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SUMMARY

The procedure for determining the maximum power of a single-junction photovoltaic cell operating in various
types of lighting is presented. This is a key issue for photovoltaics powering the mobile Internet-of-Things
(loT). The simulations performed are based on the detailed balance principle, without any of the simplifying
assumptions included in the Shockley-Queisser model. Optimal energy bandgap for diffuse solar light was
found to be 1.64 eV with a cutoff generated power of 37.3 W/m?. For the LED lighting considered in
this work, the optimal energy bandgap and maximum power limit are 1.86 eV, 1.63 W/m?, and 1.79 eV,
1.51 W/m? for cool and warm lighting, respectively, at 900 lux. Considering that the maximum power limit
of diffuse solar radiation is much higher than the limit for LED lighting, we concluded that 1.64 eV is the

optimal bandgap for most mobile l0T devices operating outdoors all or almost all the time.

INTRODUCTION

The development of the market for small Internet-of-Things (IoTs)
devices, such as sensors, actuators, and wearables devices, cre-
ates a demand for a new type of photovoltaic cells (PV cells).'~""
This means cells that could directly power small devices or
charge their batteries and could operate effectively under the irra-
diation other than Standard Test Conditions.'*'® The spectrum
of the incident radiation, specifically its range and spectral width,
determines the optimal energy bandgap and the efficiency limit of
PV cells.>'® Therefore, the details of irradiation spectrum are
essential to optimize the PV cell for a specific application. The
starting point for obtaining the most efficient PV cell is the analysis
of the thermodynamic curve of the efficiency limit as a function of
the energy bandgap. This type of curve is well known for standard
sunlight such as AM1.5G and AM1.5D"° as well as for selected
artificial light sources.'®'"2°"2° However, the limiting curve for
diffuse sunlight has not been evaluated so far, and this issue is
very important for mobile outdoor photovoltaic devices. Another
omitted problem is the question about the optimal energy
bandgap for the case when PV cell is intended for dynamic oper-
ation in two different irradiation environments.

PV cells for IoT can generally operate in a variety of lighting con-
ditions. Schematic diagram of the cell operating conditions for
loT is presented in Figure 1. They can constantly work inside
buildings,®?"?*?% thus constantly using artificial lighting. They
can also work outdoors, but they do not have to face south and
they can collect mainly diffuse solar radiation. You can also
consider PV cells for small mobile devices, i.e., those that operate
several hours a day in diffuse sunlight®® and several hours aday in
artificial light.>°*' Such cells are the subject of this work.

The aim of this work is to analyze the efficiency limit of PV cells
for mobile loTs. Based on the simulation performed, the optimal
energy gaps of single-junction cell and the limits of average po-
wer for two different lighting spectra were determined. The simu-
lations carried out are based on the detailed balance principle,
without any of the simplifying assumptions included in the
Shockley-Queisser model. Indoor, outdoor, and mixed condi-
tions of loT environments are taken into account. The original pro-
cedure for determining the optimal energy bandgap for a mobile
PV cell operating in two different lighting conditions is presented.

Theoretical Basis

The energy conversion efficiency limit is defined as the maximum
efficiency of an ideal semiconductor cell at a given radiation. Such
a cell is made of an ideal semiconductor, i.e., a semiconductor in
which each absorbed photon generates an electron-hole pair, and
at the same time the absorption only concerns photons with an
energy greater than or equal to the bandgap of the semicon-
ductor. On the other hand, a free electron can recombine with a
hole to generate a photon, while non-radiative recombination
does not occur in an ideal semiconductor. The current density
per cell surface divided by the elementary charge (J/e) is written
as the difference in the rate of generation of charge-carrier pairs
caused by thermal as well as by additional radiation and the rate
of radiative recombination resulting from luminescence:

g = Gr+G-R. (Equation 1)

where G is the rate of generation of charge-carrier pairs by ther-
mal radiation, G is the rate of generation of charge-carrier pairs
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by illumination, and R, is the rate of radiative recombination. All
three rates are determined per unit of cell area.
The generation rates per unit cell surface can be written as:

_ 1 (Epn)®
Gr = 4m2h3c? Epn
E;, €Xp ( KT ) -1

@

Glz/ '(:P“) dEon
ph

Eg

dEpn (Equation 2)

(Equation 3)

where h is Planck’s constant divided by 2, c is speed of light
in vacuum, E, is energy bandgap of semiconductor, Egy, is
photon energy, I(Egn) is spectral irradiance expressed in W/
(m2eV), k is Boltzmann constant, T is absolute temperature of
the cell, which, according to our assumption, is equal to
ambient temperature.

If we assume that the back side of the cell is equipped with a
mirror, effective recombination results only from the luminescence
from the illuminated surface, which is expressed by the formula:

1 (Epn)’
AL = ez Epn — 4
£, exp <'°k—_|_°>1

dEg,  (Equation 4)
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Figure 1. Schematic diagram of the cell
operating conditions for loT.

where ¢ is chemical potential of the radia-
tion emitted by the cell equal to the electro-
chemical potential of the cell, i.e., uc = eV
where e is equal to the electron charge
and V is equal to the voltage between the
cell terminals.

Based on Equation 1 and using Equa-
tions 2-4 we can find current density-
voltage characteristics (J-V) for any spe-
cific irradiation spectrum (I(Ep)) and any
specific energy bandgap. The maximum
electrical power delivered by a unit of cell

area is the maximum product of J and V
within the photovoltaic range. This point
on the J-V curve is called the maximum po-
wer point (MPP), and its coordinates are

known as Vypp and Jypp. The cell effi-
ciency (n) for a specific |(Egn) and a specific
E4 gives the ratio of the maximum electrical
power delivered by a unit cell surface to the
radiation flux received by the unit cell sur-
face, i.e., irradiation intensity,

-V,
n = Juee-Vwee e ation 5)

o

/ \(Epn)dEon

0

The relationships n vs. Eg can be derived from Equations 1-5 for
agiven I(Egp) spectrum, after which n(Eg) can be analyzed and the
optimal Eg can be found. In the same way, the maximum power of
a single-junction solar cell at a given I(Eyy) can be determined.

lllumination spectra

The offer of small devices included in the Internet-of-Thinks cate-
gory is quite wide and is still growing. The devices are designed
to work outdoor, indoor and at variable conditions. The latter are
usually in constant motion with a person, animal or mobile sys-
tem. They are then exposed partly to daylight and partly to arti-
ficial light.

In the case of mobile loTs, you should not assume that these
devices will track the position of the Sun in the sky. The assump-
tion of free orientation of the PV cell is more justified. It can be
assumed that such PV cells will process diffuse solar radiation.
Therefore, the intensity of irradiance falling on a PV cell operating
in such conditions can be expressed by the difference AM1.5G
and AM1.5D:

lipsr = Lamise — liamisp (Equation 6)

where |, ami156 is the spectral irradiance for AM1.5G, and
I am1.5p is the spectral irradiance for AM1.5D. The AM1.5G de-
notes the hemispherical solar irradiance incident on a surface
titled 37° toward the sun so consisting of both direct and diffuse
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Figure 2. Irradiance spectra in the case of various lighting
DSR - diffuse solar radiation, 900 lux, cool — cool LED lighting, 900 lux, warm —
warm LED lighting.

components. The AM1.5D is the direct irradiance including a
circumsolar component for a field of view of 5.8° centered on
the sun.*? The integral of I, psr overall wavelength values is
100.3 W/m?.

Indoor lighting is currently provided by environmentally friendly
light sources. These types of lamps do not emit any radiation
beyond the visible range, so they do not convert electrical power
into radiation invisible to the human eye. Since the luminous effi-
ciency of any light source is defined as the ratio of the luminous
flux to the electrical power, modern lamps are characterized by
the highest luminous efficiency.**The spectrum of high-quality
lighting should also cover the entire visible range reasonable
well. The most economical solutions are white LEDs with lumino-
phores and they currently dominate the lighting market. This type
of lamps uses a blue LED, which excites the phosphor to lumi-
nance and is also a source of blue light. As a result, the spectrum
of such a lamp consists of two peaks, a thinner one in the blue
range emitted directly by the LED and much wider within green-
red range coming from the phosphor. Of course, the intensity of
illumination depends on the distance of the lamp from the object,
the arrangement of lamps in space and the eye sensitivity curve.
However, it can be assumed that the average illuminance of in-
door objects with artificial light is 900 lux.>®

Knowing the optical power spectrum (P optical in W/nm), i.e.,
the spectrum of electromagnetic radiation emitted by lamp
in the range from %; = 360 nm to A; = 830 nm, one can calculate
the luminous flux (@, in Im) as follows'%2>:33;

At
®dym = 683 I% / V(R) Py opticad2 (Equation 7)
N

where V () presents the tabulated values of the 2° degree CIE
1931 photopic eye sensitivity function,®® % and % are the
short-wave and long-wave limits of V(A). Similarly, based on
the irradiance spectrum (I, in W/(mznm)), we can determine
the illuminance (I in Ix)"?%4%°;
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M
lx = 683 Im /V(X) l,dA (Equation 8)
N

W

Figure 2 shows two typical irradiance spectra from white LED
phosphor lamps for cool and warm lighting at illuminance equal
to0 900 Ix. The presented spectra were obtained from real spectra
multiplied by a certain coefficient selected so that I, determined
on the basis of 8 was equal to 900 Ix.

As can be seen, the spectral irradiance for white LED lamps is
much narrower and one order of magnitude lower than for DSR.
The total irradiance by white LED lamps is only 3.09 W/m? and
2.78 W/m? for the cool and warm lighting, respectively, shown
in Figure 2. Itis worth noting that the total irradiance is two orders
of magnitude lower than in the case of DSR.

RESULTS AND DISCUSSION

Efficiency limit for diffuse solar radiation

Figure 3 shows the simulation results of the efficiency of ideal
single-junction cell based on the procedure described in theoret-
ical basis. The simulations used the spectrum of scattered sun-
light obtained according to Equation 6 and presented in Figures 2
and 3 as a yellow series of dots. The efficiency curve reaches a
maximum value of 37.23% for a cell with an energy bandgap of
1.64 eV. This value is almost 4% points higher than the efficiency
of an ideal cell illuminated with AM1.5G [19]. The difference is
directly related to the spectral widths of DSR and AM1.5G. How-
ever, due to the lower level of total irradiance, the power limit un-
der DSR is almost an order of magnitude lower than with illumi-
nation by AM1.5G. Table 1 shows the values of the maximum
efficiency and maximum power of a cell illuminated with DSR
for selected values of semiconductor bandgap. The efficiency
limit of an ideal cell exceeds 30% for a fairly wide bandgap
range, i.e., from 1.09 eV to 2.27 eV, which allows for a fairly
wide selection of semiconductor materials for cells intended to
work with diffuse solar radiation.

Efficiency limit for white LEDs at 900 lux

The efficiency limits of a single-junction cell when exposed to
white LED lighting at illuminance of 900 Ix, at irradiance spectra
shown in Figure 2, are shown in Figure 4. Additionally, Figure 4
presents the radiation spectra from Figure 2 as a function of
photon energy. The maximum efficiency is 52.75% with a
bandgap of 1.86 eV for cool illumination and 54.80% at a
bandgap of 1.79 eV for warm illumination. The power limit
achieved at these maximum values is 1.63 W/m? and
1.51 W/m? for warm and cool lighting, respectively. Due to
the presence of an irradiation band only in the visible range,
the efficiency limit shows a much higher and at the same time
much narrower peak than in the case of DSR. Therefore, energy
conversion efficiency values decrease rapidly as we move
away from the optimal energy gap.

Table 2 shows the energy conversion efficiency limits and
maximum power values of a single-junction cell for both
types of artificial irradiance. The table shows the results for
selected values of energy bandgap in the range from 1.00 eV
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Figure 3. Efficiency limit of a single-junction cell as a function of the
energy bandgap for diffuse sunlight radiation

Solid line - efficiency limit (Table S1), Series of dots — spectrum of diffuse solar
radiation.

to 2.20 eV, also taking into account the optimal energy gaps for
each lighting (shaded cells).

The optimal E, for PV operating at different irradiations
As mentioned above, the maximum power of a PV cell and the
optimal band gap of the cell depend on the irradiation spectrum.
If the cell is designed to operate under two different lighting con-
ditions, we can determine the energy conversion limit and the
optimal band gap for each irradiation separately. If we can esti-
mate the proportion between the cell exposure times in two
different lighting conditions, then knowing the power limits as a
function of bandgap, we can solve this problem in systematic
way. Suppose the cell is exposed to DSR for a certain period
of time during the day, say 7o, and LED irradiation for a period
of 4. The limit of the average power of such a cell in time 71+75
can be determined as follows:

_ 71 Prmax1 (Eg)+72 Praxz (Eg)

T1+T2

Pav limit (Eg)

(Equation 9)

iScience

where Pmax1 (Eg) and Praxa (Eg) are power limits of a single-junc-
tion cell for the energy bandgap Eg under white LED and DSR,
respectively. If 71 + 72 is taken as 100% of the illumination time,
then 14/(t1+75) will be the part of the cell illumination time interval
corresponding to illumination with artificial light. At the same
time, 1o/(t1+72) will be the part of the lighting time corresponding
to DSR. Let us denote the contribution of the cell irradiation by
DSR as v:

T2

*100%

(Equation 10)
T1+7T2

Using definition (9), the limit of the average power of a single-
junction cell (P, imit) @s a function of the energy bandgap for
selected values of y can be plotted. Figure 5 shows the P,y jimit
as a function of the energy bandgap for four different lighting
conditions: v = 0% (cell exposed only to white LED), v = 20%,
vy = 40% and y = 100% (cell exposed only to DSR). The peak
of the P,y imit(Eg) function determines the average power limit
and the optimal energy bandgap of the cell operating in specific
conditions, i.e., for a given vy. On this basis, it is possible to plot
the relationship between the optimal energy gap of the cell and
the average power limit of the cell as a function of y. This relation-
ship is shown in the insets of Figure 5.

From Figure 5 and Tables 1 and 2 it can be seen that the
maximum power value of the cell illuminated by DSR is almost
25 times higher than the maximum power value of the cell illumi-
nated with LED lamps. At the same time, you can notice a shift in
optimal energy bandgap of the cell from 1.79 eV (for warm light)
or from 1.86 eV (for cool light) to 1.64 eV. The optimal cell
bandgap as a function of the parameter y is shown in insets of
Figure 5.

From Table 2, we conclude that the most desirable bandgap of
PV cells for LED lighting is in the range of 1.79 eV-1.86 eV. The
bandgaps of organic PV cells®® as well as perovskite PV cells®’*®
are quite close to this range. Efficiency of 40% has already been
reported for perovskite PV cells under artificial lighting.*® On the
other hand, the bandgaps of perovskite even better fit DSR than
the white LED spectrum, so it can be expected that these mate-
rials will soon find application in mobile loT.

Taking into account that the maximum power limit with DSR is
much higher than the maximum power limit with white LED

Table 1. Efficiency and power limit of a single-junction cell under DSR

Energy Power Energy Power Energy Efficiency Power
bandgap (eV) Efficiency (%) limit (W/m?) bandgap (eV) Efficiency (%) limit (W/m?) bandgap (eV) (%) limit (W/m?)
1.05 28.9 29.0 1.50 37.0 37.1 1.90 35.1 35.2
1.10 30.5 30.6 1.55 37.2 37.3 1.95 34.5 34.6
1.15 31.9 32.0 1.60 37.1 37.2 2.00 34.0 34.1
1.20 32.8 32.9 1.64 37.2 37.3 2.05 33.3 33.4
1.25 33.6 33.7 1.65 37.2 37.3 2.10 32.7 32.8
1.30 34.5 34.6 1.70 36.9 37.0 2.15 32.0 32.1
1.35 35.7 35.8 1.75 36.6 36.7 2.20 31.2 31.3
1.40 36.4 36.5 1.80 36.2 36.3 2.25 30.4 30.5
1.45 36.7 36.8 1.85 35.7 35.8 2.30 29.6 29.7
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Figure 4. Efficiency limit of a single-junction solar cell as a function
of the energy bandgap under artificial lighting

The irradiance spectra as a function of photons energy are shown as a series of
dots and are the same as in Figure 2. Solid lines — efficiency limits (Table S2),
Top graph — warm LED lighting, Bottom graph — cool LED lighting.

lamps, the optimal energy bandgap of the cell reaches a value of
1.64 eV already for y=20% (series of dots in the insets). The
result of such a large difference is also a linear increase in the
Pav iimit (Eg), which is observed for y>20% (solid line in the insets)
and it results from the relationship:

Pav limit (Eg) = ﬁpmaﬂ (Eg optimaIZ) (Equation 1 1)

met when

¥ Prmaxe (Eg optimal2) >> (100 %-7) Prmax1 (Eg 0ptimal1)
(Equation 12)

where Pmaxe (Eg optimai2) is the maximum power limit for DSR, and
Prmax1(Eg optimai1) is the maximum power limit for white LED
lighting.
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Table 2. Limits of efficiency and power of a single-junction cell
with white LED lighting

warm light, 900 Ix

cool light, 900 Ix

Eg (eV) n (%) Prnax (W/m?) n (%) Prmax (W/m?)
1.00 242 0.67 22.4 0.69
1.05 26.3 0.73 24.4 0.75
1.10 28.5 0.79 26.4 0.81
1.15 30.7 0.85 28.4 0.88
1.20 32.8 0.91 30.4 0.94
1.25 35.0 0.97 32.4 1.00
1.30 37.2 1.03 34.5 1.06
1.35 39.4 1.09 36.5 1.13
1.40 4.7 1.15 38.6 1.19
1.45 43.9 1.21 40.6 1.25
1.50 46.1 1.27 42.7 1.32
1.55 48.3 1.33 44.7 1.38
1.60 50.2 1.38 46.5 1.44
1.65 52.0 1.43 48.3 1.49
1.70 53.5 1.48 49.9 1.54
1.75 54.6 1.51 51.2 1.58
1.79 54.8 1.51 52.0 1.61
1.80 54.8 1.51 52.2 1.61
1.85 54.0 1.49 52.7 1.63
1.86 53.7 1.48 52.8 1.63
1.90 51.8 1.43 52.6 1.62
1.95 48.2 1.33 51.8 1.60
2.00 43.6 1.20 50.2 1.55
2.05 38.1 1.05 48.0 1.48
2.10 32.4 0.89 45.3 1.40
2.15 271 0.75 42.2 1.30
2.20 22.5 0.62 39.0 1.20

Finally, it is worth adding that determining the optimal cell en-
ergy bandgap for systems with different irradiation spectra re-
quires analysis based on the cell power limit at different lighting
conditions and cannot be based directly on the energy conver-
sion efficiency. This is a direct result of the difference in irradi-
ation power density. When this difference is significant, as
in the above case, practically higher irradiation will determine
the optimal energy gap and the limit of the average power of
the cell.

Conclusions and limitations of the study
The work proposes a procedure for determining the optimal
bandgap of a PV cell operating under two different types of light-
ing. This is a key aspect in the case of mobile photovoltaic sys-
tems. Such PV cells are used to power small Internet-of-Things
systems. As shown, due to the usually large difference in total
irradiation levels, the analysis in this case must be based on
the power limit as a function of the energy bandgap rather than
on the efficiency limit.

Based on the simulations performed, we found that the
optimal energy gap of a single-junction cell for diffuse solar light

iScience 28, 111604, January 17, 2025 5
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Figure 5. Average power limits as a function of the bandgap for
different lighting conditions

Lighting conditions: y = 0% (the cell exposed only to white LED lamp), vy =
20%, y = 40%, y = 100% (the cell exposed only to DSR), The insets show the
optimal energy gap and average power limit as a function of y (Table S3), Top
graph — warm LED lighting, Bottom graph - cool LED lighting.

is 1.64 eV and the maximum power limit is 37.3 W/m?2. For
LED lighting with the irradiance spectra shown in Figure 2, the
optimal energy bandgap and maximum power limit of the cell
are 1.86 eV, 1.63 W/m?, and 1.79 eV, 1.51 W/m? for cool and
warm lighting, respectively. Taking into account that the
maximum power limit in the case of DSR is much higher than
the limit in the case of white LED lighting, the optimal energy
gap of the cell reaches a value of 1.64 eV already at 20% of
the exposure time to DSR. We can therefore say that the
bandgap of 1.64 eV is optimal for most mobile lIoT devices oper-
ating outdoors all or almost all the time.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Excel Microsoft Excel https://www.microsoft.com/pl-pl/

microsoft-365/excel
Macros in Excel environment Microsoft Excel https://www.microsoft.com/pl-pl/

Own algorithms on Macro procedures
in Excel environment

microsoft-365/excel

Other

Spectra of AM1.G and AM1.5D Standard Tables for Reference
Solar Spectra Irradiances: Direct
Normal and Hemispherical on 37°
Tilted Surface, ASTM International
G173-03 (Reapproved 2012).

Photopic eye sensitivity function CIE 1931 colour-matching functions,
2° observer (data table), International
Commission on lllumination (CIE)

https://standards.globalspec.com/std/
14625520/astm-g173-23
https://standards.globalspec.com/std/
14625520/astm-d173-23

https://cie.co.at/datatable/cie-1931-colour-
matching-functions-2-degree-observer

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
This study did not need any experimental model.

METHOD DETAILS

The paper presents the results of simulations of the efficiency limit of photovoltaic cells under different lighting spectra. The simula-
tions are based on the fundamental expressions of electron-hole pair generation and recombination in an ideal semiconductor, pre-
sented in theoretical basis. The numerical method uses multiple loops in Macros procedures so that none of the fundamental expres-
sions are simplified or omitted. The numerical resolution for photons and voltage was as follows: 3Eg, = 0.001 eV, 3V = 0.001 V.

QUALIFICATION AND STATISTICAL ANALYSIS

The study does not include statistical analysis or quantification.
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