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Chapter 1 - Introduction 
 

Electricity is required for virtually every aspect of modern life. It powers countless 
applications we rely upon every day as well as industrial processes, communication 
systems and transport. Initially, electricity was generated by combusting coal and 
natural gas. Also hydropower was used early on to generate electricity. Later, also oil 
and biomass and in the last decades nuclear fission became a source of energy to 
generate electricity, too.  
Most of today’s fuels burned in electricity generation facilities, however, are extracted 
from finite resources. Consequently, they cannot sustain our electricity supply in the 
long term. The respective fuels also cause emissions and wastes, including e.g. carbon 
monoxide, carbon dioxide, sulphur dioxide, nitrous oxides, ash and small particulates 
and/or radioactive dust and water contamination regarding the emissions, and 
regarding wastes notably radioactive waste. Furthermore, there could be problems with 
security of supplies due to import dependencies. Moreover, there are issues like safety, 
related to accidents or safe storage of nuclear waste or proliferation, harm of health due 
to air pollution and water contamination, and climate change due to greenhouse gas 
emissions, to name but a few problems related to the present use of respective fuels to 
generate electricity.  
Developing and deploying renewable energy technologies can solve the above listed 
problems. The potential of renewable energy resources to supply the energy and 
electricity we need is virtually unlimited. Particularly the potential of solar energy is 
much larger than the current or expected future global energy consumption. The 
amount of solar energy that reaches the earth and that can be used theoretically exceeds 
global energy demand by a factor ~6 103, as shown in Fig. 1.1. Solar irradiance can be 
converted into electricity by several technologies, including the indirect route, in which 
high-temperature heat is generated first and subsequently converted into electricity 
using Concentrated Solar Power (CSP) and the photovoltaic (PV) route, in which solar 
energy is converted directly using solar cells. 
 

 
 

Figure 1.1: Comparison of the theoretical potential of solar energy incident on earth 
with current global primary energy consumption (as of year 2008 according to [1]). 
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Chapter 1 

1.1 Solar PV technology 

In this thesis, the focus is on the conversion of light into electricity by solar cells. The 
underlying working principle of solar cells is the photovoltaic effect, discovered by 
Becquerel as early as 1839 [2] and first described physically and mathematically by 
Einstein [3] in 1905. Comprehensive descriptions of operating principles of state-of-
the-art solar cells can be found in textbooks [4,5].  
The PV effect relies on electromagnetic radiation being absorbed in a semiconductor 
material, which, as a solid-state device, does not include any mechanical (moving) 
components. This lack of mechanics in the basic device is one of the key strengths of 
solar PV compared to other, renewable and non-renewable electricity generation 
technologies. Another, related strength is the modular nature of the technology. This 
implies that systems of literally any size (microwatts to gigawatts) and for a wide range 
of purposes can be equipped with PV cells. Solar cells deployed in large scale, grid-
connected PV systems may energize millions of electric appliances connected by a 
utility grid. Solar cells may also be incorporated into single electronic appliances, such 
as calculators. In this thesis, we focus primarily upon these Product Integrated PV 
(PIPV) systems. 

1.2 Product Integrated PV systems 

Employing solar cells to power electronic appliances could have beneficial effects in 
many aspects. For one, the economic enticement seems attractive, which is due to the 
large quantities of units involved in present-day product manufacturing. In this setting, 
economic opportunities arise for PV-powered devices even with small profit margins 
per unit [6]. The environment could also benefit, especially when PIPV systems 
replace products nowadays shipped along with primary (single-use) batteries. The use 
of PIPV would help to either avoid battery use entirely or increase the share of 
secondary (rechargeable) batteries, in both cases raising energy efficiency and 
decreasing battery waste. Solar PV may also help powering electronic appliances for 
approximately 1.6 billion people who, as of yet, lack access to utility grids entirely [7]. 
Finally, another perspective regarding PIPV is the large number of PV-powered 
products, which could influence the consumer attitude toward PV technology in more 
general terms.   
A positive perception of PV-powered devices by end users obviously requires the 
PIPV systems to convince their users of their benefits in practical terms. Unfortunately, 
many commercially available PV-powered products have at present shortcomings 
making them unattractive compared to their non-PV powered counterparts. Although 
these shortcomings may be attributed to the gadget character of a large share of today’s 
PV-powered electronic products, also limited experience and expertise of product 
designers with PV [8] can result in devices that do not meet user expectations. In 
addition, poor PIPV manufacturing standards are quoted [9], often causing low 
technical quality in practice. If PIPV devices fail on energetic grounds, users may 
relate such product specific shortcomings to PV technology in more general terms. 
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Introduction 

1.3 Energy balance estimations in the context of Product Integrated PV 

Electronic products are usually exposed to only small amounts of solar energy. Solar 
cells incorporated into electronic products can therefore generate only limited amounts 
of electricity. This is very much opposed to solar cells deployed in PV modules 
installed outdoors, which receive ~700-2500 kWh/m2 [10] of incident solar energy 
annually. Many PIPV systems, on the other hand, are frequently carried along by their 
end users or kept indoors, which implies irradiation amounts orders of magnitude 
lower.  
The low amounts of PV generated electricity in PIPV systems need to be considered 
carefully, because a key demand of end users is the reliable electricity supply of their 
products. The problem encountered here is that to define typical amounts of irradiation 
available to PIPV solar cells is very difficult. In turn, this can lead to uncertainty in 
whether or not the reliable electricity supply of a product can be achieved with solar 
energy alone.  
The particular locations in which PV-powered products are used imply very diverse 
irradiance conditions, illustrated in a sketch of an indoor environment in Fig. 1.2.  
 

 
 
Figure 1.2: The possible locations of a PIPV system in the indoor environment lead to 
widely varying irradiation levels available to generate charge with PV. 
 

Due to the diverse irradiance conditions that may prevail, it can be helpful to 
differentiate three broad irradiation categories:  
 

(1) Only artificial lighting (indoors and no windows and thus no daylight) 

(2) Reasonable to large daylight amounts (usually at a window, during day-time) 

(3) A broad range of fluctuating daylight and artificial light (‘everywhere else’) 
 

Based on this differentiation, one may also distinguish between low- and medium-
power electronic appliances. Whereas low-power appliances may be powered by solar 
cells operated under the low power and energy densities of artificial light (category 1), 
medium-power appliances would require solar cells to convert (part of) the much 
larger power and energy of solar irradiation (categories 2 and 3).  
The two cases of low- and medium-power appliances to be equipped with solar cells 
are briefly described in the following sub-sections. 
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1.3.1 Low power applications 

Solar cells that convert artificial light into electricity may power electronic products 
with power demands in the microwatt (µW) power range. The technical design of such 
PIPV systems is relatively easy, because minimum levels of illumination intensity can 
be inferred from lighting design guidelines. By assuming a lower limit for the 
illumination level the corresponding PV power output can be calculated directly. Also 
the PV area can be sized, dependent on the desired PV power output. To this end, the 
specific artificial lighting spectra of the light source must be combined with the 
spectral response of the selected solar cell, which together with the performance of the 
cell under weak light determines the power output. Hence, design parameters can be 
calculated for ‘worst case’ low-light artificial irradiance conditions, under which the 
PV generated electricity is at least just sufficient to power the intended task.  
The most prominent PIPV example designed this way is the PV calculator. The 
underlying idea is that, under a light intensity that allows users to conveniently read the 
display, the solar cells generate sufficient amounts of electricity to operate the device. 
It can be noted that electricity consumed by a display by far exceeds demand of 
electronics that may perform various purposes, which implies most ‘display-only’ 
products can be designed this way.  
One interesting aspect of this low-power design of PIPV is that capacitors may suffice 
to stabilize voltages, which allows battery storage to be omitted entirely. Many 
electronic devices, however, show power-demands in the milliwatt (mW) rather than 
µW power-range and therefore cannot be dimensioned the way described here, as the 
required PV area would become too large: Not only design constraints but sheer 
product dimensions limit the area into which one may accommodate solar cells.  

1.3.2 Medium power applications 

The incorporation of PV into electronic products to power charge demands in the mW-
range has been shown to lead to viable PIPV systems [11], although in many cases not 
100% of the electricity demand would be generated by the incorporated solar cells. 
Perhaps the most relevant aspect here is that (rechargeable) battery storage already 
exists in most of these products. With electricity storage already available, PV 
generated electricity can be stored easily, without major system redesigns. The 
incorporation of PV can therefore be relatively straightforward. Users would need to 
connect the product to the utility grid less frequently (to recharge the batteries) the 
more electricity is generated by the PV unit.  
To let solar cells contribute significantly to the overall charge consumption of such 
mW-power devices, however, artificial light from energy efficient lighting devices is 
insufficient. A notable contribution from PV can be obtained, however, if sunlight is 
available to the solar cells. The problem is that it is usually unclear which particular 
amount of solar energy is available ‘somewhere’, see Fig. 1.2.  
With increasing distance to a window, the intensity of daylight available indoors is 
attenuated. The precise attenuation rate depends on a multitude of factors, for example 
geometrical factors such as window sill and lintel distances from the floor and ceiling. 
These parameters result in a particular visible sky vault ‘seen’ by the solar cells at a 
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particular location indoors. In addition, various reflection coefficients of the floor, 
ceiling, and walls can cause a deviating PV power output. Furthermore, window 
glazing with different wavelength-dependent transmission characteristics affects the 
amount of daylight that reaches the indoor environment overall. Moreover, the specific 
amount of daylight at a particular location indoors can be further, and decisively, 
lowered by shading obstacles. It is therefore next to impossible to calculate a ‘typical’ 
amount of irradiation available for a solar cell used ‘somewhere’ (i.e., category 3).  
With low irradiation amounts available overall, also the average irradiance intensity 
will be lower, i.e., compared to outdoor-operated PV the irradiance intensity 
distribution as a whole is shifted toward lower intensity. Another aspect of relevance 
regarding PV energy yield calculations for PIPV products is, therefore, the dependency 
of PV conversion efficiency with irradiance intensity. This issue has been addressed in 
several studies already, although most studies focus on the operational performances of 
grid-connected PV systems [4,12-29] or stand-alone PV systems [30], thus PV systems 
operated outdoors, considering 100–1000 W/m2 intensities only.  
In the context of PIPV systems relatively few performance studies have been 
conducted. Randall et al. [19-21] presented measured low-light efficiencies of 
(laboratory) solar cells and an empirical model for cell performance, covering 
irradiance intensity levels between 1 and 1000 W/m2. The cell samples tested, 
however, were selected with regard to cell dimensions and not with respect to their 
technological availability or economic feasibility for integration into PIPV. 
Furthermore, relationships between measured low- light performances and typical solar 
cell data were not presented.  
Gemmer [18] also studied low-light performance of solar cells, focusing in particular 
on crystalline silicon (c-Si), amorphous silicon (a-Si) as well as Cu(In,Ga)Se2 (CIGS) 
cells using the numerical computer model ASA [31] and the one-diode model with 
‘assumed typical’ cell characteristics. However, these results were not validated with 
actual solar cell performance measurements under low-light intensities for the various 
commercially available solar cells and their specific weak light performance 
parameters.  
Finally, Merten et al. introduced the Variable Illumination Method (VIM) to determine 
physical device properties by measuring cell characteristics over a broad range of 
intensities[12] and demonstrated its utility for PV energy yield rating purposes [32,33]. 
The principle idea of the VIM method is, therefore, to extract physical device 
performance parameters from measurements at various irradiance intensities, rather 
than predicting an intensity-dependent PV performance. 

1.4 The design process of PIPV systems 

During the design process of a PIPV system, manifold problems can be encountered by 
the product developers. For one, technical considerations regarding PV incorporation 
need to be made, comprising the selection of an appropriate solar cell type, 
dimensioning of the PV area as well as a cell interconnection scheme. These PV 
related aspects have a mutual dependency with further technical decisions during the 
product design process, amongst which a specific storage technology and storage 
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capacity as well as charge controller techniques to be used for the selected storage-PV 
combination. The technical considerations affect the energetic performance, which 
needs to be addressed during the design process, too, as introduced above. Clearly, 
product designers not only face aesthetical challenges during the PIPV development 
process. 

1.5 The research framework and aim of this thesis  

In this thesis, the focus is on modelling the energetic performance of PIPV systems, 
from a physical and technological perspective. The aim is to thereby develop methods 
and tools and to generate data that may facilitate technical decisions during the design 
process of PIPV systems. The data, methods and (software) tools to be developed 
should in particular allow for eased energy balancing calculations.  
In addition, scientific knowledge on PV technology and PV system design on the one 
hand should be integrated with industrial design methods and user-appliance 
interactions on the other hand, which includes design aesthetics. This objective is 
related to the framework of a multidisciplinary team of researchers, within which this 
thesis was prepared. Researchers from three Dutch universities (Utrecht University, 
Universities of Technology of Delft and Twente) and the Energy research Center of the 
Netherlands (ECN) participated within the framework of the NWO/SenterNovem 
funded project ‘Syn-Energy’ [34], comprising not only solar cell experts but also social 
scientists and industrial design engineers.  

1.6 Approach, research questions and thesis outline 

The most expedient approach of a PIPV computer simulation concept would be to use 
and implement software with which products are designed. Nowadays, computer-aided 
design (CAD) software environments are extensively used for product design. When 
incorporating energy balancing algorithms into CAD-software environments, product 
designers would not need to develop proficiency in yet another software tool. 
Furthermore, CAD-software environments incorporate a broad variety of features that 
would ideally be available in PIPV simulation software too, amongst which 3-D 
drawing capability to address design aesthetics. Moreover, other software features such 
as 3-D ray-tracing is available in many commercial CAD programs, which may ease 
PV energy yield prediction methods themselves. Therefore, one research question 
addressed in this thesis is whether and how the use of CAD-software environments 
allows for simulating PV power output and PV energy yields, respectively. The ‘CAD-
PV’ simulation concept, developed in our research, is described in Chapter 2. 
 

Another research question to be addressed is in how far solar cell performance is 
influenced by low-light conditions. Efficiency of PV cells is usually reported only for 
Standard Test Conditions (STC): 1000 W/m2 irradiance intensity of perpendicular 
incidence under Air Mass (AM) 1.5 spectral conditions, and 25 C cell temperature. 
Indoor irradiance intensity, however, is much lower and also spectral compositions can 
be very different from the AM 1.5 reference spectrum for PIPV used indoors. 
Therefore, it should be investigated to what extent procedures could be improved, 

16 



Introduction 

17 

adapted, or developed for a more detailed estimation of the PV efficiency under non-
STC operating conditions. Consequently, in this thesis a modeling approach to 
calculate irradiance intensity dependent solar cell efficiency for a broad range of PV 
materials is developed and applied, see Chapter 3.  
An important aspect of this modeling is the capability to accurately predict outcomes, 
based upon limited amounts and/or ‘easy-to-grasp’ input variables. Therefore, in this 
thesis modeling approaches as well as modeling demands (e.g. varying input variables) 
of PV efficiency as a function of irradiance intensity, as well as thereto related 
accuracies are investigated, see Chapter 4. 
 

The Syn-Energy project team identified a wireless computer mouse as the product of 
choice [34] to investigate the PIPV design process in practical terms. This product was 
therefore designed, manufactured, and tested. The technical and design related aspects 
encountered during the design process are described in Chapter 5. 
 

Finally, also some environmental aspects are addressed in this thesis. The 
environmental performance of a PIPV system under design may aid product designers 
in the particular choices to be taken throughout a product development process. As in 
practical terms the broad range of end-user behavior determines the environmental 
benefit or burden of a product, however, only limited insights were found to be 
obtainable here. The specific end-user behavior can render the environmental 
performance of one and the same product as ‘very good’ or ‘very bad’, only related to 
the actual use (or non-use) of the product. Furthermore, the case of PIPV is of only 
marginal relevance regarding environmental considerations, when compared to grid-
connected PV systems. The research objective was therefore generalized. In our 
research the Life Cycle Analysis (LCA) method was used to evaluate the 
environmental performance of PV electricity generated by grid-connected systems. 
Here, the emissions one may attribute to PV generated electricity owed to emissions 
that occur during PV production are calculated for differentiated energy supply 
systems that provide energy- and electricity-input during PV cell and module 
production. The results are presented in Chapter 6. 
 

The thesis closes with a brief summary, conclusions and recommendations in Chapter 
7. 
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Chapter 2 - Using CAD software to simulate PV energy 
yield: The case of Product Integrated Photovoltaic 
operated under indoor solar irradiation†  
 

 

 

 

It is shown that PV energy yields can be simulated using standard rendering and ray-

tracing features of computer-aided design (CAD) software. To this end, three-

dimensional (3-D) sceneries are ray-traced in CAD. The PV power output is then 

modeled by translating irradiance intensity data of rendered images back into 

numerical data. To ensure accurate results, the solar irradiation data used as input is 

compared to numerical data obtained from rendered images, showing excellent 

agreement. As expected, also ray-tracing precision in the CAD software proves to be 

very high. To demonstrate PV energy yield simulations using this innovative concept, 

solar radiation time course data of a few days was modeled in 3-D to simulate 

distributions of irradiance incident on flat, single-bend and double-bend shapes and a 

PV powered computer mouse located on a window sill. Comparisons of measured to 

simulated PV output of the mouse show that also in practice, simulation accuracies can 

be very high. Theoretically, this concept has great potential, as it can be adapted to suit 

a wide range of solar energy applications, such as sun-tracking and concentrator 

systems, Building Integrated PV (BIPV) or Product Integrated PV (PIPV). However, 

graphical user interfaces of ‘CAD-PV’ software tools are not yet available. 

 

 

 

                                                           
† Based on an article published in Solar Energy 84(8), pp. 1526-1537, with co-authors 
W.G.J.H.M. van Sark, W.C. Turkenburg and W.C. Sinke 



Chapter 2 

2.1 Introduction 

Currently, the time needed for energy balance assessments of Product Integrated PV 
(PIPV) systems is substantial, because computer software to simulate the energy yield 
of solar cells incorporated into these PIPV systems does not yet exist. Calculating PV 
power output at a given irradiance intensity and spectral composition is not easy, and 
variations in product design as well as the variety of possible PV configurations (solar 
cell type, interconnection, etc.) further increases complexity. Energy yield assessments 
are also hampered by a broad range of end-user behaviour, implying large uncertainty 
in calculated results. Moreover, many PIPV appliances are designed for indoor use. 
Daylight availability in the indoor environment, however, is a complex matter in itself. 
In addition, PV gadgets can be energized by room lighting.  
In this study, we aim to address and alleviate some of these problems by employing 
Computer Aided Design (CAD) software to simulate the energy yield of PIPV 
systems. This approach is innovative, although CAD software and embedded rendering 
functionality itself is already established. Consequently, the presented approach is not 
demanding on product designers, as proficiency in yet another software tool is not 
required. Nevertheless, the versatility of the simulation approach is considerable: 
almost any number and type of 3D-shapes can easily be created or altered virtually, 
within virtually any CAD software that allows image rendering. To ensure the 
simulation of irradiation is performed on a physically sound basis, we use CAD ray-
tracing for the rendering, which relies on physical properties of light-rays and photons, 
respectively.  
Despite the envisaged broad applicability of this approach in other fields of PV 
appliances, such as for energy yield simulation of PV modules operated outdoors, we 
focus on PIPV in particular, due to the research framework of this study [34]. Detailed 
descriptions of PIPV related aspects have already been given elsewhere [35,36]. In 
addition, the focus in this study is on the south-facing window sill location. For one, 
users may place their PIPV system on a window sill for the purpose of “sun-bathing” 
[35]. Furthermore, simulating irradiation conditions and energy yields of PV at a 
window sill is near impossible using conventional methods (e.g. Refs. [30,37]), despite 
the high reduction of complexity by choosing this location. 

2.2 Methodology 

2.2.1 General approach  

The concept of the presented simulation approach is to generate a 3-D solid-angle 
distribution of irradiance and to add this to a 3-D scene with 3-D product geometries. 
Subsequently, the scene is rendered. As CAD software we use, in this study, the 3D 
Studio Max (3ds Max) program from AutoDesk, because preliminary evaluations of 
the concept [38] lead to readily-available script code (‘MAXSCRIPT’). The solid-
angle irradiance distribution can be represented by a finite number of directional light-
sources in 3ds Max, by arranging light sources equidistantly across a hemisphere. This 
approach is used instead of relying on the 3ds Max incorporated daylight simulation 
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Using CAD software to simulate PV energy yields 

features, to keep control on what actually is simulated as the 3-D solar energy 
distribution. Here, only a single light source is considered as direct beam intensity, 
with adjusted intensity and position of the CAD-light according to beam intensity and 
position of the sun. Solid-angle distributions of irradiance are derived according to the 
model of Perez et al. [39] and sun position algorithms [40]. Figure 2.1 illustrates how 
light sources are arranged as a sky vault in the CAD environment, also illustrating that 
a different number of CAD-lights can be used. 

 
Figure 2.1: Example of cut-out solid-angle distributions using 52, 186 and 365 
individual directional light sources.  

2.2.2 Converting rendered images into numerical data 

Rendered ‘photorealistic’ images only contain the fraction of light reflected into the 
specific view-perspective, because only this fraction reflected by a particular surface is 
seen by the human eye. The irradiance intensity incident onto a surface of the rendered 
geometries, however, therefore needs to be computed by the rendering engine as well, 
in order to let it compute the fraction reflected into a specific direction. Theoretically, 
the intensity incident onto a given surface can therefore also be retrieved for any 
rendering engine. In 3ds Max, the irradiance intensity that is incident onto a modeled 
geometry (i.e., not only the reflected fraction) can be retrieved in the form of either 
colored bitmap images or by gray-scale images. We opted to use RGB instead of grey-
scales during the early stages of software development.  
The incident intensity (I) at a particular spot (pixel) of the geometry needs to be 
decoded from the RGB-encoded values, in order to be processed further as numerical 
data (e.g. to calculate a PV power output under the ‘rendered irradiance intensity’). For 
the RGB scale used by 3ds Max we derived the following equation to translate RGB-
encoded data into numerical data of irradiance intensity (Eq. 2-1 a). The photocurrent 
density (JPh) induced in the solar cell can be calculated accordingly (Eq. 2-1 b).  
 

 
0

1 3 2
  

4

B G R RG
I I

   
        (2-1 a) 

 
Ph Ph,0

1 3 2
  

4

B G R RG
J J

   
       (2-1 b) 

 

in which the maximum light intensity I0 (W/m2) (or the maximum light generated 
current density JPh,0 in A/m2) are associated to the upper end of the RGB-scale and 
R,G, and B are the normalized red, green, and blue values of the RGB-encoded 
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rendering, ranging from zero to unity in Eq. (2-1). This equation is related to the 
particular scale used by 3ds Max, in which the color ranges from blue (B) over green 
(G), to red (R), and was derived graphically once the RGB value pairs that result in the 
specific color scale have been determined (see Fig. 2.2 and description in caption). 
 

 
 

Figure 2.2: RGB- and grey-scales compared for the case of 8 bit data values. For 
equation (2.1) normalized values are referred to (range 0-1 instead of 0-255). The 4 
intervals concerned are marked by increasing ‘G’, decreasing ‘B’, increasing ‘R’ and 
decreasing ‘G’. In the first interval, only ‘G’ increases. By stating ‘G’ in the equation, 
the scale will thus range from 0-1. In the second interval, ‘B’ decreases, thus 
mirroring ‘B’ is necessary. As ‘B’ starts at one, additionally accounting for the offset 
gives -(B-1), which is simplified to ‘1-B’, and the second interval then ranges from 1-2 
as ‘G’ remains ‘one’. Note ‘B’ remains ‘zero’ throughout intervals 3 and 4, the ‘one’ 
of ‘B’ is thus added continuously (because ‘1-B=1’ results). It thus follows ‘R(3-2G)’ 
for a continuous scale in interval 3 (increasing R, G=1) and interval 4 (decreasing G, 
R=1).  

 

2.2.3 Theoretical validation  

As a new method is presented, some results of the validations made throughout the 
development process are provided.  
A critical point in the beginning was to ensure that the superposition of light is handled 
accurately, as this is a prerequisite for the entire simulation approach. Since this proved 
to be the case, the first validation conducted was to vary the incident angle of the light 
beam emitted from a single light source, to test whether the cosine dependence of light 
intensity as a function of incident angle holds. To this end, the incident angle of a CAD 
light source with respect to a simple plane geometry, modeled in the CAD scenery, 
was varied.  
Next, a transparent plane was introduced into the light path (Fig. 2.3 (a)) as this allows 
to also address ray-tracing performance of the 3ds Max embedded ray-tracer regarding 
light transmittance (MentalRay).  
The transmittance determined by 3ds Max was compared with transmittance calculated 
by Fresnel equations and Snell’s law, incorporated into a simple spreadsheet model. 
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Finally, we tested the accuracy with which reflections are ray-traced with MentalRay 
in 3ds Max. Here, we considered two parallel planes, into which a light beam is sent. 
The intensity of this beam is attenuated dependent on defined reflectivity of the two 
parallel boxes, between which the light beam bounces back and forth (see Fig. 2.3 (b)).  
For the 3ds Max and ray-tracer specific settings, we tested all three available rendering 
choices, namely Global Illumination (GI) and ‘caustic’ forward ray-tracing as well as 
Final Gathering (FG) backward ray-tracing. Transparencies for the material settings 
were modeled with disabled translucency and reflectivity by defining zero 
transparency. For all materials, unity glossiness factors as well as zero-roughness 
coefficients were used [41].  
 

 
Figure 2.3: Validation of ray-tracing accuracy for (a) transmitted light and (b) 
reflected light, illustrated in schematic drawings (left) and screenshots of the 
corresponding CAD scenery (right). Shown are planar 3-D boxes, but also 2-D surface 
panes could be used. 
 

2.2.4 Indoor sceneries, irradiation data and experimental setup 

Two indoor sceneries of window sill locations have been modeled. In a first approach, 
a simplified indoor scenery was created by only defining a single plane, which 
represents the window glazing, and assigning a transparency-property to this plane 
(transmittance set to a rather low 80% and reflectance set to ‘Index Of 
Refraction (IOR) 1.52’). The necessity of modeling the walls of the interior was 
avoided by only including light sources below 90 and above 270 degree azimuth angle. 
Three relatively simple 3-D shapes were chosen to be modeled in this simplified 
scenery, as this is sufficient to illustrate ray-tracing and rendering features of CAD and 
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to evaluate its applicability for PV energy yield predictions. The scenery and 
considered 3-D shapes are illustrated in Fig. 2.4. As 3-D irradiance to be ray-traced we 
used hourly averaged irradiation data from STRANG [42]. A few days during spring 
time for the location Utrecht, The Netherlands, were used as input.  

 

 
Figure 2.4: The simplified CAD scenery of a window sill and simulated 3-D shapes.  
 
The second CAD scenery has been modeled according to the involved geometries 
where a PV powered mouse [35] was measured, illustrated in Fig. 2.5. As shown, 
several 3-D geometries are accounted for in high detail. The short circuit current output 
of the cell incorporated in the mouse was obtained by measuring the voltage drop over 
a measurement shunt, as was the short circuit current of a reference cell located outside 
the building (see Fig. 2.5, right). Data was measured at 1-second resolution and 
averaged over 15 seconds. 
 

 
 

Figure 2.5: The 3-D modelled CAD scenery in which the PV output of the mouse was 
measured, viewed from indoors (left) and RGB encoded viewed from outdoors (right). 

2.2.5 Modeling PV power output  

Irradiance intensity dependent cell efficiency strongly depends on the particular PV 
type and cell quality that influences shunt resistance and the diode current [43]. As a 
result, logarithmically decreasing PV efficiency towards lower intensity leads to 
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disproportionally lower PV power output in low-light situations. However, detailed PV 
modelling requirements are beyond the scope of this paper. To this end, the PV power 
output and energy yield is determined by the equation introduced in [43] that 
parameterizes solar cell efficiency (η) as a function of intensity using four parameters:  
 

η(I) = a1+a2I+a3ln(I+a4)       (2-2) 

We presented attainable accuracies to model PV performance as a function of 
irradiance intensity for crystalline silicon cells [26,43], earlier work by Randall et al. 
[19,20] and Gemmer [18] dealt with many different PV types. Any further effects are 
omitted, amongst which for example spectral effects, different operating temperatures 
and charge efficiencies of charge electronics involved in the PV mouse. 

2.3 Results 

2.3.1 Theoretical validation 

The expected- and CAD-simulated light intensities were found to be in excellent 
agreement for all cases: (1) incident angle resolved transmission of light (Fig. 2.6), 
(2) reflected light (Fig. 2.7) and (3) super-position of 3-D simulated irradiance 
(Fig. 2.8). Each case is described in detail hereunder. 
First, ray-tracing accuracy with respect to light transmittance through (transparent) 
materials was evaluated. Simulated intensity as a function of incident angle is shown in 
the left panel of Fig. 2.6. The amount of light transmitted through a material compared 
to the amount of light in the absence of that material represents the transmittance 
fraction, shown in the right panel of Fig. 2.6. Simulated transmission fractions (circles) 
match those modeled by Fresnel equations (lines) very well. Only small scattering due 
to numerical errors can be observed.  

 
 
Figure 2.6: Validation of ray-tracing accuracy for light transmission as a function of 
incident angle. Absolute intensity values (shown left) are used to calculate 
transmission fractions (shown right). 
 
To obtain excellent agreement of simulated to expected intensities, however, it 
emerged that the settings in the graphical user interface (GUI) of the 3ds Max software 
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must be chosen carefully. Here, the range indicated between 0-1 in the GUI of 3ds 
Max does not represent the reflectivity of a surface in physical terms, whereas 
transparency is expressed in a conventional way (with a range of 0-1 indicating 
transmittance). The value to be entered as ‘reflectivity’ in 3ds Max (‘material-property’ 
GUI) only expresses to which extent reflections are accounted for. Setting this 
parameter to 0.5 would not achieve 50% reflectivity, but only half of the reflections 
based upon IOR and Fresnel algorithms would be obtained. The case shown in Fig. 2.6 
is the pre-defined (mi)-material ‘solid glass’ (IOR=1.52). To simulate reflections, only 
one of the parallel planes was considered here (see section 2.2), therefore only 
intensities associated to every second reflection are shown. Light was incident onto an 
area of ~20x20 pixels so that each intensity data point refers to ~400 RGB intensity 
values. As expected, the precision with which reflections are ray-traced is very 
high (Fig. 2.7). 
 

 
 

Figure 2.7: Validation of ray-tracing accuracy of reflected light as a function of the 
number of involved reflections (i.e.,’ light-bounces’). 
 
The 3-D distribution of irradiance simulated in the 3-D scenery of 3ds Max was 
validated next. To this end, the input data of irradiances was compared to intensities 
obtained from ray-traced, rendered and RGB converted data for each irradiance 
fraction individually (direct beam, diffuse and global horizontal). A horizontal plane 
was therefore simulated with a number of light sources arranged as a hemisphere in the 
CAD environment. Again, very good agreement is found, which also proves the super-
position of irradiance intensity holds when using multiple light sources (Fig. 2.8). The 
time course data shown here was also used in the following simulations. The STRANG 
data series was used for simulating the 3-D shapes as well as the PV powered mouse 
(results presented in sub-sections 2.3.2 and 2.3.3). The STRANG web-service provides 
hourly averages of direct-beam and global horizontal intensities “for the geographic 
area of Scandinavia and the run off region of the Baltic sea” [42]. The model of 
Bird [44] was used as a basis to compare simulated PV output of the mouse with 
measured data (for the results of this comparison see sub-section 2.3.4). The ‘Bird-
model’ model calculates clear-sky irradiances for a fixed set of atmospheric 
conditions; we kept the default values here. 
Some minor deviations between the input data (the intensities of STRANG and Bird 
models used as input) and the CAD simulated and RGB-converted intensities, 
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however, do occur. These (numerical) inaccuracies are illustrated for the diffuse 
fraction of the clear-sky data in Fig. 2.8 (d). Whereas the RGB scale of ~0-1000 W/m2 
results in a numerical resolution of ~8 W/m2, adapting the scale to 0-100 W/m2 
alleviates these numerical inaccuracies (as the resolution is then ~0.8 W/m2).  
With the number of discrete RGB values being precisely 1020 and the scale also set to 
precisely 0-1020 W/m2 (see section 2.2), one would expect 1 W/m2 as the numerical 
resolution. The numerical resolution of the 3ds Max rendering process therefore seems 
to be limited to 128 values under considered settings (1000 W/m2 range divided by the 
resulting resolution of 8 W/m2).  
 
 

 
 

        (a)              (b) 
 

 
 

        (c)              (d) 
 

Figure 2.8 a/b/c/d: Horizontal (Hz) intensities used as input compared to CAD 
simulated intensities for direct (dir) and diffuse (dif) fractions as well as global (glob) 
intensity. 
 

2.3.2 Irradiation intensity distributions incident onto 3D-geometries  

The rendered bitmap images of the 3-D shapes describe a 2-D distribution of irradiance 
incident onto a surface. Hence, the 3-D perspective is lost. From within the 3ds Max 
graphical user interface, however, it is possible to render geometries in 3-D (Fig. 2.9, 
left). Here, rendered irradiance distributions occurring at a summer day at solar noon 
are shown. For single bend shapes, irradiance is distributed unequally perpendicular to 
the bend (Fig. 2.9, middle). Unequal distributions in only the width-wise direction are 
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useful, as only part of the surface must be considered (e.g. Fig. 2.9, right). 
 

 
 

Figure 2.9: Rendered irradiance intensity distributions viewed within 3ds Max (left), 
illustrating a ‘compressed’ way (middle), which allows obtaining intensity 
distributions during an entire day in a single image (right). 
 
The bending radii of single bend geometries have been set to 60, 120 and 180 degrees, 
whilst a hemisphere is used as a double-bend surface. Furthermore, different 
orientations of the single bend geometries are considered, by orientating the bending 
axis of the shapes either parallel or perpendicular to the south facing window. The 
irradiance distributions during the 4 days considered (see STRANG data, Fig. 2.8) of 
overall 6 distinct geometries are shown together with the daily aggregated irradiation 
(for the hemisphere) in Fig. 2.10.  
 

 
 
Figure 2.10: Rendered irradiance intensity distributions for all 3-D shapes. 
 
The resulting distributions of incident irradiance onto the particular shapes show that 
CAD rendering can be very helpful to visualize irradiation patterns. This data in 
graphical form may already help in the development or design of PV systems, by 
visualizing irradiance distributions that are otherwise beyond intuition. In particular, 
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the aggregated irradiation incident onto the hemisphere can be very helpful in that it 
assesses the amounts of irradiances incident from multiple directions. 

2.3.3 Image processing to simulate interconnected PV cells 

The same STRANG irradiation data simulated for the 3-D shapes was now used to 
simulate intensity distributions incident onto the solar cell surface of the PV mouse. 
Simply averaging irradiance incident onto the entire cell area could be used to model 
the PV output. To also account for series-interconnected cells, however, rendered 
RGB-images of the PV area (step 1) can be assumed to consist of a number of series-
interconnected cells (step 2), illustrated in Fig. 2.11. Assuming a number of cells 
allows to average irradiance intensity incident onto each cell individually (step 3), in 
turn allowing to account for the least illuminated cell in PV output calculations (step 
4), which gives different (lower) values compared to averaging irradiance over the 
entire cell area (denoted (5) in Fig. 2.11). This example only illustrates one possible 
way on processing gathered irradiance distributions. In case of the mouse, only a single 
cell is incorporated. 

 
Figure 2.11: Accounting for series-interconnected cells with by simplified method. 
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2.3.4 Simulated and measured PV output of the ‘SoleMio’ PV mouse 

To show that high accuracies of the presented ‘CAD-PV’ simulation approach can be 
obtained also in practice, we focused on four days in the measurement period during 
which substantial amounts of direct-beam intensities happened to prevail (see Fig. 
2.12). Large amounts of direct beam intensities are focused, because the resulting 
pattern is visualized better compared to highly scattered data (intermediate and 
overcast skies only). Also in the 4 day period, however, substantial cloud cover implies 
lowered intensities compared to the clear-sky case. Despite these differences, the 
shading pattern, caused by objects depicted in Fig. 2.5, is modeled very accurately.  
 

 
 

Figure 2.12: Measured 15-second data of PV output (voltage signal of measurement 
shunt) compared to 10-minutely simulated PV-output. For the simulation, clear-sky 
conditions were simulated as the 3-D irradiation in CAD. As a result, the simulated 
data corresponds very well to only the highest measured data values. 
 
With only the clear sky case simulated, PV output is overestimated because cloud 
cover will obviously lower the PV power output considerably. In another simulation of 
the 4 days we therefore also took into account that direct-beam intensities are reduced 
substantially under cloudy skies, whereas the diffuse component of solar energy 
slightly increases in this case. The clearness index (kt) equation of Orgill and 
Hollands [45] was therefore used to determine direct/diffuse fractions. It proved 
necessary to scale measured global horizontal intensity with a factor (1.4) to obtain 
plausible direct/diffuse fractions. This aberrance is due to the glass cover of the 
reference cell, which reflects light particularly at large incident angles, as well as shade 
thrown onto the reference cell by the building (Fig. 2.5). The direct and diffuse 
horizontal intensities, together with calculated kt, are shown in Fig. 2.13. In addition, 
the irradiance measured by the (horizontal) reference cell and the theoretical clear-sky 
global horizontal intensity are included. Only the first day of the measurement period 
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is shown (Fig. 2.13, left). In addition, one hour within this day is shown to illustrate 
variations of irradiance and thereto associated sky-conditions within one single hour 
(Fig 2.13, right).  
 

 

 
Figure 2.13: Modelled instantaneous direct and diffuse irradiance fractions (the 
diffuse horizontal irradiance fraction is shown only in the right panel). The irradiance 
fractions are the input to model solid angle resolved distributions of irradiance by the 
Perez model, which is in turn simulated as 3-D irradiance in the 3-D CAD scenery. 
 

In the first twenty minutes of this hour, measured intensities show that clear sky 
conditions prevailed, followed by intermediate sky conditions for another 20 minutes. 
Here, direct-beam intensity is modeled to be much lower (or zero) when the sun is 
covered by a passing cloud. In this case, diffuse fractions slightly increase. In between 
passing clouds, additional direct-beam sunlight that is reflected by clouds is incident 
onto the horizontal surface as well, explaining slightly higher intensities measured in 
between passing clouds. In the last 20 minutes of this hour fully overcast conditions 
lead to direct beam intensities being zero.  
The CAD ray-tracing simulations were then performed for (1) the entire four day 
duration with 10-minutely averaged data and (2) for the one hour shown in Fig. 2.13, 
using the original 15-second data. In both cases, very good agreement of simulated and 
measured data is obtained, illustrated in Fig. 2.14. The scattering of measured 
compared to simulated data in the entire measurement period of the 4 days is reduced 
for hourly averaging the 10-minutely simulated data already (Fig 2.14, left). Although 
deviations of ~20% can be observed for intermediate sky conditions, also the 
simulation results of instantaneous data are in very good agreement to measured data. 
Overall only small offsets and minor deviations can be discerned for simulated 
compared to measured 15-second irradiation data (Fig. 2.14, right).  
Finally, the PV output was modelled. Three cells with different weak light 
performances have been considered. The parameters a1-a4, with which the intensity 
dependent efficiencies have been calculated, are included in Table 2.1, which also lists 
the simulated PV yields. Simulated PV yields will be almost equal to those measured, 
as can be concluded from a histogram plot of simulated and measured intensities (Fig. 
2.15, left). Weak-light performances of the cells are illustrated in Fig. 2.15 (right). 
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Cell 
number 

Parameters of solar cell conversion 
efficiency, see Eq. 2-3 

Simulated energy yield 
[Wh] 

 a1 a2 a3 a4  
1 9 −0.0025 1.5 2 287 
2 6 −0.003 1.85 1 265 
3 4.4 −0.003 2.1 0 260 

 

Table 2.1: Simulated charge yield of the PV-mouse during the 4 day period (see text). 
 

 
Figure 2.14: Simulated compared to measured irradiation incident onto the PV mouse 
for the entire measurement period (left panel) and for the single hour (right panel). 
 

 
 

Figure 2.15: Almost equal frequency distributions of measured and simulated 
irradiation intensity (left) as well as modelled and measured weak light performance of 
the modelled cells (right). 

2.4 Discussion 

We presented a PV energy yield simulation approach with which virtually any three-
dimensional (3-D) scenery and irradiance condition can be modeled and that in terms 
of accuracy gives excellent results. Compared to (commercially) available PV 
simulation software, this is an important improvement, and therefore of value to not 
just the Product Integrated PV (PIPV) field. One promising application of ‘CAD–PV’ 
simulations would be, for example, Building Integrated PV (BIPV). Architects and 
product designers already extensively use CAD programs and renderings in their daily 
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work-routine. However, also concerning sun-tracking and concentrating systems it is 
an interesting concept. Due to the versatility of CAD software, not only specific 3-D 
geometries of particular tracking- or concentrator-systems could be modeled but also 
their moving or rotating elements could be included (the creation of animations is 
another standard feature of many CAD programs). Also in case of free standing, open-
space PV systems ‘CAD-PV’ simulations could be helpful. Here, complex 3-D terrains 
or self-shading of sun-tracked PV module areas could be modeled, both of which is 
very difficult to achieve with currently available software.  
One main drawback of the approach, however, is the relatively large computational 
effort. Dependent on the rendered scenery and the number of light sources, several 
minutes may be required to render a single image. Rendering speed could be increased 
by reducing 1) the number of pixels to be rendered, 2) the number of light sources to 
model solid-angle irradiance distributions and 3) the ‘tracing-depth’ of reflections to be 
ray-traced. Also increasing the computational power can decrease simulation 
durations. Last but not least, a de-coupling of the CAD ray-tracing from the processing 
of time course data could be realized. Here, ray-tracing individual sky zones could 
determine Irradiance Distribution Matrices representing 2-D distributed light intensity 
incident onto the PV area. Such matrices related to each sky zone individually would 
need to be ray-traced only once, thus avoiding the ray-tracing of light originating from 
equal directions in the sky for a number of times. 
Not included in this study were spectral- [46] and polarization-effects of light [47]. 
However, wavelength-resolved transmission characteristics of transparent geometries 
or wavelength resolved albedo coefficients of reflecting geometries can have a decisive 
influence, particularly for the window sill case focused in this study. Glazing coatings 
act as spectrally selective filters and are frequently incorporated into nowadays 
windows, leading to large differences of PV power output for different window types. 
We recently reported that the decrease of the short circuit current density for 
crystalline silicon based cells can deviate up to 13%, only due to spectral effects 
introduced by window glazing [43]. Here, a spectral mismatch factor (MMF) may 
account for spectral effects. To this end, the current output of PV in the reference case 
(here short circuit current density at Air Mass (AM) 1.5, denoted JSC,AM1.5) and the 
spectral composition E(λ) of available light together with the PV Spectral Response 
SR(λ) of the specific cell concerned would need to be combined:  

, 1.5

( ) ( )
SC AMJ

MMF
E SR d



  


 
      (2-3) 

Another, very practical problem of the simulation approach is related to the irradiation 
data that can be used as input for the simulation. This problem is shared with most 
other solar energy simulation approaches, because on-site data is most often not 
available or is of low quality (meaning data includes either errors or, for example, does 
not provide differentiated direct-beam and diffuse fractions, etc). As a result, satellite-
imagery derived irradiation series modeled to be incident at the earth’ surface have 
enjoyed increased popularity, because this data is available for virtually any location. 
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The error in such data, however, can be very high. Here, for demonstration purposes 
we used irradiation series obtained from the STRANG service [42] “The error when 
comparing hourly model data with point observations is approximately 30% for the 
global and the CIE UV irradiance while it is about 60% for the direct irradiance and 
the sunshine duration.” [42] Such inaccuracies in irradiation data make comparisons of 
measured to simulated data pointless, if considering only a few days. Here, future 
research is needed to evaluate accuracies that can be obtained for longer measurement 
durations. With the presented simulation concept capable of accounting for complex 
shading patterns, this may also include the question with which averaging duration 
solar energy distributions need to be simulated, if (severe) shading is involved.  
As of yet no Graphical User Interfaces (GUIs) are available, making it rather 
inconvenient and difficult to use CAD programs for PV yield predictions. However, 
the development of sophisticated 3-D drawing software (and GUIs) as well as ray-
tracing and rendering software is not required, because the presented concept only 
exploits these features of readily available software. Theoretically, any rendering 
program can be used, which may greatly facilitate the practical utilization and further 
development of this concept. 

2.5 Conclusions 

We presented a simulation concept for PV energy yield predictions that makes use of 
three dimensional (3-D) drawing, ray-tracing and rendering features of CAD software. 
To ensure accurate simulation results are obtained, the solar irradiation data used as 
input is compared to irradiation data derived from rendered images, proving high 
accuracy of 3-D irradiance simulations in 3-D CAD sceneries. As expected, also ray-
tracing precision (light transmission and reflection) proves to be very high in CAD. It 
is then demonstrated that simulated PV yields of a Product Integrated PV (PIPV) 
system agree very well with those measured. Overall, the simulation concept is a very 
promising one. Simulating irradiation distributions also for complex, three-dimensional 
(3-D) shapes under complex (3-D) irradiation is possible straightforwardly. The utility 
of this tool is thus not just of value to the PIPV field but can be of use for e.g. Building 
Integrated PV (BIPV) or sun-tracking and concentrator systems as well. 
 



 

Chapter 3 - Charge yield potential of indoor-operated 
solar cells incorporated into Product Integrated 
Photovoltaic‡  
 
 
 

 

Calculated solar cell performance parameters (open circuit voltage, short circuit 
current, fill factor and efficiency) are presented for different solar cell types for the 
irradiance range 0.1-1000 W/m2. Also it is demonstrated how spectral mismatch 
factors for indoor lighting conditions are calculated. In particular, we show that a-Si:H 
cells with only ~8% efficiency under Standard Testing Conditions (STC) have up to 
~20% efficiency under energy efficient lighting, which is contrary to mc- and c-Si 
cells, which show high efficiency under STC of ~16-18% but only ~3-6% under 
energy efficient LED lighting. Although only calculated results are presented, the 
particular methods and results may aid product designers in selecting appropriate solar 
cells for Product Integrated PV (PIPV) operated indoors and allow for more certainty 
in energy balance estimations of PIPV design concepts.  
 

 

                                                           
‡ Based on an article to be published in Renewable Energy, with co-authors 

W.G.J.H.M. van Sark and W.C. Turkenburg 
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3.1 Introduction 

The efficiency of photovoltaic (PV) cells is usually reported for only Standard Testing 
Conditions (STC), which implies 1000 W/m2 direct normal irradiance intensity, a 
spectral composition of Air Mass 1.5 (AM 1.5) and cell temperature of 25 C. In the 
indoor environment, however, window glazing that acts as a spectrally selective filter 
and various emission spectra of artificial light sources imply that the spectral 
composition diverges greatly from AM 1.5 and also irradiance intensity is generally 
orders of magnitude lower than one sun. If a Product Integrated PV (PIPV) design 
implies frequent indoor use, product designers therefore incur a challenging task when 
attempting to estimate PV efficiencies. Due to the niche market character of PIPV, also 
no typical charge yields are reported for the many different PV types that could 
theoretically be incorporated into (electronic) products, which hampers PIPV design 
processes considerably. In this study, standard solar cell performance parameters (open 
circuit voltage, short circuit current, fill factor and efficiency) are therefore derived for 
the broad irradiance intensity range of 0.1-1000 W/m2. Also it is shown how to 
calculate spectral mismatch factors to account for indoor irradiance spectra that differ 
considerably from the AM 1.5 reference case. The presented methods and the 
particular results may aid product designers in selecting appropriate solar cells types 
for PIPV operated indoors and allow for more certainty in energy balance predictions. 

3.2 Theoretical background 

The operational performance of solar cells is usually characterized by I-V 
characteristic measured under Standard Test Conditions (AM 1.5, 1000 W/m2, 25 C). 

Efficiency   is calculated by measured voltage  in [V] and current mpV mpI  in [A] in 

the point of maximum power (mp) of the current-voltage (IV) curve, which with open-

circuit voltage  and short-circuit current ocV scI  also defines the Fill Factor (FF) as 

.  scmp IVFF  ocV/mpI
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where  is the maximum power generated [W],  is the cell area (usually [cm2]) 

and  the incident power of irradiance (for STC 100 mW/cm2 if expressed per cm2 

or 1000 W/m2 if expressed per m2). See also Fig. 3.1, where typical values are shown 
for an arbitrarily selected crystalline silicon (c-Si) PV cell. 
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Figure 3.1: I-V characteristics of a 15 x 15 cm2 crystalline silicon solar cell measured 
at STC, with performance parameters: ISC = 8.12 A; VOC=0.612V, FF=0.711, 
η=15.71%. 
 
Performance deviations due to differing temperatures are usually reported together 

with STC data, by stated (negative) coefficients ocdV dT  and dFF dT . 

Ocassionaly also a positive temperature coefficient scdJ dT of short-circuit current 

densities is considered. However, current increase with temperature is much lower than 
voltage decrease.  
The PV conversion efficiency further depends considerably on irradiance intensity. 
This dependency can be modeled with performance data given under STC alone, if one 
assumes only a single diode as the model-representation. To considerably simplify the 
needed modeling further, we also assume zero series and infinite shunt resistances, 

which results in the implicit relation of  and short circuit current density ocV scJ : 
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        (3-2) 

 

in which JL is the light induced photocurrent density [mA/cm2], which is equal to the 
short circuit current density JSC (for JSC >> J0 ) and J0 is the saturation current density 
of the assumed single diode. Further, k is Boltzmann’s constant (1.38 10-23 J/K), q 
elementary charge (1.602 10-19 C) and T temperature [K]. 
Note that on top of neglecting resistances, current-voltage characteristic are also 
oversimplified by assuming a single diode only. Furthermore, we assume the ideality 
factor to be unity (with n=1 it therefore does not appear in the equation). A more 
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comprehensive analysis is provided in the following chapter 4, albeit with the focus on 
only crystalline silicon PV.  
Usually, see the textbook of Green [4] and references therein, the operation equation 
needs to be written as: 
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 which two diode sat
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uration currents 01I  and 0nIin  for two diodes with an ideality 

factor of here 1 and n  allow to account for mbination in the space charge 

regions(s) separately; 'V  is the voltage that for simplicity includes series resistance 

reco

seR , and shR  represe shunt resistance. Note that currents in absolute numbers 

oted by ) and current densities (denoted by J) can be used interchangeably. 
Current densities are usually preferred because they ease comparisons of current-
voltage characteristics for devices with differing surface areas. 
The use of the one diode equation is advantageous in that a 

nt 

(den  I

dependency of the fill 

       (3-4) 

where  is the fill facto

factor with irradiance intensity can be derived, which, subsequently, allows to model 
irradiance intensity dependent efficiency with no further parameter input. Based upon 
Eq. (3-2) the open circuit voltage is expressed analytically as a function of intensity, as 
was first shown by Shockley and Queisser [48]. This approach was developed further 
by Green [4], who empirically showed fill factor losses due to series resistance Rs can 
be accounted for by: 
 

 0 1 SFF FF r 

0FF srr at zero series resistance, and  is the normalized series 

resistance given as s s CHr R R . The characteristic resistance CHR  is defined as 

CH oc scR V I , which the  calculated directly from y data given 

resistance FF  is expressed as [4]: 
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where the normalized open-circuit voltage s defined as ocv  i oc oc

q
v V

kT
 . Equations 

(3-4) and (3-5) are accurate for 10ocv   and r 0.4s   [4]. Similarly, shunt resistance 

effects are estimated: 
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38 



PV charge yield potential under indoor irradiance conditions 

 sh sh Cr R R Hin which  is the normalized shunt resistance and the equation is 

claimed to  and 

ance can be re

 be valid for 10ocv 

p

s. (3-4)-
tly determ

2.5 .[4] The combined effect of series and shr 

instead 
diance inte

shunt resist resented by Eq. (3-6), if 0FF  is replaced by FF  as given 

in Eq. (3-4). Using Eq (3-6) of the two-diode approach (Eq. 3-3) 
therefore allows to instan ine irra nsity dependent efficiencies as a 

function of irradiance level G , e.g., ( )ocV G , ( )sc G , ( )FF G   ( )GJ and  . 

Notably this approach cannot be taken for the two diode model, because solving this 
equation analytically is impossible. The only input requirement of the much simpler 
FF-approach, which is bas  th odel, is a set of p formance 

parameters ocV , 

ed upon e one-diode m er

scJ , FF , and   at a certain irradiance level 0G , i.e., 0( )ocV G , 

0( )scJ G , 0( )FF G , and 0( )G . First, the normalized open circuit voltage 

  voc
(G

0
)  and ch ct c resistance 0( )CHara eristi R G  is calculated ext, u  

n that ) c

. N nder the
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 is calculated (Eq. (3-2)), follo 0 0( )F G with Eq. (3-5). Finally, 

series resistance l

level 0G wed by F

osses by sR  are taken into account, q. (3-4), and 

similarly shunt resistance effects using Eq. (3-6).  
On top of the irradiance int ity dependent efficiency also spectral effects need to be 
considered, because light or inating from artificial light sources and also solar energy 
filtered by window glazing has spectral compositi

calculated using E

ens
ig

ons considerably different from the 
case of AM 1.5, the reference if considering STC performance data. To account for 
spectral effects, one needs to combine the Spectral Response of the particular PV cell, 
denoted SR(λ), with the spectral composition of irradiance, denoted E(λ). For 
reasonable high values of JPh (i.e., Jsc>>J0) the short circuit current density JSC follows 
from photocurrent density JPh: 
 

( ) ( )SC PhJ J E SR d


        [mA/cm2]   (3-7) 

with E(λ) the spectral irradiance [Wm-2nm-1] and SR(λ) the Spectral Response of PV 
[A/W] at the corresponding wa ths. 
Quantum Efficiency QE(λ): 

veleng The SR(λ) can also be calculated from the 

 
( )

QE q
SR

h c








   [A/W]    (3-8) 

where c is the light velocity (2.9979 108 m/s) and h is the Planck constant (6.626 10-34 
J s). The PV current o
to the combined spectral composition of the irradiance and PV Spectral Response, i.e., 

utput in the reference case (here JSC,AM1.5) can then be compared 

a ‘mismatch factor’ (MMF) to account for spectral differences of irradiance from the 
STC reference case (Eq. 3-9). 
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, 1.5
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with Enormalized(λ) the normalized sp
intensity to the reference case, here STC defined 1000 W/m2.  

practical problem encountered in practice, however, is that for a given solar cell of 

erived (i.e., it depends 

3.3.1 Irradiance intensity dependent efficiency 

 model the irradiance intensity dependent efficiencies for those cells that 
have reported record-efficiencies under STC, as reported bi-annually in the Journal 

tions [49], because product designers 

s are 

 high shu h




  [%]   (3-9) 

ectral irradiance intensity with equal overall 

The 
specific type no ‘representative’ quantum efficiency exists, as QE(λ) reflects solar cell 
quality rather than that it was a device property that could be d
on the ability to manufacture efficient cells to achieve high QE(λ), albeit various 
wavelength regimes in the SR(λ) can be attributed to semiconductor bandgap). We 
therefore decided to only demonstrate the calculation of spectral mismatch factors for 
known, measured SR(λ) and QE(λ). Here, mono- and multicrystalline silicon (c- and 
mc-Si) and hydrogenated amorphous silicon (a-Si:H) solar cells, measured as 
described in [26], were used. 

3.3 Results 

We decided to

Progress in Photovoltaics: Research and Applica
tend to use this comprehensive overview of PV efficiencies per technology in their 
design studies[6,9,11]. The cell characteristics and corresponding efficiencies under 
STC for these cells, as reported in [49], are listed in Table 3.1. The irradiance intenity 
dependent efficiencies calculated for each PV material are shown in Fig. 3.2.  
The peak of calculated maximum efficiency as a function of irradiance intensity can be 
explained by appreciable (apparent) series resistances. The current losses associated to 
the series resistance decrease with the power of two, whereas photocurrent
lowered linearly. The peak in conversion efficiency occurs between 100 and 500 W/m2 
irradiance intensity for the modeled cells. Regarding the parallel resistance losses, 
however, we find the used FF-method to fail under low-light levels. The modeling 

requirement 2.5shr   is not fulfilled for values of G  lower than 10-100 W/m2. For 

all cell characteristics listed in Table 3.1 negative FF result between 10-100 W/m2 
when accounting for shunt resistance effects using Eq. (3-6), also when assuming 
unreasonably nt resistances (not shown). For t e (wrongly) modeled negative 
FF also negative efficiencies result, showing this method is inappropriate and cannot 
be used at low-light levels. The performance drop towards weak light shown in Fig. 
3.2 will, therefore, be much more dramatic: particularly for low shunt resistances.  
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Figure 3.2: Calculated irradiance intensity dependent efficiencies of various record-
efficiency solar cells listed in Progress in Photovoltaics: Research and Applications. 
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 Description η  Area ocV  scJ  FF  0I  0FF  sr  sR  

  (%) (cm2) (V) (mA/cm2) % (A)   
(Ohm 
cm2) 

Silicon 

Si (c) 
UNSW 
PERL 24.7 4.00 0.706 42.2 82.8 1.920 10-13 0.8477 0.02327 0.3893 

Si (mc) FhG-ISE 20.3 1.002 0.664 37.7 80.9 2.206 10-13 0.8407 0.03768 0.6637 

Si (tft) 
Uni 
Stuttgart 16.6 4.017 0.645 32.8 78.2 1.613 10-12 0.8372 0.06599 1.2976 

           

III-V 

GaAs (c) 
 
 

Kopin,  
(AlGaAs 
window) 25.1 3.91 1.022 28.2 87.1 5.651 10-19 0.8848 0.01558 0.5647 

GaAs (tf) 
Radboud 
U. 24.5 1.002 1.029 28.8 82.5 8.685 10-19 0.8854 0.06821 2.4369 

GaAs (mc) 
RTI, Ge 
substrate 18.2 4.011 0.994 23.0 79.7 1.407 10-18 0.8823 0.09669 4.1787 

InP (c) 
Spire, 
epitaxial 21.9 4.02 0.878 29.3 85.4 1.648 10-16 0.8707 0.01914 0.5734 

           

Thin film chalcogenide 

CIGS (cl) 
NREL, 
glass 18.8 0.998 0.699 33.8 79.4 5.039 10-14 0.8466 0.06213 1.2849 

CIGS (sm) 
Uni 
Uppsala 16.6 16.0 2.643 8.35 75.1 8.855 10-13 0.8401 0.10606 33.5712 

CdTe (cl) 
NREL, 
glass 16.5 1.032 0.845 25.9 75.5 1.353 10-16 0.8669 0.12904 4.2101 

           

Amorphous/nanocrystalline Si 

Si (a) 
U. 
Neuchatel 9.5 1.070 0.859 17.5 63.0 5.493 10-17 0.8685 0.27461 13.4796 

Si (nc) 
 

Kaneka 
(2μm on 
glass) 10.1 1.199 0.539 24.4 76.6 2.225 10-11 0.8146 0.05967 1.3181 

           

Photo-chemical 

Dye (nc) Sharp 10.4 1.004 0.729 21.8 65.2 1.016 10-14 0.8513 0.23412 7.8290 
 
Table 3.1: Solar cell parameters η , Area, ocV , scJ , and FF  for best cell efficiencies 
as reported in Green et al.[4] as well as calculated values for 0I , 0FF , sr  abd sR . 
Abbreviations are c: crystalline; mc: multicrystalline; tft: thin film transfer; tf: thin 
film; cl: cell; sm: submodule; a: amorphous; nc: nanocrystalline. 
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3.3.2 Spectral mismatch of indoor spectral irradiance compared to AM 1.5  

To calculate a spectral mismatch with respect to the STC case (AM 1.5 spectrum) one 
needs to have knowledge on the specific spectral irradiance under which the PV cells 
are operated at. We therefore arbitrarily selected RGB- and white- LEDs (Light 
Emitting Diodes) emittance spectra [50], shown in Fig. 3.3.  
 

 
Figure 3.3: Spectral irradiance based upon emittance of RGB and white-LEDs (Light 
Emitting Diodes) as reported in [50]. 
 
The spectral irradiance of both light sources shown in Fig. 3.3 has been scaled such 
that with the photopic response curve of the human eye [51] the intensity incident onto 
a surface is 1000 Lux. Note that although the spectral irradiance differs considerably 
for the two LED types an illuminated area will therefore be perceived as equally bright 
by the human eye nonetheless. For the given spectral irradiance one can then calculate 
a PV current output, if the particular Spectral Response SR(λ) for the particular cell is 
known. For known SR(λ) this calculation is straightforward, as it only requires a 
simple multiplication of wavelength resolved irradiance intensities with wavelength 
resolved current outputs of the particular cell. For the selected cells the Spectral 
Response SR(λ) is shown in Fig. 3.4. 
The PV output that results for the Spectral Response of the best performing c-Si and a-
Si:H cells (Fig. 3.4) and at spectral irradiance intensity (as shown in Fig. 3.3) with 
overall 1000 Lux illumination intensity of the PV area, are listed in Table 3.2. 
Conversion efficiency of mc- and c-Si cells, under STC ~16-18%, decreases 
considerably to as little as ~3-6 % under the artificial LED light, whereas for the a-
Si:H cells the rather low ~8% STC efficiency increases to ~20%. The increase in 
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efficiency of a-Si:H under the 1000 Lux LED light is related to two effects. For one, a 
relatively high voltage is sustained by the a-Si:H cells towards weak light, which can 
be already inferred from high efficiencies shown in Fig. 3.2. Furthermore, the larger 
bandgap of a-Si:H compared to c-Si implies higher efficiency for equal photocurrents 
generated within each cell type. Note that the selected mc- and c-Si cells have only a 
somewhat higher light induced photocurrent compared to the a-Si:H cells under LED 
lighting conditions of 1000 Lux. The ‘mismatch factors’ of photocurrents under the 
spectral irradiance of LED light compared with STC defined AM 1.5 can be calculated 
by the listed short circuit currents and the overall intensity of the LED light, which is 
4.16 W/m2 for the RGB- and 3.71 W/m2 for the white-LED light. For the a-Si:H cells a 
MMF of ~2.1, for mc-Si ~0.82 and c-Si ~0.9 results. 

 
 

Figure 3.4: Measured Spectral Response (SR) of various mono- and multicrystalline 
silicon solar cells (left) and hydrogenated amorphous silicon cells (a-Si:H, right) [26]. 
 

 Jsc  
[µA & mA cm-2] 

Voc  
[V] 

FF  
[ - ] 

Efficiency 
[%] 

 LED1
µA 

LED2 
µA 

STC 
mA 

LED1 LED2 STC LED1 LED2 STC LED 
1/2 

STC 

a-Si:H 
118 113 13.5 0.67 0.67 0.82 ~0.68 0.7 

~19
-21 7.7 

c-Si 
138 94 ~37 0.4 0.4 

~0.
7 ~0.35 ~0.8 

5.3-
5.6 18.2 

mc-Si 
119 86 ~35 0.3 0.3 

~0.
6 ~0.35 ~0.8 

3.6-
3.7 16.8 

 
Table 3.2: Solar cell performance parameters under STC and artificial lighting 
conditions (at 1000 Lux illumination for 4.16 W/m2 RGB- and 3.71 W/m2 white-LED 
light). 
 
More generally it is worthwhile to realize that under very low irradiance or illuminance 
levels (e.g. 1000 Lux) only very little charge can be generated by PV. Even a-Si:H 
cells, which have a rather high useful voltage output of about 0.6 V under this very low 
intensity, cannot deliver more than ~60 μW/cm2 as a power output at 1000 Lux. It can 
be inferred from various lighting guidelines that the case of 1000 Lux already 
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represents brightly illuminated conditions and that ‘minimum’ illumination for e.g. 
corridors is often referred to as ~100 Lux, which would effectively down-scale the 
power output of these a-Si:H cells to as little as ~6 μW/cm2. As an example on how 
little this is, one may assume a standard AA rechargeable battery of ~2 Wh capacity. 
To fully charge this battery within 8 hours under 100 Lux illumination, assuming no 
further losses (e.g. related to power electronics of battery under- and over-charge 
protection, battery efficiency and deviations in IV-operating points from the maximum 
power point) the a-Si:H cell area would need to be even larger than ~4 m2. Clearly, 
such PV areas cannot be accommodated into electronic consumer appliances. 

3.4 Discussion 

We used Fill Factor (FF) expressions to model irradiance intensity dependent 
efficiency of various PV types. Assuming that the short circuit current is linearly 

dependent on irradiance intensity  (thus assuming: G ( )scI G aG ) allows to 

calculate the whole set of parameters , ( )ocV G ( )CHR G (sr G, , , 

,  and 

) ( )ocv G

0 ( )FF G ( )FF G ( )G  as a function of irradiance intensity (G), using STC 

parameter sets alone. However, we find this ‘FF-method’ to fail below 10-100 W/m2 

irradiance intensity, as the FF model requirement  is no longer fulfilled and 

modeled FF and efficiencies even become negative when accounting for shunt 
resistance losses. The performance drop caused by low shunt resistances will therefore 
be much more dramatic toward low irradiance intensities (<100 W/m2) than the FF-
model based results (shown in Fig. 3.2). These irradiance intensity dependent 
efficiencies, calculated for record efficiency solar cells, nonetheless give a good 
indication on efficiency ranges one may consider as the upper limit for given STC cell 
properties, because the different orders of magnitudes of diode dark saturation currents 
and thereto related voltage decrease toward weak light is accurately accounted for. A 
further decrease owed to (low) shunt resistances, however, needs to be taken into 
account, particularly if shunts have appreciable current drain close to corresponding 
voltages at weak light. Future research is needed here to ascertain attainable 
efficiencies of PV under low-light situations for ‘real-world’ PV devices. Although a 
previous study already addressed measured low-light performance of various PV types 
here, unfortunately no diode model parameter sets and in particular no shunt 
resistances were presented [21].  

2.5shr

Measuring PV devices under low-light is not always possible or desired. Not only it 
may take considerable effort to obtain cell samples from various technologies during a 
product design process, but also the measurement of PV weak light performance is not 
standard and quite cumbersome[19,21]. Here, the presented FF-modeling approach 
may aid product designers in (pre-) selecting appropriate PV types. In particular cells 
of type a-Si:H are of interest here, due to their good match of Spectral Response with 
(energy saving) artificial light.  
We also demonstrated how to calculate a light induced photocurrent based upon 
Spectral Response of PV and spectral irradiance of incident light, by a simple 
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wavelength resolved multiplication. One may argue, however, that the spectral 
response is usually measured under a bias light intensity that is much higher than e.g. 
1000 Lux used here, and that the electric field in a-Si:H cells depends on both the 
spectral composition and irradiance intensity. This may imply that a simply 
multiplication would yield wrong results. Related research and the operating principle 
of a-Si:H cells, however, shows that these concerns should not cause large deviations. 
For one, in a-Si:H cells there exists an electric field in the entire intrinsic layer, which 
implies charge carriers are collected by drift rather than diffusion. Due to the very low 
diffusion length of free charge carriers within a-Si:H cells this is actually a required 
device property. More detailed descriptions on operating principles can be found in 
literature, concerning a-Si:H cells as presented by Crandall [52] and for a-Si:H and a-
SiGe cells [14] and more recently for CdTe and CdS [28] by Hegedus. Here, Hegedus 
showed in particular that the flatband voltage (Vfb) depends on illumination intensity 
and spectrum, hence Vfb limits Voc rather than J0 such as in ‘typical’ solar cells. The 
relative deviation of 4%rel in modeled Voc due to changing bias light as reported by 
Hegedus, however, is related to a saturation of the photocurrent. As such a saturation 
of the photocurrent occurs towards higher intensities it is of no relevance for the case 
of weak light.  

3.5 Conclusions 

We used Fill Factor (FF) expressions to model irradiance intensity dependent 
efficiency of various PV types and presented how to calculate PV power output with 
spectrally resolved irradiance and PV performance data. We show that a-Si:H cells 
with only ~8% efficiency under Standard Testing Conditions (STC) have up to ~20% 
efficiency under energy efficient lighting, which is contrary to mc- and c-Si cells, 
which show high efficiency under STC of ~16-18% but only ~3-6% under energy 
efficient LED lighting. The presented methods and particular results will aid product 
designers in selecting appropriate solar cells for Product Integrated PV (PIPV) 
operated indoors and allow for more certainty in energy balance estimations of PIPV 
design concepts. 



 

Chapter 4 - Crystalline silicon cell performance at low-
light intensities§ 
 

 

 

 

Measured and modelled JV characteristics of crystalline silicon cells below one sun 
intensity were investigated. First, JV characteristics were measured at 6 light levels 
between 3-1000 W/m2 for 41 industrially produced mono- and multicrystalline cells 
from 8 manufacturers, and at 29 intensity levels between 0.01-1000 W/m2 for a single 
multicrystalline silicon cell. Based on this experimental data, the accuracy of the 
following four modelling approaches was evaluated: (1) Empirical fill factor 
expressions, (2) a purely empirical function, (3) the one-diode model and (4) the two-
diode model. Results show that the fill factor expressions and the empirical function 
fail at low-light intensities, but a new empirical equation could be derived that gives 
accurate fits. The accuracy of both diode models is very high. However, the accuracy 
depends considerably on the used diode model parameter sets. While comparing 
different methods to determine diode model parameter sets, the two-diode model is 
found to be preferred in principle: particularly its capability in accurately modelling 
Voc and efficiency with one and the same parameter set makes the two-diode model 
superior. The simulated energy yields of the 41 commercial cells as a function of 
irradiance intensity suggest unbiased shunt resistances larger than about 10 kΩ·cm2 
may help to avoid low energy yields of cells used under predominantly low light 
intensities. Such cells with diode dark saturation currents not larger than about 
10-9 A/cm2 in the two diode model, using ideality factors of one and 1.8, are excellent 
candidates for Product Integrated PV (PIPV) appliances.  
 

 

                                                           
§Based upon an article published in Solar Energy Materials and Solar Cells 93(9) 2009, 

pp. 1471-1481 with co-authors W.G.J.H.M van Sark, E.A. Alsema, R.W. Lof, R.E.I. 

Schropp,W.C Sinke and W.C. Turkenburg.  
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4.1 Introduction 

I-V characteristics of cells to be used in PIPV appliances could theoretically be 
measured over the whole irradiation range of 1-1000 W/m2, but this would obviously 
be quite cumbersome. To this end, it was aimed to tackle performance modelling such 
that electrical output characteristics of PV are predicted for intensity lower than one 
sun. In this chapter, the related accuracies are investigated, when using only a limited 
number of input parameters for the modelling of irradiance intensity dependent PV 
characteristics, derived from a limited number of I-V curve measurements.  
The structure of this chapter is as follows: in Section 4.2, experimental measurements 
are presented. In Section 4.3, four approaches to model solar cell performance as a 
function of irradiance intensity are described. Results that highlight modelled 
compared to measured IV characteristics are presented in Section 4.4, followed by a 
brief discussion in Section 4.5. Conclusions are drawn in Section 4.6. 

4.2 Experimental  

The current-density/voltage (JV) curves at irradiance intensities between 3-1000 W/m2 
of three to ten crystalline silicon samples from eight manufacturers were measured 
using a SPECTROLAB solar simulator at the Energy research Centre of the 
Netherlands (ECN).[26] In total, 41 commercially produced cells were measured. The 
various multicrystalline silicon (mc-Si) and monocrystalline silicon (c-Si) cell sample 
manufacturer codes, the overall number of samples from each supplier and the 
corresponding solar cell areas are listed in Table 4.1.  
 

Supplier Cell type (Total) Cell area [cm2] Number of tested 

samples 

A 243.36 5 

B 98 5 

C 225 5 

D 

Mono c-Si 

3.3 3 

E 225 5 

F 225 3 

G 243.36 10 

H 

Multi c-Si 

243.36 5 

 
Table 4.1: Listing of cell suppliers, cell areas and number of cell samples measured. 

The desired irradiance intensity levels were attained by placing neutral density filters 
into the light path of the solar simulator. Due to limited availability of filters larger 
than cell areas, however, the JV curves of the 41 cells could only be measured at 6 
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different irradiance intensity levels. Therefore, we also measured the JV curves of a 
5 cm2 multicrystalline silicon solar cell (denoted mc-Si cell) using a calibrated dual-
source WACOM solar simulator at Utrecht University (UU). In this case, available 
neutral density filters allowed us to measure JV curves at as many as 29 different light 
intensity levels ranging from 0.04 to 1000 W/m2. 

4.2.1 Measurement procedure and error estimation 

The spectra and temperature have been kept as defined in STC (Air Mass (AM) 1.5 
and temperature of 25 C). Hence, only the irradiance intensity level differs from STC. 
Due to the use of filters, however, some additional inhomogeneity and a change in 
spectral composition of irradiance may be induced. Wavelength dependent absorption 
graphs of the filters showed less than 1.2% relative deviation in wavelength resolved 
absorption. This value is below the spectral mismatch of the used light source 
compared to the AM1.5 spectrum, and is therefore assumed negligible.  
Irradiance intensity was calculated from the measured short circuit current ISC of a 
calibrated mc-Si (ECN) and c-Si (UU) reference cell assuming ISC to be directly 
proportional to light intensity (G) in the used range:  
 

, ,

, ,

( ) ( )

( 1000) ( 1000)
SC ref SC ref

SC ref SC ref

I G J G
G

I G J G
 

 
   (4-1) 

 
where ISC,ref(G) is the short circuit current and JSC,ref(G=1000) is the short circuit 
current density at 1000 W/m2. It is thus assumed that the photo generated current 
density JPh is much larger than the saturation current density of the reference cells. The 
JV curve characteristics (maximum power point voltage VMP and current density JMP, 
open cell voltage VOC, short circuit current density JSC) were determined to test for 
reproducibility of the measurements. In addition, JV curves were also measured at dark 
conditions to derive unbiased shunt resistances of each sample from the linear slope of 
the reverse dark current.  
Diode model parameters (photo generated current JPh, diode currents J0,1 and J0,2, diode 
ideality factors n1 and n2, series and shunt resistances RSe and RSh) were determined by 
fitting the measured JV-curves using the software tool IVFit [53]. The IVFit-tool 
accounts for noise in the current as well as in the voltage signal of the measured 
datasets: orthogonal distance regression (ODR) algorithms process both the error 
signal of the current and of the voltage close to Jsc and VOC, respectively [54]. We 
cross-checked noise levels that the IVFit tool determined in ‘automatic’ mode by 
separate fitting routines and adapted the noise level (if required) such that the single-
JV curve fit at STC irradiance intensity proved to be as accurate as possible. For all 
resulting fits the signal-to-noise ratios were never below 100, showing that 
measurement inaccuracies are in fact negligible. It is nonetheless worthwhile to note 
that the efficiency of the reference cell that was used at ECN for measuring the 41 
commercially manufactured cells was shown to vary quite considerably. Differences of 
measured efficiency were as high as 1.3% relative for this reference cell when 
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measured at other leading institutes [55]. However, for the performed measurements 
the short circuit current of the reference cell is of interest, not its efficiency, and the 
same equipment was used during a short period of time. Hence, constant offset errors, 
such as a spectral mismatch of the light of the sun simulator to AM1.5 spectrum, can 
be assumed to remain constant throughout measurements and are consequently 
‘filtered out’.  
The error related to the UU reference cell (calibrated at NREL) can be as high as 3%, 
so data points shown in the following (e.g in Fig. 4.2) can have a systematic relative 
error of 3% regarding irradiance intensity (i.e., the x-values in Fig. 4.2). Another error 
source is the lateral variation in intensity of the light beam, which is also in the order of 
3% (and is also related to x-values). However, these errors not only affect the 
measured data points but also the modelled efficiency and voltages (see modelling 
results, section 4.4). Therefore, the x-axis distance between modelled and measured 
data is not affected by these error margins. The only relevant uncertainty is the one of 
the current and voltage measurements of the measured solar cell itself. For the used 
measurement equipment (Keithley Model 238 Source Measure Unit) very low 
uncertainties result: the current and voltage signal of the mc-Si cell at light intensities 
as low as 0.04 W/m2 can be measured as accurate as 0.18% and 0.12%, respectively. 
We suggest that such errors can be neglected and any further error analysis is omitted. 

4.2.2 Commercial cell measurements 

The measured irradiance intensity dependent efficiencies of the 41 commercially 
produced cells are shown in Fig. 4.1 for both c-Si and mc-Si cell types. As irradiance 
intensity is depicted logarithmically, the irradiance intensities usually of concern for 
PV systems operated outdoors are depicted by only the rightmost irradiance intensity 
decade.  
Efficiencies in this highest irradiance decade (100-1000 W/m2) are almost constant, 
and mono (c-Si) samples outperform multi (mc-Si) cells, as expected. For some of the 
samples the efficiency between 100-1000 W/m2 is somewhat larger than at STC 
irradiance intensity. This efficiency increase toward lower intensity can be explained 
by series resistance effects, as a lower current leads to quadratically lower series 
resistance loss.  
In the lower irradiance decades (1-10-100 W/m2), efficiency decreases logarithmically, 
because VOC is logarithmically dependent on JSC. Due to the logarithmic irradiance 
scale, the apparent linear relationship between efficiency and irradiance intensity can 
be seen for all of the 8 sample sets from different cell manufacturers (intensity decades 
1-10-100 W/m2). The measured efficiency at the lowest irradiance of around 3 W/m2 
shows the highest difference, with the highest absolute difference obtained for c-Si 
suppliers A and C, namely from 2.3 % (C) to 13.1 % (A) absolute percent, and for mc-
Si from 1.5 % (supplier H) to 5.9 % (supplier E) absolute percent. Moreover, we found 
that cells from one and the same manufacturer show large differences in cell 
efficiencies at low irradiance intensity, as an example two mc-Si samples of supplier E: 
With almost the same performance under STC conditions (14.7 and 14.8 % absolute, 
respectively) these cells may even belong to the same power rating class. For these two 
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cells (not shown in the graph) the relative difference in efficiency increases from 1% at 
STC conditions to >200% (efficiencies of 2.8% and 5.9% absolute) at 3 W/m2 
irradiance intensity. 
 

 
Figure 4.1: Measured efficiency as a function of irradiance intensity (3-1000 W/m2) 
for mono- and multicrystalline silicon solar cells of eight different solar cell 
manufacturers. 
 

4.2.3 Single cell measurement 

Figure 4.2 shows the irradiance intensity dependent JV characteristics of the single mc-
Si solar cell (efficiency, open circuit voltage and fill factors as well as the differential 
resistances at Voc and Jsc , respectively, denoted apparent resistances Roc and Rsc) 
measured between 0.04 and 1000 W/m2 irradiance intensity. It is found that both open 
circuit voltage and the efficiency (Fig. 4.2, right) reach rather low values for this cell. 
Both parameters decrease logarithmically over the whole intensity range, from an 
intensity of one sun on already. 
 

 
 

Figure 4.2: Apparent shunt and series resistances (RSe,1-D and RSh,1-D) as obtained from 
one-diode (1-D) fitted I-V curves at various irradiance intensities (left) as well as open 
circuit voltages, fill-factors and efficiencies at maximum power point voltage under the 
broad range of irradiance intensity (right). 
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The resistances shown in Fig. 4.2 (left) are denoted ‘apparent’ resistances, as a fitting 
routine at the UU measurement site was used that calculates the differential resistances 
at Voc and Jsc. The depicted resistances do therefore not necessarily exist in physical 
terms. High variations of the differential resistance (apparent shunt resistance) only 
occur at high irradiance intensities. This shows that accurate shunt resistance 
determination is difficult from I-V curves of illuminated solar cells. Uncertainty 
decreases, however, towards weak light. 
At very low light intensities, the apparent shunt resistance converges towards a shunt 
resistance around that of the unbiased shunt resistance measured at dark conditions 
(RSh,dark = 30 kΩ·cm2  for this specific mc-Si cell). For the apparent series resistance a 
power law (RSe = aGb ) applies, with b close to -1. The good fit of the apparent series 
resistance to this power function, however, does not mean that a decreasing resistance 
physically exists. Nonetheless, apparent series resistance reflects the differential 
resistance of the diode at Voc, which is thus the theoretical upper limit of the real series 
resistance. 

4.3 Modeling approaches and methods  

4.3.1 General approach 

From the research background of this study it is clear that the approach to model 
performances should meet two requirements: (1) The energy output should be 
predicted with reasonable accuracy for irradiance between 1 and 1000 W/m2 (N.B.: 
typical irradiation indoors is between 1 and 100 W/m2, see Ref. [56]); (2) The specific 
model should need only a limited set of parameters, either already available from 
standard cell testing or obtained with only limited extra effort. Clearly, the solar cell 
diode model(s) should be selected for further evaluation, as these models are widely 
applied for electrical PV characterisation. Other approaches we evaluated are well-
known semi-empirical fill factor expressions and a purely empirical approach. 

4.3.1.1 The one- and the two-diode model 

Solar cells are often characterized based on the diode (1D) model, in which just a 
single diode current and one single ideality factor account for different physical effects 
that occur in a solar cell, lumped into one single parameter. Although the accuracy that 
can be reached with the 1D model is sufficient for fitting a single current-voltage (J-V 
or I-V) curve, it is not possible to distinguish between different contributions of 
specific loss currents occurring in solar cells. In the two-diode (2D) model, two 
different diodes account for recombination within the neutral regions of the cell (the 
emitter and the bulk, the ‘first’ diode) and the space charge region(s) (the ‘second’ 
diode) separately. With the diode representing recombination in emitter and bulk 
governed by diffusion and not drift, the “first” diode current density can be accounted 
for by:  
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where  is the saturation current density, Vjunction is the junction voltage, VT = 

kBT/q is the thermal voltage, T (K) is the absolute temperature, kB is the Boltzmann’s 
constant (1.38 10-23 J/K), q is the elementary charge (1.602 10-19 C) and n1 is the 
ideality factor, which is supposed to equal 1 due to diffusion-type charge carrier 
collection. At STC the temperature equals 298.15 K and the thermal voltage thus 
25.67 mV.  
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Accordingly, the saturation current density and ideality factor of the “second” diode 
can be written as: 
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Here, n2 equals 2 according to most text books [4,5,37,57]. However, as shown by 
McIntosh [58] and elaborated in detail by Van der Heide [55], a value of 1.8 is valid 
for a wide range of doping levels. Cells can have higher values of n2 e.g. due to cell 
design or processing problems during manufacture. Note that for the one diode model 
two (physically different) diode currents JD1 and JD2 are lumped together yielding a 
single diode current and single ideality factor n.  
Beside diode related recombination currents, purely ohmic losses occur. For both the 
one- and two-diode model an ohmic (lumped) shunt resistance (RSh) may account for 
leakage currents (denoting ohmic as linearly dependent on cell voltage). Likewise, an 
ohmic (lumped) series resistance (RSe) may account for cell conductance properties, 
with series resistance related losses quadratically increasing with current. A further 
distinction in series resistance origins can be made such as those related to the emitter 
region (emitter resistivity), front and back side metallization, and contact resistances. 
However, in this paper we will only consider single lumped series and shunt 
resistances.  
The one- and the two-diode model express the current density available for a load 
connected to a solar cell (JLoad) by the sum of all currents of its equivalent circuit 
diagram (not shown here). In this so-called ‘operation equation’ or JV characteristics 
the current density is expressed as a function of operation voltage (J=f(V)). Note that 
the equation of the one-diode model directly results from simply ignoring the term of 
the ‘second’ diode, however, with the implications as discussed above. 
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Equation 4-4 can be easily used to model irradiance intensity effects on cell 
characteristics, as the photocurrent density JPh linearly depends on irradiance intensity.  
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To calculate solar cell efficiency, the operation equation must be solved numerically, 
leading to a fill factor (FF), an open circuit voltage (VOC), a maximum power point 
voltage (VMP), a short circuit current density (JSC) and maximum power point current 
density (JMP). Then the well-known solar cell efficiency equation can be used: 

(G) SC OCMP MP FF J VJ V

G G
         (4-5) 

If JMP and JSC are assumed to be linearly related to irradiance G (in W/m2), the 
maximum power point voltage VMP can be also expressed as the product of VOC and 
FF(G) times the quotient of JSC and JMP (i.e., VMP = VOC · FF(G) · JSC/JMP). The open 
circuit voltage VOC is in principle independent of the series resistance, and for the one 
diode model can be written as: 
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Note that this may be approximated by 0

0

lnB PH
OC

n k T J
V

q J

 
 

 
  for JPh>>J0. 

With JSC and JPh linearly related to irradiance intensity, an intensity dependent fill 
factor FF(G) can be determined (see Chapter 3). Furthermore, differences in the 
quotient of JSC/JMP can be omitted. Hence, irradiance intensity dependent performance 
can be predicted without the operation equation. Results from this approach, however, 
are only valid as long as the condition JPh>>J0 is fulfilled, which is of relevance 
concerning irradiance intensity as low as about 10-5 suns.  

4.3.1.2 Semi-empirical fill factor expressions 

Introduced in discussing detailed balance limits of maximum theoretical efficiency by 
Shockley and Queisser in 1961 [13], the approach that does not use the operation 
equation to account for irradiance dependent efficiency was further developed by 
Green [4] and is expressed in well-known empirical equations (see Chapter 3). 

4.3.1.3 A purely empirical approach 

Analytical solutions of the operation equation (Eq. 4.4) cannot be derived, because it is 
an implicit function. Consequently, numerically solving Eq. 4.4 is required, making it 
sometimes more convenient to parameterize irradiance intensity dependent efficiency 
by a purely empirical equation. A mixed linear/logarithmic function can be used to 
model irradiance intensity dependent efficiency, as proposed by Beyer et al. [23] using 
three parameters a1, a2 and a3:

 

  1 2 3 lnG a a G a G          (4-7) 

During analysis (Section 4.2), however, it was found that at low irradiance intensity 
also negative efficiencies can result using Eq. 4.7. Therefore we adapted the original 
phenomenological equation by including another parameter (a4) in the logarithmic part, 
to avoid negative efficiencies and improve fitting accuracy at low light intensities: 
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  1 2 3 4ln( )G a a G a G a          (4-8) 

4.3.2 Model overview and different diode model methods 

The empirical expressions of the fill factor (MFF) and the phenomenological equation 
(MLL) can only be used to fit measured performances. Hence, only the accuracies of 
these methods will be tested. For the diode model approach a variety of possibilities 
exist to determine model parameter sets.  
 

Modelling approach Name Description of modelling method 

Fill factor expressions MFF Irradiance dependent fill factor (FF) as 
introduced by Shockley and Queisser8 and 
further adapted by Green9 applied to 
measured FF at STC (see chapter 3). 

Empirical function MLL  Irradiance dependent efficiency modelled 
with three and four parameters, a1 through 
a4, and Eqs. 12 and 13, based on a mixed 
linear/logarithmic, purely mathematical 
equation as originally introduced by Beyer 
et al.20 

MDSTC Diode model parameters derived from JV-
measurement at STC  

MDSH Other diode model parameters as 
determined in method MDSTC, but 
unbiased shunt resistance derived from a 
JV-curve measured under dark conditions. 

One diode model and 
two-diode model 
 
(each diode model used 
separately for the 3 methods) 

MDPAR Adapted shunt resistance, series resistance 
and diode current(s) such that the best fit 
of measured compared to modelled 
irradiance intensity dependent efficiencies 
results. 

 
Table 4.2: Listing of applied modelling methods to calculate effective efficiencies 

The most straightforward way of the diode model approach is to only use one single 
JV-curve that has been measured at STC, and to fit the JV curve by either the one-
diode or the two-diode model. This method is denoted ‘MDSTC’ (denoting ‘M’ for 
‘method’ and ‘D’ for diode, respectively). In order to investigate in how far the 
accuracy of this MDSTC method can be improved, if also the unbiased shunt 
resistance RSh,dark is considered, the method denoted ‘MDSH’ also considers RSh,dark. As 
this parameter is derived from the slope of an IV-curve measured under dark 
conditions, only one additional JV curve measurement is required, i.e., one on top of 
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the JV characteristics determined under STC. As will be shown in Section 4, an 
optimized parameter set can be derived to fit measured with modelled cell efficiencies 
(denoted MDPAR). However, as for the MFF and MLL method, fitting implies cell 
performances cannot be predicted. As the method MDPAR gives most accurate results 
it is also used as a reference to calculate inaccuracies of methods MDSTC and MDSH. 
An overview of the modelling approaches investigated and the different methods to 
determine diode model parameter sets is given in Table 4.2. As a two-diode model, we 
used a fixed n2=1.8 when determining the dark diode saturation currents by fitting the 
measured curve with this model. 
Alternatively, combining a dark JV curve and the so-called Suns-Voc curve [59,60] of 
each candidate cell could reduce the amount of measurements needed. However, this 
approach was omitted, because we opted for JV curve measurements under constant 
intensity levels rather than under fluctuating irradiance intensity (i.e., by using a 
flasher). 

4.4 Modeling results 

The modelling approaches listed in Table 4.2 were evaluated using the measured data 
for the mc-Si cell as presented above. The following focuses on the accuracy of each 
approach.  

4.4.1 Accuracy of the MFF method 

The parameters required as input for the MFF method were derived from a single JV-
curve measured at STC of the mc-Si cell (see Section 4.2), using IPh = 144.6 mA, 
ID = 6.410-7 A, n = 1.69, RSe = 71 mΩ, RSh,STC = 565 Ω from a one-diode model fit. 

For this cell it is found that  holds only for irradiance levels above 

~90 W/m2, and the condition  is not fulfilled below 3 W/m2.  

10OCv 

2.5shr
Figure 4.3 shows two fits using the MFF method, one that applies a shunt resistance 
determined at STC and one determined at a dark condition JV-measurement (RSh,Dark = 
30 kΩ·cm2). Note that the latter fit increases accuracy towards irradiance intensities as 

low as 10 W/m2, with inaccurate conditions ( 10OCv  ) illustrated by grey lines. 

However, the condition  is not influenced by shunt resistance so that the 

valid result-range remains above 90 W/m2.  

10OCv 

Furthermore, measured open circuit voltages can be compared to modelled ones.  
As shown in Fig. 4.3, the voltage is not accurately modelled in particular at weak light 
levels. Qualitatively comparing measured to modelled voltages reveals the limitation 
of a single diode modelling approach, upon which the MFF method is based: Only a 
‘perfectly logarithmic’ voltage decrease towards weak irradiance intensities can be 
modelled. It is clear from the shown fits that the MFF method is not adequate for our 
purpose. The method is not even capable to calculate a positive FF for the intensity 
range 0.1-10 W/m2. The MFF method will therefore not be considered any further. 
 

56 



Crystalline silicon cell performance at low-light intensities 

 
 

Figure 4.3: Measured and modelled VOC and FF as a function of the irradiance 
intensity level for the single mc-Si cell (see also Fig. 4.2). 
 

4.4.2 Accuracy of the MLL method 

A graphical comparison of the original three-parameter (Eq. 4-7) and the adapted four-
parameter equation (Eq. 4-8) is given for fitted mc-Si cell performances in Fig. 4.4.  
 

 
Figure 4.4: Fitting measured efficiency as a function of irradiance intensity using the 
original and the adapted equation of the MLL method.  
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As shown in Fig. 4.4, the original MLL equation may result in negative efficiencies. 
Clearly, accurate fits only result for irradiance intensity higher than ~1-2 W/m2. 
Moreover, the original equation results in a straight line when including measured data 
below 1 W/m2 to the fitting routine. By using the new equation, which includes the 
fourth parameter, a very good fit results over the entire intensity range in any case. One 
advantage of this new equation is that checking the domain of the result can be 
avoided (e.g. within PV simulation tools), because no negative conversion efficiency 
can result for accurately chosen a4. In conclusion, the MLL method is capable in very 
accurately simulating irradiance intensity dependent cell efficiency. However, no 
predictions can be made using this approach due to the lack of physical parameters.  

4.4.3 Accuracy of diode model methods MDSTC, MDSH, and MDPAR 

The measured efficiencies as a function of irradiance intensity were fitted by the three 
methods MDSTC, MDSH and MDPAR for each cell, using both the one-diode and 
two-diode model. Whereas MDSTC and MDSH methods apply pre-defined 
parameters, optimized diode model parameter sets were determined by the MDPAR 
method.  
To evaluate the accuracy of each method, we calculated a measured absolute error 
(MAE) in addition to a root-mean-square-error (RMSE), as MAE give more accurate 
information on the actual deviation of measured compared to modelled efficiencies 
than RMSE. The MAE was calculated by the average deviation of modelled compared 
to measured efficiencies over the whole intensity range, equally accounting for each 
data point. The MAE as is given in absolute percent efficiency throughout this paper: 
e.g., at irradiance intensity of 3 W/m2, the measured efficiency of the mc-Si cell as 
shown in Fig. 4.2 is 2.3%abs and the modelled efficiency for e.g. the one-diode model is 
1.1% abs. This 1.2 %abs difference is represented by an MAE of 1.2% abs. Note that this 
translates to a relative error of almost 100% comparing measured to modelled values.  

4.4.3.1 Accuracy of models MDSTC and MDSH 

A graphical comparison of measured and modelled characteristics for the mc-Si cell is 
given in Fig. 4.5 for both methods MDSTC (left) and MDSH (right). Measured 
efficiency and open circuit voltage are depicted as points; modelling results are 
depicted as lines.  
As the MDSTC modelling method uses parameters solely determined from a J-V curve 
taken under STC, the error for the MDSTC method is relatively high. However, using 
the two-diode model is better to predict efficiencies than the one-diode model. An 
RMSE of 0.23% and a MAE of 0.2%abs result for the two-diode model compared to an 
RMSE of 0.66% and MAE of 0.51%abs for the one-diode model.  
The MDSH method additionally takes the unbiased shunt resistance determined from a 
dark IV-curve measurement into account. Here, fits improved with respect to the 
MDSTC method, particularly for the one-diode model, showing errors of 0.32% 
(RMSE) and 0.27% abs (MAE). Differences in especially the highest intensity decade of 
the modelled VOC, however, remain. Also for the MDSH method, the two-diode model 
yields a better result than the one-diode model (with errors of 0.13% RMSE and 0.1% 

abs MAE). Clearly, employing the two-diode model is preferred. 
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Figure 4.5: Measured and modelled efficiency and open circuit voltage as a function 
of irradiance intensity, by applying the methods MDSTC (left) and MDSH (right) and 
using in both cases the one- and the two-diode model. 

4.4.3.2 Adapting diode model parameters: The MDPAR method  

We also investigated the effect of a variation of the parameters of both the one- and the 
two-diode model on solar cell performance as a function of irradiance intensity. Over 
the whole irradiance intensity range only a single parameter was varied at a time, all 
other parameters were kept constant. The one-diode parameter starting set was: Iph=36 
mA/cm2, RSe=0.826 mΩ·cm2, RSh= 2 kΩ·cm2, ID=610-7 A, n1=1.  
Series resistance effects were investigated first. The series resistances of 156156 mm2 
crystalline silicon solar cells that have screen printed front side metallization is usually 
above 1 Ω·cm2 but can be reduced to values less than 0.3 Ω·cm2 using photo-
lithography [61]. Series resistances can be much larger for thin film devices [15,16]. 
We chose to model series resistance effects between 0.008 and 14 Ω·cm2, as shown in 
Fig. 4.6 (a). Although the upper and lower values have been chosen to be rather 
extreme (i.e., industrially produced crystalline silicon cells rarely have series 
resistances above 2 Ω·cm2), the effect of series resistance on cell performance is 
clearly limited to the highest irradiance decade only (100-1000 W/m2). At irradiance 
intensity below 100 W/m2 generated currents are too small to cause noticeable resistive 
losses.  
Second, we investigated the influence of shunt resistance by varying it between 
0.5 kΩ·cm2 and 10 kΩ·cm2, see Fig. 4.6 (b). It is clear that, in contrast to series 
resistance effects, the shunt resistance is particularly influential under low irradiance 
intensities.  
Third, the effect of varying the ideality factor n of the one-diode model was analyzed, 
as shown in Fig. 4.6 (c). In the specific case shown, the influence of the diode part is 
limited to values corresponding to irradiance intensity larger than 10 W/m2. For higher 
shunt resistances, the influence of diode recombination (thus also the diode ideality 
factor n) extends towards lower intensities. To this end, a very high shunt resistance 
would be particularly useful for cells operated under predominantly low light 
intensities.  
Sufficiently high shunt resistances, however, only make sense, if the photo-voltage to 
be sustained is reasonably high, which in turn requires diode currents as low as 
possible. This is illustrated in Fig. 4.6 (d), which shows modelled efficiency as a 
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function of intensity for a variety of diode currents between 10-8 and 10-11 A/cm2 and 
two shunt resistances of RSh= 1 kΩ·cm2 and RSh=10 kΩ·cm2 using the 2D model 
parameter set: Iph=42 mA/cm2, RSe=0.2 mΩ·cm2, n1=1.2 and n2=1.8. Clearly, lower 
diode currents are favourable in principle; however, shunt resistance is of differing 
influence fir differing diode currents. 
 

 
 

Figure 4.6 a/b/c/d: Irradiance intensity dependent solar cell efficiency calculated by 
the one-diode model for different values of (a) the series resistance; (b) the shunt 
resistance; (c) the ideality factor (which gives comparable results for varying diode 
currents); and (d) combined effect of varying diode currents and shunt resistances. 
 
Finally, diode model parameters were varied such that an optimal fit of measured 
compared to modelled cell efficiencies as a function of irradiance intensity resulted. 
This fit for the mc-Si cell (with measured data shown previously in Fig. 4.2) is 
depicted in Fig. 4.7. The fitting accuracy is very much improved to MAE of 
0.07%abs (1D) and 0.03%abs (2D). Although the error is rather small for the one-diode 
model, a systematic error can be discerned. As shown in Fig. 4.7 in the upper right 
part, the open circuit voltage can only be modelled such that a linear voltage decrease 
on the logarithmic plot results with the one-diode model, whereas the two-diode model 
accounts for the S-shaped voltage decrease by the second diode current and ideality 
factor in the exponential part. Thus, open circuit voltage at STC conditions is 
overestimated for the one-diode model parameter set that has been fitted with regards 
to efficiency. Again, as was already stated for the MDSTC and MDSH methods, 
employing the two-diode model is preferred. 
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Figure 4.7: Optimized fit of modelled irradiance intensity dependent cell efficiency for 
the single mc-Si cell by applying the MDPAR method using both the one-diode (1D) 
and the two-diode (2D) model. 
 

Measured Absolute Error (MAE) of the cell efficiency [%absolute] 
for fits of the investigated methods compared to measured results Cell supplier 

code 
MDSTC MDSH MDPAR 

A 2.6 ± 0.3 0.7 ± 0.2 0.27 ± 0.12 

B 2.0 ± 0.3 0.4 ± 0.1 0.25 ± 0.06 

C 0.4 ± 0.3 1.4 ± 0.1 0.14 ± 0.04 

D 0.7 ± 0.2 0.5 ± 0.1 0.27 ± 0.08 

E 1.4 ± 0.3 0.5 ± 0.2 0.26 ± 0.06 

F 1.7 ± 0.2 1.0 ± 0.1 0.30 ± 0.01 

G 1.7 ± 0.6 0.4  ± 0.3 0.24 ± 0.15 

H 0.6 ± 0.3 0.5 ± 0.1 0.12 ± 0.04 

 
Table 4.3: Measured absolute error (MAE) for the best fit of the methods MDSTC, 
MDSH and MDPAR for crystalline silicon solar cells from 8 suppliers (A-H), 
indicating accuracies. 

4.4.4 Modeling commercial cells with methods MDSTC, MDSH, and MDPAR  

Table 4.3 presents resulting accuracies in the form of averaged measured absolute 
errors (MAE) grouped per supplier for the respective modelling methods. The given 
standard deviation is calculated per supplier, with the number of cells measured  as 
listed in Table 4.2. As is clear from Table 4.3, the method that uses an unbiased shunt 
resistance (MDSH) provides better results than the MDSTC method, except for 
samples from supplier C. This as well as the excellent fits of suppliers C (0.14%abs) and 
H (0.12%abs) for the MDPAR method are related to the fact that the starting parameter 
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set (i.e., STC parameters) has been closer to the resulting parameter set; this can be 
inferred from the already low MAE for the MDSTC method. 

4.4.5 Effective efficiencies  

Having determined which method is best in terms of accuracy for modelling irradiance 
intensity dependent efficiency, it is now shown what effect different cell performances 
at varying intensity have on energy yield. To this end, a scenario for the annual 
irradiation intensity distribution is assumed, in order to simulate the theoretical energy 
yield of the measured crystalline silicon solar cells. Note this yield is calculated whilst 
exclusively considering irradiance intensity dependent performance variations but no 
further effects that affect PV yields (notably temperature and irradiance spectrum). We 
selected an outdoor irradiance intensity distribution, which is based on hourly averaged 
horizontal irradiation measured in de Bilt, the Netherlands, in 2005. The ‘effective 
efficiency’ ηeff,G with respect to only different irradiation intensities G(hi) is defined by: 
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with  a
i

G G ih  the annual (8760 hours) irradiation sum. This permits for an 

appropriate weighting of irradiance dependent efficiencies and the correlated power 
output, attributing higher scores when the efficiency is high at higher irradiance 
intensities.  
As the tested cells could be applied in PIPV products, we also used a simplified indoor 
irradiance intensity distribution by assuming a constant daylight factor (DF) of 10%, 
i.e., indoor intensities are exactly 10% of the outdoor ones, including direct beam 
intensities. 
The shunt resistance is an important parameter affecting the efficiency of solar cells at 
low-light intensities. The unbiased shunt resistance (RSh,dark) can be easily determined 
from dark JV curve measurements. Therefore, we have plotted the ratio between the 
effective efficiency as a function of the RSh,dark parameter, see Fig. 4.8.  
The resulting performances relative to STC vary between 94% - 102% for the 
simplified outdoor compared to 65% - 87% for the simplified indoor irradiation 
intensity distribution. 
To compile the data points shown, we applied the two-diode model parameter sets of 
the 41 cells using the MDPAR method. A strong correlation between the low-light 
performance of the cells and RSh,dark would make the classification of cells relatively 
easy, i.e., sorting of cells not only by different power classes but also with respect to 
RSh,dark. As can be seen in Fig. 4.8, however, cells that show a low RSh,dark exhibit only a 
somewhat lower effective efficiency. Higher RSh,dark result not necessarily it higher 
effective efficiency, except for the cells from supplier E (see filled triangles). Although 
a tendency of correlation is found, we suggest that the spread in diode currents of the 
cells is too large to allow for sorting cells based on their shunt resistance only.  
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Figure 4.8: The effective- normalized to STC-efficiency as a function of the dark shunt 
resistance for two light intensity profiles and the various crystalline solar cells 
provided by different suppliers. A simplified indoor irradiation intensity profile is 
calculated by attenuating outdoor irradiation intensity (constant Daylight Factor of 
10%); Results for both the outdoor- and indoor-profile are shown in the left panel, 
results of only the indoor irradiation profile are shown in the right panel. 

4.5 Discussion 

The obtained modelling results show that quite accurate predictions of the energy that 
can be harvested by the commercially available, crystalline silicon solar cells can be 
made using both the one-diode and the two-diode model. However, several limitations 
in our approach were made when calculating the presented ‘effective’ efficiency of the 
commercial cells, requiring further attention, and briefly discussed in the following. 
Also it will be discussed why thin film solar cells have not been considered, and in 
how far the shunt resistance determined from dark JV curve measurements may help to 
increase the accuracy in determination of other diode model parameters. 

4.5.1 Limitations and further modeling requirements 

Several effects and parameters have not been considered when determining ‘effective’ 
efficiencies: Neither the effect of temperature on energy yield nor the influence of 
different spectral compositions of irradiation have been accounted for, and other 
effects on solar cell performance such as incident angle dependency of irradiance and 
corresponding reflections were omitted. Moreover, we did not consider cell 
encapsulation.  
The outdoor performance is strongly affected by ambient and module temperature 
indeed, however, this is hardly the case under low-light. Outdoor PV module 
temperatures lead to a decrease of the annual energy yield between 10-20% compared 
to the yield estimated at constant temperature of 25 C. In case of indoor PV, however, 
the ambient temperature is rather constant (normally 15-25 C) and temperature effects 
will be very small, as the irradiation is low (e.g., due to window absorption). In turn, 
spectral effects gain importance. Whereas spectral effects are generally much smaller 
than temperature effects for crystalline silicon based PV systems operated outdoors, 
spectral effects on indoor PV performance should be carefully accounted for. 
Calculated by measured Spectral Response (SR) of the 41 cells, different window 
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glazing types can cause the short circuit current to decrease with a 15% difference for 
cells of same type but from different manufacturers.  

4.5.2 Required future research on different types of solar cells 

Thin film solar cells have not been included in this study, as more complex physical 
phenomena require to be taken into account. Due to voltage dependent photocurrent 
collection [14,28] and recombination rate [62] as well as different ideality factor 
modeling requirements [63] the superposition principle, which means that the model 
elements are completely independent, is not necessarily valid. However, Hegedus 
presented modelling of a-Si and a-SiGe [14] and recently also Cadmium Telluride 
(CdTe) based cells [28] accounting for voltage dependent photocurrent collection. 
Virtuani et al. [22] already presented weak light performance effects when annealing 
CIGS cells. These findings and results from the VIM method as presented by 
Merten [32,33] actually allow modelling of thin film devices as a function of irradiance 
intensity. Nonetheless, this modelling is much more complex, so that we decided in 
this article to focus on crystalline silicon cells exclusively - for which the superposition 
principle is well known to hold [37]. 
Furthermore, crystalline silicon solar cells using different grades of purity in silicon 
have been excluded in this study. With less pure silicon being a promising route to cut 
costs of crystalline silicon solar cells, such cells may also be an interesting option 
regarding PIPV systems, particularly from an economical perspective. On the other 
hand, the weak light performance of such cells is supposedly (much) lower, due to the 
low shunt resistances one can expect for those solar cells. Reasonable large shunt 
resistances, however, are a prerequisite for good solar cell performances at low-light, 
as presented.  

4.5.3 The unbiased shunt resistance as a low-light performance indicator 

The unbiased shunt resistance as a performance indicator at low-light intensities has 
been evaluated in the results section. Results showed, however, that shunt resistance 
effects are superimposed by diode current and series resistance effects and the 
unbiased shunt resistance cannot be taken easily as the sole weak-light performance 
indicator. Nonetheless, especially the 15 cells with a low shunt resistance perform less 
good: on average the ‘effective’ efficiency is only 72% for cells with resistances below 
10 kΩ·cm2 compared to STC efficiency. Cells with a shunt resistance larger than 
10 kΩ·cm2 show an ‘effective’ efficiency of 83% on average compared to STC 
efficiency.  
Particularly for the outdoor irradiation scenario, however, the correlation between 
RSh,dark and the ‘effective’ efficiency is not so clear, which is due to the fact that in this 
intensity range the series resistance effects dominate. Moreover, as the low-light 
performance is not determined by shunt resistance alone but by shunt resistance in 
combination with specific diode currents, accurate determination of diode currents is of 
particular importance. 
With series resistance effects superimposing diode characteristics at irradiance 
intensities close to STC, required accuracy levels may not be reached. Hence, although 
series resistance has no effect on low-light performance, accurate determination of 
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series resistance would help increasing prediction accuracy of the low-light 
performance of solar cells, simply because more accurate determinations of diode 
currents become possible if the (lumped) series resistance is known.  
An interesting route to determine diode currents could therefore be to first measure the 
unbiased shunt resistance: once unbiased shunt resistances are known the (upper) diode 
current could be determined more accurately by measuring the increase of open circuit 
and maximum power point voltages as a function of irradiance intensity. This approach 
is quite similar to the VIM method as proposed by Merten [32], but opposed to the 
VIM method it would require only very few measurements at a very narrow intensity 
range, once RSh,dark is determined. However, it would have to be simulated once RSh,dark 
has been determined, how voltages are expected to increase with specific diode 
currents. 

4.6 Conclusions  

The performance of crystalline silicon solar cells in dependence of irradiance intensity 
(much) lower than one sun was investigated. This is of special importance for solar 
cells incorporated into PV powered products which are used predominantly indoors.  
To evaluate the accuracy of four model approaches to predict the intensity dependent 
solar cell performance, we measured the performance of 41 industrially manufactured 
cells from eight suppliers at six different light intensities and one single 
multicrystalline silicon solar cell at many light levels. Based on this experimental data, 
the accuracy of the following four modelling approaches was evaluated: (1) Empirical 
fill factor expressions, (2) a purely empirical function, (3) the one- and (4) the two-
diode model. The results show that fill factor expressions and the empirical function 
fail at low light intensities, but a new empirical equation could be derived to accurately 
fit efficiency also at low-light.  
Accuracies of both diode models are very high. However, the accuracy depends 
considerably on the used diode model parameter set. We therefore compared different 
methods to determine diode model parameter sets and corresponding accuracies. The 
two-diode model is found to be preferred in principle: particularly its capability in 
accurately modelling Voc and not only efficiency with one and the same parameter set 
makes the two-diode model superior. Average fitting errors of only 0.07%abs (one-
diode) and 0.03%abs (two-diode) were obtained for fitting measured single cell 
performance in an irradiance intensity decade that covers five orders of magnitude.  
The irradiance intensity dependent performance of commercial cells was measured and 
fitted between 3 and 1000 W/m2. Knowing the low-light performance, the so-called 
‘effective’ efficiency of these cells was calculated. Two simplified irradiance intensity 
distributions were used, disregarding other effects on performance such as spectra, 
incident angle of irradiance, reflection, cell encapsulation and temperature. The 
resulting performances relative to STC varied from 94% - 102% for a simplified 
outdoor compared to 65% - 87% for a simplified indoor irradiation intensity 
distribution. To avoid low energy yields of cells used under predominantly low 
irradiance intensities the results suggest a lower limit of shunt resistance measured at 
dark conditions of 10 kΩ·cm2. 
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Chapter 5 - A design case study of a PIPV system** 
 
 

 

 

A solar powered wireless computer mouse (SPM) was chosen to serve as a case study 
for the evaluation and optimization of industrial design processes of PIPV. As the 
design process requires expert knowledge in various technical fields, the following was 
assessed and compared: appropriate selection of integrated PV type, battery capacity 
and type, possible electronic circuitries for PV-battery coupling and material properties 
concerning mechanical incorporation of PV into the encasing. Besides technical 
requirements, ergonomic aspects and design aesthetics with respect to good ‘‘sun-
harvesting” properties influenced the design process. This is particularly important as 
simulations show users can positively influence energy balances by ‘‘sun-bathing” the 
PV mouse. A total of 15 SPM prototypes were manufactured and tested by actual 
users. User tests suggested in particular the willingness of users to “sun-bath” their PV-
powered products. Although user satisfaction proved the SPM concept to be feasible, 
future research still needs to address in detail user acceptance related to product 
dimensions and user willingness to pro-actively “sun-bath” PV powered products more 
quantitatively. 
 

 

                                                           
** Based on an article published in Solar Energy 83(2), pp. 202-210 (2009), with co-

authors M. Veefkind, W.G.J.H.M. van Sark, E.A. Alsema, W.C. Turkenburg and S. 

Silvester. 
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5.1 Introduction 

Within the framework of the Syn-Energy project a test product was selected in order to 
investigate industrial design processes as well as engineering solutions of Product 
Integrated PV (PIPV) systems. The product was decided to be designed from scratch 
and a wireless computer mouse was chosen. The choice for the particular wireless 
computer mouse product to be equipped with solar cells fulfilled the aim of the 
research group to tackle a broad variety of problems frequently incurred by product 
designers who intend to create a PIPV system; Detailed aspects concerning the product 
selection process are described elsewhere [34].  
One of the key issues – to select a challenging product case – was fulfilled to such an 
extent that it was initially unclear whether the product dubbed ‘SoleMio’ could at all 
be a feasible product concept. In particular energy balances were initially unclear, as 
supposedly large variations in device-use of (wireless) computer mice together with 
broad ranges of available irradiation for the solar cells would inevitably results in 
wide-ranges of energy balances. For example heavy device use combined with only 
little irradiation might make it impossible for the solar cells to deliver a significant 
charge contribution to overall demand. Furthermore, the hand of the user will have to 
touch the product during use, with the cells consequently shaded, thus reducing 
generated charge. Moreover, the rather low irradiation amounts available indoors raises 
the question in how far users are willing to “sun-bath” their PV powered mouse, i.e., to 
place the mouse on a window sill in order to expose it to daylight/sunshine to recharge 
the storage unit that inevitably also requires to be incorporated.  
The energy balance was thus one critical issue for the design process of this product. 
The integration of solar cells into the wireless mouse in an aesthetically pleasing (and 
energetically still acceptable) way, however, was yet another challenge.  

5.2 Energy balances and design criteria 

Exploratory studies were conducted to determine the kind of project and product the 
idea of a PV-powered computer mouse would develop into. The so-called “quick-scan” 
included market research (existing products, market segmentation and corridor of 
price), user research (observational research, interviews and focus groups) and rough 
energy balance calculations (charge generation of PV indoors and device charge 
demands based upon typical device use times). The exploratory studies should allow 
defining ‘design criteria’ to aid choosing amongst the many design options that are 
theoretically possible.  

5.2.1 Energy balance estimations 

To estimate energy balances for the ‘SoleMio’ both the charge demand and the charge 
generation potential were determined. Market research found charge demands of 
commercial products to vary largely, by a factor of 4 to 5; The product with the lowest 
power demand at that time (end of 2005, commercially available), was sold by 
Microsoft as ‘Intellimouse’, indicated in Table 5.1 as ‘Wireless Optical 1’. Meanwhile, 
energetically more economic mice operating with a laser instead of a light emitting 
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diode (LED) have been introduced. However, in the ‘SoleMio’ product ‘Intellimouse’ 
electronics are incorporated and thus LED technology. The following evaluation is 
therefore based upon computer-mice specifications that use LED technology.  
The range of overall charge demand can be calculated easily from the power demand 
specifications, because expected device use times have already been assessed 
elsewhere [64]. Here, between 4 and 27 hours mouse motion per week have been 
claimed, based upon supposedly large amounts of user data collected by 
Microsoft [64]. Concerning the energy management system (EMS) the ‘Intellimouse’ 
product uses three management levels to minimize energy consumption (on- and 
standby-states as well as sleep-mode). In addition, battery runtime is increased by 
underlay material dependent LED intensity. A dc-dc converter provides the electronic 
circuitry of the mouse with sufficient voltage (3.5 V) with (primary) battery voltages as 
low as 0.6 volt. Interestingly, this product is not equipped with a simple energy-saving 
‘on/off’-switch, which enables users to indisputably switch off the device, but relies on 
‘sleeping mode’ activation. When mice are transported (e.g. with a laptop) no 
‘sleeping’ mode will be activated. The user cannot prevent the device wasting energy. 
 

EMS-Mode (1-active, 2-sleep, 3-deep sleep state) 
Type of mouse 

1 2 3 

Wireless optical 1 7.0 mW 0.57 mW 0.09 mW 
Wireless optical 2 36.8 mW 2.11 mW 0.47 mW 
Wired optical 1 400 mW n/a n/a 
Wired optical 2 500 mW n/a n/a 

Wired ball 1 75 mW n/a n/a 
Wired ball 2 150 mW n/a n/a 

 
Table 5.1: Power ratings of two state of the art wireless [64] as well as two wired 
optical and two wired ball-based computer mice; wired mouse data as a comparison, 
data according to device power ratings listed on device rating plates as investigated by 
the author (DELL, Logitech and Microsoft brands). 
 
The amount of PV generated charge depends on several parameters. Most influential 
are solar cell area and efficiency, together with available irradiation. An active solar 
cell area of 20-30 cm2 was initially estimated (the final product concept incorporates a 
28 cm2 solar cell). We assumed overall 10% constant efficiency of the PV unit, to 
reduce complexity in the involved calculations, i.e., neither irradiance intensity [23,26] 
nor temperature dependent PV performance [65] is considered and spectral effects 
[26,66] are also not accounted for. The amount of PV generated charge was then 
estimated by irradiance data time series. For this, hourly averaged, horizontally 
measured global irradiance data (2005 in de Bilt, the Netherlands) was used by 
accounting for lower irradiance indoors through an attenuation factor, similar to a 
Daylight Factor (DF), and assumed 5% constant here. Note that this fraction of 
irradiation indoors compared to irradiation outdoors incident onto a horizontal surface 
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includes direct-beam intensities, which is, strictly speaking, not included in the 
traditional definition of the DF.  
The battery state of charge (SOC) that results across the whole year 2005 for different 
mouse-use times has now been calculated based on the following assumptions. When 
“sun-bathing” the mouse, a relatively high ‘constant DF’ of 60% is used, assuming that 
solar cells are then exposed to direct sunshine. The “sun-bathing” was assumed to 
happen each weekday between 11:30 and 12:30 o’clock and during the whole day 
during weekends. The battery SOC was calculated for low, medium and heavy use (4-
27 hours a week) and in all cases it was assumed that the solar cells are operated at 
their maximum power point (mpp), PV power output is zero during device use, and PV 
generated charge is further lowered by battery charge efficiency (90% constant), 
battery self discharge (15% per month) and the efficiency of electronic circuitries (90% 
constant, which provides mpp-tracking, assumed to be 100% accurate and efficient). 
Using these assumptions, and starting with a fully-charged 3 Ah battery capacity on the 
1st of January, the calculated battery state of charge (SOC) that results across the whole 
year 2005 for the different mouse-use times is shown in Fig. 5.1.  
The SOC of a computer mouse with and a computer mouse without incorporated solar 
cells is shown in both panels, but in the upper panel no “sun-bathing” and in the lower 
panel a regular “sun-bath” is assumed, as described above. Clearly, the influence of 
“sun-bathing” on SOC is very beneficial, but note that also with no “sunbathing” a 
considerably prolonged device-operation is achieved (for example for the case of 
medium use it is approximately tripled). When comparing the two figures with and 
without “sun-bathing”, it is obvious that difficulties are encountered when attempting 
to dimension system components: For example different minimum battery capacities 
are associated to each energy balance scenario, as for the “sun-bathing” scenario and 
heavy, medium and light device use (4-27 hours/week) the corresponding minimum 
battery capacity would be 1900, 1250 and 500 mAh to grant one year of product 
operation based on PV generated charge alone. When mice are not “sun-bathed”, 
however, battery capacity will be sufficient for only light device use to grant year-
round operation on only PV generated charge (Fig. 5.1 a).  

5.2.2 Design criteria 

The “quick-scan” together with the preliminary energy balance estimations (see above) 
indicated the development of the “wireless pointing device” to be principally feasible, 
however, strongly depending on the specific design and the correlated energetic 
performance as well as user willingness to expose their PV-mouse to sunlight. We thus 
defined three options.  
The ‘SoleMio’ would, ideally, be energetically self-supporting (i.e., not requiring any 
user-care), this can be only achieved, if the mouse is only occasionally used (option 1). 
To guarantee 100% solar operation also for medium and heavy use, the mouse requires 
pro-active “sun-bathing” to recharge the batteries (option 2). An alternative is to 
increase PV area (option 3). Inevitably, this leads to a mouse-pad-sized product, which 
should not require special user care, because "sun-bathing" a larger product can be 
argued to be inconvenient. After a democratic decision process within the Syn-Energy 

70 



A design case study of a PIPV system 

 

group it was decided to opt for option 2 and it was aimed to establish specific product 
design criteria. Concerning the energy balance of the ‘SoleMio’ product two criteria 
were defined: (1) The design should stimulate the user to sun-bath the SPM (i.e., by 
indicating when sun-bathing is required and through stating in the user manual how 
much “sun-bathing” is required). (2) If the mouse is “sun-bathed” appropriately, the 
incorporated PV and charge storage unit should provide continuous product 
operation (i.e., all-year-round).  
 

 
 

Figure 5.1: Battery state of charge (SOC) for a wireless computer mouse with and 
without solar cells that (a) is not and (b) is “sun-bathed” on a daily basis (see text).  
 
Following the decision to focus on a ‘traditional’ mouse, product specific design 
criteria were established. Here, a scroll wheel as well as two push buttons should be 
incorporated from the product-feature point of view. It was also agreed upon that all 
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components must be compliant to RoHS†† and that a product lifetime of at least five 
years should be guaranteed. Also, the manufacture of prototypes should be possible at 
a later stage. To this end, potential concepts should be evaluated as if the ‘SoleMio’ 
was to be produced in a commercial setting. All components should therefore be 
commercially available.  
 

 

 

 

                           
Figure 5.2: Integration of different PV cell types using different encasing shapes and 
cell technologies, with (a) flat panel integration as part of outer encasing; 
(b) crystalline series connected cell integration; (c) bent a-Si:H on foil solar cell 
integration. 
 
Users should perceive the ‘SoleMio’ as a quality product, not as a gadget, which is 
obviously related to design aesthetics on top of a sound technical design. Results from 
focus-group research, where several potential users are interviewed qualitatively to 
allow for more detailed interpretations of user criteria, indicated that users could 
perceive the ‘SoleMio’ as a (high) quality product based upon design aesthetics alone.  
The same focus-group research pointed out that PV-cells should follow the encasing’s 
shape, as such a design is perceived as more attractive compared to sharp- or 
rectangular shaped devices (see Fig. 5.2).  
With designs that do not incorporate curved lines perceived as unattractive or even 
‘bulky’, rectangular mice were not further considered, i.e., rectangular shapes such as 
the one shown in Fig. 5.2 (a).  

                                                           
†† European directive 2002/95/EG on “Restriction of the use of certain hazardous substances” (RoHS) 

72 



A design case study of a PIPV system 

 

 
Figure 5.3: Components of the ‘SoleMio’. 

5.3 System options and Component Selection 

To eventually build prototypes, a certain system setup had to be chosen and each 
system component had to be dimensioned. The various components of a ‘SoleMio’ in 
accordance to the defined device criteria are shown in Fig. 5.3.  
The following sub-section addresses the selection of an adequate battery and PV type, 
solar cell incorporation and charge controller options in detail. 

5.3.1 Battery unit 

Typical battery parameters were evaluated first, ‡‡ based on available battery 
handbooks [67-69]. This narrowed the possible choices down to the following battery 
types: Nickel-Cadmium (NiCd), Nickel Metal Hydride (NiMH), Lithium Ion (Li-Ion), 
Sealed Lead Acid (SLA) and Rechargeable Alkaline Manganese (RAM).  

                                                           
‡‡ Parameters considered were energy density [Wh kg-1] and [Wh cm-3], cycle life, 
charging time, overcharge tolerance, self-discharge, open circuit cell voltage (cell 
potential), maximum discharge rate (max. load current), operation temperature, 
maintenance requirement, price, efficiency, cycle depth characteristics, commercially 
available capacities at standard battery sizes (i.e., AA, AAA sized batteries), discharge 
profile and lifetime as well as toxicity 
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Due to the difficulty in dealing with the many different parameters, each technology 
was assessed in five respects: cost, efficiency, design, durability and environmental 
aspects. To this end, a sort of ‘fuzzy-logic’ approach was applied as the categorized 
performance of the specific battery technologies’ was estimated as very bad (--), 
bad (-), good (+) or very good (++) in the ‘SoleMio’ product case (Fig. 5.4) by the 
expertise of the involved developer team. With this categorization taking the expertise 
of the involved PV and industrial product designers into account, supported by above 
mentioned battery handbooks, it should be noted that different experts may draw 
different conclusions. However, from this assessment procedure only two battery types 
were considered further: The NiMH and the Li-Ion, as these either didn’t have a very 
bad score in any category (NiMH) or fell short on only cost and durability grounds (Li-
Ion).  
 

 
 

Figure 5.4: Assessment of different battery types for the use in SPM. 
 
The decision for either the NiMH or the Li-Ion battery type was difficult. Eventually 
the team opted for NiMH batteries for various reasons. For one, NiMH batteries are 
available in different shapes and capacities, and voltages are multiples of 1.2V, which 
allows a lot of freedom regarding system design. Furthermore, NiMH battery types can 
be found in electronic retailers or even supermarkets, making it easy for the user to 
exchange these secondary batteries if required. Since nowadays NiMH batteries with 
almost no self-discharge are offered [70], their previously high self-discharge no 
longer poses a problem. 

5.3.2 PV type selection 

Thin film PV technology, especially hydrogenated amorphous silicon (a-Si:H) based 
solar cells, are often argued to suit PV powered products better than crystalline silicon 
cells. Indeed a-Si:H cells show outstanding weak light performances, and their spectral 
response (SR) matches indoor irradiance spectra very well (see Chapter 3). In contrast 
to artificial light, however, solar energy as the energy resource is orders of magnitude 
higher. This is also the case in indoor environments, if a location at or close to the 
window sill is concerned. Solar cell efficiencies at higher irradiance levels (i.e., 100-
1000 W/m2) are generally much better for mono- or multicrystalline silicon (c-Si and 
mc-Si) based solar cells than for a-Si:H. Commercially available c-Si cells have up to 
21% efficiency at STC, thus outperforming a-Si:H cells that have currently about 7% 
efficiency under STC by a factor three (see Chapters 3 and 4). It was therefore decided 
to opt for crystalline silicon based solar cells. By using industrial design 3D-CAD 
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software  it could be shown that incorporating such flat, rigid solar cells is a feasible 
option (Fig. 5.5).  
 

 
 

Figure 5.5: Example of incorporating a flat, rigid PV cell / module into a SPM. 
 

5.3.3 PV incorporation: the optics of the encasing 

Placing the solar cell beyond a double-bent, transparent plastic cover within the SPM 
encasing lowers irradiation amounts that can reach the PV unit. Furthermore, 
irradiance is unequally distributed over the solar cell (Fig. 5.6, left). The shown effect 
of the product encasing shown was calculated by the software tool 3D-PV that was 
presented only recently [71]. However, this tool is not (yet) capable to simulate the 
transmission of light through interfaces, i.e., in particular reflection losses at the 
transparent plastic cover are not yet accounted for.  
The reflection losses were estimated based on Fresnel equations in a simplified 
approach. In addition to the reflection that will take place at the plastic cover of the 
mouse also reflection that will occur at a (vertical) window glazing were considered, 
thus calculating irradiance fractions reaching the cell in a mouse located in the indoor 
environment. As shown (Fig. 5.6, right), reflection losses become very high for high 
incident angles, which is related not only to the (assumed flat) transparent plastic cover 
but also to the low PV module tilt. 
Although tilt-angles of 20-30 degrees were optimal, in the final concept the solar cell 
was tilted by only 10 degrees, due to a trade-off between the ergonomics of the product 
encasing and the required space for electronics, batteries and mechanics. This allowed 
a relatively large cell to be incorporated without sacrificing too much internal space 
and was also supposed to easy manual prototype assembly. As this is less optimal 
concerning amounts of light transmitted to the PV unit, however, support structures 
should be designed, too, as to enable a secure positioning of the mouse at larger tilt. 
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Figure 5.6: Shaded cell due to the product encasing (left) and transmission as a 
function of incident angle (right). 
 

5.3.4 Charge controller options  

The most simple charge controller would only require a single diode, preventing 
battery discharge with the solar cell as consumer. Overcharge protection could be 
realized by only a second, additional diode that short-circuits the solar cell above a 
certain voltage threshold. Overcharge protection could also be realized by means of a 
“self-regulating” system design, which would be striking due to its simplicity. 
Matching maximum solar cell to maximum storage unit voltage would render voltage 
overcharge protection pointless. However, matching battery and PV voltage is a 
difficult task, because battery voltage is battery state of charge (SOC) dependent, and 
PV voltage depends on irradiance intensity. Voltage converters, on the other hand, 
require rather complicated electronics, but also lead to higher design freedom. If 
incorporating a voltage stepping unit, all combinations depicted (Fig. 5.7) for the three 
categories ‘storage’, ‘module set-up’ and ‘PV technology’ are theoretically possible. 
As voltage converters apply dc-dc up- or down-conversion (of PV voltage), they are 
most logically thought of in combination with maximum power point tracking. With 
the single cell concept already chosen, it was decided to use charge controller 
electronics that perform voltage up-conversion and maximum power point tracking.  
On top of charge controlling, the electronics should provide a battery status indication, 
as defined in the ‘device criteria’. It was decided to use battery voltage to indicate the 
SOC of the battery. For the selected NiMH battery type, however, this meant battery 
SOC could only be indicated as either ‘full’ or ‘almost empty’. Of course it would be 
desirable for battery SOC to be indicated using a bar graph with e.g. four or more 
elements, particularly because indicating the positive influence of “sun-bathing” 
supposedly encourages users to “sun-bath” the mouse more regularly. However, the 
developer team opted for this solution as it was relatively simple and cheap. Note that 
chip companies recently started to offer integrated circuits (ICs) dedicated to solar cell 
applications (e.g. Chip TPS61200 from Texas instruments). If this trend continues, 
future ICs may allow easier electronic integration including sound SOC indication.  
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Figure 5.7: Morphological chart of possible PV-battery concepts.  

5.4 The final SPM concept  

Fifteen ‘SoleMio’ PV-mice were manufactured using commercial mice electronics and 
rapid prototyping plastic encasings. Although the incorporated PV cell is flat and rigid, 
curved lines and double-bent surfaces dominate the design. This was achieved by 
placing the solar cell under a double curved, transparent plastic cover. Figure 5.8 
shows the final SPM design together with the support structure.  
 

 
 
Figure 5.8: Rendered pictures of the final SPM design concept. 
 
The configuration of the manufactured 15 SPM prototypes was in accordance to the 
different choices discussed in section 5.3 and initially 5 prototypes each were equipped 
with the different cell types a-Si:H, c- and mc-Si. A voltage converter (DC/DC voltage 
up-conversion) charges the battery (of NiMH type of size AAA with 800 mAh 
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capacity), if solar cell voltage is above 0.3 V. We incorporated less battery capacity 
than we suggest optimal (i.e., > 2Wh) for a commercial product, to ease prototype 
assembly. The voltage converter applies maximum power point tracking by measuring 
the IV curve of the incorporated c-Si or mc-Si solar cell each 10 seconds and adapting 
the pulse-width-modulation (PWM) duty cycle of the switching device. Photographs of 
the built prototype products are shown in Fig. 5.9. 
 

   
 
Figure 5.9: Pictures of the built prototypes each equipped with a different solar cell 
type (a-Si:H and mc- and c-Si cells, left panel) and the Dutch minister of Spatial 
Planning and the Environment, Jacqueline Cramer, as the perhaps most prominent 
SPM test-user reaching out to her test-mouse when we presented the first prototype on 
July 12th 2007, right panel. 
 
The voltage converter / maximum power point tracker has been implemented on an 
additional PCB (Printed Circuit Board) as a charge controller in the mouse encasing, to 
protect the batteries from both deep discharge and overcharge. Should defined voltage 
thresholds be exceeded either the solar cell or the mouse PCB are disconnected from 
the battery. Battery SOC indication is also realized by the microcontroller on the 
additional PCB we included into the mouse: A red LED blinks, when battery voltage is 
below a certain voltage threshold. Nothing, however, indicates an (almost) fully 
charged battery, which already calls for improvement without user tests.  
In addition to SPM design features discussed in Section 5.3, it is possible to recharge 
the battery by connecting the SPM to the USB port of a computer. This allows test 
users to continue working with the SPM, should PV generated charge be insufficient, 
and would not necessarily be needed in a commercial setting.  

5.4.1 Technical performance and PV energy yield measurements  

In order to supply the charge controller electronics with sufficient voltage, the original 
concept required two batteries connected in series. This implies that a large voltage 
difference had to be handled by the switching device (i.e., battery voltage between 2.0-
2.8 V, compared to ~0.5 V from the solar cell).  
Several aspects, however, led to an updated electronic design, making it possible that 
also a single battery can be used as energy storage unit. Consequently, the battery 
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voltage range will consequently be a factor two lower (i.e., battery voltages between 
1.0-1.4 V depending on battery SOC).  

 

 
 

Figure 5.10: Voltage conversion efficiency of the DC/DC converter.  
 

 
 

Figure 5.11: Cover transmission factors and efficiencies of crystalline silicon cells 
incorporated into the SPM. 
 
Measured efficiency of the voltage conversion unit as a function of solar cell voltage 
for these two cases, a single battery and two batteries connected in series as the power 
supply of the mouse, is shown in Fig. 5.10. Clearly, a maximum efficiency of only 
50% has been obtained. 
The efficiency of the commercially available crystalline silicon cells we started with 
was well above 16% (at standard test conditions (STC): intensity 1000 W/m2, AM1.5 
spectrum, 25 ºC). Although no record efficiency, state-of-the-art performance for 
today’s industrially produced solar cells of crystalline silicon cells thus resulted. For 
the a-Si:H cell, however, it emerged that conversion efficiency deteriorated by shaping 
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larger cells into the non-rectangular form incorporated into the mouse. Instead of laser-
scribing and braking the cells, as was done with the crystalline cells, the glass cover of 
the a-Si:H cells made cutting the entire cell necessary, which lead to shunted cell 
edges. The efficiency of the a-Si:H cells therefore dropped to virtually zero under 
weak-light and after several unsuccessful attempts to avoid or repair the edge-shunting 
we decided to discontinue tests with mice equipped with a-Si:H cells. 
The solar cell efficiency was measured by placing the whole mice with cells beyond 
the cover under a solar simulator. Figure 5.11 shows measured absolute cell 
efficiencies of the 10 crystalline silicon cells and measured short circuit current ratios 
(with and without plastic cover), representing the transmission of relevant radiation 
fractions through the transparent plastic cover. As shown, reflection and absorption 
losses are around 5-8% only, as one may expect for an refractive index of ~1.5. Cell 
efficiency is around 12% for 7 out of the 10 cells; only one single cell shows 14% 
efficiency. The spread of PV cell conversion efficiencies is not very large except for 
one cell. Cell number 7 has been accidentally broken during SPM assembling, 
explaining the very low 9% efficiency.  
With the performance of the crystalline cells of the remaining 10 mice prototypes 
being not too different, we were very surprised to find the charging behaviour of the 
mice to differ considerably. The voltage of each SPM battery is shown here as a means 
to denote battery SOC, and shown battery voltage resulted for mice all located at one 
and the same window sill during a few days, as shown in Fig. 5.12. 
 

 
Figure 5.12: Battery voltages during a few days of several SPM prototypes with 
crystalline silicon cells, all placed for “sun-bathing” at one and the same window-sill 
at the same time. The apparently different charging behavior is related to arbitrary 
power demand, caused by a flaw in the rapid-prototyped encasing (see text). 
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Clearly, the battery SOC of the various mice varies significantly. The cause of this 
differing charging behaviour was found to be related to unexpectedly high power 
demand of individual mice units. Unfortunately, the optical LED unit to track mouse 
movement became loose through mechanical stress, in turn leading to a continuously 
shining LED with very large power demand of ~20 mW. The re-manufacture of the 
optical unit did reduce the power demand, albeit not to levels as listed in Table 5.2. 

5.4.2 User tests 

User tests took place with only crystalline silicon cells in the mice, at the office 
desktops of 18 test users and at three different locations (Delft, Twente and Utrecht, 
the Netherlands) during November and December 2007. Six participants tested the PV-
mice for more than seven weeks, the other twelve for only a month. User interviews 
allowed in-depth understanding of the individual user concerns, which were to be 
analyzed by the social scientists within the Syn-Energy group [72].  
Satisfaction of users with the prototypes diverged. At the start of the test period, most 
users indicated the mouse as ‘very big’ or even ‘bulky’, but many users adjusted with 
product dimensions over time; once the test period came to an end some users actually 
remarked to opt for a larger mouse with dimensions equal to the ‘SoleMio’ should they 
buy a mouse in the future. However, we apparently underestimated the influence of 
different product geometries, as this issue (negatively) concerned almost half of the 
users at the beginning of the user tests.  
The quality of battery SOC indication was perceived as insufficient by all users, 
irrespective of “sun-bathing” willingness. Opinions on the required feedback, however, 
diverged. The majority of test users would be satisfied with a simple battery status 
indicator as e.g. in mobile phones. Some users desire more sophisticated solutions, 
especially those that were “sun-bathing” the SPM on a daily basis. Independently, 
three of these test users suggested that also product-specific software should ship along 
that is capable in showing the energy balances on the computer screen, to allow 
optimizing their “sun-bathing” strategies.  
User acceptance of “sun-bathing” requirements of the SPM was remarkably positive. 
At the end of the test period, all users (except one) agreed “sun-bathing” the mouse 
could be easily synchronized with the daily or weekly work routine. The majority of 
users adapted to “sun-bathing” requirements on a daily basis, roughly one third 
however “sun-bathed” the SPM only during the weekend.  

5.4.3 Energy and environmental considerations  

In comparison with standard battery-operated mice, one might expect a “green” benefit 
from this kind of PV-powered product. An obvious advantage would be, if some 
energy savings can be realized. Apart from energy savings one may also consider other 
potential environmental benefits to be gained, such as reduced toxic battery waste. 
However, a solar-powered device will in most cases need a rechargeable battery, too. 
Some foreseeable benefits would thus be the reduction of primary battery waste, the 
avoided material consumption for batteries and – possibly – grid chargers or power 
supplies.  
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In order to calculate the environmental impact or benefit of avoided energy use from 
the production of primary batteries, the Life Cycle Assessment (LCA) method was 
used. The energy input for producing and recycle AA-type primary batteries is 0.15–
0.21 MJ per Wh capacity (primary energy input) [73], which is almost 200 times 
higher than the energy storage capacity of the battery. Other assumptions are that a 
secondary battery has a 70% cycle efficiency, chargers/power supplies have an AC-to-
DC conversion efficiency of 70% and a zero-load loss of 1 W [74] and for each battery 
recharging session we assume 4 hours of zero load (or trickle charge) operation.  
With these assumptions, the avoided energy compared to the SPM case was calculated. 
The results were used to calculate the Energy Payback Time (EPBT) for the solar cells 
incorporated into the mouse. The EPBT are shown in Fig. 5.10 for the case that the 
solar cell(s) replace primary or secondary batteries as a power source and assuming 
thin-film (a-Si:H)  and mono crystalline silicon (c-Si) cells incorporated into the 
mouse. We can see that replacement of primary batteries gives EPBT of ~1-2 years, 
but replacement of traditional mice in which rechargeable batteries are used with the 
PV-powered mouse would result in very long EPBT of ~5-10 years. One may further 
note that the fairly long duration of 5-10 years results although the assumption on 
available irradiation for the PV-powered mouse is rather optimistic (170 kWh/m2·yr). 
If the irradiation is lower (here 20 kWh/m2·yr), the EPBT can be >10 years for device 
energy consumption of ~10 Wh/day or greater, as shown in Fig. 5.13 (right panel), also 
for thin-film PV. 
 

 
 

Figure 5.13: The Energy Pay-Back Time (in years) of thin-film and monocrystalline 
silicon PV cells as replacement for primary batteries and rechargeable batteries 
powered by direct grid supply (left), and for thin-film PV in relation to a direct grid 
supply as well as two annual irradiation amounts available to the solar cells (right). 
Also the effect of avoiding the production of a power supply is shown (right, “no PS”). 
 
Another case would be a direct grid supply of the electronic product, such as e.g. a 
mouse connected to the computer by cable or a docking station of a wireless mouse 
that is connected to the mains constantly. The situation is a bit more complex in that 
one may assume zero–load losses, which may occur for 24 h/day. One may also argue 
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that a solar-powered device would not need a power supply for a battery charging unit, 
which could give an extra energy saving of roughly 10 MJprimary as life cycle energy 
costs of the power supply, and thus tip the balance in favor of solar-powered devices. 
For the power supply itself we may assume the same specifications as for the battery 
charger (70% conversion efficiency, 1Wh/h zero-load loss). The EPBT for replacement 
of direct grid-supply by a thin-film solar cell, in relation to the device consumption and 
for two levels of overall annual irradiation, is shown in the right panel of Fig. 5.13.  
We can conclude from the above figure that only for devices with relatively low 
energy consumption and/or a high irradiation an acceptable EPBT below 3-5 year is 
achieved. 
One central problem of these calculations, however, is the influence of user behavior. 
This is now illustrated with regards to charger standby losses. Charger standby losses 
in the order of 0.5 – 1 W [74] for efficient chargers may appear as very low or 
marginal. If the charger is only connected to the grid while actually charging the 
batteries, standby losses are marginal indeed, but one may consider the case that 
chargers are left connected to the mains continuously by the end users. This case may 
reflect end users who do not unplug a separate charger, which is a very plausible 
assumption for separate mouse docking stations. In this case, charger standby losses 
become very large, simply because with 0.5 – 1 W continuous power loss the energy 
wasted annually becomes 4 - 9 kWh. This (very) large annually consumed amount of 
energy represents about twice the energy needed to produce solar cells to power a SPM 
(see following chapter 6). Depending on time durations associated to charger standby 
losses, impressively low ‘relative’ EPBT of the solar cells would result. However, it 
must also be clear that PIPV may reduce energy demand but will never feed electricity 
back into the utility grid; consequently, the concept of EPBT as such is hardly 
appropriate for these products. 
In summary, user behavior is decisive. If, for example, a PV powered mouse is bought 
but never used, due to for example product-specific shortcomings, the environmental 
benefit would have turned negative into an environmental burden. 

5.4.4 Economic feasibility  

In a commercial setting, the SPM’s solar design might have an added economic value. 
For one, a “green image” may make it attractive for marketing purposes, but also lower 
operation costs may be related to avoided primary battery consumption. Ideally, 
battery replacement could be avoided entirely, which may also save costs regarding the 
logistics of applying and collecting the batteries.  
We assume a typical primary battery here (standard AA sized Energizer E91 Alkaline, 
with 1.5 V, 2.85 Ah, 3.5 Wh). With device use times between 4 and 27 hours a week, 
an overall primary battery demand between 3 and 15 batteries, respectively, over an 
assumed five years product lifecycle results. With such a primary battery being prized 
at ~1 € each, costs are 3-15 € for battery purchases (neglecting any savings due to 
decreased logistic demands). To compare this cost savings to the cost of the PV unit, 
one may calculate the Wp by the solar cell area of 28 cm2, which gives 0.28 Wp and 
0.56 Wp for 10% and 20% efficiency, respectively. With current cell prices, one may 
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assume ~1-2 € for one solar mouse PV unit overall. Furthermore, additional electronics 
and also the secondary battery needs to be considered, which may add some more € 
cents per unit regarding the electronics and a substantial 3-5 € for the rechargeable 
battery.  
In conclusion, the costs that can be avoided by not purchasing batteries worth 3-15 € 
compare in general slightly favourable with the costs of mainly the rechargeable 
battery and the solar cell, although the potential savings are not very high. 

5.5 Discussion 

We described the design and development process of a PV-powered wireless computer 
mouse as well as technical tests of manufactured prototypes and user tests. Results of 
the user tests indicate that users are satisfied with the product concept. In particular, 
users appear to be willing to expose their PV-powered mouse to sun-light, which 
evolved to be the foundation of the product concept: “sun-bathing” the SoleMio mouse 
is a prerequisite for its energetic functioning, if it is not used only once in a while.  
The manufactured prototypes, however, showed energetic malfunctioning caused by a 
mechanical design flaw. A not well-fixed optical LED tracking unit that could become 
loose led to very high power demand at arbitrary times. Whereas some mice worked 
well for entire weeks, the optical tracking unit in other mice became loose after only a 
few hours. With a loose lens of this optical tracking unit, the products’ batteries were 
emptied almost instantly through a continuously shining LED, making it necessary for 
the users to recharge their mice with the USB cable (see section 5.4). Clearly, a 
qualitative assessment of user behavior regarding “sun-bathing” strategies was 
therefore next to impossible.  
The mechanical design-flaw that occurred partly reflects the fundamental problem of 
our overall design approach: Rather than that we focused primarily on the product-
specific features in the first place, i.e., to design and manufacture a product that 
functions excellent with regards to only the product-function, involving computer-
mouse-design-experts as would be the usual case in product development, the main 
goal was to create a PV-powered device from scratch, in a University-type framework. 
One idea to overcome product-specific problems in future research and (product) 
development of PV-powered devices could be to focus on readily-available products, 
i.e., not only on readily-available electronics, as we did. One could, for example, just 
add a PV unit onto the exterior of the encasing in order to measure incident irradiation, 
without telling users that the PV cells only perform measurement tasks. The gained 
data could be either stored in data storage units, for example on micro-SD cards small 
enough to be mounted onto the exterior of a product. The data could also be 
communicated to a server by wireless communication, as ICs performing these tasks 
seem to enjoy ever increasing popularity too, and thus have become cheap, small and 
energy efficient enough to be used for such purposes as well. When taking such an 
approach, the development process with all its product-related difficulties could be 
avoided to gain data on the energetic feasibility of a concept, in addition to or based 
upon energy yield simulation and modeling as described in chapters 2 through 4. 
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However, this alternative approach is only suited for devices that require battery-
change not too frequently. 

5.6 Conclusions 

This chapter presented the design process for the creation of a “Solar Powered Mouse”. 
Overall 15 prototypes have been assembled, based on the concept evaluation of this 
chapter. Ten mice (with crystalline silicon cells) were tested by actual users.  
From a technical perspective, the manufactured prototypes showed the feasibility of 
the concept in practical terms. The incorporation of crystalline silicon solar cells 
proved in particular that laser-scribing and subsequently breaking the cells 
mechanically is a viable option to shape crystalline silicon solar cells for product 
incorporation. This yielded satisfactory cell efficiencies of up to 14% STC of cells 
incorporated into the product. The implemented voltage conversion unit, which 
supposedly boosts solar cell voltage in order to charge a single or two series connected 
NiMH batteries, however, was found to have a maximum efficiency of 50% only, thus 
needing further efficiency improvement.  
From an environmental perspective, we found that the PV-powered mouse is not 
necessarily better compared to traditional mice, in particular if users use secondary 
(rechargeable) batteries. However, strong environmental benefits result, if the chargers 
to re-charge these batteries are connected to the mains continuously or users use 
primary batteries to power their conventional mice. Moreover, it is concluded that the 
concept of Energy Payback Times (EPBT) can hardly be applied for PIPV systems. 
This chapter also described how test-users experienced working with the “Sole Mio” 
prototypes. As to guarantee autonomous, solar powered operation also for medium / 
heavy device use, “sun-bathing” the product is required. The conducted user tests 
suggest in particular that users are willing to “sun-bath” products, at least on a weekly 
basis (i.e., during the weekend). Future research is needed to address “sun-bathing” 
willingness more quantitatively.  
In summary, results from prototype testing as well as environmental and economic 
evaluations of this product concept indicate the product concept to be feasible, from 
the technical, environmental and the user perspective. 
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Chapter 6 - Greenhouse gas emissions associated with 
crystalline silicon photovoltaic electricity under various 
energy supplies§§  
 

 

 

 

The direct and indirect emissions associated with PV electricity generation are 
evaluated, focussing on greenhouse gas (GHG) emissions related to crystalline silicon 
(c-Si) solar module production. Electricity supply technologies used in the entire PV 
production chain are found to be most influential. Depending on specific supply 
technologies used, i.e., coal-, gas-, wind-, or PV-power, emissions associated to 
electricity generated by PV vary as much as ~1-200 g CO2-eq/kWh. The heat input in 
PV production, for which mainly the combustion of natural gas is assumed, adds 
another ~16 CO2-eq/kWh. The GHG emissions directly attributed to c-Si PV 
technology alone constitute only ~1-2 g CO2-eq/kWh. The difference in scale indicates 
the relevance of reporting ‘indirect’ emissions due to energy input in PV production 
separately from ‘direct’ emissions particular to PV technology.  
In this article, we also demonstrate the utilization of ‘direct’ and ‘indirect’ shares for 
the calculation of GHG emissions in simplified world electricity- and PV-market 
development scenarios. Results underscore the very large GHG mitigation of solar PV 
toward increasingly significant PV market shares. 
 

 

                                                           
§§ Based on an article to be published in Progress in Photovoltaics: Research and 

Applications, with co-authors E.A. Alsema, W.G.J.H.M. van Sark, W.C. Turkenburg 

and W.C. Sinke 

 



Chapter 6 

6.1 Introduction 

The environmental performance of photovoltaic (PV) electricity generation has been 
evaluated by already a number of Life Cycle Assessment (LCA) studies (see e.g. 
review of Azzopardi and Mutale [75] and references therein). Various impact 
categories are usually distinguished. One much-used category is that of global 
warming, sometimes reported as ‘carbon-footprint’ due to GHG (CO2-eq) emissions. 
These emissions are most often reported per unit of PV electricity generated. For 
crystalline silicon (c-Si) solar modules a range of 30-300 g CO2-eq/kWh has been 
quoted so far [76-81]. It is not always made clear, however, that a large fraction of 
emissions stems from GHG’s emitted by other technologies. If for example coal-fired 
power plants are assumed in the ‘background’ to provide electricity input in PV 
production, high emissions are associated to electricity generated by PV (300 g CO2-
eq/kWh). On the other hand, if one assumes only renewable sources such as hydro- or 
wind-power or even PV itself in the ‘background’, emissions associated to PV are 
reduced very strongly. In this paper, we therefore follow an alternative approach to 
determine PV emissions, by considering a variety of energy supply options in the 
‘background’ on an individual basis. This enables the calculation of PV emissions for 
any share of energy supply options assumed in the ‘background’. We limit ourselves to 
the evaluation of GHG emissions related to c-Si solar module technology. In addition, 
we evaluate by a simple calculation method the impact of our findings on the potential 
of solar PV to achieve deep GHG emission reductions. The structure of this paper is as 
follows: first, calculation methods and used software are introduced (Section 2). Next, 
‘direct’ and ‘indirect’ emission shares are calculated (Section 3) and linked to world 
electricity and PV market development scenarios, to determine its impact on 
cumulative emissions (Section 4). A discussion is presented in Section 5, followed by 
conclusions in Section 6. 

6.2 Methodology and methods 

6.2.1. Data source and used software 

In this study, we gathered data detailing material- and energy consumption for c-Si 
solar module production from the ecoinvent LCA database [82]. This data was 
processed using the SimaPro LCA software [83], in which scaling factors were 
introduced to analyze how different types of energy supply affect calculated PV 
emissions. Single scaling variables to linearly vary emissions (e.g. those related to 
electricity consumption) were needed due to the large number of database records. The 
many database records relate to all sub-processes applied to deliver auxiliary materials 
at early manufacturing stages (of e.g. PV production). Parameterized datasets were 
proven to be consistent with the original dataset by using a scaling-factor of unity. A 
more detailed description of the parameterization approach is given elsewhere [84].  
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6.2.2. Direct emission sources of crystalline silicon PV production 

The production of Si feedstock, the release of fluorinated process gases during PV 
production and the incineration of plastics during module recycling causes ‘direct’ 
CO2 and CO2-eq emissions, i.e., irrespective of energy input in manufacture. In this 
study, we omit any further ‘direct’ emission sources one may consider, such as for 
example emissions due to PV system operation and maintenance (such as cleaning 
tasks or destruction of the PV system by accidental fires).  
The following outlines how we calculated ‘direct’ emissions of the listed emission 
sources. For Si feedstock production we assumed the overall material balance to be 
sufficient in calculating ‘direct’ CO2 emissions. Although processes and chemical 
reactions are much more complex in practice, only a stoichiometric fraction was 
considered, denoted fSiO2+C , to account for the weight of combined C and O2 (see Eqs. 
1 and 2).  
 

2SiO C Si CO  2       (6-1) 

2 , 2 1 .57C O M G Si SiO C Si Sim f m  m       (6-2) 
 

in which mCO2,MG-Si is the mass of CO2 emitted per mass Si feedstock mSi. These 
‘direct’ emissions do notably not include any energy input and related emissions, 
because these are accounted for separately in the ‘indirect’ emission category. 
Concerning released process gases with high Global Warming Potential (GWP) we 
used data of non-abated fluorinated process gas fractions as reported in literature 
[85,86], with the aim to calculate ‘direct’ emissions for the current PV technology 
status. One may argue, however, that in the future fluorinated process gases such as 
NF3 or CF4 will be substituted by other gases that have no high GWP.  The same holds 
for the incineration of plastics during module recycling, as one may argue that “bio-
plastics” may avoid these emissions in the future. Nowadays plastics, however, are 
produced mainly by crude oil (fossil) feedstock and incineration of plastics during PV 
module recycling and Si recovery is standard [87-89]. These emissions are therefore 
very similar to those of burning fossil fuels in e.g. energy conversion. The plastics used 
in today’s PV modules are usually ethylene vinyl acetate (EVA) copolymers for 
lamination and polyethylene terephthalate (PET) as well as polyvinyl fluoride in back 
foils (PVF). Similarly to the Si-feedstock calculation, mass balances were used to 
calculate the GHG emissions. Mass balances were simplified in that ideal incineration 
of PVF, PET and EVA layers with oxygen from air was assumed (Eqs. 3-5).  
 

PVF:   2 2 2 24 11 8 6CH CHF O CO H O F4       (6-3) 

PET:   6 5 2 2 2 2 24 41CO C H CO O CH CH O O CO H O40 18              (6-4) 

EVA:  2 2 2 2 2 2 24 29CH CH CH CH O C O CH O CO H O24 18            (6-5) 

Analogous to Eq. (2) the stoichiometric emission factors obtained for EVA-, PVF- and 
PET-incineration, respectively, are fPVF=2.05, fPET=2.28 and fEVA=2.34.  
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2.3. Functional units and PV energy yield range 

The basic units with which life cycle impacts of PV are expressed are usually 
emissions per installed PV capacity (in kWp) or PV electricity produced over lifetime 
(in kWh). To allow easy calculations in either unit we defined a PV surface (APV), 
average system efficiency (ηsys) and annual available irradiation (Gannual), see Eq. (6.6), 
to calculate the annual PV energy production (EPV,annual) and the total PV electricity 
output during the entire system lifetime (EPV,total). Here, we also account for 
degradation of PV efficiency with lifetime (t), with a time-step unit of one year and the 
total lifetime of the PV system denoted by tlifetime. No range of different degradation 
rates was considered here as to avoid an even broader electricity yield range. We 
assume 80% of STC rated output after a lifetime of 25 years (a = 0.008 in Eq. 6.7).  
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The energy yield of a terrestrial PV system can show a very wide range, primarily due 
to the differences in annual solar irradiation at different locations on earth, which spans 
~700-2500 kWh/(m2yr) considering e.g. North of Europe and Saharan Africa [10]. 
Also varying conversion efficiencies can be assumed (for c-Si PV currently ~15-20 %). 
Inverter efficiencies, shadow-patterns, cabling losses and other, minor system 
efficiency aspects can further broaden the range of PV electricity yields. We therefore 
considered a wide range for the overall PV system performance and irradiation, which 
resulted in an even wider range of PV electricity yield (12.6 – 84 kWh/Wp, see Table 
6.1). Also a single value for each parameter is considered, as to account for a 
‘representative’ terrestrial PV system. We aimed to select reasonable averages of 
current c-Si PV technology for efficiency (15%), lifetime (30 years) and degradation 
(to 80% of rated capacity after 25 years), which resulted in the lifetime electricity yield 
of ~31 kWh/Wp assuming 1300 kWh/m2 annual solar irradiation, from which a 
performance ratio value of 0.795 follows. Also a range in Si material usage was 
included (see Table 6.1), because of the high influence of Si material use on energy 
demand, and, as a result, on emissions one may attribute to PV. We started our study 
with the current average Si-use of 6.1 g/Wp but considered a large reduction down to 2 
g/Wp related to future PV technology development (see Section 4).  
Finally, also GHG emissions associated to electricity are listed in Table 6.1. The high 
value of ~1000 g CO2-eq/kWh corresponds to coal-fired electricity generation without 
CCS (Carbon dioxide Capture and Sequestration). The low value corresponds to 
‘direct’ PV emissions, see section 3.1, and the single value of 560 g CO2-eq/kWh 
represent the average CO2-eq emission of electricity used in this study. Here, we 
selected the European electricity footprint at ‘medium voltage UCTE’ in ecoinvent 
(including indirect emissions from fossil fuel systems such as NO2 and CH4, converted 
into CO2-eq). 
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Symbol Parameter Single value Value range Dimension 
ηSys Efficiency of PV 15 15 – 25 % 

GArray Irradiation range 
1300 

700 – 2500 
kWh/(m2year
) 

tsystem PV system lifetime 30 20 – 40 Years 

YPV,P 
Lifetime electricity 
yield  

31 
12.9 – 84 kWh/Wp 

Si use Silicon mass per Wp  6.1 2 – 6.1 g/Wp 

- ‘Electricity emissions’ 
560 2 – 1000 g CO2-

eq/kWh 
 
Table 6.1: Range of PV electricity yields during entire lifetime for various parameters. 

6.3 Solar PV GHG emissions per kWh 

6.3.1 ‘Direct’ emission sources of PV production  

The CO2 emissions of Si feedstock production depend linearly on the mass of silicon 
produced, see Eq. (2). In the Si-consumption of solar cell production not only silicon 
material need for the cells but also losses are included (mainly sawing loss). As silicon 
material waste (mainly from sawing) is commonly and commercially re-used for PV 
and non-PV purposes, ‘direct’ emissions related to Si production were assumed to be 
only related to the amount of Si-material contained in the cells. We therefore assumed 
3 g/Wp, which with the 6.1g/Wp average Si use (Table 6.1) implies we assumed ~50% 
of mainly sawing loss. With considered PV electricity yield ranges these 3 g/Wp Si use 
translate into the wide ‘direct’ CO2-eq emission range of 0.06-0.4 g CO2-eq/kWh. For 
the ‘representative’ PV system with 31 kWh/Wp yield over the lifetime ‘direct’ GHG 
emissions related to Si feedstock production are 0.16 g CO2-eq/kWh. 
Fluorinated process gases such as CF4 and C2F6 are used in reactor chamber cleaning, 
edge isolation and phosphorus silicate glass (PSG) removal and could possibly be 
applied in dry texturing processes in the future [85,86]. The public Life Cycle 
Inventory (LCI) data of Alsema and De Wild-Scholten suggests ~18 g CO2-eq/Wp as 
an average of industrial c-Si production overall, but rather low process gas utilization 
(~70%) and abatement efficacy (95%) is assumed. The ~18 g CO2-eq/Wp can therefore 
be argued to represent a rather conservative estimate for the current industry-average 
of c-Si production technology. It appears more industry data are needed to ensure that 
more optimistic data, which one may anticipate, will also be reported appropriately. 
One may think here about e.g. wet rather than dry processing for the processing steps 
texturing, PSG removal and edge isolation, respectively, with wet processing not 
involving any F-gases and hence no F-gas emissions. Also edge isolation by laser can 
avoid the use of F-gases. If dry processing routes will take hold, however, also the 
substitution of F-gases by F2 (generated on-site) may allow for zero ‘direct’ emissions. 
In summary, viable c-Si PV production processes exist (also operational in the 
industry) with which F-gas emissions are entirely avoided. With the PV electricity 
yield ranges assumed in this study, the F-gas emissions would therefore translate into 
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either zero, or in case of the ~18 g CO2-eq/Wp industry average (as of year 2007), into 
0.2-1.4 g CO2-eq/kWh. For the ‘representative’ PV system emissions are zero or 0.6 g 
CO2-eq / kWh.  
The alternatives of ‘bio-plastics’ and ‘plastic-free’ encapsulation are not (yet) viable or 
‘practically feasible’ for state-of-the-art PV production. Plastic consumption for PV 
module encapsulation was therefore also taken from the LCI data presented by De 
Wild-Scholten and Alsema [90], which is 1 kg/m2 EVA, 0.5 kg/m2 PVF/PET and 0.3 
kg/m2 other per m2 PV module area. With weighted emission factors and assuming an 
average emission factor for ‘other’ plastics, the ‘direct’ emissions total 5.17 kg of CO2-
eq per m2. With assumed conversion efficiencies and the broad PV electricity yield 
range 0.25-3.8 g CO2-eq/kWh result. For the ‘representative’ PV system that has 31 
kWh/Wp lifetime electricity yield and 15% efficiency ‘direct’ emissions due to 
incinerating plastics of 1.1 g CO2-eq/kWh result.  
Summarizing total direct emissions, 1.26 CO2-eq/kWh are obtained for the 
‘representative’ PV system that has 31 kWh/Wp lifetime electricity yield, without F-
gases. Taking F-gas emissions into consideration still shows the incineration of plastics 
to constitute the major emission share (~60%), but 31% are related to F-gas emission, 
only 9% is due to Si-feedstock production. 

6.3.2 PV-emissions for different electricity-supply options  

The PV module production processes were categorized into production of Si feedstock, 
Si-ingots, -wafers, -cells and -modules and analyzed individually for parameterized 
‘electricity emissions’. In addition, ‘transport’ emissions were assessed for each 
production category individually. Electricity related emissions were found to constitute 
the major share of ~50% to overall emissions, whereas transport related emissions 
were found to be insignificant according to the used ecoinvent data (see Fig. 6.1, with 
transport < 1% overall). The differences of cumulative emissions (left panel) were used 
to calculate absolute emissions per category (right panel) both in kg/Wp.  
 

 
 

Figure 6.1: Share of emissions related to ‘electricity’, ‘heat’ and ‘transport’ in the PV 
module production chain with an assumed ‘fuel mix’ of the electricity supply that 
causes 560 g CO2-eq / kWh as emissions. 
 

The ‘direct’ emissions, see sub-section 3.1, are insignificant in that these are too small 
to be visible, and the remaining emission shares can be denoted ‘heat’, as these are 
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mainly caused by combustion of natural gas and oil to provide heat energy input. For 
demonstration purposes the PV module considered here was modeled assuming the 
single parameter values in Table 6.1, considering mono crystalline cells and the 
detailed PV production data taken from the LCI data of De Wild-Scholten and Alsema 
[90].  
With emissions attributed to electricity input in PV production representing the major 
share, these were analyzed more in depth, for different electricity supply options. The 
same PV module used in Fig. 6.1 was therefore modeled again, now differentiating 
electricity supply options that one may assume in the ‘background’. Results are shown 
in Fig. 6.2.  
 

 
 
Figure 6.2: The CO2-eq emissions per Wp of silicon PV modules with monocrystalline 
cells (6.1 g/Wp Si use overall)  for different emission factors of the ‘background’ 
electricity supply. Three lines are depicted corresponding to a PV efficiency of 15, 20 
and 25 %, respectively. 
 
Assuming electricity is provided by coal-fired facilities in the ‘background’, very large 
emission of ~1 kg CO2-eq are related to PV when the production of 1 Wp consumes 1 
kWh electricity (right-most x-axis value in Fig. 6.2). In this case, fairly large CO2-eq 
emissions of about 1.5-2.5 kg CO2-eq/Wp are related to the PV module produced (y-
axis in Fig. 6.2). Combined Cycle (CC) gas-fired power plants have emissions just 
below 400 g CO2-eq/kWh, which relates about 0.75-1.2 kg CO2-eq/Wp to the produced 
PV module. Assuming low-carbon electricity-supply technologies such as PV, hydro, 
nuclear or wind in the entire production chain reduces the ‘carbon footprint’ to 
approximately 0.25-0.5 kg CO2-eq/Wp. Different PV efficiencies affect the slope of 
impact of different electricity emission-factors. Finally, note that for the case of e.g. 
PV- or wind-power as electricity supply, hence under virtually zero ‘electricity-
emissions’, the remaining GHG emission are almost entirely related to heat-input, 
because transport related emissions are relatively small and ‘direct’ emissions 
insignificant (see Fig. 6.1 and sub-section 3.1).  
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To calculate emissions per unit of PV electricity based upon results shown in Fig. 6.2 
is a straightforward exercise, because only the PV electricity yield needs to be 
accounted for. For the ‘representative’ PV yield of 31 kWh/Wp one can for example 
calculate ~16 g CO2-eq/kWh related to heat input in PV production. Due to the very 
wide electricity yield range one may consider for solar PV, however, emission ranges 
associated electricity generated by PV usually vary. For the 12.6 – 84 kWh/Wp range 
of PV yields we assumed here, ‘green’ or nuclear electricity input in PV production 
gives only a very small 0.06-1.6 g CO2-eq/kWh as electricity-input related emissions, 
whereas coal electricity in the ‘background’ gives 30-200 g CO2-eq/kWh associated to 
PV module production, only related to the electricity input.   
 

6.3.3 Comparison of ‘direct’ and ‘indirect’ emissions in PV production 

A graphical comparison of the ‘direct’ and ‘indirect’ emission sources as calculated 
afore is shown in Fig. 6.3.  
 

 
Figure 6.3: Comparing direct and indirect CO2-eq emission of c-Si PV. The 
normalized x-axis depicts the broad PV electricity yield range of 12.4 – 84 kWh/Wp 
one may assume. 
 
Irrespective of which specific PV system efficiency or annual irradiation is assumed 
(see Table 6.1 and normalized x-axis in Fig. 6.3), the fraction of ‘direct’ emissions is at 
least about one order of magnitude lower than ‘indirect’ emissions. It clearly shows the 
most significant fraction of emissions is ‘indirect’, indicating the importance to report 
these emissions separately.  
In a similar comparison seven environmental impact categories frequently 
distinguished by the LCA community were considered in our study. If ‘green’ 
electricity rather than the current average electricity supply was assumed, 
environmental impact of PV is reduced strongly in all LCA categories, although the 
decrease is somewhat smaller for the ‘human toxicity’ and ‘eutrophication’ categories, 
see Fig. 6.4. 
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Figure 6.4: Normalized environmental impact associated to a solar PV module for the 
current average of electricity-emissions (560 g CO2-eq/kWh) and ‘green’ electricity 
consumed in PV module production.  

6.4 PV market share projections up to the year 2050 and emissions  

In our study we also evaluated CO2-eq emissions of world electricity consumption 
related to a number of PV market development scenarios. To this end, arbitrary PV 
market size was modeled by S-shaped market growth for the annually installed PV 
capacity PPV-cap(t), modeled using Eq. (6.8).  
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where g is the rate of growth modeled for time t (year), with starting time t0 set to year 
2010, PPV-cap,max is the maximum PV capacity that results for t>>t0 and the coefficient z 
scales modeled annual PV capacity installed (i.e., varying z vertically shifts the entire 
modeled line of PPV-cap(t)). Parameter sets used to model PV market development 
scenarios shown in Fig. 6.5 are listed in Table 6.2. The growth projections are denoted 
by letters A through D and illustrate corresponding emission reductions.  
In order to compare modeled world electricity demands with modeled PV capacities in 
a simple way, a number of significant simplifications need to be made. First and 
foremost we assumed an average annual PV yield of only 1000 kWh/(kWp·year) to 
calculate PV electricity market shares. Although this low yield can be argued to 
considerably underestimate “average world PV yield”, this assumption is very 
practical: It allows a direct visual comparison of modeled world electricity demand 
with world PV capacity, shown in Fig. 6.5 (upper panel). In this figure the accumulated 
PV capacity installed is plotted on the left y-axis, in the unit GW. With the assumed 
average yield of PV being 1000 kWh/(kWp·year) or GWh/(GWp·year), respectively, 
this accumulated world PV capacity translates to the unit TWh/year, the scale with 
which annual world electricity demand is indicated on the right axis.  
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The PV capacity that needs to be installed annually, in order to reach the shown 
cumulative installed PV capacity, is also plotted in Fig. 6.5 (lower panel), together 
with the PV market share based upon the assumed average 1000 kWh/kWp yield. 
 

 
 
Figure 6.5: Historic PV market growth and projected PV market scenarios. See text 
for a detailed explanation. 
 
Note that we do not explicitly intend to speculate on likely or unlikely PV market 
development. For a comparison of what we considered as PV markets here, however, 
also data as reported by the IEA World Energy Outlook 2008 [91] was included in Fig. 
6.5, which suggests 220 GWp installed world PV capacity in 2030 and which is 
therefore essentially lower than scenario D. Also the EPIA/Greenpeace figure stated in 
the ‘Solar Generation V - 2008’ report [92] is included, which with 1.84 TWp 
cumulative installed PV capacity projected for year 2030 is about one order of 
magnitude higher. Finally, also a projection stated by the U.S. based company named 
‘1366 Technologies Inc.’ is included (stating 5.5 TWp installed world PV capacity ‘as 
a base’ with annual production of 1.1 TWp in 2035 [93]), which in year 2035 is 
essentially equal to scenario B. To guide the eye also the annual PV production growth 
of the past 15 years [94,95] extrapolated into the future is depicted (dotted line), 
essentially showing that PV production growth has to flatten. 
Next, the emissions of world electricity consumption and the emissions of world PV 
production were calculated for each scenario, based upon modeled PV market shares. 
The calculation started in year 2010 with the average of now 600 g CO2-eq/kWh 
associated to global ‘electricity emission’, as reported by the IEA [91], which is 
slightly higher than the figure for Europe we used in section 3.2. This global emission 
figure was kept constant for the amount of electricity not delivered by PV. The 
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combined figure of course shows substantially reduced emissions towards larger PV 
market shares.  
 

Scenario Growth rate g Parameter z 
PPV-cap,max 

[TW/yr] 

Projected world 
PV market share 
in year 2050 

A 0.2346 -5.3 3 100 % 
B 0.50 -5.6 1 35 % 
C 0.28 -5.6 0.333 10 % 
D 0.20 -5.0 0.1 1 % 

 
Table 6.2: Parameters used to model PV market scenarios. 
 

It is of course of relevance to account for the emissions caused each year by the 
production of the PV systems, which under varying ‘electricity emissions’ are shown 
in the left panel of Fig. 6.6. Emissions related to PV production become much larger 
the more rapid PV market development will be, but emissions due to the world 
electricity consumption decrease even faster, as shown in the centre panel of Fig. 6.6, 
because emissions associated to the world electricity consumption of course decrease 
with increased PV market shares. As one may expect, we find cumulative world CO2-
eq emissions to be lower overall, if PV market growth is stronger and, as a result, PV 
market share is larger. This is reflected in the cumulative emissions shown in the right 
panel of Fig. 6.6. Interestingly, one can see that annual emissions due to 3 TW/year PV 
production in 2050 of scenario A are only somewhat larger than emissions of 
producing 1 TW/year in 2050 in scenario B. This is due to the fact that the 1.5 Gt CO2-
eq/yr emission of 3 TW/year PV production is caused entirely by heat input and 
transport, as electricity-related emissions are no longer of relevance (see Fig. 6.2), 
because PV electricity share is 100% in theory. 
 

 

A 

B 

C 

D 

 

Figure 6.6: World CO2-eq emissions of world electricity consumption related to the 
modeled PV market scenarios (see Fig. 6.5 and Table 6.2 with Eq. 6-8). 

D 
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To keep the calculation of emissions shown in Fig. 6.6 simple and transparent, the 
previously assessed PV module (15% efficiency, 6 g/Wp silicon use, Figs. 6.1 and 6.2) 
was assumed and no degradation as well as 20 years lifetime, which allows the 
calculation to be performed using a simple spreadsheet. To account for technological 
progress we decided to consider in addition a gradually decreasing Si use from now 6 
g/Wp down to 2 g/Wp in the year 2050. This would downscale emissions in the 
production categories poly-Si, ingot- and wafer-production, respectively, attributed to 
electricity- and heat-input (see Fig. 6.1 for specific emission shares).  
The corresponding, cumulative net emission totals for this case of improving PV 
technology are listed in Table 6.3, for scenarios A-D. Here for example the scenario A 
leads to -456 Gt CO2-eq emissions avoided by PV electricity use, i.e., rather than that 
electricity that causes 600 g CO2-eq/kWh is consumed this PV-electricity has only 
‘direct’ PV emissions, which are very small; relatively large CO2-eq emissions of +49 
Gt, however, are caused by PV production and energy-input, which still leads to a net 
avoidance of emissions of very large -456 Gt CO2-eq up to year 2050 (for scenario A).  
One can observe for each scenario that although emissions attributed to PV production 
decrease strongly with lower Si use, this further decrease is small compared to overall 
emission avoidance.  
 

Cumulative emission balance years 2010-2050 [Gt CO2-eq] 

Emission attributed to PV production  
Net-emission avoidance (with 
6 g/Wp constant Si material 
use) 6 g/Wp 4 g/Wp  2 g/Wp 

A 
- 407  
(i.e., +49 - 456) 

+ 49 + 38 + 19 

B - 169 + 29 + 22 + 11 
C - 50 + 10 + 7 + 4 
D -14 + 3 + 2 + 1 

 

Table 6.3: Avoided emissions of PV electricity and emissions attributed to PV 
production assuming a gradually decreasing Si material demand in PV production. 
Emissions avoided due to virtually emission-free PV electricity use are denoted by ‘-‘ 
and emissions attributed to PV production are denoted by ‘+’. 
 
In conclusion: PV market size and thereby avoided emissions are more decisive than 
emissions attributed to PV production. Rather than considering so-called ‘net energy 
benefit’ or ‘marginal energy supply’ worries, as expressed in literature [96], one should 
therefore consider and highlight that faster PV market growth is very beneficial to 
avoid emissions. 

6.5 Discussion 

The emissions related to energy input in PV production are denoted ‘indirect’ 
emissions and differentiated from ‘direct’ emissions particular to PV production. This 
separation of ‘direct’ and ‘indirect’ emission sources for PV-electricity is fairly similar 
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to a common distinction made for fossil-fuel fired energy conversion systems. We 
translated this terminology to PV technology, although virtually no emissions during 
PV operation occur. The introduction of ‘direct’ PV emissions makes sense 
nonetheless in that during PV production emissions occur that are ‘directly’ related to 
PV technology alone: irrespective of a energy-input served by any specific energy 
technology, with very own emission patterns.  
As the ‘direct’ emission sources of c-Si solar module production we identified for 
Greenhouse Gas (GHG) emissions the production of Si feedstock (reduction of quartz 
and carbon to Si and CO2), the incineration of plastics incorporated into today’s PV 
modules during module recycling, and finally the release of fluorinated process gases 
into the atmosphere that have high Global Warming Potential (GWP). We omitted any 
further ‘direct’ emission sources one may consider, such as for example emissions due 
to maintenance or destruction of PV by accidental fires. Emissions for Si feedstock 
production are found to be very small (~0.16 g CO2-eq /kWh), but ‘direct’ emissions 
related to the release of fluorinated process gases (~0.6 g CO2-eq /kWh) and 
incineration of plastics (~1.1 g CO2-eq /kWh) may be perceived noteworthy. For the 
fluorinated process gas emissions, however, viable production options exist (also 
implemented into industrial, large scale PV production) that do not use F-gases at all. 
Wet rather than dry processing as well as laser processes may substitute F-gas use 
entirely in the future, and also enhanced process gas utilization or increased abatement 
facilities, respectively, may lower related emissions further than the ~0.6 g CO2-eq 
/kWh we find in literature for the c-Si PV status as of year 2007. Also concerning the 
incineration of plastics one may argue that emissions of ~1.1 g CO2-eq /kWh could be 
reduced substantially. For one, “bio-plastics” made from organic feedstock that take 
CO2 from the atmosphere, whilst not causing too much CO2-eq emissions due to e.g. 
fertilizer-consumption or transport-demands, could possibly imply an almost neutral 
CO2 mass balance. Also PV modules that have the plastics incorporated into module 
frames rather than in between cells are being developed, which in turn implies 
mechanical treatment rather than incineration is likely, essentially eliminating airborne 
GHG emissions should such concepts gain hold. The three ‘direct’ emission sources of 
F-gases, plastic incineration and Si-feedstock production altogether, however, 
contribute at present only ~2 g CO2-eq/kWh, and not considering F-gases only ~1 g 
CO2-eq/kWh. This GHG emission figure is thus at least a factor 10 lower compared to 
~30-100 g CO2-eq/kWh reported in previous, recent LCA studies, which consider very 
similar PV technology data, but include large shares of indirect, energy-input related 
emissions not separately specified or differentiated. 
Already a number of previous studies aimed at improved assessment methodologies of 
PV related emissions. Richards and Watts proposed to focus the yield ratios rather than 
Energy Payback Times (EPT) as to avoid the widespread public misconception that PV 
would not deliver back as much energy as was needed in production [97]. Although a 
plausible and also interesting concept, such an approach does not directly focus upon 
emissions attributed to PV electricity. Concerning emissions, in particular Krauter and 
Rüther [98] showed that a variety of sinks and sources must be considered, in order to 
set up sound emission balances when associating emissions to PV electricity. One 
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problem of balancing emissions, however, is that one has to include the energy market 
and needs to ‘predict’ future emissions of this market, which adds uncertainty. The 
advantage of the proposed differentiation of ‘direct’ and ‘indirect’ emissions is that 
complexity is reduced, because it is not necessary for individual LCA analyses to 
forecast future developments. Nonetheless, first approach future PV market 
development scenarios were presented in this study as to show that from an 
environmental perspective so-called ‘net energy benefit’ considerations represent a 
needless worry. Here, Lysen and Daey Ouwens [96] argued that too fast PV market 
growth would lead to increased emissions, due to so-called ‘negative net energy 
benefit’. We find, however, that the aggregated GHG emissions are lower in principle 
the stronger PV market growth will be, irrespective of ‘net energy benefit’ or 
‘marginal’ energy supply.  
Finally, it has to be noted that only a very simplified analysis regarding world GHG 
emission avoidance for projected PV market shares was presented here. Future 
research is needed that takes into consideration a broad variety of further effects of 
relevance. For one, other (renewable) electricity technologies are likely to gain 
significant market shares in the near- and mid-term future (amongst which, e.g., wind- 
and concentrating solar power). However, as such technologies also have a low carbon 
footprint their penetration will not significantly change the results of our analysis (i.e., 
they affect the results only for the better). Another important issue not addressed in our 
analysis is the ‘matching’ of the daily and seasonal patterns of electricity generation by 
PV on the one hand with electricity demand on the other hand. This matching problem 
may raise the need for back-up power supply in the form of electricity storage systems 
or standby operation of thermal power plants. In case the solution is sought in thermal 
backup power using fossil fuels this will lead to an increase in carbon emissions from 
the total electricity supply system. Storage systems, on the other hand, would have 
much less or virtually zero impact on carbon emission, but conversion losses would 
require higher installed electricity generation capacities. 

6.6 Summary and conclusions  

It is proposed to separately report ‘direct’ and ‘indirect’ sources in future 
environmental studies to increase the transparency of emissions attributed to PV. The 
‘indirect’ emissions, related to energy input in c-Si PV production, constitute the major 
share in GHG emissions. On top of heat supply that is mainly provided by the 
combustion of natural gas (~16 g CO2-eq/kWh) in particular the different electricity 
supply options that can be assumed to power PV production can cause wide emission 
ranges to be projected onto PV electricity. Assuming for example coal electricity to 
provide electricity input in PV production relates 30-200 g CO2-eq/kWh to PV 
electricity, whereas assuming electricity generated by PV itself or wind power virtually 
eliminates these emissions entirely. Emissions attributed to PV technology alone are 
found to be ~2 g CO2-eq/kWh only, taking Si feedstock production, fluorinated process 
gas emissions and incineration of plastics during module recycling together. 
Considering no F-gases are used at all, which is the case for many industrial PV 
production facilities, this figure is reduced to about ~1 g CO2-eq/kWh.  
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Finally, we calculate GHG emission mitigation as a function of PV market size for 
simplified world electricity and world PV market scenarios. Differentiating ‘direct’ 
and ‘indirect’ PV emissions is found to greatly facilitate these calculations. Obtained 
results underscore the very large world GHG emission mitigation potential that can be 
realized with increasingly significant PV market shares ahead, with particularly faster 
PV market development leading to substantially lower emissions. 
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Chapter 7 - Summary and conclusions 
 
In this chapter, we first summarize the background as well as the goal and scope of this 
thesis. Next, the main research questions are answered by addressing and summarizing 
the results reported in each of the preceding chapters. Finally, we bring forward 
recommendations for future research and desirable efforts yet to be undertaken in the 
field of Product Integrated PV (PIPV). 

7.1 Background, goal and scope of this thesis 

The focus of this thesis is primarily on Product Integrated PV (PIPV) systems. 
Electronic products are usually exposed to only small amounts of solar energy. 
Consequently, solar cells incorporated into such devices can generate only limited 
amounts of electricity to power these systems. Nonetheless, employing solar cells to 
power electronic appliances could have beneficial effects in a number of aspects, 
ranging from economic opportunities to environmental and social benefits.  
During the design process of a PIPV system, designers usually strive for an appearance 
of the final product that is as aesthetically attractive as possible. On the other hand, a 
number of technical considerations regarding PV incorporation need to be made. The 
integration of solar cells into product-specific devices comes always along with 
particular product-purposes, too, which implies product-specific demands and 
problems. Both the technical considerations and the process of achieving design-
aesthetics affect the energetic performance of a PIPV system, which also needs to be 
addressed during the product design process. 
In this thesis, the focus is on modelling the energetic performance of PIPV systems, in 
order to aid product designers in their creation of PIPV systems that are attractive 
during daily product use. The data, methods and (software) tools to be developed 
should in particular allow for eased energy balancing calculations and thereby facilitate 
technical decisions that need to be made during the PIPV design process. To aid 
product designers in energy balance estimations, whilst allowing them to focus on 
design issues, therefore requires an integrated approach. The scientific knowledge on 
PV technology and PV system design on the one hand needs to be combined with 
industrial design methods and user-appliance interactions.  
The integrated approach of this thesis also reflects the framework within which this 
thesis was prepared. The project framework consisted of a multidisciplinary team of 
researchers from three Dutch universities (Utrecht University, and the Universities of 
Technology of Delft and Twente) and the Energy research Center of the Netherlands 
(ECN), comprising the expertise of not only solar cell experts but also social scientists 
and industrial design engineers. The project, named ‘Syn-Energy’ [34], was funded by 
NWO/SenterNovem. 
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7.2 Summary and conclusions 

In chapter 2 of this thesis, we found that the three-dimensional (3-D) drawing, 
rendering and ray-tracing features of computer-aided design (CAD) software may 
provide a key tool for the simulation of the energy yield of PIPV systems. In such 
‘CAD-PV’ simulations, 3-D irradiation conditions are ray-traced in 3-D CAD 
sceneries, which were created using the 3-D drawing features available in most CAD 
environments. The PV power output was then modeled by translating irradiance 
intensity data of rendered images back into numerical data. To ensure accurate results, 
the solar irradiation data used as input was compared to numerical data obtained from 
rendered images, showing excellent agreement. As expected, also ray-tracing precision 
in the CAD software proves to be very high.  
To demonstrate PV energy yield simulations using this innovative concept, solar 
radiation time course data of a few days were modeled in 3-D to simulate distributions 
of irradiance incident on flat, single-bend and double-bend shapes and a PV powered 
computer mouse located on a window sill. Comparisons of measured to simulated PV 
output of the mouse showed that, also in practice, simulation accuracies can be very 
high. Theoretically, this concept has great potential, as it can be adapted to suit a wide 
range of solar energy applications, such as sun-tracking and concentrator systems, and 
Building Integrated PV (BIPV) or Product Integrated PV (PIPV) systems.  
 

In order to model a PV energy yield it is obviously necessary to also model the 
performance of a chosen or considered solar cell. Solar cell performance parameters 
(open circuit voltage, short circuit current, fill factor and efficiency) are therefore 
derived in chapter 3 for different solar cell types and for the irradiance range 0.1-1000 
W/m2. Also it is demonstrated how spectral mismatch factors for indoor lighting 
conditions are calculated. The presented methods and particular results may aid 
product designers in selecting appropriate solar cells for Product Integrated PV (PIPV) 
operated indoors and allow for more certainty in energy balance estimations of PIPV 
design concepts.  
 

Thereafter, in chapter 4, measured and modelled current density – voltage (JV) 
characteristics of crystalline silicon cells below one sun intensity were investigated. 
First, the JV characteristics were measured between 3-1000 W/m2 at 6 light levels for 
41 industrially produced mono- and multicrystalline cells from 8 manufacturers, and at 
29 intensity levels for a single multicrystalline silicon cell between 0.01-1000 W/m2. 
Based on this experimental data, the accuracy of the following four modelling 
approaches was evaluated: (1) empirical fill factor expressions, (2) a purely empirical 
function, (3) the one-diode model and (4) the two-diode model. Results showed that 
fill factor expressions and the empirical function fail at low-light intensities, but a new 
empirical equation could be derived that gives accurate fits. The accuracy of both 
diode models is very high. However, the accuracy depends considerably on the used 
diode model parameter sets. While comparing different methods to determine diode 
model parameter sets, the two-diode model was found to be preferred in principle: 
particularly its capability in accurately modelling Voc and efficiency with one and the 
same parameter set makes the two-diode model superior. The simulated energy yields 
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of the 41 commercial cells as a function of irradiance intensity suggest unbiased shunt 
resistances larger than about 10 kΩ·cm2, which may help to avoid low energy yields of 
cells used under predominantly low light intensities and are excellent candidates for 
PIPV appliances.  
 

Also a case study for the evaluation and optimization of industrial design processes of 
PIPV was presented in this thesis. A solar powered wireless computer mouse (SPM) 
was chosen by the Syn-Energy project group, see chapter 5. The design process was 
found to require expert knowledge in various technical fields: appropriate selection of 
integrated PV type, battery capacity and type, possible electronic circuitries for PV-
battery coupling, and material properties concerning mechanical incorporation of PV 
into the encasing. Besides technical requirements, ergonomic aspects and design 
aesthetics with respect to good ‘‘sun-harvesting” properties influenced the design 
process. This is particularly important as simulations show users can positively 
influence energy balances by ‘‘sun-bathing” the PV mouse. A total of 15 SPM 
prototypes were manufactured and tested regarding the technical performance, and 10 
mice were tested by actual users, too.  
The performance tests of the solar cells showed that integrating amorphous silicon 
cells into the mice can be challenging, simply because such a-Si:H cells are not 
industrially produced with the right dimensions. Cutting larger cells also requires to cut 
the cells glass sheet cover, which lead to shunting of the cell edges and thereby caused 
efficiency to drop below 1%. The crystalline silicon cells incorporated into the mice, 
however, were manufactured successfully from larger (industrially produced) solar 
cells, by breaking the cells at a laser scribed line. This technique proved to sustain an 
appropriate edge isolation as shunt resistances remained almost equal.  
With regards to the user tests the results suggest that users have no problem in “sun-
bathing” their PV powered product, for example by placing it in the indoor 
environment close to a window during entire weekends. Due to the high influence of 
this kind of user behavior on energy balances of PIPV this issue is of significant 
relevance. In summary, the tests show the PV-mouse concept to be feasible.  
 

Finally, overall environmental considerations of large-scale PV electricity are 
addressed in chapter 6. To this end, the direct and indirect emissions associated with 
PV electricity generation were evaluated, focussing on greenhouse gas (GHG) 
emissions related to crystalline silicon (c-Si) solar module production. On top of heat 
supply that is mainly provided by the combustion of natural gas (~16 g CO2-eq/kWh) 
in particular the different electricity supply options that can be assumed to power PV 
production are found to cause wide emission ranges to be projected onto PV electricity. 
Assuming for example coal electricity to provide electricity input in PV production 
relates 30-200 g CO2-eq/kWh to PV electricity, whereas assuming electricity generated 
by PV itself or wind power virtually eliminates these emissions entirely. The emissions 
related to heat input in PV production, for which mainly the combustion of natural gas 
was assumed, added another ~16 g CO2-eq/kWh. Emissions attributed to PV 
technology alone are found to be only ~2 g CO2-eq/kWh, taking Si feedstock 
production, fluorinated process gas emissions and incineration of plastics during 
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module recycling together. Considering no F-gases are used at all, which is the case for 
many industrial PV production facilities, this figure is reduced to about ~1 g CO2-
eq/kWh. The difference in scale indicates the relevance of reporting ‘indirect’ 
emissions due to energy input in PV production separately from ‘direct’ emissions 
particular to PV technology.  
In chapter 6, we also demonstrate the utilization of ‘direct’ and ‘indirect’ shares for the 
calculation of GHG emissions in simplified world electricity- and PV-market 
development scenarios. Results underscore the very large GHG mitigation of solar PV 
toward increasingly significant PV market shares. 

7.3 Recommendations 

Theoretically, the ‘CAD-PV’ simulation concept presented in chapter 2 has great 
potential, as it can be adapted to suit a wide range of solar energy applications, such as 
sun-tracking and concentrator systems, Building Integrated PV (BIPV) or Product 
Integrated PV (PIPV). However, graphical user interfaces of ‘CAD-PV’ software tools 
are not yet available. As a result, it can be very cumbersome to perform simulations 
that accurately predict and/or model the PV power output, based upon simulated 3-D 
irradiation distributions in actual CAD software environments. One recommendation is 
therefore to establish graphical user interfaces in software modules (usually referred to 
as ‘plug-ins’) that may facilitate the realization of PV energy yield simulation 
functions in 3-D drawing and ray-tracing (CAD) software.  
Also the availability of solar irradiation input data can be an issue here, because it is 
often unclear what the specific weather conditions at a particular site are. 
Consequently, the development of ‘plug-in’ software modules would ideally include 
meteorological data, which tends to be available in only very diverse formats and with 
different levels of quality. The integration of these various data sources and model 
interfaces is therefore recommended. As these (research) disciplines are rather diverse 
(as they cover 3-D irradiation and PV modeling, meteorological data and also typical 
indoor irradiation conditions), it appears recommendable to define particular sets of 
modeling variables as well as specific data formats in new standards, too.   
 

Regarding solar cell characterisation, the standardization of PV performance 
parameters for low-light applications seems desirable, too. Although it is a niche 
market with respect to grid-connected PV in terms of market volume, PIPV may reach 
a very large group of users. In terms of the actual number of end users, the case of 
PIPV is actually comparable in size to, or perhaps even greater than the case of grid-
connected PV systems. With currently no standardization for the low-light 
performance of PV in place, product designers and PIPV developers face problems 
when designing products that, in very practical terms, deliver on the often high 
expectations end users have regarding the energetic performance. It is therefore 
recommended to establish clear performance standards for PV cells operated under 
low-light and/or artificial light conditions.  
 

During the product development we pursued through the creation of a PV-powered 
wireless computer mouse, it emerged that the failure of standard, notably non-PV 
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components can result in significant drawbacks. It therefore appears recommendable to 
test PV powered products by means of already established, well working devices, 
rather than attempting to build products from scratch, particularly within a university 
based research framework. To incorporate a PV unit as a simple ‘add-on’ may be very 
much opposed to the typical aim of product designers in that designers often tend to 
strive to create something unique (i.e., something new, at least regarding the design). 
However, to measure the ‘added value’ of PV for the end-users, both quantitatively 
and qualitatively, the electronic consumer products to be equipped with PV obviously 
have to function perfectly at least regarding the actual product purpose. This 
prerequisite was especially relevant in the light of the user tests of the PIPV computer 
mouse prototype, which suggested that users are willing to pro-actively “sun-bath” PV 
powered products in principle. Future research is recommended here to more precisely 
measure the specific percentage of users willing to ‘sun-bathing’ their product for 
particular times, resulting in specific, quantitative results of energy yields for PIPV of 
a large number of users for perhaps different product categories.  
 

As shown in chapter 6 of this thesis, deep emission avoidance can be realized with PV 
systems, but only if these systems are operated under outdoor conditions, especially in 
the form of grid-connected systems, and deployed in very large numbers. The case of 
PIPV may appear attractive in terms of creating “PV-awareness”, reducing the use of 
small batteries in consumer products and creating a niche market in which PV may be 
cost-competitive prior to grid-connected PV systems. However, as shown in chapter 6 
deep greenhouse gas emission reductions with PV can and will be realized only with 
PV market size around at least ~100 GWp of annual production, which is several 
orders of magnitude larger than what PIPV markets could possibly ever be. 
 
 



Hoofdstuk 7 

Samenvatting en conclusies 
 

In dit hoofdstuk wordt allereerst een samenvatting van de achtergrond, het doel en de 
reikwijdte van dit proefschrift gegeven. Vervolgens worden de resultaten 
gerapporteerd in elk voorgaand hoofdstuk samengevat, om daarmee de belangrijkste 
onderzoeksvragen te beantwoorden. Tot slot worden aanbevelingen gedaan voor 
vervolgonderzoek op het gebied van productgeïntegreerde PV systemen.  

7.1 Achtergrond, doel en reikwijdte van dit proefschrift 

Dit proefschrift richt zich voornamelijk op productgeïntegreerde PV-systemen 
(Product Integrated PV). Op deze producten valt meestal een slechts kleine 
hoeveelheid zonne-energie. Als gevolg daarvan kunnen de zonnecellen in dergelijke 
apparaten slechts een beperkte hoeveelheid elektriciteit opwekken. Desalniettemin kan 
het om meerdere redenen gunstig zijn om zonnecellen voor de elektriciteitsopwekking 
in elektronische apparaten te integreren. Omdat in principe geen voedingskabels vanuit 
het elektriciteitnet nodig zijn, kan het gebruik van het apparaat aanzienlijk worden 
vergemakkelijkt. Ook kan het economisch interessant zijn om zonnecellen in 
producten te integreren. Verder kunnen mogelijk milieueffecten van het energiegebruik 
van deze producten worden verminderd, hetgeen voornamelijk veroorzaakt worden 
door een verminderd gebruik van (oplaadbare) batterijen en kleinere standby-verliezen 
van opladers.  
 

Tijdens het ontwerpproces van een PIPV-systeem streven ontwerpers meestal naar een 
unieke en attractieve vormgeving van het eindproduct. Aan de andere kant moet ook 
rekening worden gehouden met een groot aantal technische overwegingen bij het 
daadwerkelijke integreren van het PV systeem in het product. Deze twee 
uitgangspunten, de esthetiek van het ontwerp aan de ene kant en de technische 
overwegingen aan de andere kant, beïnvloeden de energetische prestatie van een PIPV-
systeem. Deze energetische prestatie moet tijdens het ontwerpproces apart worden 
onderzocht.  
 

In dit proefschrift ligt de nadruk op het modelleren van de energiebalans van PIPV-
systemen, om productontwerpers te ondersteunen bij hun ontwerp van PIPV-systemen. 
Daarvoor is nodig dat wetenschappelijke kennis over PV-technologie en het ontwerp 
van het PV-systeem wordt gecombineerd met industriële methoden voor het ontwerp 
van apparaten.  
Deze geïntegreerde aanpak is ook gevolgd in het project waarvan het onderzoek in dit 
proefschrift deel uitmaakt. Dit project, ‘Syn-Energy’ genaamd [34], is uitgevoerd door 
een multidisciplinair team van onderzoekers van drie Nederlandse universiteiten 
(Universiteit Utrecht, Technische Universiteit Delft en Universiteit Twente) en van het 
Energieonderzoek Centrum Nederland (ECN). Het combineren van de expertise van 
zonneceldeskundigen met die van industrieel ontwerpers en van sociale 
wetenschappers op het gebied van innovatie en marktontwikkeling was een 
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hoofdaandachtspunt in de opzet van het onderzoeksproject. Het Syn-Energy project 
werd financieel gesteund door NWO en SenterNovem. 

7.2 Samenvatting en conclusies 

In hoofdstuk 2 van dit proefschrift wordt beschreven, hoe computer-aided design 
(CAD) software kan worden gebruikt voor het simuleren van de energieopbrengst van 
PV-systemen. In het bijzonder de 3-D tekenmogelijkheden en 3-D ray-trace 
algoritmes, die standaard beschikbaar zijn in CAD-software, blijken hiervoor uitermate 
geschikt. De 3-D lichtomstandigheden binnen letterlijk elk 3-D CAD-decor kunnen 
met deze software gemakkelijk en heel nauwkeurig in kaart worden gebracht. 
Daardoor is het mogelijk om vervolgens het vermogen van de zonnecellen te 
modelleren, eenvoudig door de instralingsterkte van kleureninformatie in de CAD-
plaatjes (‘renderings’) terug te vertalen naar numerieke waarden. Om de hoge 
nauwkeurigheid van deze methode te laten zien worden in hoofdstuk 2 
instralinggegevens vergeleken met numerieke gegevens verkregen uit de CAD-
simulaties. Deze vergelijking levert een uitstekende overeenkomst op. Zoals verwacht 
is ook de precisie van ray-tracing in de CAD-software zeer hoog. Om aan te tonen hoe 
met behulp van dit innovatieve concept PV-energieopbrengsten daadwerkelijk kunnen 
worden gesimuleerd, is het verloop van de zonnestraling gedurende een aantal dagen 
gemodelleerd. Vervolgens zijn 3-D distributies van bestralingssterkten op vlakke, 
enkel- en dubbelgebogen oppervlakken, en tenslotte ook op een door ons ontworpen 
computermuis met daarin geïntegreerd PV-zonnecellen berekend. Een vergelijking van 
de daadwerkelijk gemeten en de gesimuleerde PV-opbrengst van deze muis laat zien 
dat ook in de praktijk de nauwkeurigheid van ‘CAD-PV-simulaties’ zeer hoog kan 
zijn. In theorie is dit concept dus veelbelovend, ook omdat een aantal zeer 
verschillende toepassingen van zonne-energiesystemen kan worden gemodelleerd, 
zoals zonvolg- en concentratorsystemen en ook gebouwgeïntegreerde PV systemen 
(BIPV). 
Naast het goed in kaart brengen van de instralinggegevens is het noodzakelijk dat het 
energieopbrengst model de specifieke prestatie van een gekozen zonnecel goed kan 
voorspellen. Daartoe worden in hoofdstuk 3 zonnecelprestatieparameters 
(openklemspanning, kortsluitstroom, vulfactor en rendement) afgeleid voor 
verschillende typen zonnecellen en voor lichtintensiteiten tussen 1 en 1000 W/m2. Ook 
wordt beschreven hoe spectrale mismatchfactoren voor binnenverlichting kunnen 
worden berekend. De gepresenteerde methoden en resultaten kunnen 
productontwerpers steunen bij het selecteren van passende zonnecellen voor PIPV en 
zorgen voor een hogere nauwkeurigheid in energiebalansschattingen van PIPV 
ontwerpconcepten.  
Vervolgens worden in hoofdstuk 4 de gemeten en gemodelleerde stoomdichtheid– en 
spannings (JV) curves van kristallijn -siliciumcellen bij intensiteiten lager dan één zon 
onderzocht. Eerst worden de JV-curves gepresenteerd zoals gemeten voor 6 
lichtniveaus tussen 3 en 1000 W/m2, voor 41 industrieel geproduceerde mono- en 
multikristallijn-silicium cellen van 8 fabrikanten. Daarnaast worden curves gegeven 
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voor een enkele multikristallijn-siliciumcel, gemeten bij 29 intensiteiten tussen 0,01 en 
1000 W/m2. Op basis van deze experimentele gegevens wordt de nauwkeurigheid van 
vier modelmatige benaderingen beoordeeld: (1) empirische vulfactoruitdrukkingen, (2) 
een empirische functie, (3) het één-diodemodel, en (4) een twee-diodenmodel. De 
resultaten tonen aan dat de vulfactoruitdrukkingen en de empirische functie bij lage 
lichtintensiteit falen, maar er kan een nieuwe empirische vergelijking worden afgeleid 
die wel nauwkeurige resultaten oplevert. De nauwkeurigheid van de beide 
diodemodellen is hoog. De nauwkeurigheid is echter sterk afhankelijk van de gebruikte 
parameters. Bij vergelijkingen van verschillende methoden om deze diode 
modelparameters te bepalen, blijkt het twee-diodenmodel de voorkeur te verdienen: 
met één en dezelfde parameterset geeft het twee-diodenmodel niet alleen zeer goede 
overeenstemming met de openklemspanning Voc maar ook met het rendement. 
Vervolgens word beschreven welke invloed de parallelweerstand op de 
energieopbrengst heeft. De gesimuleerde energieopbrengsten van de 41 commerciële 
cellen als functie van de lichtintensiteit suggereren dat parallelweerstanden groter dan 
ongeveer 10 kΩ · cm2 nodig zijn om een laag rendement van cellen, die onder 
overwegend lage lichtintensiteiten worden gebruikt, te voorkomen.  
In hoofdstuk 5 wordt een casus voor de evaluatie en optimalisatie van processen van 
industriële vormgeving van PIPV gepresenteerd. Als casus koos de Syn-Energy groep 
ervoor een computermuis van zonnecellen te voorzien. De keuze voor dit product 
maakte het noodzakelijk om de kennis van deskundigen uit diverse technische 
domeinen samen te brengen voor een juiste selectie van het te integreren PV-type, de 
capaciteit van de batterij en het type, mogelijke elektronische stroomcircuits voor de 
gekozen koppeling tussen PV-cel en batterij, en de eigenschappen van het materiaal 
voor de mechanische integratie van PV in de behuizing. Naast technische eisen 
speelden ook ergonomische aspecten en esthetiek een rol, maar vooral het streven naar 
goede ''zonneoogsteigenschappen" van de PV-muis bleek invloed op het 
ontwerpproces te hebben. Dit is vooral belangrijk omdat energieopbrengstsimulaties 
aantonen dat gebruikers een positieve invloed op de energiebalans uit kunnen oefenen, 
door de PV-muis te laten ''zonnebaden". Een totaal van 15 SPM-prototypes werd 
vervaardigd en getest op de technische functie van de zonnecellen. Ook werden de 
prototypes door een aantal gebruikers getest. Uit de technische tests van de 
geïntegreerd zonnecellen bleken amorfe silicium cellen moeilijk te integreren, omdat 
er geen zonnecel in een gewenst maat industrieel geproduceerd werd. Het versnijden 
van een groter cel leidde tot een kortsluiting aan de zijkant van de cel en rendementen 
die tot beneden de 1% daalden. Bij de kristallijn cellen werd de cel gebroken door met 
een laser een lijn te kerven. Dit bleek geen problemen op te leveren; de shuntweerstand 
veranderde daardoor bijna niet. Wat betreft de gebruikertests suggereren de resultaten 
dat gebruikers het geen probleem vinden om hun PV producten te laten “zonnebaden”, 
bijvoorbeeld door het plaatsen van het product naast een raam gedurende het 
weekeind. Het blijkt dus uit de tests dat de PV-muis een werkbaar concept is.  
Ten slotte worden in hoofdstuk 6 de milieuaspecten van grootschalige 
elektriciteitsopwekking door middel van PV behandeld. Voor dit doel worden de 
directe en indirecte emissies die door de productie van PV worden veroorzaakt 
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onderscheiden. De analyse is uitgevoerd voor zonnepanelen op basis van kristallijn 
silicium (c-Si). De specifieke technologieën in de elektriciteitsvoorziening die worden 
toegepast om de benodigde hoeveelheid elektriciteit voor de gehele PV productieketen 
te leveren, blijken de meeste invloed op deze emissies te hebben. Afhankelijk van de 
specifieke technologie die wordt gebruikt (stroom uit kolen, gas-, wind-, of PV-
centrales) kunnen de emissies gerelateerd aan elektriciteitsopwekking door PV 
systemen variëren van ~ 1 tot 200 g CO2-eq/kWh. De warmte-inzet in de PV-
productie, waarvoor vooral de verbranding van aardgas is verondersteld, voegt nog 
eens ~ 16 g CO2-eq/kWh toe. De uitstoot van broeikasgassen die direct en uitsluitend 
aan de c-Si PV productie kunnen worden toegeschreven zijn slechts 1 tot 2 g CO2-
eq/kWh. Het grote verschil tussen directe en indirecte emissies maakt duidelijk dat 
'indirecte' emissies ten gevolge van energie-input in de PV-productie moeten worden 
onderscheiden van de 'directe' emissies die gerelateerd zijn aan een specifieke PV-
technologie. Het aanbrengen van dit onderscheid maakt het makkelijk om in 
emissiescenario’s te berekenen hoe groot de directe en indirecte emissies zouden zijn 
in een toekomstige elektriciteitsvoorziening die voor een groot deel gebaseerd is op 
PV-technologie.  
De resultaten onderstrepen de zeer grote vermindering van broeikasgasemissies die in 
de energievoorziening kan worden bereikt wanneer de PV-markt sterk zal blijven 
groeien. 

7.3 Aanbevelingen 

Het 'CAD-PV' simulatieconcept, gepresenteerd in hoofdstuk 2, is in potentie een 
veelbelovend concept, omdat het kan worden toegepast voor elk type zonne-
energiesysteem, zoals zonvolg- en concentratorsystemen, gebouwgeïntegreerde PV of 
productgeïntegreerde PV. Helaas zijn grafische gebruikersinterfaces voor CAD-PV 
softwaretools nog niet beschikbaar. Als gevolg hiervan zijn daadwerkelijke simulaties 
op basis van gesimuleerde 3-D instralingdistributies in de huidige CAD-software 
omgeving niet makkelijk te realiseren. Een aanbeveling is dan ook om grafische 
gebruikersinterfaces in softwaremodules (meestal aangeduid als “plug-ins”) te 
ontwikkelen. Ook de beschikbaarheid van (zon)instralinggegevens kan in de praktijk 
een probleem zijn. Vaak is het onduidelijk wat de specifieke weersomstandigheden op 
een bepaalde locatie en op een bepaald tijdstip zijn of zijn geweest. Idealiter zou dus de 
ontwikkeling van 'plug-in' software voor CAD-PV simulatietools ook meteorologische 
gegevens moeten omvatten. Omdat deze gegevens vaak uiteenlopende dataformaten 
hebben, en vaak ook verschillende kwaliteitsniveaus hebben, wordt ook de 
ontwikkeling van standaards aanbevolen. Dit kan de verschillende (onderzoeks-) 
disciplines (3-D modellering van zonnestraling over de hemelkoepel en PV-
opbrengstmodellen met meteorologische gegevens) nader tot elkaar brengen. 
Nieuwe industriële normen in het bijzonder voor PV-prestatieparameters onder lage-
lichtomstandigheden lijken ook wenselijk. Hoewel PIPV een nichemarkt is in 
vergelijking tot de grote markt van netgekoppelde PV-systemen, kunnen PIPV-
toepassingen een groot publiek bereiken. Het aantal eindgebruikers is in het geval van 
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PIPV misschien zelfs groter dan in het geval van netgekoppelde PV-systemen. Zonder 
industriële normen voor de lage-lichtprestaties van zonnecellen kunnen producten 
worden ontworpen die niet aan de vaak hoge verwachtingen van eindgebruikers met 
betrekking tot de energieopbrengst voldoen. Het wordt daarom aanbevolen om 
duidelijke prestatienormen vast te stellen voor PV-cellen die onder weinig licht en / of 
kunstlicht stroom moeten leveren. 
Tijdens de productontwikkeling van een PV-gevoede draadloze computer muis bleek 
het falen van standaardcomponenten aanzienlijke nadelen op te leveren. Het lijkt 
daarom aan te bevelen om PV-gevoede producten te testen door middel van al 
bestaande, goed werkende apparaten, in plaats van te proberen een heel nieuw product 
vanaf nul te creëren. Het gebruik van een PV-eenheid als een eenvoudige 'add-on' kan 
bij productontwerpers echter op bezwaar stuiten, omdat ontwerpers (om begrijpelijke 
redenen) vaak naar iets unieks streven (i.e., iets maken wat nog niet bestaat). Het 
bepalen van de 'toegevoegde waarde' van PV voor de eindgebruiker zou echter 
makkelijker zijn als een bestaand product zou kunnen worden gebruikt. Niet alleen zal 
het product zelf ‘perfect’ functioneren wat betreft het productdoel, ook het vergelijken 
van hetzelfde product met en zonder zonnecellen is dan gemakkelijk mogelijk. Dit is 
bijvoorbeeld relevant voor het ontwerp van de computermuis, waar werd verondersteld 
dat de gebruikers bereid zijn om PV-gevoede producten proactief te "zonnebaden". 
Aanbevolen werd om in kaart te brengen welk percentage gebruikers bereid is om hun 
product voor een bepaalde tijdsduur in het zonlicht te plaatsen. Dit soort kwantitatieve 
gebruikersgegevens, liefst ook voor verschillende productcategorieën, is op dit 
moment niet beschikbaar. 
Zoals in hoofdstuk 6 van dit proefschrift weergegeven kunnen met PV-systemen 
diepgaande besparingen op de emissie van broeikasgassen worden gerealiseerd. 
Daarvoor is echter wel nodig dat deze PV systemen vooral net-gekoppeld in zeer grote 
aantallen worden toegepast en in de buitenlucht opereren. Niettemin kan ook het 
toepassen van PIPV onder de lichtomstandigheden die binnenhuis heersen 
aantrekkelijk zijn. Dit vanwege het creëren van "PV-bewustzijn", het terugdringen van 
het gebruik van kleine batterijen in consumentenproducten, en het creëren van een 
niche markt waarin PV nu al in staat is zonder subsidie te concurreren. Een vergaande 
vermindering van broeikasgasemissies kan hiermee echter niet worden bereikt. Zoals 
aangetoond in hoofdstuk 6 is hiervoor de verkoop van tenminste ~100 GWp aan PV-
sytemen per jaar nodig, wat enkele orders van grootte meer is dan PIPV ooit zal 
kunnen bereiken.  
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