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Abstract:

 There are currently no international norms which define a method for characterizing photovoltaic solar cells for indoor applications. The current standard test conditions are not relevant indoors. By performing efficiency simulations based on the quantum efficiency of typical solar cells and the light spectra of typical artificial light sources, we are able to propose the first step for developing a standard by determining which light sources are relevant for indoor PV characterization and which are not or are redundant. Our simulations lead us to conclude that indoor light sources can be divided into three different categories. For the characterization of photovoltaic solar cells in indoor environments, we propose that solar cells be measured under one light source from each group.
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1. Introduction

Nowadays, wireless communication networks focused on indoor applications (cameras, router nodes, sensor networks, …) use batteries as their source of energy. However, batteries have a limited lifetime and have to be replaced regularly. The lifetime of the battery is often the limiting factor for the lifetime of the device. Often, the cost of replacing the battery outweighs the cost of the device itself. Also from an environmental perspective, battery waste should be minimized whenever possible. Moreover, during the last decade battery technology has not improved significantly in terms of energy density and size, especially for low power applications. However, if the device itself were able to harvest energy from renewable resources in the environment, the lifetime of the device could be extended many times over.

Photovoltaic (PV) solar energy can be an efficient natural energy source. Indoor photovoltaic applications have been prominent on the market since the first half of the 1970s. The electrical energy spent for lighting purposes can be partly recycled by powering devices with photovoltaic solar cells. Indeed, the radiation (visible and non-visible) emitted from artificial light sources can be used for the production of electricity. Mainly amorphous silicon is used for this purpose in watches and calculators. The latter has been the most successful indoor PV application to date, reaching annual sales of 10 million units by 1990, and thus avoiding the use of millions of alkaline batteries. This volume of solar cell sales represented at the time approximately 10% of the global photovoltaic shipments [1]. Since then, the solar calculator market has saturated while the outdoor PV market has boomed. Therefore, in order for the indoor PV market to grow, it is necessary for it to find applications in other devices such as router nodes, cameras and sensor networks. The feasibility of PV for indoor low power applications has already been demonstrated, e.g., for wireless sensor nodes [2–4] and under certain conditions for phone chargers [5], computer mice [6] and indoor positioning systems [7,8].

Although crystalline Si cells still dominate the PV market, second generation solar cells, i.e., thin film technologies, are rapidly entering the market. The different PV cells for applications on Earth are rated by their power output under standard test conditions [9], i.e., an illumination intensity of 103 W/m2 under the global AM 1.5G spectrum. Although these conditions are seldom achieved in practice (except in the lab), this characterization provides a reasonable guideline for comparing different solar cell types under outdoor conditions. However, the standard test conditions are not relevant for indoor applications. Typically, the light intensity under artificial lighting conditions found in offices and factories is less than 5 W/m2 as compared to 100–1000 W/m2 under outdoor conditions, depending on the type of light source and its distance [10]. Moreover, the spectrum can be totally different from the outdoor solar spectrum. The spectrum depends not only on the type of light source, but also on the presence of reflected and diffused light. Unfortunately, there are no international norms which determine a way of characterizing solar cells for indoor applications.

In this paper we will focus on the influence of the type of artificial light source on photovoltaic solar cells. We will compare—by simulation—typical artificial light sources with absorption spectra for different types of solar cells. From this comparison, we will propose which artificial light sources can be meaningful for the characterization of solar cells for indoor use. More specifically:


	There are dozens of different types of artificial light sources. First, we discuss which artificial light sources are to be taken into account for this study and could be utilized as a standard for the indoor characterization;


	We determine the performance of different types of solar cells under indoor illumination by efficiency simulations based on the quantum efficiencies of the solar cells and the light spectra of the different light sources;


	Based on our results, we group the light sources into different categories. In this way, we can formulate a proposal for typical artificial light sources for the characterization of indoor photovoltaic applications.




Before we go into details, it is also important to understand what this paper does not aim to achieve. We do not want to formulate a detailed characterization standard for indoor PV, nor do we want to predict the exact power production of a certain solar cell under a certain light source. We only want to propose a first step towards developing a standard by determining which light sources are relevant for indoor PV characterization and which are not or are redundant.



2. Indoor Light Sources

A broad spectrum of solar radiation reaches the Earth. Indeed, the standard outdoor solar spectrum AM 1.5G is defined within the range from 280 nm to 4000 nm. Figure 1 shows a part of the spectral irradiance of the solar spectrum AM 1.5G. The total power density E of the radiation can easily be determined by summing the contributions at each wavelength λ of the spectral irradiance Eλ:

Figure 1. Axis left: the spectral irradiance E(λ) of the solar spectrum AM 1.5G and of a black body on temperature T = 2856 K, both scaled to 500 lux. Axis right: the luminosity factor Y(λ). The region of the visible light is indicated.
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However, the total power density E for the radiation of an artificial light source does not indicate how weak or strong we perceive the light source to be. Indeed, the human eye is only capable of detecting light within a narrow wavelength region: from 380 (violet) to 780 nm (red). Moreover, the sensitivity of the human eye is not constant within this range: it peaks around 555 nm. Although the sensitivity of the eye differs from person to person, an empirical, internationally accepted standard curve as a function of the wavelength has been proposed. This standard sensitivity curve is called the luminosity factor Y(λ) (Figure 1). Using this factor, the irradiance (in W/m2) can be converted into the corresponding quantity illuminance Ev, which takes into account the sensitivity of the human eye:
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The illuminance Ev is expressed in lumen (lm) per m2 or lux. The coefficient Km is equal to 683 lm/W and is part of the empirical definition of the lumen. This coefficient Km is called the maximum spectral efficacy and is chosen such that an irradiance of 1 kW/m2 of the global solar spectrum AM 1.5G corresponds to 100 klux [11].

The radiation in an indoor environment logically depends on the type of light source present. However, the radiation is influenced by many other factors [1]. Direct and diffuse daylight can enter the indoor room through a window. The glass properties and glass coating can alter the spectrum of the outdoor light. The location of the PV cell in the room, its orientation, indoor obstacles, etc. can all influence the performance. Indoor lit objects will absorb radiant energy, which they can re-emit at different wavelengths. Radiation in the room is reflected. Recent investigations have shown that there can be a spectral bias introduced due to albedo from common surfaces [12,13]. Certainly in indoor environments, whether the PV cell is positioned vertically or horizontally, the albedo irradiation can change the spectral distribution of the incident irradiation on the surface of the photovoltaic solar cell, which in turn affects the performance. When taking this into account, it has been seen that surface materials can have a significant effect on not only the absolute amount of reflected light, but also in its spectral distribution. We refer to [13] for an analysis of the effects of spectral bias due to the specular reflectivity of commonly occurring surface materials (both man-made and natural) and their albedo effects on PV materials. It was for example demonstrated that the albedo of paint, wood and brick produces a large difference between different PV technologies, based primarily on their colors. In this paper, we make abstraction of all those influences: indeed, we only want to focus on the influence of one variable, i.e., the type of artificial light source.

Of course, a lot of different light sources exist and the question arises which light sources are “typical”. The International Commission on Illumination (CIE) is responsible for publishing binding standards for different types of light sources, called illuminants. A standard illuminant represents a mathematical table of relative energy versus wavelength, used for colorimetric calculations. It is a (theoretical) source of visible light with a set spectrum, determined by convention and therefore provides a worldwide basis for comparing images under different lighting.

Which illuminants are useful standards for indoor illumination? We consider some typical, widely used, light sources for indoor environments (residential and commercial) and relate them to an appropriate illuminant (standard).

First, we will propose a standard for the common incandescent light bulb. An incandescent lamp consists of a balloon of (usually) glass in which a filament is placed that is heated to high temperatures by the Joule effect. To a first approximation the filament can be considered as a black body radiator. In incandescent lamps, the filament usually consists of tungsten heated to a temperature of 2000 to 3000 K. The CIE has agreed upon a standard for the incandescent light bulb, called “illuminant A”. This illuminant is intended to represent typical, domestic, tungsten-filament lighting. Its relative spectral power distribution is that of a Planckian radiator at a temperature of approximately 2856 K [14].

In other words, a typical light bulb can be characterized by a black body at temperature T = 2856 K. Technically, illuminant A is only defined over the spectral region from 300 nm to 830 nm. However, solar cells often absorb longer wavelengths. Therefore, we will not use illuminant A itself to represent the spectrum of the incandescent light bulb, but we will use Planck's law for a black body at a temperature of 2856 K. In the 300–830 nm range, the difference between Planck's law at this temperature and illuminant A never exceeds 1%.

The illuminants are defined relative to each other. If we want to compare the same lighting conditions, we have to scale all light sources to an equal illumination for the human eye to obtain a correct comparison. We choose a value of 500 lux because it is recommended for general offices. Where the main task is less demanding, e.g., a corridor, a lower level (e.g., 100 lux) is sufficient. The required illumination can also be higher (1000 lux) in e.g., production rooms in industry where detailed work is necessary and in operation theatres in hospitals. For the goal of this paper, the value itself is not important, as long as it is equal for all light sources. The spectral irradiance of the incandescent lamp (i.e., Planck's spectrum for T = 2856 K), scaled to 500 lux, can be found in Figure 1.

As we already mentioned, photovoltaic solar cells for applications on Earth are characterized by their power output under the standard test condition [9], using the global AM 1.5G spectrum. We will use this outdoor spectrum as reference in our indoor study and therefore also scale it to an illumination of 500 lux to obtain a fair comparison (Figure 1).

A second widely used lamp is the halogen lamp of which the balloon is filled with a halogen (usually iodine) to increase the lifetime of the filament. The temperature of the filament is however about the same as for an incandescent lamp. Therefore, a halogen lamp can also be approximated by the same black body as the incandescent lamp.

In the same way as a standard for the incandescent light bulb was defined, a standard for the fluorescent tube was decided upon by the CIE. Fluorescent lamps are gas-discharge lamps that use electricity to excite mercury vapor. The excited mercury atoms produce short-wave ultraviolet light that in turn causes a phosphor to fluoresce, producing visible light. Because there are a lot of different types of fluorescent tubes, twelve illuminants were defined, named F1 to F12 (sometimes named FL1 to FL12) [14]:


	F1 to F6 represent “standard” fluorescent tubes. These consist of two semi-broadband emissions of antimony and manganese activations in calcium halophosphate phosphor;


	F7–F9 are broadband fluorescent lamps with multiple phosphors;


	F10–F12 consist of three narrowband emissions (caused by ternary compositions of rare-earth phosphors).




We note that these illuminants also include the compact fluorescent lamp (CFL), also called energy-saving light. The CIE indicates that illuminants F2, F7 and F11 should take priority over others when a few typical fluorescent lamp illuminants are to be selected. They are the fluorescent tubes most commonly used in the industry. Therefore, as typical standards for fluorescent lighting, we choose the following illuminants:


	F2: a cool white fluorescent lamp with a correlated color temperature (CCT) of 4230 K. They make up the majority of office illumination. CCT is the color temperature of a black body radiator which to human color perception most closely matches the light from the lamp;


	F7: a broad-band fluorescent lamp (CCT = 6500 K). This spectrum is intended to represent average daylight;


	F11: a narrow tri-band fluorescent lamp (CCT = 4000 K). They are mostly used as warehouse lighting.




Their spectra can be found in Figure 2, scaled to 500 lux. We must recall that the spectra are not real measurements but are theoretical sources of visible light, determined by convention. Notice that F7 is a “cooler” fluorescent tube than F2, because the intensity of the F7-spectrum is higher in the blue region of the visible light, whereas F2 peaks in the red region. F11 is characterized by more distinct peaks.

Figure 2. The spectral irradiance E(λ) of the illuminants F2, F7 and F11 for fluorescent lighting, scaled to 500 lux.
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Another type of lamp commonly used in commercial and industrial environments is a high pressure discharge lamp: the pressure sodium lamp. It uses sodium in an excited state to produce light. Low pressure and high pressure sodium lamps exist. The low pressure type is a light source with one of the highest energy efficiencies, but their yellow light restricts applications to outdoor lighting such as street lamps. We will be focusing on the high pressure variant because it has a broader spectrum and can therefore also be used indoors. We also consider another type of high pressure discharge lamp with a broad spectrum: the metal halide lamp. It uses an electric arc in a gaseous mixture of vaporized mercury and metal halides to produce light.

Determining the standard illuminant for these high pressure discharge lamps is straightforward. The CIE has published two illuminants for the sodium lamp (illuminant HP1 for a standard high pressure sodium lamp and illuminant HP2 for a color enhanced sodium lamp) and three illuminants for different types of the metal halide lamp (HP3 to HP5). We choose illuminant HP1 for the standard high pressure sodium lamp and illuminant HP5 for the standard metal halide lamp [14]. Figure 3 shows the spectra, again normalized to an intensity of 500 lux.

Figure 3. The spectral irradiance E(λ) of illuminant HP1 for a high pressure sodium lamp, illuminant HP5 for a metal halide lamp, and a standard cool and warm LED spectrum for typical LED lights, all scaled to 500 lux.
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A light source that nowadays is gaining ground is the Light Emitting Diode (LED) light. An LED lamp is a solid-state lamp that uses the electroluminescence of a bandgap material to emit light. Because the emitted light has a photon energy that is approximately equal to the bandgap of the material, LEDs only emit light within a very small band of wavelengths (i.e., one color). To emit white light, necessary for indoor lighting applications, one can mix red, green and blue LEDs (RGB LEDs), but usually blue (or UV) LEDs are used, covered with a phosphor layer in which the highly energetic blue light is converted to white light. A promising development is the phosphor-free white LED by combining multiple quantum wells. These LEDs usually consist of stacked blue and green InGaN/GaN quantum wells inserted between n-GaN and p-GaN layer [15]. Usually, the spectrum resembles the LED lights with a phosphor layer, although other types can be fabricated [16]. To date, these phosphor-free types of LEDs are not yet commercially successful.

Because the LED technology is currently improving at a rapid rate [17], the CIE has not (yet) proposed standard illuminants for LED lighting. There do exist standards for different aspects of LED lighting, e.g.,:


	the chromaticity specification;


	lumen maintenance (lifetime) of LEDs;


	testing methods and measurements;


	color rendering of white LED light sources.




To date, there is no internationally accepted standard for the spectrum of LED lamps.

To determine the “typical” spectrum of an indoor LED light, we gather the spectra of current, commercially available, white LED lights for indoor use. We consider the available supply of some of the biggest LED suppliers worldwide (Nichia, Seoul Semiconductor and Philips Lumileds) and compare their spectra (e.g., [18–24]).

We notice that all relevant commercial indoor LED lights are blue LEDs covered with a phosphor layer. They always have two peaks. One small peak appears around 420–460 nm, caused by the bandgap of the semiconductor, usually InGaN. The other, broader peak, at 520–620 nm, is caused by the Stokes-shifted light emitted by the phosphor coating.

Depending on the correlated color temperature (CCT), one peak is higher than the other (or they have the same intensity). If the first small peak has a higher intensity, the LED lamp is cooler (higher CCT). If the broad peak is higher, the light color is warmer (lower CCT).

If we take all this into account, it is appropriate to only consider blue LED lights with a phosphor layer (and not RGB or multiple quantum wells LEDs) for our study. We will consider both types: a typical standard commercial cool and warm LED light (Figure 3). We obtained spectra of typical commercial cool and warm LEDs from the Optical Measurement Group (National Physical Laboratory), measured by Dr. Paul Miller.

To summarize, we will use for our simulations the following spectra, representing typical artificial light sources (Figures 1, 2 and 3):


	A black body at T = 2856 K for incandescent and halogen lamps;


	Illuminants F2, F7 and F11 for the different types of fluorescent tubes (including CFLs);


	Illuminant HP1 for high pressure sodium lamps;


	Illuminant HP5 for metal halide lamps;


	A cool and warm spectrum for typical LED lights;


	AM 1.5G spectrum (the outdoor standard spectrum) as a reference.






3. Photovoltaic Solar Cells

To determine which artificial light sources are suitable for the indoor characterization of photovoltaic solar cells, we consider solar cells from different categories. To make a fair comparison, we will, within each category, always consider one of the best performing solar cells (under standard test conditions), based on [25] (see Table 1).


Table 1. An overview of the solar cells considered in this study, with their characteristics: open circuit voltage Voc, short circuit current density Jsc, fill factor FF and power conversion efficiency η under standard test conditions.



	
Type

	
Label

	
Voc(V)

	
Jsc(mA/cm2)

	
FF(%)

	
η (%)

	
References






	
Crystallline silicon




	
 Monocrystalline Si

	
m-Si

	
0.696

	
42.0

	
83.6

	
24.4

	
[26]




	
 Multicrystalline Si

	
p-Si

	
0.650

	
37.4

	
76.2

	
18.5

	
[25]




	
 Thin film transfer Si

	
t-Si

	
0.650

	
37.8

	
77.6

	
19.1

	
[25,27]




	






	
III-V-cell




	
 GaAs

	
GaAs

	
1.122

	
29.7

	
86.5

	
28.8

	
[25]




	






	
Thin film chalcogenide




	
 CIGS

	
CIGS

	
0.705

	
35.5

	
77.9

	
19.5

	
[28]




	
 CdTe

	
CdTe

	
0.845

	
25.9

	
75.5

	
16.5

	
[29]




	






	
Amorphous silicon




	
 Amorphous silicon

	
a-Si

	
0.859

	
17.5

	
63.0

	
9.5

	
[30]




	






	
Dye sensitized solar cell




	
 Dye sensitized solar cell

	
DSSC

	
0.736

	
20.9

	
72.2

	
11.1

	
[31]




	






	
Organic solar cell




	
 DTDCTP:C70

	
Org.

	
0.950

	
12.1

	
56.0

	
6.4

	
[32]









The electrical power output Pout of a solar cell is determined by its current-voltage characteristic and is given by:
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(3)




with FF the fill factor; Jsc the short-circuit current density and Voc the open circuit voltage. The short-circuit current density Jsc is given by:
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(4)




with q the elementary charge and Φλ(λ) the spectral flux density of the light source, indicating how many photons are incident on the solar cell per unit of area, per unit of time and per wavelength.
Based on the quantum efficiency QE(λ) of the solar cell, we can now simulate its response in different indoor environments. Indeed, the spectral location and the width of the absorption window are an important parameter influencing the power output of the solar cell, depending on the type of (artificial) light source in the indoor environment.

Because we want to focus on the influence of the artificial light source, we can idealize the cells and make abstraction of some other cell properties. First, we ignore the influence of the parasitic resistances. For example, the efficiency of chalcogenide solar cells drops significantly under low light intensities, present in indoor environments, compared to standard test conditions. The reason is the reduction of Voc and FF, mainly due to the shunt resistance [10]. Second, we ignore the possible red kink effect [33] which can occur at low illumination intensities, lowering the FF. It also has to be noted that, for certain types of solar cells, including silicon devices, the photocurrent does not scale linearly with the irradiance [34,35]. Depending on the processing conditions, some types of solar cells show a quantum efficiency behavior that is nonlinear with light intensity, particularly showing low quantum efficiency behavior at very low light intensities and improving at higher light intensities. For these types of cells, this effect can introduce an error in our simulations which we do not take into account.

Because we only want to study the influence of the different indoor environments and because the open circuit voltage Voc can be dependent on the light intensity [36,37], we approximate the open circuit voltage Voc to the bandgap of the absorber, i.e., Voc equals Eg/q. Of course, this is an idealized, non-realistic situation, but it allows us to make abstraction of the other influences and thus—by relative comparison—study the influence of one parameter only: the (spectrum of the) artificial light source. The quantum efficiencies of the considered solar cells, as found in the references of Table 1, are given in Figure 4.

Figure 4. The external quantum efficiency of the different types of photovoltaic solar cells considered, as found in the references of Table 1. We refer to Table 1 for the labels.
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4. Results

First, we compare the indoor environments to the outdoor spectrum AM 1.5, i.e., we calculate the electrical output of the solar cell under a certain illumination, compared relatively to the output of that solar cell under the standard spectrum AM 1.5, scaled to 500 lux. We notice (Figure 5) that the black body (i.e., the incandescent or halogen lamp) is by far the best artificial light source for photovoltaic applications. For the crystalline silicon cells and the CIGS cell, the performance of the solar cell improves by a factor of about 3 compared to the AM 1.5 spectrum. This was to be expected. Indeed, Figure 1 shows that the black body at T = 2856 K has the highest intensity within the absorption windows of these solar cells (Figure 4). In contrast, the amorphous silicon and organic solar cell do not significantly improve compared to the outdoor AM 1.5 spectrum. The reason is mainly the narrow absorption window of those cells. It is also important to note that, although the absorption windows of the other solar cells (GaAs, CdTe, and DSSC) is only 100 to 200 nm broader than the amorphous silicon and organic solar cell, their relative performance is significantly better.

Figure 5. The calculated relative output of the different photovoltaic solar cells under different lighting conditions, compared to the AM 1.5 spectrum as reference.
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It is clear from Figure 5 that the incandescent and halogen lamp (represented by the black body) are a different category of light sources. The reason is that these old light sources were not optimized to the visible light for a human eye.

We now consider the performance of the solar cells under exposure of other, more modern, light sources (Figure 5), which are much more energy efficient than the incandescent or halogen lamp. Indeed, modern light sources emit light mostly within the visible region, making them very energy efficient: emitting light within the visible spectrum is the primary goal of light sources. However, e.g., the m-Si cell can absorb light to 1200 nm (Figure 4). It is therefore to be expected that all cells will perform worse than under the standard spectrum. Indeed, the wavelength range of AM 1.5 is much broader (Figure 1) than the visible spectrum for which modern light sources are optimized. Most solar cells absorb photons beyond the visible spectrum.

We can notice two different subdivisions, according to their performance relative to the standard spectrum. Illumination from the light sources HP5 and F7 results in a better performance compared to AM 1.5 than the other light sources, because the spectra of HP5 and F7 are more proportionally distributed over the visible light wavelengths than the other indoor spectra.

Please note that, when comparing solar cells to each other, the performance is relative to their own performance under the outdoor standard spectrum. For example, the organic cell reaches a performance of 90% relative to the AM 1.5 spectrum under F7 illumination whereas the monocrystalline silicon cell only reaches 44%. This certainly does not mean that the organic cell is a better solar cell than Si. It only indicates that the absorption window of the organic cell differs less from the visible spectrum than that of the silicon cell.

We now compare the performance of the different solar cells in different indoor environments to the performance of the monocrystalline silicon solar cell. We calculate the performance of the solar cell under a certain illumination, compared relatively to the performance of the monocrystalline silicon solar cell under that illumination (Figure 6). For example, the relative performance fGaAs to m-Si,F2 of the GaAs-cell compared to m-Si under F2 illumination is given by:

Figure 6. The calculated relative output of the different photovoltaic solar cells under different lighting conditions, compared to the crystalline silicon solar cell as reference. Note that the modern light sources are practically coinciding.
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fGaAstom−Si,F2=PGaAs,F2Pm−Si,F2



(5)




with PGaAs,F2 and Pm-Si,F2 the power output in W/m2 of respectively GaAs and m-Si under illumination of the F2-spectrum.
We immediately notice the aberrant nature of the AM 1.5 and black body spectrum because of their much broader spectra which were not optimized to the visible light. When we only consider the modern artificial light sources (by excluding the AM 1.5 and the black body), the performance of the cells does not differ much with each light source.

When we calculate the maximum electrical power production of the solar cells under an illumination of 500 lux, for the different indoor environments, the same conclusions can be drawn (Figure 7). We notice that the black body (i.e., the incandescent or halogen lamp) is by far the best artificial light source for photovoltaic applications, better than the outdoor spectrum (scaled at 500 lux). Again, HP5 and F7 are the better performing modern light sources (Figure 7).

Figure 7. The calculated maximum electrical power output in W/m2 of the different photovoltaic solar cells under different lighting conditions, for an illumination of 500 lux.
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In summary, we can conclude that we can divide the indoor light sources in three different groups (with the AM 1.5 spectrum as a fourth-outdoors-group)


	Group 1: black body;


	Group 2: HP5, F7;


	Group 3: F2, F11, cool LED, warm LED, HP1.




In other words, for the characterization of photovoltaic solar cells in indoor environments, it is not necessary to measure their performance under all typical artificial light sources. It is sufficient to measure the cell under one light source from each group, for example a black body spectrum at T = 2856 K (an incandescent lamp), F7 (a broad-band fluorescent lamp) and F2 (a cool white fluorescent lamp).

It is important to note that the difference between the three groups is greater than the margin of error of the measurements we rely on. Indeed, the relative difference between the two groups closest to each other, group 3 to group 2, is at least 12% relative, but mostly more than 20%. Remember that we are for our simulations on the one hand relying on theoretical spectra set by convention (without margin of error) and on the other hand relying on measurement data of quantum efficiencies of the references in Table 1 which do not report significant margin of errors.

An energy efficient indoor light source does not emit (many) photons with wavelengths greater than 780 nm because the visible spectrum for the human eye is limited (Figure 1). Therefore, the ideal solar cell for indoor conditions does not absorb photons with wavelengths greater than 780 nm, i.e., has a bandgap of about 1.6 eV. Of course, the bandgap is not the only material characteristic influencing the efficiency of the solar cell.

It is no surprise that—taken into account the limitations and idealizations mentioned in Section 3—the least performing cell outdoors is also the worst performing cell indoors: the organic solar cell, mainly because of its low fill factor and low quantum efficiency (Figures 4 and 7). However, organic solar cells are not yet as technologically mature as, e.g., silicon solar cells. Due to intensive research, the efficiency of organic PV cells is improving rapidly. Taking into account the fact that the absorption window of organics can be optimized towards the visible spectrum [38,39], combined with their higher FF under low intensities [40] their performance indoors could improve in the future [41,42].

In addition to the organic cell, the p-Si cell, which performs well outdoors and under incandescent light, also performs poorly under illumination by modern light sources, due to its low QE combined with a bandgap that is too low for modern light sources.

The best cell outdoors and under incandescent light, i.e., the m-Si cell, is not the best cell under modern light sources, but achieves only moderate performance. The highest electrical power with modern indoor light sources is generated by the CdTe, GaAs and a-Si cells.



5. Related Work

For a thorough overview of indoor photovoltaics, we refer to the highly recommended book Designing indoor solar products by Randall [1]. Our paper is an extension of the excellent work of Virtuani et al. [11]. They applied the same model to determine the performance of Cu (In,Ga) Se2 solar cells under different indoor environments. The same results were qualitatively obtained: the cells perform better under incandescent/halogen illumination than AM 1.5, and worse under fluorescent illumination. Different authors discussed [6,43,44] and measured [45–48] the spectral mismatch between the absorption of solar cells and the spectrum of modern light sources.

Our article distinguishes itself from the others by focusing on the spectral differences between the artificial light sources and the reference AM 1.5, rather than on the low illumination intensity. Indeed, because our goal is to determine which light sources are relevant for a possible new standard for the indoor characterization of solar cells, it is the spectrum of the light sources that distinguishes the light sources, and not the low intensity, which is present for all light sources and will affect the cells equally over all light sources. We refer to [10,49–53] for details of the influence of low intensity on the characteristics of different types of solar cells. Moreover, we also considered all suitable artificial indoor light sources and selected relevant ones which could be utilized as a standard for the indoor characterization.



6. Conclusions

We compared different types of solar cells in different indoor environments. This was achieved by efficiency simulation based on the quantum efficiencies of the solar cells and the light spectra of typical artificial light sources. We concluded that we can divide the indoor light sources into three different categories, from best to worst from the perspective of photovoltaic performance of various PV technologies:


	Group 1: black body;


	Group 2: HP5, F7;


	Group 3: F2, F11, cool LED, warm LED, HP1.




In other words, for the characterization of photovoltaic solar cells in indoor environments, it is not necessary to measure their performance under all typical artificial light sources. Therefore, we propose that solar cells be measured under one light source from each group for their characterization for indoors applications.
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