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Abstract  

Concentrated Solar Power has the potential to provide power for the developing 

global economies towards a sustainable future.  This solar radiation-based 

technology, reflects the radiation received by a solar mirror onto a receiver device 

which absorbs heat.  Maintenance is required to keep the solar mirrors clean, and 

remove airborne particulate matter that settles on the mirror, which has an impact 

on the solar collector efficiency.  Constant research to optimize cleaning methods 

and cleaning–strategies is paramount.  

An artificial soiling test rig and soiling methods were developed, which are 

capable of simulating repeatable soiling events and to specific soiling load.  

These features are necessary to simulate cleaning cycles with a period of several 

days.  The developed test rig has a capability to provide a minimum soiling load 

of 0.25g/m2 and has a constant error of 16%.  Repeatable soiling tests were 

carried out up to 10 times.  

Extensive soiling experiments with two soiling materials (silt material and ground 

taken material from Almeria, Spain) and numerical simulation have revealed the 

exponential nature of the soiling process.  An empirical model was formulated, 

which calculates specular reflectance, and includes material intrinsic parameters 

and soiling load data.  This model highlighted the fact that compared to a linear 

model, between 7-20% lower soiling load is predicted, which potentially has a 

positive influence on cleaning cycles and therefore the costs attributed to them.  

A simulation series of a 10day cleaning cycles, which includes repeatable soiling 

and condensation events, used the artificial soiling test rig and a cooling plate 

located in a dry chamber.  The adhesion effect (particle caking and capillary 

aging) were analysed by a centrifuge and the coverage ratio of the mirror samples 

before and after the experiments were calculated.  It was noted that the 

repeatable soiling test (soiling and condensation) had a visible difference 

compared to the one-off soiling and condensation test series.  

The experimental modelling work will help to improve the considerable 

maintenance effort involved in mirror cleaning in solar field operations.  
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1 Introduction  

 

The Innovation–Report presents a summary of the research work carried out, 

necessary for this thesis.  The development of experimental methods relevant for 

soiling process are on the focus and therefore represent the main outcome.  

Furthermore, the exploitation of developed methods are also conducted.  

 

The research project was divided into main sections according to the submissions 

documents.  The individual submissions provide an in depth view of the 

development throughout the project, the first “try out” results of the experimental 

work.  The majority of the work was conducted at Cranfield University, however 

the University of Warwick provided additional support with the experimental work.  

The international placement provided additional results and experiences, which 

adds to the overall outcome of this research project.  

 

The Introduction provides an overview of the Innovation–Report, its structure, the 

project target, results, and the innovation aspect of the research results.  

 

1.1 Research Motivation and Focus  

This document highlights the development of experimental methods that focus 

on the soiling processes that interfere with the efficiency of the solar energy 

applications.  In the age of climate change and global development of humans, it 

is obvious that more energy demand rather than less, is what civilisation is facing.  

Keeping this in mind, more problems will be created in the future originated by 

greenhouse gases if we carry on as before.  

 

Renewable Energy source and in particular Concentrated Solar Power (CSP), 

provides an opportunity for the future to tackle this problem.  However, due to 

particles in particular in desert like areas which are preferred locations for CSP 

applications, quickly reducing the efficiency of solar collectors in correlation to the 

soiling extent.  This affects all solar collectors, solar thermal collector as well as 

photovoltaic collectors.  
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Improving the maintenance process, is the importance area in the solar energy 

industry and has to be further developed.  Global research effort will be improved 

with the quality of experimental methods, which replicate the natural soiling 

process holistically in all the complexity of the soiling process.  These aspects 

influence the final results, soiling load, particle adhesion and specular 

reflectance.  Active cleaning operations (commercially) and self-cleaning 

process’ (naturally from rainfall) are dependent on particle adhesion.  In order to 

simulate particle adhesion, it is necessary to develop a method to provide 

accurate and reproducible artificially soiled mirror samples, which in turn implies 

the development of a test rig.  

 

This research project was initiated by improving the cleaning process of 

solar mirrors by the use of atmospheric pressure plasma, sponsored by the 

company ADTEC Plasma Technology Co. Ltd London.  The principle idea s to 

enhance the mirror surface to an extreme hydrophilic stage, which improves the 

condensation condition, which then improves the self–cleaning characteristic.  

This potentially extend the period between artificially-initiated cleaning cycles, i.e. 

those as a part of regular maintenance of the solar field.  The original project was 

divided into two projects, one was focused on the characterisation process of 

soiled solar mirrors and the other on the soiling process in the context of CSP.  

 

1.2 Aims and Objectives  

The project is focused on providing an understanding of the fundamentals of the 

soiling process in solar applications, mainly in CSP.  A literature review 

highlighted the complexity of the soiling process and finally the importance of 

particle adhesion.  To replicate this complex of individual effects, which includes 

soiling load and condensation is a major target of this project.  When possible, 

the developed methods, rigs and experiments will be used to exploit the 

opportunities provided, e.g. artificial soiling test rig.  

 

Therefore, the project identified the following targets of development:  

 Artificial soiling of mirror sample, which is repeatable and robust  

 A method to replicate the soiling process in its complexity  
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1.3 Limitation of the Project  

This project does not deal with the development of enhance plasma systems, 

suitable to clean or support the cleaning process of soiled solar mirrors.  

The project is limited on CSP and therefore photovoltaic and vacuum tube 

collector are not part of this investigation, however the research results can be 

certainly be of value to these technologies.  Only uncoated solar mirrors, as used 

in CSP are of interest in this research work.  The self–cleaning effect and particle 

repelling coatings are not part of this project.  

 

1.4 EngD Portfolio (Structure)  

Eight submission were prepared including the Innovation–Report.  Five 

submissions highlighted the project results and a further two submissions are the 

International Placement- and the Personnel Development-report.  Figure 1 

provides an overview of all submissions prepared.  

1.4.1 Project–Motivation and Description (Submission one)  

Submission one provides a comprehensive overview of the situation of solar 

energy as at present and the part which CSP plays in it.  It highlights the 

importance of the solar mirror, and finally the importance of mitigation of soiling.  

1.4.2 Methodology (Submission two)  

Submission two presents an overview of the fundamental physics involved, the 

formulation of the aim and objectives and finally techniques’ available and 

relevant for the project when appropriate.  At this stage of the project, the student 

got in contact with the international research community in the area of interest 

(PSA and the international soiling group, Submission seven).  

1.4.3 Artificial Soiling for Concentrated Solar Power Research 

(Submission three)  

The first objective here was the development of an artificial soiling test-rig, 

including additional features other than those mentioned in literature, of which 

Submission three details.  Repeating soiling, which mirrors the natural condition 

of soiling in real applications, is the main specification, and along with the 

sequential process also soiling to a specific soiling material mass is required.  

After the development stage, an extensive trail period followed which established 

the capability and limits of the artificial soiling test rig.  The results were presented 

at the SolarPace 2021 Conference.  
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1.4.4 Basic Reflectance Model (Submission four)  

Additional soiling experiments, measurements of the soiling load (mass 

deposition density and coverage ratio) and analysis followed.  Submission four 

presents the first findings by creating and proving (simulation) an empirical model, 

which combines mass deposition density with coverage ratio, material property 

(size) and reflectance.  

 

Figure 1 provides an overview of the Engineering Doctorate scheme’s portfolio.  
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Fig. 1:  Overview of the submissions for Engineering Doctorate scheme, which include five project related submissions, the 

International Placement Report, the Personal Profile and the Innovation-Report.  
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1.4.5 Adhesion Effect (Submission five)  

Submission five reports the investigation to simulate the soiling process under 

laboratory condition.  As stated after the literature review, a correct replication of 

the process needs to encompass not only the sedimentation of particles, but also 

the condensation process and repeated individual soiling events needs to be 

incorporated into the experimental work.  Finally, the necessary particle removal 

force has to be analysed.  

1.4.6 Innovation–Report (Submission six)  

see 1.5 Innovation–Report (structure)  

1.4.7 International Placement (Submission seven)  

Despite traveling restrictions during most of the project, due to COVID an 

international placement in Almeria, Spain was conducted.  Both research 

organisations, CIEMAT, Spain and DLR, Germany provided a place for shared 

work, experiences and the interest for future cooperation.  Submission seven is 

reports on the experience made during the international placement in PSA 

(Spain).  

1.4.8 Personal Profile (Submission eight)  

The author’s personal development during the period of the Engineering 

Doctorate program, was highlighted in Submission eight.  Events such as 

conference presentations, meetings with international soiling group and the 

international placement in PSA (Spain) provided external opportunities to 

improve the author’s communication skills and other key competences.  

 

1.5 Innovation–Report (Structure)  

The Innovation–Report (Submission six) represents a summary of the whole 

project, it highlights the main outcome of the project, and it’s significant in the 

broader sense of the maintenance of solar collectors and gives a suggestion of 

future work.  The document is divided into seven chapters, which states the 

importance of CSP, and the importance of the maintenance the solar collectors 

and optimisation of the research technique.  The individual chapters are 

described as follows:  
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1.5.1 Chapter 1: Introduction  

This chapter provides an overview of this thesis, its structure and the outcomes 

of the overall project.  It summarizes the innovative aspects of the work and finally 

the publications attributed to it.  

1.5.2 Chapter 2: Project and Methodology  

The project motivation in a broader view and the applied methodology of the 

entire work is highlighted in this chapter.  

1.5.3 Chapter 3: Soiled Mirror Sample Preparation  

This chapter is focused on the development of an artificial soiling test rig, which 

replicated the soiling process under laboratory conditions.  It also highlights 

progress made on the development of such rig in the past.  

1.5.4 Chapter 4: Basic Reflectance Model  

The opportunity to exploit the capability of the artificial soiling test rig is reported 

in in this chapter.  This part provided a new approach on the reflectance versus 

soiling load description.  

1.5.5 Chapter 5: Adhesion Force Analysis  

This chapter highlights trials to replicate the natural soiling process and assess 

the created adhesion forces of the soiling material as bulk material.  

1.5.6 Chapter 6: Discussion  

A discussion and interpretation of the experimental work regarding their influence 

in the soiling aspect of the CSP operation, is highlighted in this chapter.  

1.5.7 Chapter 7: Conclusion  

This chapter presents of all major results and findings.  

 

1.6 Innovation  

This project was carried out in the framework of the Engineering Doctorate 

scheme, which was dedicated to optimizing the experimental method of 

maintenance issues encountered in CSP solar mirror soiling of CSP.  

Experimental methods which provide reproducible and robust results and 

replicated the soiling process as accurately as possible were required.  This 

project also took the opportunity to work with the developed tools and methods.  
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Therefore the following points, as results of the conducted research, highlight the 

contribution to knowledge and innovation in engineering:  

 

 A novel concept of an artificial soiling test rig for the preparation of soiled 

mirror samples.  The concept and design of the new capability to perform 

sequential soiling tests for a specific mass deposition density without 

interfering effects to the previously soiled substrate.  The test rig has the 

potential to integrate further functions, if necessary.  This test rig provides a 

better prepared soiled mirror sample for experimental work in research and 

engineering when optimizing soiling and cleaning process for future solar 

operations.  

 

 New empirical model of the reflectance of a solar mirror, which uses an 

exponential model, rather than a linear one.  Differences between both 

models can be observed at relevant reflectance level for CSP.  Furthermore, 

the basic reflectance model was enhanced with soiling material (mineral 

particle) specific parameter (size), and therefore highlighted a way to 

simulate reflectance from constituent parameters.  The theory of soiling was 

presented by a numerical simulation, which proved the fundamentals of the 

model.  The empirical model has the potential to predict reflectance of solar 

mirrors much more accurately and thus allows the avoidance of several 

cleaning runs per year, which reduces water consumption and the 

maintenance cost of a CSP operation.  

 

 The project also presents a practical approach to replicate the natural soiling 

process, by repeatable soiling and condensation of mirror samples.  These 

sequences were finished by dry phases, which influences the adhesion 

effect significantly.  From literature, similar experiments were carried out, 

however not in a natural manner over several soiling events.  It is assumed 

that a practical test procedure close on the natural effect experienced in the 

field would provide better results.  

 

1.7 Contacts to the Research Community  

1.7.1 Conference  

The artificial soiling test rig was presented by the doctoral candidate at the 

SolarPaces conference 2021.  Travel restrictions at the time owing to COVID 
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made it necessary to hold a video conference.  Several relevant fellow 

researchers from the area of interest, presented at the four day conference.  

 

1.7.2 Papers  

The candidate as author:  

 “Artificial Soiling Method and Test Rig for Solar Power Related Research” 

(Conference paper, accepted 2021)  

 “Basic Reflection Model” (Journal paper, in preparation)  

The candidate as co-author:  

 “Cleaning concentrating solar power mirrors without water”, 

doi.org/5.0028557, (conference paper, 2019 published)  

 “Variability and associated uncertainty in image analysis of soiling in solar 

energy systems”, Leonardo Micheli, International soiling group, (Journal paper, 

2022 published), corresponding author  

 

1.7.3 Poster  

“Cleaning mirrors with low water consumption for concentrated solar power” 

presented at the SMM-CDT conference London, 2022  

 

1.7.4 International Soiling Group  

The candidate is a member of an internationally organised group of fellow 

researchers, all involved in soiling research of solar power applications, 

(Submission eight).  
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2 Concentrated Solar Power Technology and Research  

 

This section describes the motivation for this project, which has its origin based 

in energy from sustainable sources.  It is focused on the basics to maintain this 

energy source, the techniques, methods and equipment to optimise maintenance 

processes for efficient use of the investment for concentrated solar power.  

 

2.1 Energy Demand for the Future  

The energy demand (thermal, electrical and for transport) has a direct connection 

to the development of humanity in particular the less developed countries.  The 

original approach of economic growth is that it automatically leads to improved 

standards of living for all humans.  However, it was highlighted back in the 1980s, 

that future improvement of lower developed economies in connection with the 

population increase has devastating results on the three key areas of sustainable 

development, Economic-, Environmental-and Social Sustainability.  

 

This was highlighted in the UN published report “World Commission on 

Environment and Development” (1987) [1].  It highlights the danger of natural 

resources by extended air-pollution, deforestation and potable water.  Land loss, 

used for fishery and farming is visible [2].  Furthermore, climate change, lack of 

free potable water, soil poisoning and resistance against infectious pathogens 

are associated aspects of sustainable development.  

 

It becomes obvious that all those Sustainable Development issues requires 

additional energy, more than currently consumed.  Reference [3, 4] highlights the 

expected increase of future energy demand by comparing energy per capita 

consumption of developing countries with those assumed developed, e.g. USA.  

 

2.2 Sustainability in Energy Supply  

The expected future increase of the energy demand becomes steadily an issue, 

as well as the environmental problems associated.  Therefore, sustainable 

(endless and free supply) and environmental clean energy sources becoming 

important for global energy supply.  Reference [5] pointed to the unique 
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opportunity for Nigeria, which has the ability to provide a sustainable energy 

source to improve the economy and standards of living for all.  

 

Massive increase of global CO2 emissions 40% compared to pre industrial level 

[6], and the associated climate change [1, 7], makes a change of primary energy 

sourcing necessary, they are carbon based [8, 9].  Furthermore, the expected 

increase of energy demand, due to the standard of living and population increase 

adds to the demand for sustainable and environmental friendly energy sources 

for the future [1].  Figure 2 shows he increase of global CO2 emission and the 

forecasted energy demand.  

 

                      (a)  

                                 Primary energy by fuel  

                                                   (b)  

Fig. 2:  Illustrations of total CO2 emissions, a) from the period 1950 to 2010 

and b) primary energy demand (fuel type) by 2050 (*).                Source: [6, 10] 

Note: (*)  Two scenarios (Accelerated and Net Zero), which assume the implementation of 
tougher policies and sustainable energy on two different levels, and one scenario (New 
Momentum) which assume a closer development on the current situation.  
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A further aspect of CSP is the direct production of the most used and suitable 

energy form, thermal energy.  Statistics from Europe and Germany [11] highlights 

that the biggest fraction of Total (global) Final Consumption (TFC) is thermal 

energy and it is assumed that the global distribution is not much different.  

Figure 3 shows diagrams for the TFC distribution in Germany and Europe [12].  

This highlights the importance of thermal energy as a primary and secondary 

energy form, which can be serviced by solar energy (which is sustainable energy 

source).  

 

 

 
 

Fig. 3:  Final energy consumption in the residential sector by use, EU, 2021.  

                          Source: [12] 

 

 

The supply of thermal energy directly from relevant renewable energy sources, 

is a proven technology with further potential for optimisation [13, 14].  Solar 

thermal energy, and in particular CSP has exceptional large commercial 

potential, due to a wide variety of applications and low associated costs 

[2, 15, 16].  

 

2.3 Concentrated Solar Power (CSP)  

Renewable energy supplied from CSP, wind, biomass and photovoltaic panels is 

becoming an increasingly important sources of energy for the future with a 

commercially potential [16].  CSP “harvests” radiation from the sun to use it either 

directly (heat for industrial operations) or transforms it in electricity via 
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conventional steam turbine technology [17].  It is obvious that this technology 

offers endless available energy resources for mankind.  In addition, CSP is 

suitable for sunlight rich regions, e.g. deserts and arid areas [18, 19].  Every 

square metre of the Sahara desert receives solar energy > 2,000kWh of every 

year or the equivalent to 1–2 barrels of oil in the same time [20, 21, 22].  

 

These applications are working on the same principles, where direct solar 

radiation is collected over a larger area, reflected by a solar mirror to a focus point 

(or line), in which a medium (water, oil, gas or air) is being heated up; depending 

on the mirror area [23].  For the focusing solar radiation it is only direct irradiance 

suitable (not diffuse radiation as in photovoltaic) [19].  In addition, Thermal 

Storage technology provides the capability to operate the power plants during the 

night.  

 

Parabolic trough collectors consist of parabolic shaped solar mirrors fitted around 

their centrally-mounted absorber tube.  A one axis tracker system follows the sun 

direction for a better reception of the sun’s radiation throughout the day [24].  An 

absorber tube is located at the focus point/length of the solar mirror, which covers 

the “energy transfer-medium” (water or oil, depending on the operational 

temperature [24] Table 1.  

 

Fresnel collectors have a series of narrow “mirrors strips”, which are rotatable 

along their length axis, which creates a Fresnel mirror (in this way, a degree of 

“curvature” can be achieved from essentially flat sheet mirrors).  Due to rotation, 

the “mirror strips” are constantly aligned to the current sun position.  This “mirror 

bench” reflects the sunlight to the absorber tube, which is assembled in the centre 

of each “mirror bench” to a height of around 7m.  The Fresnel collector is easier 

to manufacture (being flat in profile) and more cost effective compared to the 

parabolic trough collector.  For further details see Table 1.  

 

The parabolic dish collector is a 2D, parabolic and concave shaped solar mirror 

(two axis system), which reflects the sun radiation to the central focal point.  A 

two axis tracker system follows the sun position.  This very high efficiency system 

[25] operates with a receiver device (helium gas, 650°C) or an integrated (Stirling 

engine) see Table 1.  
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The solar tower plant (Heliostat) design uses a central tower with the receiver 

device, which is located in the centre of the solar field.  Multiple reflectors 

(heliostats) with flat solar mirrors, are arranged around the tower, with each 

having a two axis tracker system [8].  The total of all reflective solar mirrors 

collectively create a two dimensional Fresnel mirror see Table 1.  

 

Figure 4 shows four representative CSP collectors, (a) parabolic trough collector, 

(b) Fresnel collector, (c) Heliostats and (d) parabolic dish collector.  

 

 

 
 

Fig. 4:  Different CSP collector types, (a) parabolic trough collector, (b) Fresnel 
collector, (c) heliostats and (d) parabolic dish collector (with Stirling engine).  
                    Source: public domain 

 

 

Solar collectors are sorted according to their temperature output.  CSP operations 

using medium and high temperature collectors, where medium temperature 

collectors are dedicated to process heat operations.  Low temperature 

applications are commonly used for domestic and small business applications 

due to cost and safety [26].  Higher temperatures can be achieved by a higher 
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concentration (Concentration factor, Cr), of the sun radiation.  Concentration 

factor (Cr) expresses the ratio of the aperture area (receiving mirror surface area) 

to the absorption area on the receiver device [17, 19, 27].  Figure 5 highlights the 

influence of Cr on the achievable temperature output.  

 

 

Fig. 5:  Dependency between concentration factor and output temperature.  

                          Source: [26] 

 

 

Table 1 highlights the major solar collector types (low, medium and high 

temperature), with their main parameter (e.g. temperature classes).  
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Table 1:  Solar collector type, and their temperature range and 
Receiver device [19, 24, 26, 27, 28].  

 

Temperature 

Class: 

thermal Solar 

Collector Type: 

Concentration–Ratio 

(Cr) and (op. Temp) 
Receiver Device: 

(1) (2) (3) (4) 

low 
Temperature 

(< 190°C) 

flat plat collector  

 

 

evacuated tube 
collector  

< 1       (27-77°C) 

 

 

< 1       (47-187°C) 

simple tube 
receiver or  

 

evacuated tube  

(linear receiver)  

medium 
Temperature 

(240-510°C) 

Fresnel collector  

 

parabolic trough 
collector 

10–40       (67-270°C) 

 

15–40        (47-400°C) 

receiver tube  

(linear receiver)  

high 

Temperature 

(> 550°C) 

parabolic dish 
collector  

 

Heliostats  

100–1,000 

       (47-950°C) 

 

100–1,500 

  (130-2,727°C) 

central receiver 
unit (point 
receiver)  

 

 

2.4 Maintenance aspect of Solar Collectors  

CSP technology requires an efficient magnitude of Direct Normal Irradiance (DNI) 

in order to work economically.  By experience, a DNI of up to > 2,000kWh/(a x m2) 

is required for a CSP operation [22, 27, 29].  The majority of the solar radiation 

reaching the atmosphere, will get lost, because of aerosols (air pollution, moisture 

and atmospheric content) [19, 27].  The path length of the solar rays through the 

earth’s atmosphere (expressed as air mass) also influences the final DNI, which 

reaches the solar collector [19, 27].  Globally, desert, arid and semi-arid regions 

provide constantly high DNI.  Figure 6 shows preferred regions for solar collectors 

globally.  
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DNI > > 2,000kWh/(a x m2)  

Fig. 6:  World map of high Direct Normal Irradiance, [kWh/(m2 x a].  

                          Source: [29] 

 

The preferred areas for CSP also provide a high soiling effect from mineral 

particles and other aerosol sedimentation which collect on the collector 

component’s surfaces, including the solar mirror, solar lenses, transparent covers 

and receiver devices.  The soiling effect causes performance losses and reduces 

the reliability of operation [30, 31, 32].  The visible effect of different soiling 

materials, can be seen in Fig. 7.  Be aware, that most of the sources referenced, 

report on PV-cell soiling, however the basics issue is the same for CSP soiling.  

 

 

Fig. 7:  Examples of intense soiling material of different types, (A) mineral 

deposit, (B) bird droppings, (C) biofilm of bacteria, algae, lichen, mosses, or 

fungi, (D) plant debris or pollen, (E) engine exhausts or industry emissions, and 

(F) agricultural emission e.g. feed dust.              Source: [33] 

Note:  Transmittance will be not mentioned, however soiling as described has the same negative 
effects on the transmittance characteristics.  
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The extension of the expected power losses, can be more than 1% reflectance 

per day, which leads to a performance loss of up to 10% in a period of two weeks 

[34] Fig. 8.  

 

 

  (a)  

 

  (b)  

Note:  No statement of solar collector type. 

Fig. 8:  Diagrams of (a) power losses [%/d] due to soiling from eight 
representative locations and (b) normalized reflectance (Cleanliness) data over 
a period 11days.                   Source: [30, 35] 

Note:  Soiling rate is often defined as power-loss, (or efficiency loss) over time [%/d or 1/d].   
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The total solar collector efficiency is also dependent by its optical efficiency (opt), 

which is in relation to its specular reflectance () besides other parameter such 

as transmittance () and absorbance (), see Eqn 2-1 [19, 27].  The total collector 

efficiency (thermal energy output) is directly dependent from the mirror 

reflectance capability.  Furthermore, the direct economic influence (maintenance 

cost, Ltot) of the mirror reflectance is highlighted in Eqn 2-2, [36].  

 

Optical Efficiency:  

     opt             Eqn. 2-1 

and Maintenance Cost:  

        
kclttt

t

ttttot
ACdtDNIpL  



)()()(

1

0)(
            Eqn. 2-2 

Note:  The capture fraction () is a number, which descripts the mirror shape quality and the 

relevant receiver size.  The capture fraction is also used to highlight the reflected energy which 
does not reach the absorber surface.  

 

 

2.5 Solar Mirror Cleaning Methods  

Commonly, cleaning methods for solar mirrors are demineralized water (water of 

hardness < 12ppm and with an agent) based methods, which only work with water 

spraying (non-contact types) and methods which uses water in connection with 

mechanical devices (contact types) [37].  

Non-contact methods spray high pressure water (> 200bar) onto the soiled mirror 

surface with high effectiveness, it recovers up to 98% of the original reflectance 

[31, 38, 39].  Another method is Deluge Spraying, which has a higher water 

consumption however, this provides better results (up to 99% of the original 

reflectance) [37, 39].  

Contact Cleaning utilises high pressurized water as well, however, this method 

includes additional tools such as brushes, to wipe or scrub [37, 39].  These 

methods have the advantage of up to 100% achieved reflectance compared to 

the previous “clean reflectance” value.  Furthermore, these methods can damage 

the mirror surface (by scratches or delamination) [37].  

Figure 9 shows example of contact cleaning and non-contact cleaning methods.  
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(a)                                                                        (b) 

Fig 9:  Semi-automatic cleaning in CSP plants, (a) semi-automatic cleaning of 

parabolic trough collectors and (b) semi-automatic cleaning of heliostats.      

                Source: [37] 

 

 

Water Consumption of a CSP Operation for Solar Mirror Cleaning  

The main fraction of the demineralized water (> 90%) on a CSP operation has 

traditionally been required for the cooling process [24, 39], but new development 

in cooling technology (air cooling) shifts the main fraction of water consumption 

towards the cleaning operation, which is assumed to become more dominant in 

the future [24, 39].  

 

The actual water consumption and therefore production costs are mainly 

dependent on the collector’s aperture area, which governs the solar mirror area.  

The receiver tube cleaning is not taken into consideration.  The total solar mirror 

area is dependent on the maximum energy output (capacity) of a specific CSP 

operation and whether heat storage (HS) is in operation, these operations need 

additional aperture mirror area.  

 

Specific Water Consumption  

From literature [24, 35], on average, a 1m2 solar mirror area needs between 0.7–

1L/m2 (0.001–0.00007m3/m2) of demineralized water.  This specific water 

consumption value is heat storage (*) independent.  For the example of 

ANDASOL I plant, with a nominal capacity of 50MWe heat storage (HS) and 

510,000m2 aperture area, an assumed 1L/m2 spec water consumption is made 
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[38].  Reference [35] is more specific and divided specific water consumption 

between technology and collector type, however the results are quite close to the 

mentioned figures described in [24, 35] in Table 2.  

 

Table 2:  Average demineralized water consumption for maintenance (cleaning) 
work on CSP operation. 

 

Cleaning Method:  Tower Plant 

Heliostat 

[L/m2]] 

Parabolic Trough 
Collector: 

[L/m2]] 

Ref.: 

Contactless 

Cleaning  

0.85 0.75 [35] 

Contact Cleaning  0.8 0.7 [35] 

General  1.0 [24] 

Note: (*)  HS on a CSP operations are commonly molten salt storage tanks, which have the 
capacity to store additional thermal energy during daytime operation in order to provide energy in 
night hours for longer operation periods.  

 

 

Water Costs  

The demand for demineralized water and the associated costs and overall 

cleaning costs for solar mirror maintenance are highly location and plant-size 

dependent.  Water costs vary according to the availability of the commodity.  

Reference [24] highlights between 4.0–0.03 EURO/m3, depending on location.  

While the solar field La Africana (49.9MW) South Spain sources their water for 

0.03EURO/m3, Shagaya CSP plant (50MW. Kuwait) has a water cost of 

4.0EURO/m3 due to transport issues [24].  Total water consumption is dependent 

on CSP capacity (size) and cleaning period.  

 

Total average cleaning costs for CSP are reported in [33], which include 

processing costs, labour and overheads.  Figure 10 highlights the yearly total 

water consumption for common CSP field capacities and two cleaning periods 

(7days and 10days), Submission one.  It also highlights the associated 

demineralized water costs based on the example of three different specific water 

prices, where the highest represents a very high price and the total cleaning 

costs.  

https://analysis.newenergyupdate.com/csp-today/kuwait-eyes-400-mw-csp-expanded-solar-park
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Fig. 10:  Diagram of CSP capacity dependent water consumption and 
associated water cost in dependency of different water tariffs.       Source: [33] 

 

It can be clearly seen how the annual cost is rising with increasing capacity sizes 

of the CSP operation.  In the year 2021, all globally operational, under 

construction and planned CSP capacity has volume of 9,500MWe, which 

represents an aperture area of >76x106m2 (Power Density 8,000m2/MWe).  This 

highlights a global cleaning cost between 3.8–22.8 x 106EURO/a.  Furthermore, 

when taking technologies such photovoltaic and evacuated tube collectors into 

consideration than it becomes clear that the collector maintenance and in 

particular cleaning is a business with potentially high growths, Appendix B.1 

shows growth figures of CSP capacity and aperture area [39].  

 

2.6 The need of constant Optimisation of Maintenance  

It is obvious that constant optimisation of solar technology, in particular 

maintenance effort is necessary.  This optimisation also includes research 

methods, which constantly have to adapt fundamental understanding, in this case 

soiling.  

In the CSP case, cleaning costs is a global issue with large potential, which 

highlights the need of constant optimisation of the cleaning process. [24, 33].  

This includes improved cleaning techniques, such as tooling and mirror surface 

manipulation which are constantly in the focus of research.  Surface energy 
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adaption (hydrophilic and hydrophobic) has self-cleaning effects, which is under 

current investigation, [40, 41, 42].  

In addition, field validation of future solar operations, highlights the issues of 

maintenance and soiling mitigation.  Such an analysis includes effort and cost 

analysis, [43, 44].  Furthermore, soiling research projects extends to PV 

technology [45, 46, 47], even though there transmittance is the main parameter 

rather than reflectance.  However it shows that the research community is also 

active in further development of the soiling process and constantly improving 

artificially replicating soiling effects under controlled laboratory conditions, which 

makes this research of importance [48].  

 

2.7 The Project  

The use of an atmospheric pressure plasma system in order to manipulate the 

surface energy of solar mirror surface to improve condensation collection on the 

mirror surface is currently a development of the sponsoring company ADTEC Ltd.  

This has the potential of improved self–cleaning characteristics, which could 

reduce cleaning effort [42].  

This project, aims to improve and develop laboratory methods to simulate soiling 

natural situations, including condensation.  Laboratory experiments have the 

advantage of controlled conditions, allowing repeatable tests and the option of 

isolating specific influences.  These methods and equipment, will provide a tool 

to improved cleaning process experiments, e.g. evaluation process of equipment 

or CSP fields.  However, exploiting and investigating the developed methods and 

the artificial soiling test rig when appropriate is also part of the project.  

 

1.  Work Package 1 (WP 1)  
The artificial preparation of soiled mirror samples, repeatability to a required 
soiling load is an issue which is not satisfactorily solved, Submission three.  Such 
an artificial soiling test rig is required for further soiling analysis.  
 
2.  Work Package 2 (WP 2)  
Working and exploiting the artificial soiling test rig’s potential, gaining experiences 
and working on the expansion of the basic reflectance model.  
 
3.  Work Package 3 (WP 3)  
Developing method and execution of the replication of the natural soiling process, 
which includes sequential soiling and condensation.  Validating the results and 
compare them with traditional methods. 

 



 

24 

3 Soiled Mirror Sample Preparation  

 

To prepare soiled mirror samples (or glass samples) a soiling rig, which replicates 

the natural soiling process under lab conditions must be used (and firstly 

designed).  The soiling process must be carried out holistically and repeatable 

and in addition, constant experimental conditions and parameters needs to be 

ensured.  

 

An artificial soiling test rig is the tool, which has this capability.  However, a test 

rig for repeatable soiling and soiling to a set target (which means to a pre-

established and realistic soiling load over a given area) was not available from 

the literature.  Therefore, an artificial soiling test rig with extended features (e.g. 

sequential soiling) was designed, developed and used in this research.  A 

literature review (Submission three) highlights design concepts used in soiling 

research in the past.  Repeatable soiling was not studied prior to the work detailed 

in this report, only “one off” soiling process test rigs were manufactured.  

 

The international placement provided the opportunity to work on and analyse an 

unpublished artificial soiling test rig.  The outcome will be highlighted together 

with an improved test rig concept, below in the chapter Discussion and further 

work.  

 

In addition to the experimental work health and safety measurements are also of 

importance.  The relevant legislation was used in order to investigate the load of 

mineral exposure during laboratory work.  

 

3.1 Methodology  

The literature review highlights three major groups of concepts of artificial soiling 

methods suitable for the deposition of silt material onto a flat surface.  A common 

approach was to use a liquid solution (water or acetone) mixed with silt material 

to form a suspension [49, 50, 51, 52].  Another group of methods suspended the 

mineral particles with pressurised air [53] and lastly, the use of gravitational force 

was also common.  The soiling material was released at a certain height 

[54, 55, 56], down on to mirror sample’s surfaces.  One design used a fine sieve 

to supply the soiling material, apparently achieving a better material distribution 



 

25 

[54].  One reference mentioned that the first group provides better soiling 

distribution while the gravity driven methods have a better soiling characteristic 

towards target soiling [54].  

 

The artificial soiling test rig designed for the work detailed in this report is shown 

in Fig. 11a.  This used the principle of gravitational force to feed a pack of soiling 

material into the upper opening of a glass drop pipe with an even distribution.  

The most important design feature, which is the capability of being able to repeat 

soiling sequences (as would happen in the natural environment), was 

guaranteed.  This is because no feature of the release method (a “dry” method in 

connection with gravitation) interferes with the previously applied soiling material 

on the sample.  The option of an individual soiling event as well as multiple soiling 

sequences were provided.  

 

The mass of soiling material was precisely prepared in order to achieve the target 

mass deposition density (MDD, g/m2), which represents the soiling load.  The 

released mineral particles (silt) were distributed through a sieve with a fine mesh 

size (~ 63m) and the help of a slowly exciting oscillating device.  To improve 

the particle distribution, a relatively small sieve size (diameter: 20mm), compared 

to the soiling area (diameter: 70mm) was used.  During the release process the 

sieve was above the upper drop pipe opening.  This method allowed a longer 

release process, Fig. 11b.  The particle dropped through the pipe (500mm long) 

on to the soiling area (circular area, diameter 70mm) in the centre of a 

100 x 100mm, 1mm thickness mirror sample.  The mirror sample were located 

on the lower opening of the drop pipe.  The particles needed an extended time 

period to settle.  According to the Stoke equation, a period of ~ 60min would be 

required, however authors [57] revealed that 30min would be sufficient.  

Therefore, the total mass of the mirror samples was measured after > 30min 

settling time, and compared with the mirror sample mass (clean).  Mass 

deposition density (MDD) was then calculated by dividing the soiling material 

mass by the soiling area.  

Mass Deposition Density (MDD) represents the particle mass per mirror area in 

[g/m2] [50].  Commonly MDD is stated to one digit after the decimal point.  This 

mass related parameter does not directly correlate with reflectance as it is 

dependent on overlapping and optical properties of the deposited material itself.  

 

Figure 11a, b shows the artificial soiling test rig and the release device on the 

upper drop pipe opening.  Figure 11c, d, highlights two soiled mirror samples 
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(MDDs of 1 and 2.8g/m2 respectively).  Note that Fig. 11d presents a soiling 

example of a smaller soiling area (32mm), this feature became necessary to 

improve particle distribution at high soiling load (MDD > 1g/m2).  Further images 

of the artificial soiling test rig are given in Appendix B.2.  

 

 (a)     (b) 

 (c)     (d)  

Fig. 11:  Photos of the a) artificial soiling test rig. b) drawing of the main 
components and soiled mirror samples with c) MDD: 1.0g/m2 (70mm), d) MDD: 
2.8g/m2 (32mm).  

 

 

Finally, the average specular solar weighted reflectance (RSe) was measured on 

five locations of the mirror sample.  A measurement jig was manufactured 

specifically to provide an efficient and precise measurement process, which 

yielded a repeatable of a measurement location with a tolerance of +/- 0.5mm (by 

observation).  
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All experimental soiling work used mirror samples supplied by AGC-Glass 

Europe, High clarity low iron float glass (DIN EN 572-1, DIN EN 572-2), 

100 x 100mm, thickness: 1mm, uncoated, and soiling material (silt material, 

comparable with ASTM-C33-99a, dry) and a particle size < 63m (sieved, mesh 

size).  The investigation process analyzed the mirror samples soiling repeatable 

(MDD) and with uniform soiling material distribution (average specular solar 

weighted reflectance, RSe).  These quality features are necessary as:  

 Repeatability is important for sequential soiling                       and  

 Precise uniform particle distribution for additional characterisation  

 

The following lab equipment was used during the project used:  

Soiling material mass measurements: laboratory balance (Sartorius CF 

225D), which measured the particle mass to an accuracy of +/- 0.04mg.   

Specular reflectance measurement: Reflectometer (ABENGOA, Condor 

6LED, accuracy +/- 0.2%), [58].  Specular reflectance is dependent on 

wavelength, incidence angle and acceptance angle and is determined on the 

basis of six wavelengths (435nm–1,050nm).  The final value of average specular 

solar weighted reflectance (RSe) was determined according to ISO 9845, [59]. 

Specular reflectance (RSe) is a ratio and therefore without a unit, throughout this 

report the symbol “[1]” is used for RSe.  

 

A soiling load in the range of MDD between 0–2.5g/m2, was used for the initial 

tests.  According to [35] most CSP operations are accepting a RSe of > 0.9[1] 

reflectance, however some operations reported ~ 0.85[1] [60].  Therefore, this 

project choose a specular reflectance range from (clean) 0.964[1] to 0.75[1], 

which is the equivalent to MDD 2.5g/m2.  Also, this project used absolute 

reflectance value and not normalized (cleanliness) values.  Only one batch mirror 

samples was used and therefore comparisons between different solar mirrors 

were not carried out.  

3.1.1 Operational Procedure  

The provided Standard Operational Procedure (SOP) can be seen in Submission 

three and will be not explained here in detail.  However, the biggest hazard for 

the soiling experiments was the exposure to fine dusts, which the operator will 

inhale automatically unless protected.  The situation becomes dangerous due the 

fact that partly used silica minerals (crystalline) were being used, which is to some 

extent in all mineral samples included, which could have toxic and lung tissue 

damaging consequences.  
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Therefore the process had to be analysed according to the Workplace Exposure 

Limits (Health and Safety Executive, HSE) [61], which are relevant for UK 

operations and deals with the exposure limits.  

The executed analysis assumed the worst case scenario, which means 100% 

(realistic 95%) silica (quartz, crystalline), and therefore being respirable [62].  

Twelve samples were soiled in a period of 8hours.  The lab has a volume of > 

50m3 (realistic > 100m3) and one sample has a time process period of 15min [50].  

Furthermore, the maximum MDD is soiled (MDD: 3.0g/m2), which requires 

11.2mg soiling material and additionally ~ 6mg dust (50%) is lost during the 

process.  

This will not exceed short term (0.24mg/m3) and long term (0.08mg/m3) dust 

concentration limits [61].  This would be the equivalent of more than 20 

samples/8h and realistically 12–15 samples could be processed during an 8h 

period, Submission three.  Therefore, the use of a class 3 fitted Face Fitted device 

was not required.  It was assumed that keeping the lab safe from mineral 

exposure, regular wet cleaning would be required.  

 

3.2 Experimental Results  

An extended test series analysed the repeatability of the soiling process, when 

soiling each mirror sample to a specific target MDD.  The difference between the 

real soiling load or experimental MDD and required MDD or target soiling load 

will be analysed.  It was not expected that the test method used produced the 

exact target soiling load.  The discrepancy is related to the preparation process 

of the soiling material pack.  In order to compensate the difference partly, the 

soiling material pack was always “over soiled” rather than “under soiled”.  More 

soiling material was prepared than required, which is called “theoretical” MDD.  

 

Figure 12 presents the results of the repeatability test - series, which includes five 

groups of one target MDD value each.  Theoretical MDD values are highlighted 

against their experimentally achieved MDD value.  The red line represents the 

equal results level, meaning that theoretically achievable results were measured.  

The mentioned effect of “over soiling” can be seen as a horizontal off-set from 

the nominal target MDD value.  

 

The discrepancy between the theoretical and measured value is the vertical 

distance between the data point and the red line.  The linear correlation of the 
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measured MDD data is highlighted in Fig. 12 as black (MDD <4g/m2) and blue 

(MDD <2.5g/m2) on lines.  

 

 

 

Fig 12:  The correlation between the theoretical MDD and experimental MDD, 

including the target MDD.  

 

 

The artificial soiling test rig can be seen to provide consistence results, which are 

not identical to the target MDD value, however the error is predictable.  The linear 

correlation has a R2 coefficient between 0.98 and 0.96[1] defined as a total MDD 

range and 2.5g/m2 range respectively.  The linearity highlights that an equal 

proportion of the prepared soiling material gets lost during the soiling experiment, 

which is in the range of 16.3% to 22.6% (total MDD range and 2.5g/m2 range 

respectively).  Most of the losses of soiling material, during the soiling experiment 

are related to electrostatic charges of the inner surface of the drop pipe, which 

become visible after several soiling tests.  Washing with deionized water within 

every 2h reduced this effect to an acceptable effect.  

Further test series highlighted the correlation between the soiling load parameter 

MDD and average solar weighted specular reflectance (RSe).  The RSe values 
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of target soiled mirror samples were measured and plotted against their MDD 

value.  

Figure 13 presents the relationship of the soiling load (MDD) and the specular 

reflectance.  

 

 

Fig 13:  Correlation between experimental MDD and specular reflectance.  

 

 

 

A high consistency of the values and correlation coefficient (0.97[1] and 0.93[1], 

total range (< 4.0g/m2) and CSP range (< 2.5g/m2) respectively) highlights a good 

and consistent soiling process provided by the test rig.  

 

The equal deposition of soiling material was tested by analysing the specula 

reflectance distribution on five locations (one in centre and four equally distant to 

centre) of the mirror sample surface.  

Several groups of mirror samples with one target MDD, had up to six individual 

sample repetitions carried out.  Average reflectance and the standard deviation 

represent the discrepancies to an equal particle distribution.  The std. deviation 

value of RSe represents a value range (+/- one standard deviation), which 
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includes 66% of all measurements.  Figure 14 highlights the std. deviation, 

average value, maximum and minimum values versus MDD of each target soiling 

load group.  

 

 

Fig. 14:  Silt material distribution on soiling area of 70mm and 32mm diameter.  

 

 

 

In total, mirror samples with a low soiling load (~< 1.0g/m2) experience a better 

distribution of the sediment particles having an average span of 0.024[1], when 

beyond this threshold the RSe difference has a span of 0.05[1] Fig. 14.  The 

analysis of the std. deviation shows a similar picture.  From less than 0.015 

to greater than 0.02[1] at the same MDD range (below and above 1g/m2).  

However, a decrease of the soiling area from 70mm to 32mm has an improving 

effect, which compensates for the loss in accuracy, as can be seen in Fig. 14 

right end.  It is assumed that the centre of the soiling area is easier and more 

consistent to soil rather than areas towards the edge.  Reducing the edge area 

(by masking) results in a more equally distributed soiling zone.  At lower MDD 

values, the difference between the centre and edge is not as visible as at higher 

MDD values.  
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The capability to soil a mirror sample repeat ably was tested further.  Three test 

series were conducted, each with a target MDD of 0.25g/m2 soiling run, where a 

total of 10cycles was carried out.  This procedure represented a cleaning period 

of 10days (average soiling rate -0.1[1]/d [30, 35], with a soiling load of 2.5g/m2 

(0.75[1]).  The soiling load applied was relatively high, however the test rig 

provided a robust soiling results at this MDD level. 

 

Figure 15 shows all three test series (blue, red and black data plots), which are 

relatively consistent.  

 

 

Fig. 15:  Reflectance data of three sequential (MDD; 0.25g/m2) soiling test 

series, with a final soiling load of MDD: 2.5g/m2.  

 

 

The three RSe values at the end of the test series have a difference of up to 5.7 

(or absolute 0.04[1]) (blue line, Fig. 15).  Future work include further 

improvements of the robustness of the soiling process and have the potential to 

improve the repeatability of sequential soiling.  
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4 Basic Specular Reflectance Model  

 

The artificial soiling test rig (Submission three) was extensively used for soiling 

experiments, which ware targeted to explore the basic reflectance of solar mirrors 

in relationship to soiling load.  Numerical simulation was used to provide extra 

proof of the soiling processing theory.  Also the parameter “soiling load” was 

extended in order to express the “soiling intensity” according to reflectance 

influence (coverage ratio).  

 

4.1 Soiling Theory  

The project assumes the process of natural soiling as evenly randomly distributed 

spherical particles on a flat horizontal surface.  The solar radiation, which is not 

reaching its required place (receiver device) is regarded as lost and therefore not 

a desirable occurrence.  The performance of the solar mirrors is expressed in 

specular reflectance (RSe), which gradually decrease with soiling load (mass 

deposition density, 3.1 Methodology) and coverage ratio.  Coverage ratio (q) 

describes the relationship of the particles covered surface area to the total 

surface area and measures the primary blocking of solar radiation.  

 

Two parameter are used to express the intensity of soiling load (a) mass 

deposition density (MDD, g/m2) and (b) coverage ratio (q, [1]), the mathematical 

description can be seen as follows:  

soil

soil

a

m
MDD         Eqn. 4-1a    and     

soil

er

a

a
q cov        Eqn. 4-1b  

when (msoil) is deposited mass and (asoil) the total soiled area (usual 1m2) and 

(acover) is the area covered by particles.  

 

Mass deposition density is the ratio between particle mass and surface area and 

coverage ratio is the ratio between area covered by particles and surface area.  

Solar radiation is blocked in two ways by particles, [63, 64], primary blocking 

(before entering the mirror) and secondary blocking (when leaving the mirror).  

Only one surface area unit is involved in primary blocking in the case of 

secondary blocking, two area elements are involved one where the beam enters 

the mirror and one which is blocked by a particle.  Figure 16 shows the principle 
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of primary blocking (Fig. 16b) and secondary blocking (Fig. 16c) and normal 

reflected solar ray (Fig. 16a).  

 

 

           (a)     (b)   (c) 

Fig. 16:  Three solar ray paths and blocking mechanisms, a) ray is reflected on 

the rear surface of the mirror, beam is not obstructed, b) deposited particle 

blocks solar ray at entrance into the mirror and c) solar ray is reflected, 

however, it is blocked after exit of the mirror body.     Source: author 

 

 

Furthermore, at the beginning of a cleaning period (after cleaning), low 

soiling load tends towards secondary blocking.  Later in the soiling period when 

more particles cover the surface, primary blocking is becomes dominant.  In 

addition, particle size [65] interferes with reflectance, due to the mass distribution 

within a particle set.  Relatively speaking, a higher mass fraction is stored in the 

vertical axis in the case of larger particles, which influences the MDD, however 

they have less influence [66] on surface coverage.  The project did not take the 

above effects into consideration.  

 

4.2 Data Acquisition  

The particle distribution was simulated with a simple numerical program (BASIC 

language).  A soiling area of 1,000 x 1,000 area elements of the average particle 

diameter (D[3,2]: 15.6um) were used.  For total coverage at higher soiling load, a 

squared particle and area element shape was used.  This condition was achieved 

with 5x106particles randomly distributed.  

The numerical simulation recorded the amount of primary covered area elements 

and secondary covered area elements (according to the physics of reflectance) 

and the edge effect ignored (continuity of model).  
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WP 2 of the project repeated the methods described in WP 1 (chapter 2), however 

soiling material from Almeria (Submission one) was added to the experiments.  

For the experimental work, one additional soiling material from Almeria PSA was 

used.  The material was taken from the ground and prepared (by drying and 

sieving) identically as for the Silt-Material.  The particle size was measured by a 

laser diffractometer (Malvern, MasterSizer 3000).  

 

4.3 Experimental Results  

Figure 17 shows a representative soiling load (MDD) versus reflectance (RSe) 

diagram.  Additionally, a higher soiling load (MDD: > 2.5g/m2) was conducted.  

This shows visible exponential non-linear behaviour between reflectance and 

MDD.  

 

 

Note:  Grey area is for CSP relevant range  

Fig. 17:  Diagram shows a representative MDD vs RSe diagram with empirical 

model and initial tangent with CMDD.  

 

 

In opposition to the commonly assumed linear behaviour, the MDD versus RSe 

correlation is exponential and described mathematically modelled as follows:  

            
MDDC

MDD

MDD
eRSeRSe




max)(          Eqn. 4-2 
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Maximum specular reflectance (RSemax) is 0.945[1] (measured value) and the 

exponential constant (CMDD) retrieved by exponential correlation are shown in 

Table 3.  

Lower CMDD values at smaller particle sizes highlight the capability to cover the 

surface at a lower mass deposition density.  

 

Table 3:  Summary of the parameters used for the soiling model  

 

Material 
Grade: 

Size class: De Brouckere 
Diameter: 

(D[4,3]), [m] 

Sauter 
Diameter: 

(D[3,2]), [m] 

CMDD: 

 

[g/m2] 

S
ilt

-

m
a

t.
 Course 39.0 18.2 22.7273 

Ground 27.8 15.6 9.3458 

Fine 13.7 7.0 8.8496 

A
lm

e
ri
a

-m
a
t Course 39.5 19.2 19.2308 

Ground 27.7 15.6 9.2593 

Fine 14.4 7.5 8.0645 

 

 

Coverage ratio (q) was measured using a digital microscope on several soiled 

mirror samples.  Five micrographs of each mirror sample were analysed with 

imaging processing software (ImageJ), which provided the coverage ratio.  

Figure 18 shows a representative diagram of q versus MDD plot, where five 

samples per target MDD were analysed and averaged.  The coverage ratio also 

does not follow the soiling load linearly as described in Fig. 17.  
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Fig. 18:  A representative diagram of geometrical coverage ratio versus MDD 

graph with error bars.  

 

 

4.4 Simulated Coverage and empirical Coverage Model  

The simulated data was processed (normalized) and plotted against the two-

parameter coverage ratio, geometric coverage ratio (qgeo) which represents the 

measured value when the effective coverage ratio (qeff) appears when secondary 

blocking is also taking into consideration.  Both exponential constants were 

calibrated to real measured values at the position  NORM

part
n  = 1.  

Equation 4-3 a, b highlights both empirical models with the optimized exponential 

constants (
OPT

geo
C  = 0.9423 and 

OPT

eff
C  = 0.4705).  

         
9423.0

max

NORM
partn

geo
eqq


   Eqn. 4-3a       and  

         
4705.0

max

NORM
partn

eff
eqq


   Eqn. 4-3b  

Figure 19 shows normalized deposited particle  NORM

part
n   versus both coverage ratios 

(qgeo red and qeff black).  The qeff (black) has a higher gradient than the qgeo, which 

indicates more pronounced coverage behaviour (primary and secondary 

blocking).  
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Fig. 19:  Diagram shows simulated coverage ratio results of three different area 

element densities.  Optimized empirical model is created from 1,000 x 1,000 

area elements.  

 

 

4.5 Coverage Ratio Model transferred to specular Reflectance Model  

A comparison of both coverage ratio values (qgeo and qeff) (Submission three) 

with experimental values and the assumption of the direct influence of deposited 

particle on specular reflectance was used to formulate a coverage ratio versus 

specular reflectance model.  The model assumed that the boundary condition 

“clean” (uncovered soiling area) has the highest specular reflectance 

(RSemax = 0.945[1]) and a totally covered soiling area has no specular reflectance 

(RSe = 0).  

 

The empirical model which uses qeff has a much more consistent correlation with 

the measured data, and therefore the following mathematical equation was 

persuade.  

     

















OPT
eff

NORM
part

NORM
part

C

n

eff

n
eRSeRSe

max       Eqn. 4-4 
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Figure 20 illustrates normalized deposited particles  NORM

part
n  versus specular reflectance 

(model) (RSeeff) and coverage ratios (model) geo and eff.  

 

 

Fig. 20:  Diagram shows simulated (optimized) results of coverage ratio and 

reflectance in dependency of deposed particles in comparison with their 

individual empirical model.  

Note:  Normalized deposed particles range is < 0.1[1]. Note:  Grey area is for CSP relevant range 

 

Furthermore, the measurable soiling load parameter (ggeo and MDD) were 

integrated in the specular reflectance model.  Specular reflectance (RSeeff) 

versus geometrical coverage ratio (qgeo) model:  

 

Eqn. 4-3a in Eqn. 4-4:  

              

 geoOPT
eff

OPT
geo

geoq

qq
C

C

eff eRSeRSe



max

)(

ln

max   qmax = 1      Eqn. 4-5 

 

Figure 21 highlights all RSe(qgeo) results correlated with the specular reflectance 

model (RSe).  The empirical model follows the measured data acceptably.  The 

error becomes larger at larger soiling loads.  
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Note:  Grey area is for CSP relevant range  

Fig. 21:  A comparison between modelled and measured specular reflectance 

and additionally provides a 5% area of the modelled data.  

 

 

Specular Reflectance versus Mass Deposition Density Model  

Furthermore, a MDD versus specular reflectance model was also formulated.  

The known values (The lower boundary is defined as MDD = 0 and RSemax where 

the upper boundary is defined as MDD = CMDD and RSe = 0) were proportionally 

fitted.  For simplicity, a linear model is created.  

        OPT

eff

MDDNORM

partn C

C
nMDD NORM

part

         Eqn. 4-6 

 

Figure 22 highlights the calibrated MDD results with its measured MDD data.  

Comparison between the measured MDD and “calibrated” MDD model provides 

a consistence correlation.  
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Note:  Grey area is for CSP relevant range  

Fig. 22:  Comparison between measured MDD data and MDD data adapted to 

CMDD parameter.  

 

 

4.6 Comparison of linear and exponential (basis) Reflectance 

Model  

The linear approximations are practical for use but have marked differences to 

the real specular reflectance values.  A comparison of a linear correlations with 

the exponential model revealed at that relatively higher soiling load (MDD) values 

the difference becomes significant.  

 

Figure 23 shows the two models (linear model) and exponential model.  A 

comparison between the commonly used linear model (linear correlation, grey 

line) and the exponential model (black line) was carried out on the example of 

two reflectance thresholds (0.9[1] and 0.8[1]).  The analysis estimates the 

potential yearly cleaning cycles reduction on the daily soiling load assumption of 

(0.1g/m2).  
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Fig. 23:  Comparison of the two linear models and the exponential model.  
 

 

 

Table 4 highlights the absolute yearly cleaning effort of both soiling models, and 

the absolute and relative differences.  
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Table 4:  Comparison between the exponential soiling model with the linear soiling model,  
in terms of annual cleaning cycles, at two reflectance thresholds (RSe 0.9[1] and 0.8[1]).  

 

 RSe: 0.9[1] 

Soiling– 

material 

MDD 

(exp) 

MDD 

(linear) 

Difference 
of MDD 

Yearly runs 

(exp) 

Yearly runs 
(linear) 

Yearly diff 
run 

relative 
reduction 

 [g/m2] [g/m2] [g/m2] [1] [1] [1] [%] 

(1) (2) (3) (4) (5) (6) (7) (8) 

SiltM-7.8 0.39 0.33 0.06 93.4 109.9 16.4 15.0 

SiltM-15.6 (*) 0.41 0.45 -0.04 89.4 81.1 -8.2 -10.1 

SiltM-18.2 1.02 0.96 0.07 35.6 38.0 2.5 6.5 

AlmerM-7.5 0.36 0.34 0.02 100.1 107.1 7.0 6.6 

AlmerM-15.6 0.41 0.32 0.09 89.3 114.4 25.1 22.0 

AlmerM-19.2 0.85 0.71 0.14 43.0 51.4 8.3 16.3 

               Note:  Exponential (exp)  
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 RSe: 0.8[1] 

Soiling– 

material 

MDD 

(exp) 

MDD 

(linear) 

Difference 
of MDD 

Yearly runs 

(exp) 

Yearly runs 
(linear) 

Yearly diff 
run 

relative 
reduction 

 [g/m2] [g/m2] [g/m2] [1] [1] [1] [%] 

(1) (2) (3) (4) (5) (6) (7) (8) 

SiltM-7.8 1.43 1.21 0.22 25.4 30.0 4.5 15.2 

SiltM-15.6 (*) 1.5 1.53 -0.03 24.3 23.8 0.5 -2.2 

SiltM-18.2 3.76 2.99 0.78 9.7 12.2 2.5 20.6 

AlmerM-7.5 1.34 1.09 0.24 27.2 33.3 6.1 18.2 

AlmerM-15.6 1.5 1.21 0.28 24.3 30.0 5.7 19.0 

AlmerM-19.2 3.11 2.29 0.82 11.7 15.9 4.2 26.4 

Note: (4): The difference of MDD represents the real MDD (at 2g/m2) to the with the linear model calculated MDD (at 2g/m2)  
Note (*):  in one case the linear model provided higher values and therefore better results than exponential model.  
Note:  Exponential (exp)  
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The results are not consistent, in particular, the negative results of silt material 

(15.6m), however it is assumed that this is a result of difficulties in the test rig 

handling, rather than fundamental differences in the soiling process.  The 

potential reduction of cleaning effort (cycles), when using the exponential model 

rather than a linear model, is in the range of approximately 5-25%, dependent on 

soiling material and average particle size.  

 

4.6.1 Soiling Element Parameter-based Soiling Model  

The project developed based on analysis of specific soiling parameters, which 

describes an individual soiling process, a reflectance model.  Such an analytical 

model can potentially calculate reflectance based on measured data.  From the 

experiment, the CMDD constant express the overall soiling process, specific 

material properties of the deposited soiling material are not expressed.  This 

project extracted further parameters from the CMDD, average particle size (D[4,3]) 

and particle density (part), detailed in Submission two.  

 

The effect of CMDD provided be a different mass distribution on a particle of 

variable size, however other parameters, such as density also play a role.  It is 

assumed that further parameters, related to one specific soiling process could 

enhance this soiling model, however these were not integrated in the model.  

 

This approach of development, uses the volume based De Brouckere particle 

diameter (D[4,3]).  The further analysis used particle mass values and therefore 

the volume based diameter data provides better data when processing volume 

dependant density data.  Furthermore, the particle density parameter (part) is 

used due to the better bulk material description, Submission two, see Table 7.  

 

Enhanced Soiling Model  

The shape of a particle is assumed to be a sphere.  Therefore, the total mass of 

soiled particles are  

       
partelea

NORM

part

soiled

part
DNnm 














3

]3,4[
6

       Eqn. 4-7 
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Where total soiled mass ( soiled

part
m , unit kg), amount (normalized) of simulated 

particles ( NORM

part
n ), amount of area elements in the simulation (

elea
N


, 1,000,000) 

and particle density (part, unit kg/m3).  

 

Verticle projected area is related to the diameter of the particle:  

     2
]3,4[

DNa
elea

soiling

part


         Eqn. 4-8 

Where 
soiling

part
a  is the total simulated soiling area, not the area of one soiling element.  

 

MDD model Eqn. 4-7 and Eqn. 4-8:  

   
 

 
part

NORM

part

elea

partelea

NORM

part

Dn
DN

DNn

MDD 
































]3,4[2

]3,4[

3

]3,4[

6

6     Eqn. 4-9 

The normalized amount of distributed particles:  

       

part

NORM

part
D

MDD
n

 




]3,4[

6
            Eqn. 4-10 

From the average specular reflectance model Eqn. 4-2 and Eqn. 4-4:  

 a)  MDDC

MDD

eRSeRSe



max

  and  b)  
OPT
eff

NORM
part

C

n

eRSeRSe



max   

The exponent can be expressed as:  

        







OPT

effpart

OPT

eff

NORM

part

MDD
CD

MDD

C

n

C

MDD


]3,4[

6     Eqn. 4-11a 

and the CMDD:  

     
6

]3,4[

OPT

effpart

MDD

CD
C





     Eqn. 4-11b  

and introduced in the average specular reflectance model Eqn. 4-2:  

          

OPT
effpart CD

MDD

eRSeRSe






 ]3,4[

6

max      Eqn. 4-12 
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Particle density values (Submission four), will be too low when taking the 
analysing process into consideration and it can be assumed that silica’s material 
density will overestimate the real specular reflectivity.  Figure 24 plots the 
calculated average specular reflectance model (Eqn. 4-12) data using both 
density data (measured and silica density) with the experimental reflectance data.  

 

 
Fig. 24:  Comparison of measured reflectance data with the particle size 

integrated specular reflectance model.  The relevant reflectance range: RSe 

>0.75[1].  

 

 

All particle density values and the results of the linear correlation can be seen in 
Table 5.  
 

Table 5:  All specular reflectance comparison results and  
the relative error.  

 

Soiling-
Material: 

Density part: 

[kg/m3] 

Gradient: 

[1] 

relative error: 

[%] 

Silt-material 1,303.9 1.2452 24.4% 

Almeria-Mat 955.7 1.2227 22.3% 

Silt-material 2,500 0.7221 27.8% 

Almeria-Mat 2,500 0.5252 47.48% 
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As expected the reflectance model, dependent on the particle density value used, 

either overestimates or underestimate the measured reflectance data.  The 

gradient of the linear fit compared with the ideal gradient reveals a relative error 

of up to 47.5%, when most relative errors are less than 30%.  

 

An additional effort to improve particle density data assumed that the final and 

most representative density value is still too small.  A mathematical correlation 

(power function) was used by extrapolation and analysing the gradient 

numerically (threshold 0.01% from previous value) to determine a particle density 

value closer to the real value.  It is assumed that this more practical method can 

be optimized for future use.  

 

When the following equation represents the mathematical correlation (power 

function):  

     
b

part
sequa      Eqn. 4-13 

The parameter (sequ) represents one measurement sequence.  

 

Table 6 highlights the parameter of the mathematical correlation, the chosen 

sequence and the optimized particle density value.  

 

Table 6:  All results occurred during the optimisation process of the particle 
density.  

 

Soiling-Mat: Parameter: 

(Eqn. 4-13) 

Sequ (*) 

[1] 

part (*) 

[kg/m3] 

Silt-Mat a: 1087.8 

b: 0.0615 
615.5 1,402.1 

Almeria-Mat: a: 643.69 

b: 0.1457 
1457.5 1,330.9 

               Note: (*)  Optimized particle density value.  

 

Table 7 shows the model quality with the optimized particle density values.  
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Table 7:  Model with optimized particle density.  

 

Soiling-
Material: 

Density part: 

[kg/m3] 

Gradient: 

[1] 

Relative error: 

[%] 

Silt-material 1,402.1 1.1755 17.5% 

Almeria-Mat 1,330.9 0.9254 7.4% 

 

The exponential reflectance model with integrated soiling process data, in 

particular the enhanced particle density, provides a tool to forecast solar collector 

performance on the basis soiling material data to a relative error of < 20%.  Even 

on higher soiling loads this empirical model provides suitable reflectance values.  

Furthermore, the integration of particle parameter into the model makes it more 

useful in the analysis of a specific soiling process, for example solar field 

validation.  

However, further particle characteristics or weather parameter could potentially 

improve and expand this specular reflectance model.  
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5 Adhesion Force Analysis  

 

Adhesion forces between particle and particle and between particle and mirror 

surface are the major effects which govern the soiling in CSP.  They have the 

potential to optimize solar energy operations (this includes photovoltaic and 

evacuated tube collectors).  The soiling process in solar energy industry, is not 

complete understood, not on the macroscopic level [67].  Reference [67] 

highlights that no standard or recommendation exists which deals with this issue.  

 

A method to simulate natural soiling, which includes sequential soiling as well as 

condensation was developed.  Finally, from literature, the centrifuge device was 

chosen to simulate the removal force for particles on mirror samples.  The relative 

difference of geometrical coverage ratio was used as a parameter to quantively 

assess different soiling loads (MDD), which were applied with multiple methods.  

 

This WP includes the condensation process, which occurs every night to some 

extent on a solar field.  The water film created generates effects known as particle 

caking and capillary aging.  This affects moving particles according of their size 

and mass, and in addition, enlarges the contact area between the particles and 

surface (between particles).  These additional effects increase the adhesion 

forces and therefore need to be included in soiling experiments.  Due to 

complexity a further soiling effect, cementation, was not part of these 

experiments, even it potentially adds to the adhesion forces.  

 

From literature [68] single soiling sequences with condensation are known.  

However, the constant condensation and therefore interference with particle 

constellation to each could have and amplifying effect on the adhesion forces.  

The investigation into an appropriate test sequence, test method for adhesion 

force and proving the differences between single and multiple soiling (in 

connection with condensation) are the main objectives of this WP.  

5.1 Removal Force in the context of Adhesion Force  

The experimental analysis of a force is executed by adding a controllable and 

measurable force, which acts in an opposite direction.  The reaction of the object 

to the applied force can be measured and thus provide a quantitative result.  In 

the case of adhesion force of particles an external force is applied (removal 

force), which is controlled (force magnitude is known) and has the potential to 

move (remove) the particles.  

 

Even literature can explain the adhesion forces between individual particles and 

surface, so it impossible to describe the adhesion effects of bulk material due to 
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its complexity [69, 70].  Therefore, a macroscopic effect was chosen as an output 

parameter, the difference of the geometrical coverage ratio [67, 69].  

 

From literature, several methods are known for experimental applications, which 

apply removal forces on particles (Submission five).  These are commonly the 

Atomic Force Microscope (AFM), Vibration method, Fluid-Dynamic (air flow) 

method, Impact method and recently Surface Free-Energy method [71, 72, 73, 

74].  While the AFM in known for its time-consuming sample preparation and non-

robust process, the Vibration method applies its force vertically, and the Fluid 

Dynamic (air knife) process lacks in accuracy [67].  A similar issue applies to has 

the Surface Free Energy method, the sample preparation is a time demanding 

and finally, the results provide an estimation of the expected adhesion forces of 

a specific particle-glass pair [74].  Due to the use of thin (thickness: 1mm) mirror 

samples and the experimental effort of the impact test was also rejected.  

Therefore, this project chose the centrifuge method, [67, 71, 75] because of it 

practicality and availability.  The removing force (drag from airflow) has a 

horizontal direction (natural wind) and the removed particles leave the mirror 

surface.  Figure 25 shows an illustration of the several methods of analysing 

adhesion forces of particles, described.  

 

 

Fig. 25:  

Illustration of 

common 

methods to 

measure 

adhesion force 

of particles on 

flat surfaces. 

 

 

 

 

 

 

 Source: [71, 72] 
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The Centrifuge Method rotates a soiled mirror sample, which is located on a table.  

The rotation generates an inwards (rotation centre) acting centripetal force [76, 

75], which acts in a horizontal direction.  The removal force is the sum of radial 

force (negative centripetal force) and tangential force (drag force) and can be 

calculated as follow:  

 

Radial direction:  

     
r

Vm
F

cent

2
        Eqn. 5-1 

where: Force in radial direction: (Fcent)  N 

  Mass of object:   (m)  kg 

  Velocity:    (V)  m/s 

  Distance from centre:  (r)  m 

 

Tangential direction:  

        
2

8

28 udF
partairdrag

        Eqn. 5-2 

where:  Drag force:    (Fdrag)  N 

  Density of air:   (air)   kg/m3 

  Particle diameter:   (dpart)  m 

  Friction/shear velocity (us)  m/s 

 

For these equations, force in normal direction is mainly the lift force and the 

particle adhesion forces (Van der Waals forces, capillary forces and gravitational 

force, Submission two).  

 

Normal Direction:  

     
2

4

8

4744.0



 ud
F

partair

lift


          Eqn. 5-3 

 

 

Figure 26 illustrates the main forces acting on the centrifuge experiment [77].  

Resuspension (Submission two) is initiated by a particle gliding over the mirror 

surface, than the particle begin to roll and finally leave the mirror surface (lift).  
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Fig. 26:  Illustration of the main forces acting on a spherical particle during the 

centrifuge test, to measure the horizontal removal forces.        Source: [77] 

 

 

It is expected that during the experiment particles will roll over the sample edge 

[76].  The threshold of gliding can be expressed as follows [76]:  

 

 

    adhgravliftdrag
FFFF        Eqn. 5-4 

where: Drag force:   (Fdrag)  N 

  Lift force:    (Flift)  N 

  Gravitation force:  (Fgrav)  N 

  Adhesion force:   (Fadh)  N 

 

When [68] describes the critical condition for sliding as:  
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liftadhgravdraftcent

FFFFF      Eqn. 5-5 

 

Note:  Static friction k is assumed 1 (glass to glass surfaces) and therefore ignored [77].  

 

The project used a centrifuge (spin coater) with a permitted revolution of 

4,000rpm, however with applying special safety measures, a final test series with 

6,000rpm was conducted.  For comparison [68, 76] used 6,000rpm also when 

Reference [75] had a capacity of 15,000rpm.  

 

Methodology  

For the following experiments, condensation was applied to the soiled mirror 

sample in a dry lab chamber, in a defined ambient condition.  Afterwards the 

adhesion effect introduced was analysed with the centrifugal method.  

 

Material  

The experiments were conducted as previously, with two soiling materials (Silt 

material and Almeria material, Submission two) of average particle size (De 

Brouckere particle diameter) D[4,3]) 27.8m and 27.7m respectively.  Also 

uncoated solar mirror samples (100 x 100mm, thickness: 1mm, Submission two).  

All samples were analysed comparing the geometrical coverage ratio differences 

from before, during and after the test sequences.  Ambient conditions, 

temperature and relative humidity were measured.  

 

Test Equipment  

The lab ambient condition were constantly monitored and were follows:  

Ambient temperature: 24°C  +/- 3°C  

Relative Humidity:  49%  +/- 4%  

 

The soiling experiments were all carried out with an artificial soiling test rig 

developed within this project, (Submission two).  The condensation process was 

conducted on a laboratory dry chamber and a cooling plate Fig. 27a.  The draft 

free dry chamber, ensured a place for a cooling plate, driven by a chiller device, 

suitable for temperatures below 10°C.  The chiller provides deionized water at a 
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certain temperature to a meander through formed copper tubes within the cooling 

plate, under the actual cooling plate (cooper sheet).  The ambient conditions 

within the dry chamber could be adjusted between 50-90% relative humidity (two 

humidifier) and temperature between 20–90°C, which was monitored constantly.  

The surface temperature of the cooling plate (lower surface of the mirror samples) 

was also monitored separately with an extra thermometer and flat temperature 

sensor Fig. 27b.  

 

     

   (a)                                                                                  (b) 

Fig. 27:  Photos of the (a) dry camber and (b) the cooling plate with mirror 

sample and on the rear edge additional thermometer visible.  

 

 

Experimental Method and Procedure  

The natural soiling process was simulated, including repeated soiling and 

condensation.  Such a soiling test simulates a maximum cleaning cycle, with a 

final specular reflectance of ~75% in 10days (Submission one).  Four soiling runs 

each MDD 0.5g/m2 and a final soiling load MDD 2.5g/m2 were conducted (MDD: 

1.5g/m2 was not carried out).  A condensation phase was carried out between 

each soiling run, with a duration of 20min (replicates 2–3h condensation every 

night) [77].  Further soiling was only accomplished with absolutely dry mirror 

samples (drying period ~ 5h).  The conditions in the dry chamber were on the 

basis of a real situation reported in reference [57], where a temperature difference 

of approximately of 5.1K between upper and lower mirror surface was measured.  

A pre-test series highlighted this is the transition between invisible and visible 
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condensation on the upper mirror surface, Submission five.  Ambient temperature 

in dry camber was between 20°C and 23°C.  

 

Several soiling test series were carried out to study the differences of the results 

compared between the three soiling test series.  One test series (REAL) was 

carried out with sequential soiling and condensation as descript above, when a 

second test series (DRY) repeated the test series REAL however without 

condensation.  Test series REFERENCE reached the final soiling load in one 

soiling process and with an expanding condensation duration.  Figure 28 

highlights the test series pattern of all the test series.  

 

 

Fig. 28:  Illustrations of the three different pattern of test sequences, carried 

out during the experimental work.  

 

 

In order to simulate removal force, parallel to the mirror sample surface, a 

centrifuge device (Co. Electronic Micro Systems) was used, which usually is 

used to coat wafer samples.  Revolutions of up to 6,000rpm were possible, 

however 4,000rpm was used for safety reasons.  In the final experiments 

6,000rpm were used with a very long duration of acceleration phase, which 

allowed the operator to move to a safe location.  A repeatedly correct position 
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was achieved using two hair crosses fixed on a thick (20mm) plastic glass plate.  

The duration of spinning (final revolution) was 60s, the duration does not 

influence the results [57].  

 

Figure 29 shows the centrifuge in total and detailed with the mirror sample.  

 

   

    (a)                                                    (b)  

Fig. 29:  Photos of the centrifuge, (a) the centrifuge in total and (b) close up of 

the mirror sample in the centrifuge.  

 

 

Table radius max:  30mm 

Revolution max:  6,000rpm 

 

The maximal adhesion force compared to capillary force max (Submission two) 

is significantly lower, however particle shape and surface condition is not taken 

into consideration.  A revolution of 6,000rpm is sufficient according to 

Reference [57].  The soiling area of each mirror sample is circular and has a 

diameter of 70mm.  The edge of the soiling area is not adequately soiled and 

therefore the outer edge is not analysed.  The locations 5mm, 10mm, 20mm and 

30mm (relative to the centre) were analysed.  
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Coverage Ratio for Analysis  

The parameter coverage ratio (q, Submission two) is used to compare and 

analyse the likelihood of relocating a particle, with a particular removal force.  

Micrographs (digital microscope, Submission two) were taken before and after 

the spinning procedure and analyse with imaging processing software (ImageJ, 

Submission two).  The particles size or equivalent diameter, the amount of 

particles within each class were compared.  A simple pattern to which the 

microscope was calibrated, ensured that the same location was analysed each 

time.  The comparative parameter is the coverage ratio change in percentage.  

Results  

Figure 30 shows the averaged change in coverage ratio (qgeo) according the 

mass deposition density.  In addition, it was expected that the influence of the 

three condensation regimes highlights significant differences in the reflectance 

outcome.  The averaged reflectance results can be seen in Figure 30.  

 

       

    (a)                                                                   (b)  

        

 (c)                                                                       (d)  

Note: REFERENCE Series is (REF) 

Fig. 30:  Diagram of the four condensation experiments, presented according 

to the different mass deposition density values, (a) 0.5g/m2, (b) 1.0g/m2,(c) 

2.0g/m2 and (d) 2.5g/m2  
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The major result is that the results are not consistence, however all 

condensation groups have a distinguishing difference within a MDD series.  In 

addition, differences between soiling materials (Silt material and Almeria 

Material) are visible, and it is assumed that these effects are based on particle 

shape, size and surface roughness.  

 

The DRY series shows the biggest reduction of coverage ratio (qgeo), which can 

be explained by the absence of any particle caking and capillary aging effects.  

The results of the remaining condensation series (natural (REAL) condensation 

or one off (REFERENCE) is not conclusive.  There is no difference at the low 

(MDD: 0.5g/m2) case due to a constant condensation test regime, therefore the 

identical results would be expected.  

 

It is not clear from the remaining soiling load results, which condensation regime 

produce bigger adhesion effect.  However, as the last series (MDD = 2.5g/m2) 

has a difference, this might be due to such problems as in experiment handling 

or an unexpected effect.  The REFERENCE series shows a bigger reduction of 

RSe than the REAL series, which to some extent was expected.  

A final test series with a 6,000rpm revolution became possible by implicating 

additional safety measures.  This test series processed mirror samples with a 

soiling load of MDD = 2.5g/m2 which assumingly provides the biggest difference 

in results and is therefore visible.  Figure 31 shows the difference in coverage 

ratio (qgeo) of two different revolutions (4,000rpm and 6,000rpm) for the example 

of MDD = 2.5g/m2.  

 

      

(a)                                                                       (b) 

Fig. 31:  Diagram of the condensation experiments (MDD: 2.5g/m2), 

experiments carried out with two different revolutions, (a) 4,000rpm and (b) 

6,000rpm.  
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As expected the higher revolution provides a bigger RSe improvement (qgeo), 

however, no trend within the results is visible.  For example, the Silt material 

changed its behaviour between the condensation regimes.  When the Silt material 

has its lowest adhesion, high (qgeo) at DRY–series, it is quiet opposite to the 

other two condensation conditions.  However, from observation, higher 

revolutions (6,000rpm) provide clearer results compared to lower revolutions.  

 

Removal Force Analysis  

A second analysis plotted all results versus the resuspension criteria (Eqn. 5-5) 

of each condensation condition (DRY, REAL and REFERENCE).  Image process 

software (ImageJ) was used to determine the equivalent particle diameter 

(vertical projection, Submission two), which were used (in classes of 5m) to 

calculate the adhesion force and plotted versus qgeo, in Fig. 32(a, b, c).  

 

 (a)  

 (b)  
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 (c)  

Fig. 32:  Three graphs of the condensation experiments, presented as (a) 

condition DRY, (b) condition REAL and (c) condition REFERENCE.  

 

 

All cases of results show negative values for the difference in coverage ratio 

(qgeo, y axes), which expresses an increase of certain particles, and differences 

in size and density.  This can be observed on the lower end of the adhesion force 

axis, which is related to smaller particle sizes.  This effect is explained in [76], 

which reports that larger particles have the tendency to resuspend and deposit 

on the sample surface.  This has the effect of particle breaking into smaller 

particles.  

In addition to breakages, smaller particles originally located under bigger particles 

(particle caking) become visible when observing under SEM and creating 

microimages.  
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6 Discussion  

6.1 Soiling Process Replication  

The developed artificial soiling concept uses a dry method to release the 

soiling material, a method that guarantee no interference with the previously 

deposited soiling material already located on the mirror surface.  The drop tube 

design provided excellent and robust results.  

 

The artificial soiling test rig can provide a target soiling load (mass deposition 

density) to an error of ~16% of target MDD and is consistent.  If required, this 

proportional error can be minimized by adapting the soiling material mass.  It was 

recognized that the remaining error of the soiling load has no or negligible impact 

in the experimental results and work.  The artificial soiling test rig has the 

capability of repeatable soiling which allowed soiling to a required load.  It must 

be stated that the soiling process must be conducted very carefully in order not 

to disturb the soiling load already located on a sample.  

 

A further criterion is the equally distributed soiling material on the sample surface.  

This requirement makes further analysis of the soiled samples possible.  The five 

measurements of RSe on each mirror sample have a tolerance of uniform 

deposition distribution of +/- 0.04[1] at low MDD, when reducing the soiling area 

(diameter 32mm) such a distribution can be achieved at a higher MDD too.  The 

threshold is at a MDD value of 1g/m2.  The experimental procedure always 

averaged the five RSe measurements of one mirror sample and therefore 

reduced the influence of deposition distribution.  In addition, a soiling load below 

a certain level (< 0.25g/m2) cannot be distributed equally in a predictable and 

robust manner.  The soiling material is distributed too fast, without any influence 

of the reduced sieve rotation or reduced oscillation of the device.  The influence 

of the relative humidity (rH) in the lab also has an effect on the release of particles.  

Up to rH 55% a slow and constant release is possible, beyond this agglomeration 

and adhesion on the sieve edge makes a robust process impossible.  Arizona 

Test material, originally planned as one of the soiling material, provided similar 

issues as high rH.  After several trials with this material, it was removed from the 

soiling material list.  

  

Other systems (see below) have a better distribution quality.  The reduced soiling 

area (to improve distribution) is a compromise between method precision (where 

a large area is required), distribution (where a small area is advantageous) and 



 

63 

the consistency of the location of the five measurements.  In addition, it was 

observed that a soiling load below MDD: 0.25g/m2 cannot be distributed in a 

predictable and robust manner.  

 

Sequential soiling was also carried out with target MDD increments of 

MDD = 0.25g/m2 and up to 10repeats.  The relatively high daily soiling load is 

required to guarantee a robust and equal particle distribution.  As expected, the 

test series could be processed without any interference on the previous 

processed soiling material already existing on the sample surface.  The end 

reflectance of the test series has a maximum error to the one off soiling of 6.1% 

(0.04[1]).  This difference highlight the interactions of different effects on the 

soiling process, however it is assumed that operator handling has the biggest 

influence.  Despite these observations, the “test rig” proved to have the capability 

to operate single and multiple soiling processes, and therefore is deemed to be 

a suitable “test rig” for the experimental work for this project.  

 

6.2 Different Artificial Soiling Test Rig Concept  

During the international placement in Plataforma Solar de Almeria (Spain), 

Submission seven, a different artificial soiling test rig was available to test.  The 

“test rig” operates with a dust dispenser, (Solid Aerosol Generator, TOBAS, SAG 

410), [78].  The dust dispenser works with a constant airflow, in which the 

particles are integrated (venture valve).  Eight mirror samples are placed in a 

climate chamber under the airflow, which is directed to the ceiling of the chamber 

for better distribution.  The particle release is controlled by process duration, 

airflow pressure and two further parameter of soiling material transport.  Figure 

33 provides an impression of the artificial soiling test rig tested.  

 



 

64 

   
      (a)            (b) 

     Photo displayed with permission from CIEMAT PSA, Spain. 

Fig. 33:  Artificial soiling test rig (System CIEMAT/DLR), (a) dust dispenser 

TOPAS, Solid Aerosol Generator and (b) mirror samples in the soiling chamber.

           Source: author 

 

 

The extended trials with Silt material and constant process parameter, revealed 

the lack of precision of target soiling.  An error of up to 112% of soiling load (MDD) 

between four mirror samples soiled during one soiling process highlights the 

disadvantage of this system.  A further experiment which used exactly the same 

mirror position twice, also provides differences in soiling load, up to 170% from 

the target MDD.  

 

From the results of Submission three it is assumed that the airflow and therefore 

the particle release into the climate chamber is unstable, not constant and 

unpredictable.  Even by keeping the soiling condition, location of mirror sample 

and process parameter (dust feeding rate), constant the outcome of the soiling 

load is not consistent.  

 

The average weighted specular reflectance of five locations on the mirror 

samples were also measured and the standard deviation calculated.  The results 

are better than those from the Cranfield University’s soiling test rig.  Between 0.01 

and 0.25[1] dependent on soiling load, could be analysed, which is 50% of that 

obtained on Cranfield University’s soiling test rig.  
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6.3 Future Artificial Soiling Test Rig Concept  

It is understood, that soiling concepts which provide the soiling material due to 

airflow provide a much better soiling material distribution, which is lacking on the 

Cranfield University’s soiling test rig.  The interference of capillary condensation 

on the sieve component when releasing the particles will always provide an 

incoherence in distribution.  The reduced capability of sieves to handle larger 

particle size distribution is an intrinsic flaw.  Therefore, the introduction of airflow 

distribution is the right approach [78, 75], Submission three and seven].  

However, target soiling and repeatable soiling under a variety of ambient 

conditions is a requirement for a future artificial soiling test rig design.  It is 

proposed, that the introduction of several design and process features have the 

potential to overcome the disadvantages of airflow method.  

 

 

Recommended features of a future artificial soiling test rig and their 

advantages:  

 The soiling material is distributed with a dust dispenser.  
 

 A large inlet opening compared to the airflow.  The stream velocity 
becomes almost 0m/s which cannot interfere with features within the climate 
chamber.  
 

 The airflow is constantly active during a soiling session.  A stable material 
transport is guaranteed.  The released soiling material can be reused.  
 

 The mirror (glass) sample is located under the climate chamber, separated 
by an airlock, a shatter which can be open and closed from the outside of the 
climate chamber.  
 

 The soiling load process is controlled by the opening time of the shutter.  
 

 The soiling load is instantly (quasi full-loop control) measured by locating 
the sample on a laboratory balance under the climate chamber.  
 

 After a consolidation period of the lab balance, further deposition runs can 
be carried out, when necessary.  A batch process is required.  

 

The combination of airflow method, constant soiling material release and the 

quasi full-loop controlling of the soiling load could provide an artificial soiling test 

rig which combines the advantages of the analysed test rigs.  Therefore, soiling 

to target, equal particle distribution and sequential soiling without influencing 
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effects are provided.  Furthermore, humidifier and heating in the lower 

compartment (lab balance) and different tilt angle can be integrated to simulate 

different ambient condition.  

 

6.4 Basic Reflectance Model  

Soiling Load versus specular Reflectance  

Extended soiling experiments with two soiling materials highlighted 

experimentally the real relationship between both effects.  During the 

sedimentation of particles on the mirror surface, assumed in a randomly manner, 

two effects are gradually immerging, the shift from primary blocking to secondary 

blocking and overlapping of particles by settling on each other.  The first effect 

must be taken into consideration when simulating the soiling process, in 

particular, at very low soiling load, this is the situation when secondary blocking 

is dominant.  High soiling load also has a high geometrical coverage ratio which 

prevents secondary blocking by the low fraction of uncovered mirror area.  The 

second effect of particle sedimentation is overlapping, which builds up gradually.  

Further particle sedimentation does not interfere with reflectance, however it 

increases the mass deposition density.  This circumstance can be seen in the 

empirical model between both parameters.  From literature, known linear model 

(Submission four) becomes an exponential model (assumed in the literature), 

which fits better, in particular at relative higher soiling load.  This was recognized 

due to experiments with a relatively high soiling load (MDD > 8g/m2) and 

numerical analysis.  This means that the traditional linear model predicts lower 

specular reflectance at a specific soiling load.  In practical terms, this leads to a 

reduced number of cleaning cycles being necessary in a given period.  

Furthermore, the exponential coefficient (CMDD), created by the correlation, 

represents a specific soiling process, including soiling material characteristic and 

process characteristic and is therefore potentially a useful parameter to analyse 

and classify different locations of their soiling reflectance characteristic.  

 

An empirical model of the specular reflectance, based on of the exponential 

model combining both soiling load effects (mass deposition density and both 

coverage ratio parameters) was created.  This model includes mineral particle 

specific parameters, such as average particle size (D[4,3]) and particle density.  

The particle volume dependent expression of equivalent particle - diameter (De 

Brouckere Diameter, D[4,3]) was chosen due to its direct connection with particle 

volume rather than particle area.  Furthermore, particle density parameter is the 

second parameter integrated.  The project used a method of extrapolation of a 

small number (<12measurements) of measurements.  This empirical model of 
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the specular reflectance on the dependency of soiling load and particle 

characteristic provides the opportunity to model to expect reflectance on the basis 

of soiling load (solar model operation) and particle parameter (solar field 

evaluation).  It is expected that this model can be expanded and optimized by the 

integration of further parameters, such as particle shape, mechanical properties 

of particles, mirror characteristic) and more precise values of input parameter 

(particle density).  

 

Empirical Soiling Load versus specular Reflectance Model  

The overestimation of the reflectance losses by the linear approach compared to 

the exponential model is soiling load and soiling material dependent.  The 

discrepancy leads to a reduction of cleaning effort.  In the case of an assumed 

specular reflectance of 0.9[1] reduction between15-22% were observed and in 

the case of RSe 0.8[1] a reduction of 15–25%.  A saving of (global) cleaning costs 

can be assumed conservatively of > 0.5 x 106EURO/a.  

 

6.5 Adhesion Effect Experiments  

The project analysed adhesion effects of natural soiling, which includes 

repeatable soiling and in between condensation events.  It is assumed that only 

the replication of the exact process can provide useful results.  The results of 

three test series (DRY, REAL and REFERENCE), with different experimental 

situation highlighted the differences in the soiling regime. 

 

The project worked with bulk material and averaged material properties rather 

than material properties distribution.  However, it is assumed that future 

investigations need to integrate the parameter distribution of particles.  

 

Several methods to apply the removal force for the adhesion test were 

considered.  The chosen centrifuge proved to be a practical and effective solution 

(for horizontal and vertical direction).  The limitation of revolutions can be 

overcome by using a mechanical sample fixture.  The removal force is gradually 

applied, therefore sample damage is avoided.  The rig tests bulk material rather 

than single particles which represents a more natural soiling.  

 

The measurement of the surface free energy of both particles and mirror surface 

and calculation of the adhesion energy could not be tested due to difficulties in 
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sample preparation.  However, it is assumed, when those difficulties are 

overcome with a practical method of soiling material preparation, this method 

should be assessed again.  

6.5.1 DRY series  

The relatively low adhesion effect due to the absence of condensation and, 

therefore all the associated effects highlights the need to simulate the 

condensation phase as well.  The outcome differs tremendously with those when 

condensation was included.  The simulation of Van der Waals forces (dry 

condition) only produces much too low adhesion forces when comparing with 

adhesion forces which included condensation sequences (natural soiling).  Note 

the project used the DRY series for comparison reasons.  

 

6.5.2 REAL versus REFERENCE series  

The main difference between these test series was the soiling (and condensation) 

regime.  Whether, a one-off soiling sequence compared to repeated incremental 

soiling process must be used in simulating the soiling process.  The retrieved 

results are not consistent which means a general trend is not visible.  However, 

in all groups of results there is a distinguishable difference between both test 

series.  When assuming that the experimental set up and the experimental 

handling are responsible for these results, so it can be stated that within a test 

session the results are generated by exactly the same test conditions and 

therefore present a relative result.  There is always a visible different of the results 

between both test series which highlights the necessary of simulating the soiling 

process as close as possible to the natural soiling process, otherwise the results 

are different.  

 

As mentioned earlier, it is assumed that the used experimental test rigs (dry 

chamber, cooling plate and centrifuge) and the associated test methods must be 

assessed and where required optimized.  The condensation phase has to be 

more closely controlled and this includes ambient temperature, ambient relative 

humidity.  The cooling plate worked acceptably well; the required temperature 

was provided.  The centrifuge needs improvement, higher revolutions 

(> 4,000rpm) is required and therefore the used vacuum pad is no longer 

adequate for sample holding.  A mechanical sample fitting is highly 

recommended.  Finally, these results and observation confirm the requirement of 

using and developing an artificial soiling test rig, which is able to provide 

sequential soiling.  
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7 Future Work  

 

During the project, it became obvious that additional components of the soiling 

process and associated effects must be investigated and therefore to complete 

the total soiling process, with a soiling model in a holistic way.  This includes pre 

sedimentation situation, the sedimentation process, post-sedimentation, cleaning 

technology including cleaning strategies and the financial aspects or costs.  

 

The introduction of a consulting service, which provides comprehensive 

assessments of a proposed solar field in terms of to expect regarding cleaning 

cost, was not explored during the project.  It is also assumed that the aspect of 

mitigation of aerosol sedimentation needs to be included, too.  The reduction of 

the soiling load on the solar collectors is as important as mitigation of 

maintenance effort, self-cleaning process’ and dust fences are examples.  

 

Furthermore, the post sedimentation effects such as particle caking, capillary 

aging, cementation and mirror surface degradation belong in a holistic soiling 

model.  The condensation effect on bulk material (and therefore on reflectance), 

is an issue that is not totally understood.  Finally, the long-term effects in soiling, 

reflectance degradation (due to soiling and cleaning) and the cost implication 

have to be included in a consultation process.  The integration of investigating 

solar field candidates, or existing solar field operations on optimisation concepts 

is a missing component in optimizing solar energy industry for the future.  
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8 Conclusion  

 

Research work in the soiling effect of concentrating solar power requires the 

replication of the natural soiling process, which includes repeatable soiling and 

the condensation effect of the soiling process.  Therefore, three objectives were 

stated as follows: 

 

 Design of an artificial soiling test rig  

 Gain a better understanding of the soiling process and  

 Measurement of adhesion forces between deposited mineral and solar 

mirror  

 

An artificial soiling test rig was designed and commissioned, to simulate the 

natural mineral deposition process suitable for research of solar soiling and the 

mitigation of its negative effects.  The test rig enables a defined soiling load to be 

deposited on to a circular area of a solar mirror specimen.  Furthermore the soiling 

material is equally distributed and therefore suitable for further experiments and 

measurements.  

 

However, most importantly, the test rig and the experimental method allows for 

multiple soiling events, so that the soiling material of previous soiling is not 

compromised.  

 

The artificial soiling test rig works with gravitation and provides a repeatable, 

robust and precise results (mass deposition density).  The constant proportional 

error of soiling load of 16% was predictable and when required compensated.  

However, the particle distribution made it necessary to average the measured 

specular reflectance values.  

 

The project proposes a set of design features for a future artificial soiling test rig 

design, which will improve future research.  The use of an airflow concept to 

supply the soiling material within a climate chamber proves to have advantages 

for particle distribution, when soiling to a predicted soiling load (target soiling) is 

not possible.  It is assumed that such a concept in connection with a quasi full 

loop soiling load control, has the potential to combine the advantages of both 

designs.  
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Extended experiments with two soiling material grades with the soiling test rig 

provided results to formulate an exponential soiling versus reflectance model, a 

mathematical model, which describes the reflectance of a solar mirror after 

mineral deposition.  At the last stage, the model was extended that mineral 

properties could be integrated in the model.  

 

The soiling mechanism is governed by primary and secondary blocking and 

therefore the coverage of the mirror surface by particles has two effects, the 

geometrical coverage and the effective coverage.  

 

The initial secondary blocking (at low soiling load) is changing to primary blocking 

with increasing soiling load.  

 

The reflectance versus soiling load must be expressed with an exponential 

mathematical model.  The traditional linear model has an error up to 25% at 

relatively high specular reflectance (< 0.9[1]).  

 

A specular reflectance model, based on an exponential correlation was created, 

which integrated parameter of soiling load, average particle diameter and particle 

density data.  This allows prediction based on constituent data rather generalized 

empirical models.  The integration of further parameters (e.g. soiling material 

properties) could improve the specular reflectance model (particle shape).  

 

The project uses D[4,3] value for particle size and particle density, rather than 

material density.  Both parameters presents the required effects closer to reality.  

 

Finally, even the last WP did not result in a test method to measure the adhesion 

effect simulation so it highlighted the relevance of the multiple soiling process and 

condensation phases, which does replicates natural mineral deposition process.  

The test series, were not conclusive but they highlight the tendency which 

assumed that repeated soiling and condensation is required.  

 

The centrifuge is a practical and robust test equipment for simulating the removal 

force.  However, the applied 4,000rpm is too low, and as recommended 6,000rpm 
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or more are required.  Furthermore, a mechanical sample fixture needs to be 

used too.  

 

The final statement of the presented method for analysing adhesion force, a 
valuable method requires optimisation of the experimental method and 
equipment would improve the result which includes the controlling of the 
parameter during condensation, revolution of centrifuge.  
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Appendix B Additional Material  

B.1 CSP Capacity and Aperture area for the period 2008 to 2026  
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B.2   Images of the Artificial Soiling Test Rig  
 

 

                 

   (a)                                                      (b)     

                

        (c)                                                          (d)      

(a) Image of all three climate chambers of the artificial soiling test rig, (b) view into 

the right climate chamber visible is the lower opening of the drop pipe, (c) top view 

of the right climate chamber with the 500mm drop pipe and the rotatable release 

sieve and (d) the sample frame with mirror sample, located in the climate chamber. 

 


