
Citation: Kuruvinashetti, K.;

Pakkiriswami, S.S.; M. Panneerselvam,

D.; Packirisamy, M. Micro

Photosynthetic Power Cell Array for

Energy Harvesting: Bio-Inspired

Modeling, Testing and Verification.

Energies 2024, 17, 1749. https://

doi.org/10.3390/en17071749

Academic Editor: Bartłomiej Igliński
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Abstract: A micro-photosynthetic power cell (µPSC) generates electricity through the exploitation of
living photosynthetic organisms through the principles of photosynthesis and respiration. Modeling
such systems will enhance insights into the µPSC that can be employed to design real-time applica-
tions from µPSC. In this study, the bio-inspired electrical equivalent modeling of the array of µPSC is
elucidated. The model is validated for array configurations of the micro-photosynthetic power cells.
The developed arrayed model foresees the steady-state response at various electrical loadings. The
polarization characteristics of the current-voltage (I-V) and current-power (I-P) characteristics of the
array of µPSC in series and parallel, and their combinations in series and parallel connected µPSCs
were validated with the experimental results. From this analysis, it is predicted that the arraying of
the µPSC in the combination of series and parallel is the optimal array strategy to obtain the desired
voltage and current from the µPSC such that it can be used to power real-time low and ultra-low
power devices.

Keywords: modeling bio-photoelectrochemical cells; bio-photovoltaics; photosynthesis; energy
harvesting; sustainable energy

1. Introduction

Powering the rising necessity of energy from fossil fuels leads to catastrophic conse-
quences, such as global warming and climate change [1]. In addition to these environmental
consequences, the depletion of fossil fuels demands the need to find alternative power
sources. To this effect, the various renewable energy sources that can produce power
in different ranges are in demand [1]. Scaling down high power sources to low power
applications leads to an increase in the size of the devices due to the add-on of power
converters [2]. Moreover, tremendous growth in miniaturized recent technologies such as
IoT sensors, and low-power devices has increased the necessity for low-power sustainable
power sources demand [3].

In this context, micro-photosynthetic power cells (µPSC) are a sustainable option for
low- and ultra-low power applications. The µPSC is a microbial fuel cell that generates
electricity through the exploitation of living photosynthetic microorganisms or cells. In the
presence of light through photosynthesis, photosynthetic microorganisms release electrons
through water-splitting reactions. In dark conditions, by the respiration principle, through
catabolic activity, electrons are released. These released electrons are harvested through
efficiently designed electrochemical cells [4–8]. The significant benefit of the µPSC is that
they consist of living photosynthetic microorganisms; these microorganisms have self-
repair ability, which enables them to function for a longer period [4,6,9–15]. Recently, the
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perspective commercial utilization of µPSC along with their growing power density was
reported in [2].

Still, efforts have been made to generate electricity from various photosynthetic mi-
croorganisms and photosynthetic pigments such as thylakoid membranes, reaction centers,
etc. [5,8,10,16]. Moreover, significant endeavors have been made in engineering design and
experimental investigations [5,8,10,16]. Modern research evolved in understanding this
green energy for sustainable use over the recent years [17–27].

Modeling such complex systems enables understanding the underlying phenomenon
of the device, and it aids in optimizing the metrics of the device [28]. The modeling
of this µPSC is feasible via the coupled solution of the Nernst equation and the Butler–
Volmer equation. This approach accounts for the mass transfer across the proton exchange
membrane, countering the electrons collected in carefully engineered electrodes. In this
regard, attempts have been made in mathematical modeling of the single µPSC from
the first principle approach and electrical equivalent modeling of the single individual
µPSCs [28,29]. This modeling approach resulted in optimizing the operational parameters
via proper engineering design. However, for the µPSC to find application in powering
real-time day-to-day applications, it is necessary to improve the power rating of this device
via interfacing (arraying) several individual µPSCs. Modeling and analysis of such arrayed
systems are crucial, as they not only result in understanding the dynamics and physics of
this system but also fine-tune the metrics of this arrayed µPSC.

Despite this necessity, the maximum performance of the single µPSC is limited by
thermodynamics. The maximum possible terminal voltage that could be generated from
the single µPSC is only 1.8 V [29]. Therefore, using the µPSC for real-time applications with
a single µPSC is unfeasible. It is essential to realize the array configurations to obtain the
desired voltage and current from the µPSCs. Few experimental works have been reported
in this direction [5]. Nevertheless, to our knowledge, further studies are needed for the
modeling of the array of µPSC.

In this effect, in the current study, electrical equivalent modeling of the array of the
µPSC in several array configurations is presented. The proposed arraying model extends
the electrical equivalent model of a single µPSC [29]. All the parameters and operating
conditions were maintained the same as those of the previous single µPSC. The total area
of the electrode was 4.84 cm2, and the volume of anolyte (photosynthetic microorganism)
and catholyte (potassium ferricyanide) was 2 mL. The array of six µPSCs was simulated
for series, parallel, and combinations of series and parallel configurations, and further, the
simulated results were compared with experimental results. The study includes steady-
state responses with an external electrical loading of 1 kΩ. Nevertheless, loading conditions
could be extended to any electrical load. The polarization characteristics of the current-
voltage (I-V) and current-power (I-P) characteristics of the array of µPSCs in series and
parallel and their combinations in series and parallel connected µPSCs were validated with
the experimental results.

2. µPSC Operation and Fabrication

The principle of operation of the µPSC is the natural photosynthesis and respiration
process. The µPSC involves the membrane electrode assembly sandwiched between the
anode and cathode chambers. In the anode, photosynthesis drives the water-splitting
reaction and releases electrons. In contrast, in the respiration process, electrons are also
released by the catabolic activity of the photosynthetic microorganisms. These electrons
traverse through electrodes in the membrane electrode assembly. Figure 1a demonstrates
the principle of operation of the µPSC. As the detailed principle of operation is presented
in our previous works, the authors recommend referring to [3,8,11].
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Photosynthesis

6CO2+6H2O
↓↓↓(Light)−−−−−−→C6H12O6+6O2 (1)

Respiration
C6H12O6+6O2 → 6CO2+6H2O (2)

3. µPSC Fabrication

The µPSC comprises two chambers: anode and cathode. Both chambers are separated
by the proton exchange membrane (PEM). The microelectrodes were fabricated on both sides
of the PEM. The microelectrodes comprised a thin aluminum honeycomb-structured arrayed
grid coated with 40 nm gold through the sputtering technique. The electrode-patterned PEM
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was sandwiched between the anode and cathode chambers. The cathode chamber was sealed
with a microscopic glass slide to hold the electron acceptor (potassium ferricyanide). Figure 1b
illustrates the various components and assemblies of the µPSC. Figure 1c shows the photo image
of the assembled µPSC. The detailed dimensions of the whole µPSC are shown in Figure 1d.
As the focus of this work is on the modeling of the µPSC, for fabrication and experimental
details, it is suggested to refer to our previous work [3,8,30]. The micro-photosynthetic power
cells have been evaluated under an illumination level of 2 µmolm−2s−1, which has consistently
demonstrated superior performance compared to other lighting conditions. Consequently, all
characterizations have been conducted under this specific illumination setting [29].

4. Modeling the Electrical Equivalent Circuit of a Single µ-PSC

The terminal voltage of the µPSC is the Nernst reversible voltage with µPSC internal
losses such as activation voltage loss, concentration voltage loss, and ohmic voltage loss.
Hence, the terminal voltage could be written as

V=E0−Vact−Vconc−Vohmic (3)

where,
V—Voltage of the µPSC measured across terminals (V)
E0—Nernst reversible voltage (V)
Vact, activation voltage loss = RT

αF sinh−1( i
2i0

)

Vconc, concentration voltage loss =
(
−RT

nF ln(1 − i
iL
)
)

Vohmic, Ohmic voltage losses = Rohmici

The activation, concentration, and Ohmic losses were directly substituted from the
work [29]. where,

R Universal gas constant (8.31447 J/mol-K)

T Operating temperature (Room temperature, (298.15 K)

F Faraday’s constant (96,486 C/mol)

n Number of transferred electrons/reactions (4 mol)

iL Limiting current density (0.1818 mA/cm2)

i0 Equilibrium exchange current density (10−8 A/cm2)

Rohmic Ohmic resistance (Ω)

All these parameters are constants [29]. The Nernst Reversible voltage is given by,

E0 = E0
cell −

RT
nF

ln

(
[Rered]

2[PFred]
4

[Re]4[H+]
4
[PF]4

)
(4)

The anode chamber of the µPSC consist of anolyte (algal cells with electron mediators’
methylene blue). The cathode chamber consists of electron acceptors (potassium ferri-
cyanide). The oxidation and reduction of methylene blue and electron acceptors potassium
ferricyanide during the process are the reactants and products.

The electrical equivalent circuit of the single µPSC is shown in Figure 2a [29]. In the
Nernst reversible voltage, E0

cell of the µPSC is modelled as DC voltage source and reactants
and products were modelled as controlled voltage source, which is the function of the rate
of change in the anode and cathode species concentration. The rate of change of species
concentration is the solution of a set of first-order differential equations [28]. Both the
activation and concentration voltage losses were modeled as controlled voltage sources.
The Ohmic loss is represented as the resistive element. The proton exchange membrane is
modeled as a capacitor. The resistive load is connected to the terminals of the µPSC [29].
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Figure 2b shows the electrical equivalent model of the two µPSCs in series connection and
Figure 2c shows the electrical equivalent model of the two µPSCs in parallel connection.
Figure 2d shows the electrical equivalent circuit of a combination of series and parallel
connections of the µPSC.
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5. Modeling Array Configurations of µ-PSCs
5.1. SA6 Configuration

In the SA6 configuration, the µPSCs were connected in series connections. The six
µPSCs were all connected in series (Figure 3a).
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(S5, S1)]) (d) combinatory configuration—2 of µPSCs, four combinations ([S3 (P2, P2, P2)], [S2 (P3,
P3)], [S2 (P4, P2)], [S2 (P5, P1)]).

5.2. PA6 Configuration

In the PA6 configuration, the µPSCs were connected in parallel. The first µPSCs anode
and sixth µPSCs cathode terminals were connected to the DAQ for the current and voltage
sensing (Figure 3b). The photo image of the PA6 configurations is shown in Figure 4a.

5.3. Combinatory Configuration (CC-1)

To observe the performance of the µPSCs in sequences of series and parallel config-
urations, four unique configurations were chosen to analyze the performance. In the [P3
(S2, S2, S2)] configuration, two µPSCs were connected in series, and such three sets were
connected in parallel connection (Figure 3c). In other configurations, two sets of three
µPSCs were connected in series; then, both the sets were connected in parallel connection
[P2 (S3, S3)]. In [ P2 (S4, S2)] configuration, four µPSCs were connected in series, and
separate two µPSCs were connected in series then both sets were connected in parallel. In
[P2 (S5, S1)] configuration, the five µPSCs were connected in series connection, and single
µPSC were connected in parallel connection.
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5.4. Combinatory Configuration (CC-2)

In the CC-2 configuration four unique configurations were chosen. In the [S3 (P2, P2,
P2)] configuration, two µPSCs were connected in parallel, and three sets of such parallel
connections were connected in series connection (Figure 3d). In configuration S2 (P3, P3),
two sets of three µPSCs were connected in parallel, and then both the sets were connected
in series connection. A photo image of this configuration is shown in Figure 4b. In S2 (P4,
P2) configuration, four µPSCs were connected in parallel and two µPSCs were connected
in parallel, then both sets were connected in series. In the last CC-2 configuration, five
µPSCs were connected in parallel connection, and single µPSC were connected in a series
connection to that [S2 (P5, P1)].

The experimental performances of the µPSCs may differ due to variations in the
fabrication and also transient parameters such as rate of changes in species concentration,
illumination on the surface of the anode chamber, and many more. Therefore, for simplicity
and to demonstrate the capacity of the model for the arrayed configurations, normalized
values are presented to analyze the I-V and I-P characteristics of the array of the µPSCs. The
normalized voltage of the µPSC is calculated as, Vr = V

Voc
, where V is the terminal voltage of

the µPSC and Voc is the open circuit voltage of the µPSC. The similarly normalized current
of the µPSC is calculated as, Ir = I

Isc
, where I, is the µPSC current and Isc is the short circuit

current of the µPSC. The normalized power of the µPSC is calculated as, Pr = P
Pmp

, where P
is the power of the µPSC and Pmp is the maximum power of the µPSC.
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6. Results and Discussion
6.1. Polarization (I-V) Characteristics of SA6 Configuration

The I-V polarization characteristics are vital to comprehending the performance of
the power-generating device. The I-V characteristics could be exploited to design suitable
power converters for practical applications. Figure 5b demonstrates the normalized I-V
characteristics of the SA2 configuration. In the SA2 configuration, the effective terminal
voltage was the sum of their terminal voltages (Table 1). In contrast, the effective current
remained the same as that of the least µPSCs current in this array configuration.
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Table 1. Real-time predicted and experimental Voc, Isc, and Pmp of SA6 configurations.

Array
(Voc) mV (Isc) µA (Pmp) µW

Predicted Experimental Predicted Experimental Predicted Experimental

SA1 848.6 780 800 820 180 186
SA2 1697 1404 800 500 314 202
SA3 2545 2101 800 370 472 271
SA4 3394 3000 800 340 629 285
SA5 4243 3700 800 334 786 330
SA6 5091 4200 800 410 944 474

In the model, all of the µPSCs utilized in array configurations demonstrated consistent
performance because of consistent transient parameters. In contrast, the experimental
results exhibited distinct performance, mainly because of the inconsistent performances of
the µPSCs due to the uncontrolled transient parameters, which are yet to be understood in
detail. Another significant reason for the inconsistent performance is the non-uniformity of
the fabrication and transient behaviors [3,8].

Figure 5c reveals the SA3 configuration. In the model in the series configurations,
the effective current remained unchanged at 800 µA, whereas the effective voltage was
observed to be the summation of their voltages (Table 1). Figure 5d–f demonstrated the
SA4, SA5, and SA6 configurations. Here, similar observations as those of the SA2 and
SA3 configurations were also made. In the SA6 configuration, the effective voltage was
the sum of their voltages, and the effective current remained the same as those of the
least-performing µPSCs (Table 1).

6.2. Polarization (I-V) Characteristics of PA6 Configuration

Figure S1 demonstrates the normalized I-V characteristics of the PA6 configuration.
In parallel configurations, the effective voltages remained identical to those of the least-
performing µPSCs voltage (Table 2). In contrast, the effective current of the configuration
was the sum of their µPSCs currents. For the PA2 configuration, experimental results
demonstrated a current of 840 µA, whereas the predicted current demonstrated 1600 µA.
The lower performance of the current in the experimental results was because of the meager
performance of the µPSC owing to its inconsistent fabrications. The predicted current
of 1600 µA indicated two µPSCs in parallel could potentially increase the mentioned
performance using consistent fabrication of the µPSCs. Similar observations were made
in the PA3, PA4, PA5, and PA6 configurations. Their effective terminal voltages almost
remained the same as those of the least-performing µPSCs voltage. In contrast, their
effective current was the sum of their µPSCs current (Table 2). In the PA6 configuration, a
maximum effective voltage of 800 mV and a current of 4800 µA were predicted.

Table 2. Real-time predicted and experimental Voc, Isc, and Pmp of PA6 configurations.

Array
(Voc) mV (Isc) µA (Pmp) µW

Predicted Experimental Predicted Experimental Predicted Experimental

PA1 848.6 780 800 820 180 186
PA2 848.6 725 1600 880 314 183.96
PA3 848.6 765 2400 1480 472 308.7
PA4 848.6 675 3200 1700 629 256
PA5 848.6 736 4000 2400 786 496.2
PA6 848.6 730 4800 2600 944 412.5

6.3. Polarization (I-V) Characteristics of CC-1 Configuration

The effective terminal voltages of the µPSCs were increased in the series configu-
rations, and effective µPSCs currents remained the least µPSCs current. In contrast, the
effective µPSC currents were enhanced in the parallel configurations, and their effective
voltage remained the least-performing µPSC. Based on this understanding, to enhance
both the effective voltage and effective µPSCs current of the arrayed µPSCs different array
combinations of series and parallel were chosen.
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Figure 6a demonstrates the normalized I-V characteristics of the [P2 (S2, S2, S2)]
combination of the CC-1 configuration. The predicted values were slightly greater than the
experimental values, indicating that the experimental µPSC current could be boosted by
consistent fabrication (Table 3). In this combination, both effective voltages and currents
were enhanced. Figure 6b reveals the normalized I-V characteristics of the [P2(S3, S3)]
combination. Herein, the experimental results were almost matching the predicted values,
whereas the experimental currents were slightly less than the predicted values. However, it
was found that in both of these combinations, voltages and currents were enhanced.
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Table 3. Real-time predicted and experimental Voc, Isc, and Pmp of CC-1 configurations.

CC-1
(Voc) mV (Isc) µA (Pmp) µW

P E P E P E

P3 (S2,S2,S2) 1839 1550 2400 1760 985 616
P2 (S3,S3) 2741 2430 1600 1220 1026 624
P2 (S4,S2) 2438 2800 1600 1230 912 396
P2 (S5,S1) 1526 1302 1600 800 570 246

Figure 6c shows the normalized I-V characteristics of the [P2 (S4, S2)] configuration.
The predicted effective terminal voltages were slightly lower than the experimental value,
perhaps because of the increase in the voltage in the long-term performance (Table 3) [10].
Figure 6d shows the normalized I-V characteristics of the [P2 (S5, S1)] configuration. The
effective terminal voltages of the experiment were almost close to the predicted values.
However, the effective currents of the experiment were quite lower than the predicted ones.

6.4. Polarization (I-V) Characteristics of CC-2 Configuration

To observe the performance of the µPSCs in combinations of parallel configurations,
unique parallel combination strategies were chosen. Their corresponding normalized I-V
characteristics were simulated and validated with the experimental results. Figure S2a
demonstrates the normalized I-V characteristics of the CC-2 configuration [S2 (P2, P2,



Energies 2024, 17, 1749 11 of 18

P2)]. Figure S2b demonstrates the [S2 (P3, P3)] configuration. Here, it was observed that
experimental terminal currents were slightly higher than the predicted currents, perhaps
because of a higher rate of electron transfer to the electrode surface, which is not considered
in the modeling (Table 4). Figure S2c shows the [S2 (P4, P2)] configuration. Here too, similar
observation was made, like that of the [S2 (P3, P3)] configuration. Figure S2d shows the
normalized I-V characteristics of the [S2 (P5, P1)].

Table 4. Real time predicted and experimental Voc, Isc, and Pmp of CC-2 configurations.

CC-2
(Voc) (Isc) (Pmp)

P E P E P E

S3 (P2, P2, P2) 2741 2300 1600 1390 1026 869
S2 (P3, P3) 1839 1475 2400 2100 985 926
S2 (P4, P2) 1833 1680 1600 1820 887 777
S2 (P5, P1) 1826 1530 800 960 561 141

6.5. I-P Characteristics

The current—Power (I-P) characteristics provide the maximum power of the typical
power generating device—these aid to design the appropriate power converters for maxi-
mum power enhancement. Figure 7 demonstrates the normalized I-P characteristics of the
µPSC array configurations.
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6.6. I-P Characteristics of SA6 Configuration

Figure 7b demonstrates the normalized I-P characteristic of the SA2 configuration.
The predicted values indicate that the experimental power could be enhanced up to the
maximum potential predicted by the modeling for the said dimensions (Table 1). Similar
observations were made with the SA3, SA4, SA5, and SA6 configurations. From the
simulation, it was realized that by adding a greater number of µPSCs in series, its power
output could be enhanced. The enhancement factor follows the linear relationship, provided
all the µPSCs in that configuration have the same performance (Table 1). One of the µPSC’s
lower performances leads to lower effective performance. In all the SA6 configurations,
the current has remained the same, and the voltage increased with an increase in the
number of µPSCs. The increase in the voltage has led to increased power output in the SA6
configuration.

6.7. I-P Characteristics of PA6 Configuration

Figure S3b demonstrates the normalized I-P characteristic PA2 configuration. The
predicted maximum power indicated that in the parallel connection, both current and
power could be enhanced by increasing the number of µPSCs. The similar observations
were made in PA3 (Figure S3c), PA4 (Figure S3d), PA5 (Figure S3e) and PA6 (Figure S3f)
configuration.

6.8. I-P Characteristics of CC-1 Configuration

Figure S5a demonstrates the normalized I-P characteristics of the [P2 (S2, S2, S2)]
configuration. Compared to the SA6 and PA6 configurations, the combination of series
and parallel µPSCs has demonstrated higher maximum power. In this array configuration,
the model has predicted a maximum power (Pmp) of 1000 µW, indicating the maximum
power that could be potentially generated by this array configuration. Similar observations
were made with [P2 (S3, S3)] (Figure S5b), [P2 (S4, S2)] (Figure S5c) and P2 (S5, S1) (Figure
S5d) configurations.

6.9. I-P Characteristics of CC-2 Configuration

Figure S4a demonstrates the normalized I-P characteristics of the CC-2 configuration’s
[S2 (P2, P2, P2)] configuration. Compared to all other configurations, the [S2 (P2, P2, P2)]
configuration has generated higher maximum power than any other combination. In the
case of combination [S2 (P4, P2)] and [S2 (P5, P1)], the experimental currents were slightly
greater than the predicted values, perhaps because of the higher rate of electron transport
in the long-term performance of the µPSCs, which was not considered in the modeling
(Table 4).

The combinations [S2 (P4, P2)] (Figure S4c) and [S2 (P5, P1)] (Figure S4d) have shown a
slightly different pattern than the other combinations. Both experimental and predicted I-P
characteristics showed slightly different patterns, which perhaps indicates slightly different
phenomena with these combinations. More investigations are necessary to understand
the underlying phenomenon of this combination. Moreover, both combinations’ effective
terminal voltage and currents were much lower than all other combinations in this study.

6.10. Variation of Open-Circuit Voltage (Voc), Short Circuit Current (Isc), Load Voltage (VL), and
Load Current (IL)
6.10.1. Variation of Open-Circuit Voltage (Voc)

In the case of the SA6 configuration, the model has predicted slightly higher values
than the experimental values, indicating the experimental values could be potentially
enhanced by the consistent performances of all the µPSCs in an array configuration. In the
SA2 configuration, experimental values have demonstrated a slightly lower Voc of 1404
mV compared to the predicted value of 1697 mV. In the SA3 configuration, experimental
values have demonstrated a Voc of 2101 mV, while the model has predicted 2550 mV. It
was observed that with an increase in the number of µPSCs in series connection, the losses
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(ohmic) in the circuit have increased. This indicates that the Voc of the effective array of
µPSCs in series connections is the summation of the individual Voc with ohmic losses in
the circuit.

In the PA6 configuration, the effective Voc was the result of the least-performing
µPSC’s Voc. Here, the predicted values remained at 848. A total of 8 mV, while the
experimental values varied in the range of 675 mV to 765 mV. However, the variation is
insignificant.

The experimental values of [P2 (S2,S2,S2)], [P2 (S3,S3)], and [P2 (S5,S1)] were slightly
less than the predicted values. In these combinations, the difference between experimental
and predicted values was insignificant. The combination [P2 (S4, S2)] has predicted a
slightly lower Voc than the experimental value, perhaps because, in the long run, the Voc
has increased during the experimental section.

The combination [S2 (P2, P2, P2)] has demonstrated a higher Voc than the experimental
value, indicating the possibility of improving the performance of the µPSC with consistent
performance. In all other combinations, the experimental values were slightly less than the
predicted values.

6.10.2. Variation of Short Circuit Current (Isc)

In the SA6 configuration, the effective Isc has remained the least-performing µPSC Isc.
The predicted Isc has remained at 800 µA in all series configurations of µPSCs. Theoretically,
the experimental values should be closer to the predicted values; however, due to the
inconsistent performance of the µPSCs, the experimental results demonstrated slightly
lesser values (Table 1).

In a parallel connection, effective Isc was the summation of the individual Isc of the
µPSCs. The two µPSCs in parallel connection have a predicted Isc of 1600 µA. It was
observed that as the number of µPSCs increased in the parallel connection, the Isc increased.
It was the linear summation of the individual µPSCs Isc (Table 2).

The combination [P2 (S2, S2, S2)] has demonstrated a difference of 480 µA from their
predicted values. The combination [P2 (S3, S3)] has demonstrated a 300 µA lesser value
than their predicted values. Similar observations were made with [P2 (S4, S2)]. Only
the combination [P2 (S5, S1)] has shown a higher difference of 800 µA compared to their
predicted values. It was observed that these combinations generated near values similar to
those of their corresponding predicted values.

The [S2 (P2, P2, P2)] has shown a slight difference of 220 µA compared to their
predicted value of 1600 µA. The combination [S2 (P3, P3)] has demonstrated a difference
of 200 µA from their predicted values. The combination [P2 (S4, S2)] has a slightly higher
experimental Isc than the predicted values. The combination [P2 (S5, S1)] has also shown a
slightly higher experimental value than predicted values. The main reason might be µPSCs
dynamics. During the dynamics, their performance may have increased, as in the long
run, the µPSCs performance increases. Furthermore, these operation dynamics were not
considered in the modeling.

6.10.3. Variation of Load Voltage (VL) and Current (IL) at 1 kΩ

To observe the performance of µPSC under real-time loading conditions, a load test
at 1 kΩ was simulated for all array configurations. The resistance of 1 kΩ was connected
to the terminals of the µPSC, and their corresponding terminal voltage and currents were
recorded. Further, their predicted results were compared with experimental results.

The µPSC follows the ohms law. When the load resistance was set to 1 kΩ, their
voltages and currents were the same. Therefore, separate load currents were not provided.
The VL and IL were provided in mV and µA, respectively.

Figure S6a illustrates the VL of the SA6 configuration. For all six µPSCs in series
connection, the model has predicted a VL of 661 mV. However, the experimental values
varied in the range of 322 to 370 mV due to variations in their performances. The number
of µPSCs increased, but their VL was not increased, indicating that for real-time loading
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conditions, these connections are ineffective. Similar observations were made with load
currents as well, and currents are in µA.

Figure S6b shows the VL of the PA6 configuration. The parallel-connected µPSCs have
demonstrated a higher VL than the series-connected µPSCs. The two µPSCs in parallel
configurations have demonstrated a VL of 450 mV, whereas the model has predicted 559 mV.
In this configuration, an increase in the VL was observed with an increase in the number of
µPSCs in parallel connection. For PA3 configuration, the model has predicted a VL of 605
mV, and with PA6 configuration, the model has predicted a VL of 660 mV. With an increase
in the number of µPSCs in parallel connection, VL was found to be increased. A similar
trend was observed with experimental results too. As the number of µPSCs increased
in the parallel configurations, their corresponding VL increased. Though there are some
discrepancies in the values, the overall trend increased with an increase in the number of
µPSCs in parallel connection, and therefore, compared to the series connection of µPSCs,
parallel configurations have a slightly increasing trend with an increase in the number of
µPSCs.

Figure S6c illustrates the VL of CC-1 configurations. For the combination [P2 (S2,
S2, S2)], the model has predicted a higher VL than the series (SA6) and parallel (PA6)
configurations. This combination has predicted a VL of 1039 mV, whereas the experimental
values demonstrated a value of 800 mV. The difference of 239 mV is perhaps because of
the ohmic losses and inconsistent performances of the µPSCs in the array configurations.
For the combination [P2 (S3, S3)], the model has predicted a VL of 909 mV, whereas the
experimental value has demonstrated a value of 800 mV. The combination of [P2 (S4,
S2)] and [P2 (S5, S1)] experimental and predicted values is shown in Figure S6c. In all the
combinations, it was observed that the predicted VL was much higher than the experimental
values of series and parallel configurations.

Figure S6d shows the CC-2 configuration µPSCs. Here it was found that the experi-
mental VL was much higher than the predicted values, perhaps because µPSC has shown
an increasing trend with long-term operation. The long-term performance dynamics are
not included in the modeling.

Among all these four different array configurations, it was found that the CC-1 and
CC-2 configurations have demonstrated higher VL and IL than the only series and parallel
connected µPSCs. Therefore, for real-time loading conditions, the combinations of series
and parallel connections were considered the optimal strategies.

6.10.4. Variation of Maximum Power (Pmp) of Array Configurations

Pmp is the highest power generated from the µPSCs. Figure 8a demonstrates the Pmp
of an array of µPSCs in the SA6 configuration. According to the model, it was observed
that the maximum power increased with an increase in the number of µPSCs in the series
connection. For the SA2 configuration, the model has predicted a Pmp of 359.9 µW, whereas
the experimental value has shown 202.2 µW (Table 1). The lower experimental value was
mostly perhaps because of the inconsistent performances of the µPSCs and ohmic losses in
the circuit. The six µPSCs in series connection have a predicted Pmp of 1079.9 µW. Overall,
in the series connection of µPSC, the Pmp has observed an increasing trend.

Figure 8b shows the Pmp of the PA6 configuration. Also, with an increase in the number
of µPSCs, an increase in the Pmp was observed. For six µPSCs in parallel connection, the
model has predicted a Pmp of 908.2 µW. Overall, an increase in the number of µPSCs in
parallel connections was observed. However, series-connected µPSCs have demonstrated a
slightly higher Pmp compared to parallel-connected µPSCs.
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Figure 8c shows the Pmp of CC-1 configurations. For the combination [P2 (S2, S2,
S2)], the model has predicted a Pmp of 985.5 µW, whereas the experimental values have
demonstrated 616.8 µW. The combination [P2(S3, S3)] has predicted a Pmp of 1026.4 µW,
and whereas the experiment has demonstrated 624 µW. The combination [P2(S4, S2)] and
[P2 (S5, S1)] has predicted a slightly lower Pmp than the experimental values.

Figure 8d shows the Pmp of the CC-2 configuration. The combination [S2 (P2, P2, P2)]
has predicted a Pmp of 1026.4 µW, whereas the experimental results have demonstrated a
closer value of 869.2 µW. The combination [S2 (P3, P3)] model has predicted 985.27 µW. In
contrast, the experimental values have predicted s value of 926.4 µW, which is close to the
predicted one. For the combinations [S2 (P4, P2)] and [S2 (P5, P1)], the model has predicted
values lower than the other two combinations.

In the comparison of Pmp, VL, and IL currents at 1 kΩ amongst all the array configura-
tions, it was found that CC-1 and CC-2 configurations that too combinations [P2 (S2, S2,
S2)], [P2 (S3, S3)] and [S2 (P2, P2, P2)], [S2 (P3, P3)] have demonstrated higher performance
both experimentally and with predicted ones. From the model, it is understood that these
configurations could be utilized for real-time applications where one can increase both
voltages and currents.

6.11. Fill Factor (FF)

Fill factor is the ratio of maximum power obtained by the µPSC to the product of open
circuit voltage and short circuit current of the µPSC.

Fill factor (FF) =
Pmp

(Voc×Isc)
(5)

Figure S7 shows the I-V and I-P characteristics demonstrating the fill factor. The FF of
all the predicted array configurations is calculated and presented in Table 5.
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Table 5. Fill factor of all array configurations.

Array FF Array FF

SA1 0.267 PA1 0.267
SA2 0.245 PA2 0.233
SA3 0.236 PA3 0.234
SA4 0.238 PA4 0.234
SA5 0.233 PA5 0.233
SA6 0.236 PA6 0.234

S3 (P2, P2, P2) 0.237 P3 (S2, S2, S2) 0.228
S2 (P3, P3) 0.228 P2 (S3, S3) 0.237
S2 (P4, P2) 0.307 P2 (S4, S2) 0.237
S2 (P5, P1) 0.389 P2 (S5, S1) 0.237

Table 5 shows the FF of the SA6 configurations. It was observed that the FF of the SA6
configurations varied from 0.233 to 0.267. For the single µPSC, FF was found to be 0.267.
In contrast, the FF for the SA2 configurations was observed as 0.245. For SA3, SA4, SA5,
and SA6 configurations FF variations are insignificant. Similar observations were made
with PA6 and CC-1 configurations too. Here also the variation is insignificant. However,
in CC-2, S2 (P4, P2) configuration FF was found to be 0.307. In S2 (P5, P1), configuration
FF was found to be 0.389. Amongst all of the array configurations, the CC-1 P3 (S2, S2, S2)
configuration and the CC-2 S2 (P3, P3) configuration have shown the lowest FF of 0.228.
A maximum power of 985 µW was predicted with these configurations. In addition, the
conversion efficiency of the micro-photosynthetic power cell, which is discussed in this
manuscript, has a light input to electricity conversion efficiency of 0.18%. This is smaller
in comparison with conventional photovoltaic cells. However, the micro-photosynthetic
power cell is in its infancy stage. With advancements in technology, conversion efficiency
will improve. Detailed research on the conversion efficiency of light energy to electricity
is published in our previous works [15]. Moreover, comparing conventional photovoltaic
(PV) solar cells, typically silicon-based, with bio-solar cells involves evaluating their energy
conversion efficiencies and operation lifetimes. Conventional silicon-based PV cells exhibit
higher efficiencies, ranging from 15% to 22%, with monocrystalline panels being the most
efficient (around 20–22%). These cells are renowned for their long-term stability, often
maintaining efficiency for over 25 years. In contrast, bio-solar cells, employing biological
materials like algae or bacteria, generally achieve lower efficiencies (0.1% to 8%) and face
challenges due to the limitations of biological organisms and sensitivity to environmental
factors. Operational lifetimes for bio-solar cells are still a subject of research and devel-
opment, while silicon-based PV panels are known for their durability and established
warranties of 25 years or more.

7. Conclusions

This study presents a comprehensive investigation into the performance of array
configurations of micro-photosynthetic power cells (µPSCs). Through rigorous modeling
and experimental validation, we explored various array configurations, including series,
parallel, and combinations thereof, under real-time loading conditions. Our findings reveal
that combinations of series and parallel arrays of µPSCs are more effective in generating
optimal power compared to configurations that utilize solely series or parallel connections.
This insight is crucial for the practical application of µPSCs in powering low- and ultra-low-
power devices. The study’s primary contribution lies in the proposed model’s versatility
and applicability across various array configurations, enabling a deeper understanding of
the performance characteristics of µPSC arrays. The polarization characteristics, current-
voltage (I-V), and current-power (I-P) profiles of these arrays were validated against
experimental results, affirming the model’s robustness. Furthermore, the study’s findings
indicate that the devised array configurations, particularly those combining series and
parallel arrangements, are promising for real-time applications where a balance of voltage
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and current is essential. This research not only advances the understanding of µPSCs in
array configurations but also paves the way for future studies focusing on optimizing these
systems for practical energy harvesting applications. The integration of µPSCs into the
realm of sustainable energy sources represents a significant stride forward, potentially
impacting various sectors reliant on low-power solutions. Further research is required to
enhance the efficiency and stability of these bio-inspired energy systems, ensuring their
viability in real-world applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en17071749/s1, Figure S1: Normalized I-V characteristics of PA6
configuration (a) PA1 configuration (b) PA2 configuration (c) PA3 configuration (d) PA4 configuration
(e) PA5 configuration (f) PA6 configuration. The red circles represent the experimental results; black
squares represent the simulated (predicted results); Figure S2: Normalized I-V characteristics of
CC-2 configuration (a) [S2(P2, P2, P2)] configuration (b) [S2(P3, P3)] configuration (c) [S2(P4, P2)]
configuration (d) [S2(P5, P1)] configuration. The red circles represent the experimental results; black
squares represent the simulated (predicted values); Figure S3: Normalized I-P characteristics of
the PA6 configuration (a) PA1 configuration (b) PA2 configuration (c) PA3 configuration (d) PA4
configuration (e) PA5 configuration (f) PA6 configuration The red circles represent the experimental
results; black squares represent the simulated (predicted values); Figure S4: Normalized I-P charac-
teristics of CC-2 configuration (a) [S2 (P2, P2, P2)] configuration (b) [S2 (P3, P3)] configuration (c) [S2
(P4, P2)] configuration (d) [S2 (P5, P1)] configuration. The red circles represented the experimental
results; black squares represent the simulated (predicted values). All the scales are different to
show the variation clearly; Figure S5: Normalized I-P characteristics of CC-1 configuration. (a) [P2
(S2, S2, S2)] configuration (b) [P2 (S3, S3)] configuration (c) [ P2 (S4, S2)] configuration (d) [P2 (S5,
S1)] configuration. The red circles represent the experimental results; black squares represent the
simulated (predicted values); Figure S6: Variation of VL of predicted and experimental results of
all four array configurations. (b) SA6 configuration (b) PA6 configuration (c) CC-1 configuration (d)
CC-2 configuration; Figure S7: Fill factor of the µPSC.
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