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1. INTRODUCTION

The growing demand for energy and the effects of climate change related to greenhouse gas (GHG)
emissions from fossil fuels have encouraged the search for alternatives to produce sustainable and reliable
electricity, with minimal environmental impact [1-4]. One of these alternatives for the generation of electrical
energy without the emission of contaminants has been the implementation of microbial fuel cells
(MFC) [5, 6]. MFC uses microorganisms for the oxidation of organic matter and substrates of the surface
through a process of anaerobic respiration to generate bioelectricity [7]. However, power generation and
current density from MFC is lower compared to other non-conventional energy sources [8]. To improve the
bioelectricity generation with MFC emerged a new method named plants microbial fuel cell (PMFC). PMFC
uses the bacterial actions in plants’ rhizosphere to transform solar radiation into electricity [9, 10]. To extract
the electrons, the anode is placed next to the roots and transfer to the cathode through oxygen reduction
[11, 12].

This method can generate continuous energy and operate at any location; however, there are some
challenges in power generation that need to be overcome before its application [13, 14]. One factor that most
affects the generation capacity of this technology is the electrode material, which must have good electrical
conductivity and low resistance [15, 16]. Since cathodes have high internal resistance, different materials
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have been used to maximize its generation capacity. Table 1 presents a summary with non-metallic materials
used to improve cathode efficiency and obtain more power (W/m?), current (mA), and voltage (mV) [17, 18].

Table 1. Non-metallic materials used to improve cathode efficiency

Material Max power density Max current density Max voltage
Activated carbon fiber felt (ACFF) 0.315 W/m? 1.67 x 10° mA/ m? 679 mvV
Tubular (ACFF) 0.784 W/m? 3170 mA/ m? 716 mV
Graphite felt 0.539 W/m? 3145 mA/ m? 742.3 mV
ACFF granules (1 cm) 0.667 W/m? 3340 mA/m? 658 mV

The University of Engineering and Technology (UTEC) used a different technique to increase
PMFC power generation, capturing the electricity through a group of microorganisms called Geobacter.
These anaerobic bacteria help to release electrons through electrodes located in the plant's substrate to
increment the power output [19]. Other studies implemented different methods to improve bioelectricity
generation, like the use of different types of plants [20] the variation of anode position concerning the
distance of the roots [21], as well as the study of the effect of sunlight on the generation of bioelectricity [22].
Also, European institutes work towards a maximum electrical production of 3 W/m? [23]. This research
proposes a new method to improve the generation of bioelectricity production through plants microbial fuel
cells (PMFC) by combining different natural materials, tropical plants, and circuit arrangements in a black
earth substrate using metal electrodes made of aluminum and copper. Three tests were developed to
determine the combination leading to higher generation capacity, without causing damage to the plant.

2. METHODOLOGY
2.1. Experimental setup

To determine the combination that generates the highest power output without damaging the plant,
three tests were conducted combining materials such as plants, activated carbon, charcoal, saline, seawater,
and compost. The three tests used black earth substrates as a base, and for the extraction of electrons, it
introduced a metallic aluminum into the substrate, as the negative pole, and a spiral of bare copper wire, as
the positive pole.

Each combination is built by following the next steps: first, add a layer of black earth substrate
moistened with drinking water to the base of the pot. Second, place the aluminum mesh on the first layer of
the substrate as a negative post. Third, add the second layer of the substrate to the mesh and insert a copper
coil, which is the positive pole. Finally, place another layer of black earth substrate and sow the plants.
Figure 1 shows the circuit diagram used for each combination.
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Figure 1. Circuit design for each combination

2.2. Tests
2.2.1. Test 1: voltage measurement

The first test combined Chlorophytum comosum plants and black earth substrate with natural
materials such as activated charcoal, charcoal, and saline solution to identify which combination generates
the highest electrical potential, without causing damage to the plants. Five different combinations were

Int J Elec & Comp Eng, Vol. 11, No. 3, June 2021 : 1333 - 1941



Int J Elec & Comp Eng ISSN: 2088-8708 O 1935

created and measured the voltage with a 24-hour interval. Table 2 shows the combinations. Table 3 shows
materials used for each combination and the amount of substrate and water.

Table 2. Combinations of the black earth substrate with plants
Combinations Materials
Black earth + water+plants

abhwnN -

Black earth + activated charcoal+ water+plants
Black earth + charcoal+ water+plants
Black earth+activated charchoal+saline solution+plants
Black earth+saline solution+plants

Table 3. Materials used in the combinations

Combinations

1 2 3 4 5
Black earth substrate 1.1Kg 1.1Kg 1.1Kg 1.1Kg 1.1 Kg
Negative pole Aluminum carbon  Aluminum carbon ~ Aluminum carbon  Aluminum carbon  Aluminum carbon
steel net R4 steel net R4 steel net R4 steel net R4 steel net R4

Cooper wire bare

Cooper wire bare

Cooper wire bare

Cooper wire bare

Cooper wire bare

Positive pole Centelsa SPT—-C  CentelsaSPT-C  CentelsaSPT-C  CentelsaSPT-C  Centelsa SPT-C
Cu60°C2x 16 Cu 60 °C2x 16 Cu 60 °C 2x 16 Cu 60 °C 2x 16 Cu 60 °C 2x 16
Drinking water 0.25L 0.25L 0.25L No No
Activated charcoal No 10 Cu — 15 ml/gr No 10 Cu — 15 ml/gr No
Charcoal No No 20 gr No No
Saline solution No No No 500 gr of salt and 500 gr of salt and
1L water 1L water

The activated carbon used in combinations 2 and 4 has an internal porous structure that helps reach
high absorption rates and storing electrical charges, with high electrical conductivity [24, 25]. Combinations
three and four used charcoal with the black earth substrate and plants to determine its influence in voltage
increment, considering it is a frequently used fertilizer to improve crop productivity. This material helps to
increase the soil permeability by retaining moisture and contributes to the growth of microorganisms that
increases oxygen in the roots of plants [26, 27]. Since in solutions with higher salinity, the number of
dissolved ions is more considerable and thus increases their conductivity, combinations four and five added a
saline solution instead of water to the black earth substrate [28, 29].

2.2.2. Test 2: Voltage increment

With the selected combination that generates higher voltage and does not cause deterioration in the
plants, two circuits were built to increase the electrical potential and measured the voltage during eight days
with a 24 hours interval. The first circuit connected five pots in series (model 1) using the combination
selected in test 1. This design is based on Kirchhoff's second Law of electrical circuits, where the sum of all
voltages in a closed circuit must equal zero, and the current remains constant [30]. Figure 2 illustrates the
series circuit structure with the pots.

Figure 2. Series circuit connection
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The second circuit studied the influence of root volume in the electrical potential generation and
combined three types of plants often called spider plant or ribbon plant, purple secretia or purple queen, and
elephant ear in a bigger pot than model 1. For circuit one and two, the plant humidity was measured and
controlled every 30 hours and voltage a 24-hour interval for eight days. Figure 3 shows the pot (model 2)
with a combination of different plants.

HHH spider plant

Figure 3. Pot with different plants (model 2)

2.2.3. Test 3: Power generation increment

To increase the current and maintaining the obtained voltage, in test 3 were built three new
combinations from the results of test 2 combining materials such as compost, warm water, and seawater.
Table 4 gathers the combinations made. In this test for five days, 250 ml of three types of water were added,
and measured the voltage and current produced by each combination.

The compost is formed by the decomposition of organic products that helps to fertilize the substrate
and obtain a higher concentration of organic matter to increase the collected current at the electrodes [31, 32].
Combination 2 of Test 3 used warm water (drinking water at 45 °C - 50 °C) as it helps to accelerate the
metabolic rates of aquatic organisms and helps to maintain the temperature balance between the environment
and the substrate [22, 33]. Combination 3 changed drinking water by seawater since it has more properties
due to its high salinity and pH levels, as well as many minerals [34, 35].

Table 4. Combinations used for an increase in the current

Combinations Materials
1 Black earth + water+compost+plants
2 Black earth + warm water+ plants
3 Black earth + seawater+ plants

3. RESULTS
3.1. Voltage measurement

Using aluminum and copper electrodes, when combining the black earth substrate and plants with
materials such as activated carbon, charcoal, and solution, voltage values higher than 490 mV were obtained.
Figure 4 presents the results of the voltage measurements of the combinations of Table 2. The combination
“1” (black earth + potable water + plants) obtained the highest voltage, followed by the combination 2 (black
earth + active carbon + potable water + plants). Conversely, the combination 4 (black earth + active carbon
+ saline + plants) obtained the lowest voltage value. Taking into account the state of the plant, combinations
1, 2, 3 and 4 did not show signs of deterioration; however, although it obtained a higher voltage value than in
combination 4, the plant deteriorated completely in combination 5 (black s earth + saline + plants).
Therefore, the combination “1” was selected to perform the voltage and current increase tests. The saline
solution is discarded for future tests since it generates total deterioration in the plants. For voltage
measurement, electrodes must be distant from each other to obtain a measure without variations, since there
are distortions when they are close.
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Figure 4. Results of voltage measurement

3.2. Voltage increment

Figure 5 presents the results of test 2 to increase the voltage comparing the series circuit and the
circuit with different types of plants with higher number of roots. According to the test 2 results, the circuit
formed by different plants and with higher number of roots per square meter obtained the highest increment
in voltage. The above shows that the generation of energy does not depend only on the type of plant, but that
the plant has the necessary nutrients to carry out the photosynthetic process, in the same way, the greater the
number of roots, the greater the generation of electrical energy.
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Figure 5. Results of voltage increment

3.3. Power generation increment

Figures 6 and 7 compare the voltage and current results of power generation increment of test 3.
Compost, warm water, and seawater were added to a circuit with a higher number of Chlorophytum
comosum roots considering that the voltage is proportional to the number of roots per square meter. Figure 6
shows that the circuit with warm water obtained the highest level of voltage during days 2, 3, 4, and 5; but in
day 1 registered the lowest. Although the circuit with compost did not obtain the highest voltage value, these
were constant. Conversely, the circuit with seawater recorded the lowest voltage values but during day 1 had
a higher value than seawater combination.

Regarding the current, the circuit that generated the highest levels was that of seawater, but the plant
showed deterioration in its leaves as shown in Figure 7. The compost circuit only recorded current on days 4
and 5, but obtained the lowest values. Figure 8 shows the results for the output power obtained in this test
expressed in W/m?2,

The power output results from Figure 8 show that the combination of the black earth with more
roots and warm water recorded the highest values with a power generation range of 0.065-0.524 W/m2.
Regarding the plant conditions, this combination did not cause damage to the plants. The above is since most
biological processes are accelerated at high temperatures, achieving rapid growth or fruit production [36-38].
However, the temperature should not be too high to avoid deterioration or death of the plant [39]. Table 5
presents a summary of the maximum electrical potential difference obtained in each test. Likewise, the
current value and maximum power obtained in test 3 that did not cause deterioration to the plant.
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Through the development of these experiments, we can demonstrate that the efficiency of the
cathode is as decisive as the number of roots per square meter. Likewise, the humidity and temperature of the
substrate influence the increment of bioelectricity generation power output using the PMFC method.
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Figure 6. Voltage values of power generation increment
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Figure 7. Current values of power generation increment
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Figure 8. Power output
Table 5. Maximum voltage values
Testl Test 2 Test 3
Black earth+plantas+water  Different plants Black earth+more plants+warm water
Max. Voltage (V) 1.09 2.89 3.57
Max. Current (mA) N/A N/A 220
Max. Power (W/m?) N/A N/A 0.524
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4. CONCLUSION

This research developed different tests to increase the power of electric power generation through
the plants microbial fuel cells (PMFC) method. The tests designed different types of circuits combining
natural materials in the substrate and of plants. The results showed that generating electricity through PMFC
is directly associated with the number of roots plants because it will accelerate the excretion of organic
compounds from the roots and produce a higher concentration of microbial activity and hence increment of
bioelectricity generation. Also, maintaining temperatures just above room temperature contributes to the
increment in electrical conductivity without damaging the plant. Similarly, seawater and saline solutions
reached higher electric current levels; however, it is not appropriate as they cause death or deterioration of
plants.
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