter 5 is presented in this section. The key 

parameters of the relevant devices and mechanisms for validation are presented in Appendix D. 

Parameters of the employed PV panel were measured experimentally from a characterisation 

test of the panel under standard conditions; comparison of the model prediction of the PV 

characteristic and the measured characteristic is also presented in Appendix D. Where 

parameters used in the modelling could not be directly measured, parameters were assumed, 

with these indicated within the relevant sections of model validation.  

The individual mechanisms of the dynamic mathematical model are validated separately to 

assess accuracy and then compiled into a full system model of the PV cleaning and cooling 

system. The individual mechanisms that are validated experimentally in this section are listed: 

• Natural convective effects on panel temperature 

• Forced convective effects on panel temperature 

• PV generation 

• Panel soiling and effect on PV generation 

• Panel cleaning and effect on PV generation 

• Air tank discharging through established nozzle system 

 

6.1.1 Panel Temperature and Generation 

6.1.1.1 Natural Convective Effects 

For the validation of the heating and cooling of the PV panel from natural convection, a 100W 

panel is placed horizontally in the test-rig and illuminated by the light-panel. The power output 
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of the PV panel is measured throughout this period. For the validation test, the panel is 

powered by the light-panel for 1-hour and then the light is powered-off, with measurements 

continued for an additional 30 minutes. The panel is subjected to the maximum available 

irradiance from the test rig of 547 Wm-2 for the 1-hour generation period. As previously 

indicated, the parameters for the PV panel employed are provided in Appendix D. The 

measured ambient temperature was used as input for the simulation. The test was completed 

three times and the experimental results were averaged. The comparison of the model 

prediction and measured panel temperature is given in Figure 6-1. 

 

Figure 6-1. Panel temperature comparison 

As can be observed in Figure 6-1, the panel temperature increases throughout the 1-hour 

period when the light-panel is illuminated (t=0 to t=3600s) and decreases when the panel is 

not illuminated (t > 3600). There is a good fit between the model prediction and experimental 

measurements for both the periods where the panel is subject to the illumination as well as 

after the light-panel is switched-off. The maximum recorded panel temperature from the 

experimentation is 56.4°C and the maximum temperature predicted by the model is 56.7°C; 

the final measured panel temperature is 34.5°C with the model predicting 34.3°C. The 

average relative error between the measured and simulated temperature is 0.56% for the 

period of the test10. 

The PV panel power generation is additionally modelled during this period, with the simulated 

temperature used as the input for the PV generation model. Measured resistance load values 

from the DC load during the experiment, while running the P&O MPPT algorithm, were 

digitally filtered and used as input for the mathematical model. Figure 6-2 to Figure 6-4 

 
10 The average relative error between the experimental results and the simulation is determined through the 

relative error equation: |
𝑥−𝑥𝑠𝑖𝑚

𝑥
| and provided in terms of %, for each measured point and simulated value at 

the same corresponding time. The mean value of these errors is then taken to determine the average relative 
error.  
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demonstrate the comparison of the model output to the voltage, current and power 

measurements respectively.  

 

Figure 6-2. Panel voltage comparison 

 

 

Figure 6-3. Panel current comparison 

 

 

Figure 6-4. Panel power comparison 

Observing Figures 6-2 to 6-4, the PV mathematical model predicts the measured panel output 

to a high accuracy. Note, the decrease in voltage, current and power during the heating phase 

of the panel, with no voltage, current and power measured at the point at which the lighting-

panel is switched-off. There is a large spike in simulated current at the point at which the input 
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radiation is removed; this is attributable to the rapid drop in calculated voltage causing a 

reduction in the calculated diode saturation current and causing output current calculation to 

spike for a short duration. The simulated current spike does not affect the overall accuracy of 

the model. The average relative errors, between the simulated PV performance and measured 

performance of the voltage, current and power are 1.4%, 1.6% and 1.9% respectively. A 

summary of the average relative errors is provided in Table 6-1, with the relative error 

between the predicted total energy generation during the period and the total measured energy 

generation, across the period is given in Table 6-2. 

Table 6-1. Average relative errors for natural convective effects 

Compared 

Mechanism 

Average relative error  

[%] 

Panel temperature  0.56 

Panel voltage  1.4 

Panel current  1.6 

Panel power  1.9 

 

Table 6-2. Comparison of experimental and simulated energy generation 

Experimental Energy [kWh] Simulated Energy [kWh] Relative Error [%] 

0.0299 0.0294 1.7 

 

Observing Tables 6-1 and 6-2, the mathematical model of the natural convective effects and its 

influence on the PV generation provides a satisfactory representation of the physical system. 

When incorporated into a full-system model for further analysis, these mechanisms can be 

trusted to give an accurate simulation of the panel subjected to the natural convective effects. 

6.1.1.2 Forced Convective Effects 

Experimental validation of the forced convection mathematical model is demonstrated. Nozzles 

are arranged in the manner demonstrated in Figure 6-5. Two nozzles were affixed to the top 

edge of the panel with a combined nozzle outlet area of 15.4 mm2; nozzles were mounted 

one-third of the width of the panel from the edge with the same distance again between the 

other nozzle. The specific nozzle is listed in Appendix C as part of the test rig hardware. 
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Figure 6-5. Nozzle orientation for mathematical model validation 

As with the natural convection mathematical model validation, the panel is placed horizontally 

in the test-rig and subjected to radiation from the light-panel. The panel was heated to a 

temperature of 50°C and then subjected to airflow at a rate of 800 Lmin-1 for a period of 3-

minutes, whilst continuing to be illuminated by the light-panel at the maximum deliverable 

irradiance value. The measured flowrate data was used as input for forced convection model 

with the panel air velocity calculated. The procedure was completed three times, with the 

average of the results used for comparison. The comparison of the experimental and simulated 

temperature comparison is given in Figure 6-6.  

 

Figure 6-6. Panel temperature comparison for forced convective cooling 

Figure 6-6 demonstrates the experimental versus simulated temperature of the PV panel across 

the 3-minute cooling duration at 800 Lmin-1. The final measured panel temperature is 35.0°C 

and the final simulated temperature is 33.5°C. Initially, the experimental temperature 

decreases at a high rate, this is likely attributable to the measurements from the thermocouples 

affixed to the upper surface of the panel are cooler than the panel itself, relative to the 

thermocouples on the underside of the panel. The average relative error between the panel 

temperature over the measurement period is 4.4%. 
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The forced convective panel cooling is additionally validated in conjunction with the natural 

convective panel heating and PV power generation. As in Section 6.1.1.1, with the natural 

convective effect validation, the panel is subjected to the maximum deliverable by the test rig 

for a period of 1-hour. The panel is subsequently subjected to 3-minutes of cooling at 

800 Lmin-1 flowrate with the panel continued being powered by the light panel. The test is 

continued for an additional 27-minutes, with the temperature and panel output measured for 

the remainder of this time. The airflow was fed from the mains air supply, to sustain a constant 

flowrate, which would drop over time given a fixed supply of air. The comparison between the 

experimental and simulated temperature subject to cooling are shown in Figure 6-7. The 

measured flowrate data was used as input for the simulation for the air velocity determination 

and the measured resistive load values were digitally filtered and used as input to the simulation 

for panel power calculation. As before, the test was undertaken three times and the averaged 

data was compared.  

 

Figure 6-7. Panel temperature comparison with 3-minute cooling period 

Figure 6-7 shows a good fit between the predicted temperature and measured temperature 

from the test. The panel temperature increases throughout the 1-hour period when the light-

panel is illuminated (t=0 to t=3600s). At the point at which the airflow beings, the panel 

temperature is reduced in both the experimental results and the simulated results. During the 

cooling period, the measured panel temperature reduced from 58.1°C to 35.7°C, with the 

simulated temperature from 56.9°C to 38.0°C. After the 3-minute cooling period, the panel 

temperature increases for the remainder of the test in both measured data and simulated. The 

final temperature measured at the end of the test is 56.8°C, with the simulated value being 

55.3°C. The average relative error between the measured and simulated temperature with the 

inclusion of forced convective cooling is 2.5%. 
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The PV panel output is additionally measured during the test period. The voltage, current and 

power generated by the PV panel throughout the test, along with the model prediction is given 

in Figures 6-8 to 6-10. 

 

Figure 6-8. Panel voltage comparison with cooling 

 

 

Figure 6-9. Panel current comparison with cooling 

 

 

Figure 6-10. Panel power comparison with cooling 

Observing Figures 6-8 to 6-10, the PV mathematical model fits the panel performance well 

subject to the forced convective cooling from the airflow. An increase in power output from 

the PV panel is measured because of the cooling of the PV from the compressed air flow. The 
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test rig recorded an increase in power output because of the cooling from 26.5W to 30.2 W, 

whereas the model predicted an increase of 26.1W to 30.5W. The dynamic mathematical 

model slightly overpredicts the benefit of the panel cooling to the PV generation. However, the 

average relative errors between the simulated PV performance and measured performance of 

the voltage, current and power are low, determined to be 1.9%, 2.1% and 3.4% respectively. 

These errors, along with the relative error of temperature are summarised in Table 6-3. 

Table 6-3. Average relative errors for forced convective cooling 

Compared 

Mechanism 

Average relative error 

[%] 

Panel temperature  2.5 

Panel voltage  1.9 

Panel current  2.1 

Panel power  3.4 

 

The total energy generated by the PV panel during the test is compared in Table 6-4.  

Table 6-4. Comparison of experimental and simulated energy capture 

Experimental Energy [kWh] Simulated Energy [kWh] Relative Error [%] 

0.0434 0.0423 2.8 

 

The low average relative errors of the panel temperature and energy generation by the PV 

panel owing to the cooling effect of the compressed air blowing indicates that the mathematical 

models for the PV generation, natural convection and forced convection are validated and can 

be used for further analysis of the system performance. 

6.1.2 Soiling Effect, Compressed-air Cleaning and PV Generation 

The mathematical model of panel soiling and cleaning impact to PV power generation is 

validated experimentally in this section, from data acquired from the test rig. The same 100 W 

panel used for temperature modelling validation was placed in the test rig with the same nozzle 

arrangement as displayed in Figure 6-5. Again, the relevant parameters pertaining to the PV 
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panel used for mathematical model validation are given in Appendix D. The panel was inclined 

to 30° for the tests. 

The acquired talc used for testing possesses an average diameter of 20µm as discussed in 

Section 5.2.5. From the modelling study presented in Section 4.3 and using the specific panel 

parameters, the required velocity for particle detachment is estimated. This is presented in 

Figure 6-11. Note, the particle adhesion validation was conducted in dry conditions, therefore 

capillary forces are negated, with only electrostatic and Van der Waals forces impacting to 

overall adhesion force.   

 

Figure 6-11. Required detachment velocity for particles and panel established in 
test rig 

From the analysis, detachment will occur at an air velocity of 32 ms-1
 for the rolling detachment 

criteria. With the established nozzle installation, this corresponds to a flowrate of 

745.3 Lmin-1. Talc was deposited on the surface of the PV panel uniformly through a sieve and 

the voltage and current output was measured under the greatest deliverable irradiance of 547 

Wm-2. Quantities of 5.2g, 10.4g and 15.6g of dust were deposited on the panel surface. At a 

soiling rate of 0.5 g m-2 day-1 and for the established panel dimensions, this corresponds to the 

equivalent of 2-weeks, 4-weeks and 6-weeks of dust accumulation. The panel was subjected to 

10 s airflow through the nozzles, to prevent the redeposition of the adhered particles and give 

sufficient the removal along the length of the panel. For each test, the initial panel temperature 

was established at 30°C. The power output of the panel was recorded during the test period. 
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Tests at each of the soiling levels was repeated three times and the data was aggregated.  The 

power recovery from the airflow to the panel surface is summarised in Table 6-5. 

Table 6-5. Power recovery from compressed air cleaning of PV panel 

Mass of Deposited Dust [g] 5.2 10.4 15.6 

Initial Soiled Power [W] 34.43 32.02 29.11 

Cleaned Power [W] 37.59 35.65 35.59 

Soiled Power [% of unsoiled] 86.5 80.5 73.1 

Cleaned Power [% of unsoiled] 94.4 89.6 89.4 

Recovered Power [% of unsoiled] 58.8 46.7 60.1 

 

As Table 6-5 indicates, the compressed airflow is successful at improving the power output of 

the PV module by removing dust present on the panel surface. However, the test indicates that 

the compressed air cleaning does not result in full cleaning of the panel as the model predicts, 

this can be observed in Figure 6-12 demonstrating the impact of the cleaning process on the PV 

panel. Furthermore, observing Table 6-5, the data suggests that the system can only clean the 

panel to a certain level. For example, the power recovery percent is lower for a 10.4 g soiling 

rate, than the 15.6 g soiling rate. This is because the system removes dust to the same degree, 

but this means the recovery percent is higher for the more heavily initially soiled panel.  
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(a) 

 

(b) 

Figure 6-12. (a) Panel before cleaning (b) Panel after cleaning. Note: the white-
bordered regions indicate visible residual dust on the panel surface after blowing 

After each test there is still visible dust present on the surface of the panel. This is particularly 

evident for the upper corners, to the side of the nozzles, and the far edge of the panel where 

some dust accumulated. Additionally, some dust remained on the surface of the panel as it is 

likely of a diameter too small to be removed by the implemented flowrate. These factors 

account that full power recovery is not achieved. For the tests across all particle deposition 

rates, the average power recovery of the unsoiled power value was 55% from the soiled value 

after the air discharging across the panel surface. This factor is subsequently incorporated into 

the mathematical model such that if the detachment criteria are met, 55% of the dust on the 

panel surface is removed rather than full particle mass detachment. 

For the model validation, the measured flowrate during the tests was used as the input for 

simulation for the velocity calculation. Additionally, the measured resistive load data was 

filtered and used as input for the model. The previously validated temperature model is 

additionally operating simultaneously, however over the short test period, temperature effects 

do not produce a great impact on the PV output.  
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Figure 6-13 to 6-15 compare the dynamic model prediction to the experimental prediction for 

amounts of deposited dust on the panel surface, with the incorporated cleaning factor. 

 

Figure 6-13. Panel power with 5.2g deposited followed by cleaning 

 

 

Figure 6-14. Panel power with 10.4g deposited followed by cleaning 
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Figure 6-15. Panel power with 15.6g deposited followed by cleaning 

Observing the comparisons of predicted soiling and cleaning effects in Figures 6-13 to 6-15, it 

can be determined that at the low soiling rate, as in Figure 6-13, the model gives a good 

approximation of the impact of soiling and the cleaning benefit, at the higher soiling levels as in 

Figure 6-14 and Figure 6-15, the model overestimates the reduction in panel power output and 

additionally overestimates the benefit to the panel cleaning from the compressed air blowing, 

though with the established cleaning factor, the overall prediction in power improvement is 

good. The errors between the model and the experimental values are given in Table 6-6. The 

continuing power output increase for the period after the panel cleaning is finished, most 

pronounced at the 15.6 g deposition mass, as in Figure 6-15, is attributable to the MPPT 

algorithm which is continuously altering the operating voltage and has not yet established to 

optimum post-cleaning operating voltage owing to the large change in perceived radiation to 

the panel.  

Table 6-6. Summary of cleaning modelling validation 

Mass of Deposited Dust [g]  5.2 10.4 15.6 

Initial Power Measured [W] 

Simulated [W] 

Rel. Error [%] 

34.43 

33.71 

2.1 

32.02 

30.70 

4.1 

29.11 

27.22 

6.5 

Cleaned Power Measured [W] 

Simulated [W] 

Rel. Error [%] 

37.59 

37.04 

1.5 

35.65 

36.47 

2.3 

35.59 

36.32 

2.1 
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Average relative error [%]  1.2 2.7 3.1 

 

Table 6-6 demonstrates the relative errors between the panel power prediction from the soiling 

model to cleaned model after the cleaning factor has been incorporated. The relative errors are 

low, though increases at higher soiling rates. For low levels of soiling, the soiling and 

detachment model can be assumed to give a reasonable representation of the experimental 

system.  

6.1.3 Tank Discharging 

The final experimental validation of the dynamic mathematical model element is tank 

discharging. The 200 L air tank was charged to 7 bar gauge. The outlet valve subsequently fully 

opened and the air allowed to flow from the tank through the nozzle outlet. The tank pressure 

and flowrate through the pipe system was measured during this time. The simulated tank 

discharge for the same initial conditions is demonstrated along with the experimental 

measurements in Figure 6-16. 

 

(a) 

 

(b) 

Figure 6-16. (a) Discharging tank pressure comparison (b) Flowrate comparison 

Figure 6-16(a) demonstrates the discharging tank comparison of for the air tank pressure. The 

model prediction is a reasonable fit. Pressure values are provided in absolute value, with 7 bar 

gauge equivalent to 8.1 × 105 Pa. The experiment was concluded after 180 s with the final 
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measured pressure reaching 1.4 × 105 Pa and the model predicting 1.3 × 105 Pa. The average 

relative errors between the model values 12.5%. Figure 6-16(b) shows the flowrate 

comparison between the discharging air tank. As with pressure, the model gives a reasonable 

prediction.  The initial measured flow rate is 1173 Lmin-1 and the final flow rate being 

59 Lmin-1, the model predicts 1233 Lmin-1 and 109 Lmin-1 for the same values respectively. 

The model generally overestimates the flowrate compared to the measured value, possibly 

attributable to the simplifications made in the air component modelling by not accounting for 

pipe friction. The average relative error between the experimental and simulated data is 

12.3%. Table 6-7 provides the average relative errors for the air system measurements.  

Table 6-7. Average relative errors for air system 

Compared 

Mechanism 

Average relative error 

[%] 

Tank Pressure  12.5 

Flowrate  12.3 

  

The average relative errors for these mechanisms are greater than that of the other mechanisms, 

though the model still predicts a reasonable fit of the experimental measurements. The overall 

duration and final measurements are predicted to a satisfactory degree and are incorporated 

into the full system model. 

6.2 System Performance Analysis 

The elements of the dynamic mathematical model have been experimentally validated. The 

validated model components are used for a broader system performance analysis to determine 

the possible benefit to PV generation from the system operation and to advise a strategy for 

operation.  

Solar irradiance data for a single December day in Kharagpur, India is taken for analysis and 

used as input for the full system mathematical model; the solar data was measured locally using 

a reference cell-based irradiance sensor, recording at an interval of 5 minutes. The same panel 

parameters used for experimental validation are employed for the system analysis, these are 

contained in Appendix D. The developed model can be used to simulate the operation of the 

system across long periods. The temperature achieved by the panel and power output are 

calculated. Furthermore, to demonstrate to benefit of the potential cleaning effects to the PV 
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generation, a simulated mass of 5.2 g of dust is deposited onto the surface of the panel and the 

power simulated again; this is equivalent to a typical soiling rate of 0.5 g⋅m-2day-1 for two weeks 

of exposure without cleaning. Particle size of 20 m was again implemented as in the validation 

simulations. A 30° angle of inclination was set for the panel. Throughout the simulated day, 

maximum power point tracking is operational to ensure the PV is generating to its maximum 

potential. The parameters for the dust and soiling modelling are also contained in Appendix D. 

The input solar irradiance data and determined panel temperature for an unsoiled panel are 

demonstrated in Figure 6-17. The difference in power generation from the 100 W panel 

between soiled and unsoiled is shown in Figure 6-18.  

 

Figure 6-17. Input irradiance and panel temperature 

 

Figure 6-18. Panel power output across one day. The soiled panel is subject to 5.2g 
of dust on the panel surface. 
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Observing Figure 6-17, solar irradiance data for the period ranges from 0 – 900 Wm-2 and is 

representative of a clear day with little variation from the standard expected daily profile. The 

modelled peak temperature of the unsoiled PV panel mimics the profile of the solar generation 

but is offset with the peak temperature occurring marginally later than the peak solar value 

owing to the thermal inertia of the panel. The range of temperature of the PV panel is from 

16C – 60C. The effects of the panel soiling can also be seen from the simulation results 

shown in Figure 6-18. Subject to the 5.2g of soil on the panel surface, a reduction in peak 

power output of 37% is observed, with the peak power reduced from 96.0 W to 60.8 W. This 

difference in power output between the two presented cases is the maximum that can be 

recovered from full cleaning of the panels.  

With the soiling and temperature modelling demonstrated, it is of interest to assess the 

procedure of operation of the cleaning and cooling system that will give the greatest benefit. 

Given a fixed volume of compressed air at a given pressure, there are several discharging 

strategies that will impose different impacts to the panel: 

• A high discharging flowrate will result in greater velocity flow blowing over the panel 

surface, however the blowing duration will be short as the stored air is discharged 

faster. Greater velocity flow will remove adhered particles more easily and will result 

in a greater drop in panel temperature, but for a shorter period. 

• A low discharging flowrate will result in a slower air velocity across the panel surface; 

however the blowing duration will be extended as the stored air discharges at a slower 

rate. A lesser temperature drop will be achieved, but the cooled panel temperature 

will be maintained for a longer period. 

This balance between air velocity and duration can be observed in Figure 6-19; a single 200 L 

air tank at 7 bar gauge is used for the demonstration, with parameters set for the same nozzle 

implementation as used for the validation and displayed in Figure 6-5. 
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Figure 6-19. System flowrate determining discharge duration and air velocity 

The balance between blowing duration and blowing velocity and the relative benefits to the PV 

panel generation from cooling and cleaning is therefore of interest. The time throughout the 

day at which the system is operated will also impact the benefit of the PV-CAES system, as the 

temperature profile of the panel varies across the day. The total energy generation from one PV 

panel over one day is established as the metric for assessing the increase in performance from 

the different discharging conditions. The same solar profile and input parameters as used for 

Figure 6-17 were used for the simulation as was the single air tank at 7 bar demonstrated in 

Figure 6-19. The study for assessing the cleaning and cooling benefits is undertaken for both a 

soiled and clean panel.  

The system is simulated, subject to the solar irradiance data for Kharagpur day in December. 

As each day is simulated the conditions are the same at the beginning of the simulated day 

cycle. On each cycle, a single parameter is changed, either the flowrate or the start-time at 

which the air release is begun. The flowrate is varied from 400 Lmin-1 to 2000 Lmin-1 in 

increments of 100 Lmin-1, and the start-time is varied between 7am to 6pm in periods of 30 

minutes. The overall energy generated by the PV panel over the one-day period is recorded 

and stored. Figures 6-20 and 6-21 compare the impact of the air discharging on the PV panel 

generation for a soiled and clean panel. The soiled panel has simulated 5.2 g present on the 

surface.  
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Figure 6-20. Impact of blowing duration and start-time on energy generation for a 
soiled panel 

 

Figure 6-21 Impact of blowing duration and start-time on energy generation for a 
clean panel 

Figure 6-20 demonstrates the simulation study of the cleaning and cooling for a soiled panel 

with the impact of flowrate and system start-time. To capture the most energy, releasing the 

air and therefore cleaning the panel is most effective when conducted earlier in the day. This 
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gives the greatest length of time that the clean panel surface can absorb solar radiation 

unimpacted by dust particles. The overall difference in energy capture from the single day 

ranges from 0.318 – 0.429 kWh for the panel of study, depending on the time of day the air is 

discharged. Additionally, for the established parameters, the lowest flowrates and 

corresponding slower air velocities were not sufficient to remove the dust with the specified 

particle radius from the panel’s surface. A flowrate of 800 Lmin-1
 was required to meet the 

detachment criteria and remove the particles from the panel surface at the 30° inclination 

angle. This corresponds with Figures 6-11 and 6-19 where a velocity threshold of 32 ms-1
 is 

required for particle detachment, with this corresponded to flowrates in excess of 750 Lmin-1. 

The power improvement arising from temperature benefits from the system are negligible 

compared to the cleaning benefits; the greatest energy generation from the system occurs when 

a flowrate of 2000 Lmin-1 is used at the time of 7am. 

A clean panel is assessed in the second scenario, presented in Figure 6-21. The increase in 

captured energy from the PV panel in this study only accounts for the benefits from cooling of 

the panel from the compressed air flow as there is initially no dust present on the panel surface. 

A larger amount of energy is captured when the panel is cooled during the periods where solar 

radiation is greater around solar noon. Additionally, a larger flowrate, corresponding to a 

shorter blowing duration and faster velocity air achieves a greater energy improvement, with 

the optimum flowrate of 2000 Lmin-1 at 12:30pm. A greater temperature drop for a shorter 

duration provides the better energy benefit. The range of energy capture for the different 

scenarios is from 0.510 – 0.511 kWh. This is equivalent to a 0.2% improvement in power 

generation between the minimum and maximum obtainable values. The energy improvement 

from panel cooling is significantly lower than the potential energy benefit from panel cleaning. 

Therefore, the system should be operated with cleaning as the primary function and cooling as 

a possible secondary benefit if there is lack of free or surplus energy from the PV generation. 

The difference in energy capture from these different scenarios of the cleaning and cooling 

system can be observed in Figure 6-22. 
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Figure 6-22. Panel energy production under different scenarios 

Figure 6-22 indicates the difference in performance from the single PV panel of study under the 

same input solar radiation for different scenarios over a one-day period. The simulated 

scenarios along with the energy generated by the panel in that scenario are describe in 

Table 6-8: 

Table 6-8. Simulated scenarios 

Scenario Energy Generation 

[kWh] 

An unsoiled panel with discharging air 0.511 

An unsoiled panel with no discharging air  0.510 

An initially soiled panel, subject to discharging air 0.429 

An initially soiled panel with no discharging air 0.318 

 

The unsoiled panel subject to air discharged is cooled at the optimum time and flowrate (2000 

Lmin-1 and 12:30pm observed from Figure 6-21) to achieve maximum energy capture. With 

the soiling rate is again set to 14 days equivalent as previously indicated, the initially soiled 

panel subject to air discharge is also operated at the optimum time and flowrate (2000 Lmin-1 

and 7am observed from Figure 6-20). Cleaning effects from the compressed air system can be 
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observed to be the most contributing factor to increasing energy capture, a 34.9% increase 

from a soiled panel. As previously stated, using the system to cool an already clean panel results 

in a 0.2% power improvement. Therefore, the removal of dust from the panel results in a 

greater improvement to energy generation than the cooling of the panel. Note, the full 

recovery in power performance from the cleaning system is not achieved as the cleaning factor 

of 55% was introduced from the soiling modelling validation work. The contribution of 

cleaning on the improvement in power generation is 2 orders of magnitude greater that than 

the potential cooling power improvement. 

6.2.1 System Energy ROI  

The potential power improvement from the system has been discussed, but it is advantageous 

to consider the benefit in terms of the return on investment of energy input to achieve the 

energy improvement (Energy ROI). The energy ROI, ROIE, gives an indication of benefit in 

performance across a fixed period for the proposed system and is calculated 

with Equation (6.1).  

𝑅𝑂𝐼𝐸 =
𝐸𝐶𝐶 − 𝐸𝑆

𝐸𝐶𝑂𝑀𝑃
 (6.1) 

where: 

𝑅𝑂𝐼𝐸  Energy return on investment [-] 

𝐸𝐶𝐶  Energy production with system operation [kWh] 

𝐸𝑆 Energy production without system operation [kWh] 

𝐸𝐶𝑂𝑀𝑃  Compression energy [kWh] 

 

If the system is charged with ‘free’ energy, energy that would be otherwise curtailed, then the 

ROI is effectively infinite. In other instances, it is worth considering the potential return as 

operating the system as a routine cleaning strategy. 

The motor and scroll compressor model with parameters outlined in Appendix D is used to 

simulate the compression of air into a 200 L air tank as was discharged across the panel surface. 

Figure 6-23 indicates the compressor operation.  
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(a) 

 

(b) 

Figure 6-23. Compressor simulation characteristics 

The energy required is determined from the simulated electrical energy input to the DC 

motor. The time period to assess the energy ROI for is chosen as 14 days, as this is mass of 

soiling rate that has been established; after a 14-day soiling period the panel has the same mass 

of dust present on the surface than prior to cleaning on the first day. A comparative uncleaned 

panel by the system is simulated, with the same soiling rate established. These results are 

displayed in Table 6-9 and Figure 6-24.  

Table 6-9. Energy ROI for 14 days of PV generation 

Energy, clean  

ECC 

[kWh] 

Energy, soiled 

Es 

[kWh] 

Energy difference  

 

[kWh] 

Compressor energy 

 ECOMP 

[kWh] 

Energy 

ROI 

4.613 3.288 1.325 0.171 7.749 
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Figure 6-24. Power production across two-week period for panel cleaned and not 
cleaned by the system 

As with the previous cases, simulation of a single air tank used to clean the panel on the first 

day of study. The power generation over the course of 14 days can subsequently be observed in 

Figure 6-24, which also displays the power generation from the panel over a 14-day period if 

the panel is uncleaned on the first day. The panel soiling rate was again set to 5.2 g. The 

difference in power generation during this time is determined. The overall power generation 

from the cleaned panel was 40.3% higher than that of the uncleaned. An energy ROI arising 

from the cleaning of the panels from the system is calculated as 7.749. This ROI is almost 

entirely attributable to cleaning as panel cooling is only conducted once with the air discharge 

on the first day of study. To provide additional efficiency improvement from cooling, the 

compressor would need to continuously operate, this would significantly lower the overall 

energy ROI because of the consumed energy driving the compressor. From the earlier analysis 

however, it is highly unlikely that a positive ROI can be achieved when regarding cooling 

effects it provides a relatively low power improvement, and the benefit arising from 

temperature effects are short-lasting. Implementing the cleaning strategy and achieving large 

ROI from cleaning demonstrates the potential for eliminating the requirement of regular 

manual cleaning. Additionally, variation of air pressure and store sizes would influence the 

energy ROI of the system. A larger air store and higher air pressures would allow for greater 

flowrates and blowing durations, as well as more flexible or recurring operation, but would 

therefore require significantly more energy to compress the air. Optimisation of the air store 

size and pressure therefore could be undertaken. 

6.3 Summary 

The dynamic mathematical model of the proposed PV-CAES system has been validated 

experimentally using the constructed test rig. The model has been shown to give an accurate 



 

144 
 

prediction of the temperature of PV modules and their power generation, with small relative 

errors. Furthermore, conducted tests have validated the soiling effect model and power 

improvement arising from the cleaning of PV panels with the compressed air system. The 

general alignment and fit between the models and system measurements are satisfactory, as it is 

unrealistic to achieve a perfect fit to mathematical model with a large number of parameters.  

The validated mathematical model is used to perform a study to determine the benefit that the 

proposed system can provide to PV generation improvement through panel cleaning and 

cooling. Scenarios examining the power generation of a single PV panel have been simulated 

subject to different air blowing durations, speeds and start-times. It is concluded that for a 

heavily soiled panel, cleaning with air as early as possible in the day is advantageous for greatest 

energy capture. Alternatively, if the PV module is recently cleaned, the greatest benefit to the 

power improvement by cooling occurs when a high flowrate is used at a time when solar 

insolation values are most abundant. It is concluded that action of cleaning PV modules 

provides a greater benefit to the power production of the PV modules than the cooling effects 

generated by the system. Therefore, panel cooling from the compressed air system should only 

be considered as a secondary benefit and not a primary function for the total power 

improvement; however, system cooling could be advantageous in prolonging system lifetime if 

otherwise curtailed renewable electrical power is used as the source of the compressed air 

generation. The simulation results indicate an estimated 40.3% increase in power production 

can be achieved across a two-week period when using the system, compared to the power 

production of a soiled panel over the same period. The validated mathematical model is in a 

generic form such that continued further study can be undertaken easily. 
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Chapter 7 – Conclusions and Further Work 

7.1 Conclusions 

Arising from the impacts and future threats of global climate change, many nations are 

undergoing transformations in their electrical power generation networks as they are scaling 

back their dependence on fossil fuel-based generation. This conventional form of generation, in 

many cases, is being replaced by renewable power generation technologies, primarily wind and 

solar. These expanding variable generation technologies introduce instabilities into power 

networks owing to the discrepancy between immediate generation and power demand. The 

integration of electrical energy storage technologies (EES) into electrical grids is regarded as 

one of the primary solutions to this issue. The main contributions of the thesis are: 

• The thesis has clarified underground CAES storage resources in India and the UK, 

addressing the storage volume requirement owing to the inherent low energy storage 

density of CAES systems. 

Of the several competing EES technologies, compressed air energy storage (CAES) is one of 

the most mature EES technologies that excels, when compared to competing EES, in terms 

of range of system size, system lifetime and storage duration. The dependency of CAES on 

underground formations for storage is a key barrier to the adoption of the technology. A 

methodology for the assessment of the potential for underground compressed air energy 

storage and its integration with renewable energy generation is presented, with a study 

conducted for India. The analysis indicates that CAES is unlikely to fulfil the EES needs for 

India even though there is an abundance of capacity. There is little coincidence of locations 

that possess good renewable generation potential and that will also allow for the formation 

of underground storage caverns. The methodology and conclusions from the assessment 

provide valuable information for technology choice and policy making.  

•  The thesis proved the feasibility of a new water-free solar PV panel cleaning and 

cooling technology utilising CAES.  

Photovoltaic (PV) generation faces many sources of inefficiencies. Firstly, panel soiling 

accounts for a large reduction in potential generation and impacts the overall lifetime of the 

solar modules. Second, high panel temperatures limit PV generation's electrical conversion 

efficiency, which is compounded by the combination of high ambient temperatures and 

good solar availability. Finally, owing to the intrinsic variability and uncertainty in 
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renewable output, potential power generation is lost because of curtailment owing to the 

inherent variability and uncertainty in renewable generation.  

A new, integrated PV-CAES mechanism is proposed as a solution to the challenges of panel 

soiling, heating and variability. The high-pressure air produced for the CAES system is 

utilised to clean and cool the PV panels by releasing air across the panel surface, with the 

traditional benefits of EES integration with renewable energy also realised. The proposed 

concept is a water-free, automatable and self-powered technology that could be applied to a 

wide range of PV generation scales. The research revealed the technology can achieve 

effective cleaning and cooling with a net solar PV system energy conversion efficiency 

improvement. The work provided the fundamental evidence and feasible implementation, 

via a laboratory scale test rig, of the proposed new technology for further commercial 

exploitation.  

• The thesis presented a full-system dynamic mathematical model of the PV-CAES 

system and numerical simulation implementation.  

The mathematical model and the subcomponent models of which it is comprised is validated 

experimentally with data acquired by the test rig and is an accurate representation of the 

physical system. The model is used to study particle adhesion mechanism, thermal dynamic 

effects on power conversion and temperature variations and the initial investigation of 

system setting. The model has been used to determine the benefit that the PV-CAES system 

could provide in terms of improving PV generation through panel cleaning and cooling. 

Scenarios examining the power generation of a single PV panel have been simulated subject 

to different air blowing durations, speeds and start-times.  

• A laboratory scale test rig is established, and provided the essential data for model 

validation, system performance testing and helped to establish the potential 

implementation for future commercial exploitation.  

The test rig is considered as the essential step towards proving the feasibility of the 

proposed system. Several new structures and configurations are proposed to best realisation 

of the proposed research idea. From use of the flexible test rig, the cleaning and cooling 

effects of airflow upon PV generation are demonstrated.  

• The thesis has proposed an operation strategy for the proposed system based upon a 

system simulation study based upon real-world scenarios. 
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Through the system level study and test, it is concluded that for a soiled panel, cleaning 

with air as early as possible in the day is advantageous for greatest energy capture. 

Alternatively, if the PV module is recently cleaned, the greatest benefit to the power 

improvement by cooling occurs when a high flowrate is used at a time when solar insolation 

values are most abundant. It is concluded that action of cleaning PV modules provides a 

greater benefit to the overall power production of the PV modules than the cooling effects 

generated by the system. The conducted system performance analysis indicates that the 

additional power generation from the cleaned PV, is greater than the power requirement 

for the compression of the air so a positive energy return on investment can be achieved.  

Overall, the concept of the integrated PV-CAES system for efficiency improvement through 

panel cleaning and cooling has been proven, with efficiency gains to PV generation achieved 

through both cleaning and cooling mechanisms. However, power improvement from system 

cooling effects alone are small, and it is unlikely to be feasible as a method for PV panel 

temperature regulation. This notwithstanding, the use of high-pressure air to clean PV modules 

shows promise as an automatable strategy for soiling mitigation.   

7.2 Further Work  

Aspects of the research presented in this thesis could benefit from additional work. The 

constructed test rig was intentionally designed to be flexible and modular such that many 

additional experiments can be performed. Optimisation of the nozzle mechanism, e.g. number, 

position, angle, etc. would be the most valuable future experimental activity, as in this study a 

sole nozzle arrangement was implemented for experimentation and model validation. It is 

expected that different nozzle arrangements will have different cooling and cleaning benefits 

relative to their air consumption. 

With the full-system model of the PV-CAES system established, there are several future 

activities of interest. Refinements to the mathematical model, with the consideration of the 

velocity profile of the air across the panel. In this study, uniform air velocity and cleaning is 

assumed; thus, this can be enhanced with additional consideration of air behaviour. 

Furthermore, the current model assumes a uniform particle size distribution resulting in a 

uniform removal of the particles modified by the experimentally determined cleaning factor; to 

enhance the accuracy of the model, a distribution in particle size and density on the panel 

surface could be adopted. Thus, different size particles would require different velocities to 

detach, thus different power improvement from cleaning would be observed. Additionally, 

different cooling and cleaning strategies can be investigated. For the analysis contained within 
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this thesis, a single fixed volume of compressed air at a constant starting pressure was assumed, 

and the best power improvement from this scenario was determined. The mathematical model 

can be used to determine the optimum size of components with regard to compressed air 

volume, installed PV capacity, etc., and the long-term operation of such a system must also be 

considered, as a single clear day is examined in this study.  For the long-term operation of PV 

arrays, the frequency and time of the regulation could be optimised considering the variation of 

solar radiation and load demand, and weather conditions etc., to achieve more energy benefit, 

from this economic analysis could be conducted, which would provide great insights into 

potential commercialisation of the concept.   
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Appendix A – Technical Characteristics of Current CAES Plants  

Table A-1. Key technical characteristics of current conventional CAES facilities 

 Huntorf, Germany McIntosh, AL, USA 

Operator Uniper Kraftweke GmbH Power South Energy 

Cooperative 

Year Operational 1978 1991 

Deliverable Power 

[MW] 

290 110 

Discharge Time [hr] 2 26 

Efficiency [%] 29 36 

Pressure [bar] 48-66 <76 

Cavern Type Two solution mined salt caverns Single solution mined salt 

caverns 



 

171 
 

Appendix B – Results from CAES Potential in India Assessment 

Table B-1. Result of analysis of CAES and renewable electricity integration in India (by 1° grid cells) 

State Local 

Latitude 

[°N] 

Local 

Longitude [°E] 

CAES Suitable Area 

[km2] 

Annual Capacity Factor 

(Solar) 

Annual Capacity 

Factor (Wind) 

Normalised Area 

Factor 

Normalised Solar 

Factor 

Normalised Wind Factor Solar-CAES 

Factor 

Wind-

CAES 

Factor 

Potential 

Factor 

Madhya Pradesh 26.5 78.5 4974.9 0.193 0.090 1.00 0.94 0.18 0.935 0.185 0.173 

Uttar Pradesh 25.5 78.5 4139.7 0.194 0.105 0.83 0.94 0.22 0.780 0.179 0.168 

Uttar Pradesh 25.5 79.5 3809.4 0.189 0.094 0.77 0.91 0.19 0.700 0.148 0.136 

Uttar Pradesh 25.5 83.5 3597.6 0.182 0.094 0.72 0.88 0.19 0.637 0.140 0.123 

Uttar Pradesh 25.5 82.5 2599.2 0.183 0.098 0.52 0.88 0.20 0.462 0.105 0.093 

Uttar Pradesh 25.5 81.5 2678.0 0.185 0.091 0.54 0.90 0.19 0.483 0.101 0.090 

Uttar Pradesh 25.5 80.5 1680.7 0.186 0.091 0.34 0.90 0.19 0.304 0.063 0.057 

West Bengal 23.5 87.5 928.3 0.175 0.088 0.19 0.85 0.18 0.158 0.034 0.028 

Jharkhand 22.5 86.5 1090.8 0.174 0.068 0.22 0.84 0.14 0.185 0.031 0.026 

Madhya Pradesh 25.5 77.5 448.4 0.197 0.131 0.09 0.95 0.27 0.085 0.024 0.023 

Uttarakhand 29.5 79.5 568.6 0.204 0.068 0.11 0.99 0.14 0.081 0.016 0.016 

Uttar Pradesh 26.5 79.5 442.6 0.189 0.090 0.09 0.92 0.18 0.113 0.016 0.015 

Jharkhand 24.5 87.5 419.5 0.177 0.087 0.08 0.85 0.18 0.072 0.015 0.013 

Rajasthan 29.5 74.5 370.6 0.197 0.073 0.07 0.95 0.15 0.071 0.011 0.011 

Jammu and Kashmir 32.5 75.5 394.0 0.193 0.052 0.08 0.93 0.11 0.074 0.008 0.008 

Punjab 33.5 73.8 323.7 0.202 0.056 0.06 0.98 0.11 0.041 0.008 0.007 
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Rajasthan 26.5 77.5 186.0 0.194 0.100 0.04 0.94 0.21 0.035 0.008 0.007 

Jharkhand 24.5 83.5 229.3 0.186 0.082 0.05 0.90 0.17 0.063 0.007 0.007 

Jammu and Kashmir 32.8 74.7 303.7 0.193 0.040 0.06 0.94 0.08 0.057 0.005 0.005 

Punjab 30.5 74.5 228.1 0.191 0.051 0.05 0.93 0.10 0.042 0.005 0.004 

Gujarat 23.6 68.7 12.2 0.201 0.487 0.00 0.97 1.00 0.002 0.002 0.002 

Tripura 23.6 91.6 242.0 0.176 0.018 0.05 0.85 0.04 0.041 0.002 0.002 

Rajasthan 29.4 73.6 38.3 0.198 0.083 0.01 0.96 0.17 0.475 0.001 0.001 

Nagaland 26.5 94.5 2814.6 0.173 0.001 0.57 0.84 0.00 0.007 0.001 0.001 

Jammu and Kashmir 33.5 74.5 7.5 0.207 0.069 0.00 1.00 0.14 0.019 0.000 0.000 

Assam 27.5 94.5 126.0 0.160 0.003 0.02 0.78 0.01 0.001 0.000 0.000 

Meghalaya 25.5 92.5 23.9 0.182 0.008 0.00 0.88 0.02 0.004 0.000 0.000 

Nagaland 25.5 93.5 476.9 0.185 0.000 0.10 0.90 0.00 0.086 0.000 0.000 

Assam 27.5 95.5 36.1 0.163 0.000 0.01 0.79 0.00 0.033 0.000 0.000 

Punjab 30.5 76.5 2.1 0.192 0.081 0.00 0.93 0.17 0.005 0.000 0.000 

Jammu and Kashmir 33.0 73.9 31.5 0.000 0.000 0.01 0.00 0.00 0.000 0.000 0.000 

Nagaland 26.7 95.2 203.0 0.169 0.000 0.04 0.82 0.00 0.000 0.000 0.000 
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Appendix C – List of Test Rig Hardware 

 

Table C-1. List of hardware in test rig 

Item Specification Quantity 

Low pressure air tank Sealey SA200T 200 L 1 

High pressure air tank Abbott & Co. (Newark) Ltd. A59044 340 L 1 

Booster compressor Kaeser Kompressoren NB60.1 1 

4000 K LED bulb VTAC VT-247D 100 

2700 K LED bulb Integral LED ILGU10DC075 69 

Heat Lamp Philips Incandescent 230V PAR38 12 

Proportional pressure regulator FESTO MPPE-3-1/4-10-010-B 1 

Manual pressure regulator FESTO MS6-LFR-1/2-D8-E-R-M-AS-Z 1 

Programmable electronic load Höcherl & Hackl ZSAC426 1 

DC power supply digimess® Concept series SM10010 1 

Thermocouples LABFACILITY Z2-K-1M (IEC) 17 

Pressure transducer RS-PRO 797-5037 2 

Pressure transducer FESTO SPAW-P25R-612M-2PV-M12 1 

Flow sensor FESTO MS6-SFE-F5-P2U-M12 1 

Air nozzles Silvent  973F 2 
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Table C-2. List of control platform modules 

Item Specification Quantity 

Chassis NI PXIe - 1082 1 

Embedded controller NI PXIe - 8133 1 

Multifunction DAQ module NI PXIe - 6358 1 

Thermocouple module NI TB - 4353 1 

Digital multimeter module NI PXI- 4065 1 

AO module NI PXIe - 6738 1 
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Appendix D – Parameters Used in Model Validation and System 

Study 

 

Table D-1. PV panel parameters and constants 

Parameter  Value Unit 

Short-circuit current 𝐼𝑠𝑐  2.15 [A] 

Short-circuit temperature coefficient 𝑘𝑖  0.023 [%⋅°C-1] 

Cell reference temperature 𝑇𝑟𝑒𝑓 298 [K] 

Electron charge constant 𝑞 1.60 × 10-19 [C] 

Semiconductor bandgap energy 𝐸𝑔0 1.12 [eV] 

Diode ideality factor 𝑛 8.0 [-] 

Boltzmann constant 𝐾𝑏 1.38 × 10-23 [m2⋅kg⋅s−2⋅K−1] 

Open-circuit voltage 𝑉𝑜𝑐 75 [-] 

Cells in series connection 𝑁𝑠 28 [V] 

Series resistance 𝑅𝑠 1.2 [Ω] 

Shunt resistance 𝑅𝑠ℎ 800 [Ω] 

Panel width 𝑑𝑝 0.61 [m] 

Panel length 𝑙𝑝 1.22 [m] 

Panel depth11  0.01 [m] 

Panel density11  2329 [kg m-3] 

Panel specific heat 𝑐𝑝𝑝 0.7 [J kg-1 K-1] 

Nominal conversion efficiency 𝜖 0.131 [-] 

Gravitational acceleration 𝑔 9.81 [m⋅s−2] 

 

 
11 Used for determining panel mass 
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Figures D-1 and D-2 illustrate the comparison between the characterised panel under standard 

conditions of 1000 Wm-2 and 25°C with the PV parameters implemented for the modelling 

study. 

 

 

Figure D-1. I-V comparison of PV panel and model parameters 

 

 

Figure D-2. P-V comparison of PV panel and model parameters 
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Table D-2. Panel soiling model parameters 

Parameter  Value Unit 

Hamaker constant 𝐴ℎ 7 × 10-20 [J] 

Particle radius 𝑅𝑝 10 × 10-6 [m] 

Closest distance between surfaces 𝐻0 0.3 × 10-9 [m] 

Vacuum permittivity 𝜖0 8.854 × 10-12 [F⋅m-1] 

Wall coefficient  Γ 1.84 [-] 

Near wall correction factor 𝑓 1.7009 [-] 

Molecular mean free path 𝜆 0.07 × 10-6 [m] 

Wall correction factor 𝑓𝑚 0.944 [-] 

Particle material density 𝜌𝑑 2700 [kg⋅m-3] 

Coefficient of friction 𝜇 0.4 [-] 

Absorption efficiency 𝐸𝑎𝑏𝑠 0.02 [m2⋅g-1] 

Particle up-scatter fraction 𝛽𝑓 0.02 [-] 

Scattering efficiency 𝐸𝑠𝑐𝑎𝑡 1.0 [m2⋅g-1] 

 

Table D-3. Air system parameters 

Parameter  Value Unit 

Rotor inertia 𝐽𝑚 0.00025 [kg⋅m2] 

Viscous damping factor 𝑏 10-4 [N⋅m⋅s] 

Motor torque constant 𝐾𝑡 0.05 [N⋅m⋅A-1] 

Circuit inductance 𝐿𝑚 1.5 × 10-3 [H] 

Motor resistance 𝑅𝑚 0. 5 [Ω] 

Electromotive force constant 𝐾𝑒 0.05 [V⋅s⋅rad-1] 

Boost converter inductance 𝐿𝑏 10-4 [H] 
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Boost converter capacitance 𝐶𝑏 10-6 [F] 

Boost converter resistance 𝑅𝑏 5 [Ω] 

Motor orbit radius 𝑟 5.5 × 10-3 [m] 

Initial radius of curvature 𝜌0 9.5 × 10-3 [m] 

Opening curvature value 𝑘 3.2 × 10-3 [m] 

Total scroll volume 𝑉𝑡𝑜𝑡𝑎𝑙 17.4 × 10-4 [m3] 

Scroll blade height 𝑧 0.10 [m] 

Ratio of specific heats 𝛾 1.4 [-] 

Discharge coefficient 𝐶𝑑  0.8 [-] 

Discharge coefficient 𝐶0 0.404 [-] 

Compressor outlet area 𝐴𝑜𝑢𝑡 1.13 × 10-4 [m2] 

Discharge coefficient 𝐶𝑟  0.5283 [-] 

Discharge coefficient 𝐶𝑘  3.864 [-] 

Tank volume 𝑉𝑡 0.2 [m3] 

Isochoric specific heat 𝑐𝑣 0.718 [J⋅kg-1⋅K-1] 

Specific heat of air in tank 𝐶𝑝,𝑎𝑖𝑟 1.006 [J⋅kg-1⋅K-1] 

Nozzle outlet dimension  22 × 2 × 0.001 

× 0.0035 

[mm] 

Panel width 𝑑𝑝, 0.62 [m] 
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