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Microbial fuel cells (MFCs) have become one of themost promising technologies

in the field of ecology and environmental science due to their dual functions

of power generation and pollutant removal. However, the generally low power

generation performance of MFCs is one of the bottlenecks constraining their

development, and numerous studies have focused on the improvement of

power generation performance. The majority of previous empirical studies

were based on single experimental data, which means there may be large

di�erences in experimental conditions and settings, leading to various or even

contradictory conclusions. In this study, we collected a total of 10,826 cases

from 186 publications in the China National Knowledge Infrastructure Database

to quantitatively and systematically investigate the general patterns and driving

factors of power generation performance in MFCs. Our results showed that

(1) the power density, voltage, and reaction duration were significantly lower

(∼25%) in this study, while the coulombic e�ciency and ambient temperature

were significantly higher (13.4–33.1%) than those reported in other meta-

analyses or review papers; (2) reaction chamber volume and cathode surface

area were stronger predictors for the majority of power generation performance

indices than other device configuration indices, especially cathode chamber

volume, which explained >70% of the variances in power density and coulombic

e�ciency; (3) ambient temperature, external resistance, and reaction duration

had greater e�ects on power generation performance than other reaction

conditions; and (4) substrates with pre-treatment, especially with biological

treatment, showed 10–40% higher values for the majority of power generation

performance indices compared to pre-treatment with physical and chemical

methods, and solid substrates showed better power generation performance

than liquid and fluid substrates for themajority of indices. Our results suggest that

dual-chamber systems, larger cathode surface areas, neutral pH levels, ambient

temperatures of 30–35◦C, and biological pre-treatment of substrates may be

helpful in improving the power generation performance of MFCs.
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Introduction

Energy is essential for sustaining human life and supporting

its global production, with the majority of countries and regions

currently heavily dependent on conventional fossil fuels for energy

generation (Slate et al., 2019; Vogt and Weckhuysen, 2024).

However, fossil energy is a non-renewable resource, and its

combustion, along with the production of various byproducts,

invariably results in serious environmental problems, including

the release of large amounts of greenhouse gases and numerous

toxic organic pollutants (Shindell and Smith, 2019). As a result,

the development of new clean energy technologies and the

restructuring of the energy sector have become global priorities

for sustainable development (Green et al., 2024). The capability of

microbial fuel cells (MFCs) to use electricity-producingmicrobes to

convert chemical energy in organic matter into electricity has made

them one of the most promising new energy technologies in the

field of ecology and environmental science (Pandey et al., 2024; Du

et al., 2007). This is especially important in modern society, as we

face the challenge of treating large quantities of sludge and polluted

sediments in aquatic ecosystems (Li et al., 2017). Given that MFCs

can utilize industrial wastewater, household wastewater, and many

other kinds of organic pollutants as substrates formicrobial growth,

they represent a promising technology for addressing the problem

of excessive sludge in the context of rapid urbanization, especially

in developing countries (Krieg et al., 2019).

Research on MFCs has rapidly advanced since the 1990s

due to their dual capabilities of power generation and pollutant

removal (Zhang et al., 2016, 2022; Xu et al., 2016; Cao et al.,

2021). Over>11,000 papers related to laboratoryMFC experiments

have been published worldwide (Bird et al., 2022). MFCs can

effectively remove various pollutants: 60–97% for heavymetals such

as Cd, Zn, and Cu (Abourached et al., 2014); >50% for emerging

contaminants (e.g., microplastics, antibiotics, and personal care

products; Li et al., 2023; Qin et al., 2021); 60–99% for organic

pollutants such as COD (Zhang et al., 2015); and 20–95% for

nitrogen and phosphorus (Tao et al., 2025; Ge et al., 2020; Gao et al.,

2024; Hu et al., 2020). Many researchers have sought to enhance

electricity generation performance, not only for its energy benefits

but also because it is closely linked to the effectiveness of pollutant

removal. However, many factors (e.g., pH, electrode material, and

ambient temperature) can affect the power generation performance

of MFCs, which limits their widespread application (Chakma et al.,

2025; Jalili et al., 2024). Therefore, identifying the key factors that

affect the power generation performance of MFCs is crucial.

The power generation performance of MFCs is generally

represented by indicators, including voltage, current, current

density, power density, and coulombic efficiency, and these indices

vary significantly among studies (Sonawane et al., 2017). Empirical

studies have indicated that the majority of MFCs typically have

voltages between 0.2 and 1.2V and currents between 1 and 10mA

(An et al., 2016; Prasad and Tripathi, 2022). Although the current

densitymeasured inMFC experiments ranges from 0 to> 10 A/m2,

more than half of the studies reported relatively narrow ranges:

0.085–1.3 A/m2 (Fouchecour et al., 2022). The power density of

MFCs has increased from 0.001 mW/m2 in the early stages to 250–

740mW/m2 currently, and even as high as 6,860mW/m2 in specific

investigations (Bird et al., 2022; Sun et al., 2022). For volumetric

power density, the majority of studies reported values ranging from

0 to 0.5W/m3, with only a small fraction (1.5%) of studies achieving

100–420 W/m3.

However, these values are still much lower than those of

conventional Li-ion dry batteries (90 kW/m3; Fouchecour et al.,

2022). Coulombic efficiencies are generally low in the majority of

studies, ranging from < 1% to 20% (Yu et al., 2023; Sonawane

et al., 2022), although some studies reported values as high as

20–60% (Chen et al., 2021; Zafar et al., 2022), indicating that

electrons may be consumed in other reactions and that microbes

in the MFCs were less effective at converting electrons into current

(Bird et al., 2022). These studies suggest that the power generation

performance of MFCs is relatively low in magnitude and stability,

especially when compared to that of lithium, lead-acid, and other

conventional batteries.

Generally, the factors that significantly influence the power

generation performance of MFCs can be divided into three

categories: reaction conditions, substrate properties, and MFC

device configurations (Du et al., 2007; Abubackar et al., 2023;

Mahmoudi et al., 2024). First, electrode surface area, reaction

chamber volume, and electrode type are important device

configurations that have strong effects on the power generation

performance of MFCs (Song et al., 2022; Shi et al., 2025). The

majority of MFC studies have used either single-chamber or dual-

chamber systems, each with its own advantages and disadvantages

(Zadeh et al., 2024; Khan et al., 2018). Due to the limited reaction

chamber volume and electrode surface area, the output current

of many small MFCs usually falls within the range of 1–10mA

(Tee et al., 2018). The reaction chamber volume of the majority of

MFCs ranges from 0 to 50 L, and current density may decrease with

increasing reaction chamber volume (Bird et al., 2022). Multiple

small-sized MFCs are typically employed in series or parallel in

actual wastewater treatment plants because a single large-volume

MFC may exhibit low power generation performance due to the

considerable distance between the anode and cathode chambers

(An et al., 2014; Ge and He, 2016). The current, voltage, and

coulomb efficiency of MFCs can also be directly affected by the

characteristics of electrode materials (Hindatu et al., 2017; Aiswaria

et al., 2022). For example, materials with high conductivity, such as

graphite and carbon fiber paper, can increase coulombic efficiency

by improving electron transport (Logan et al., 2007). The anodic

material and geometry are also recognized as influential factors

for MFC performance. Graphite is the most widely used anodic

material (83% of anodes) due to its advantages, such as high

specific surface area, excellent electrical and thermal conductivity,

low cost, and mechanical strength (Olabi et al., 2020; Aiswaria

et al., 2022). The geometrical characteristics of anodes strongly

influence the surface-to-volume ratio, which positively affects the

working volume and the electroactive biofilm. Brush and granular

electrodes are commonly used as anodic material for small-scale

MFCs, offering relatively high surface-to-volume ratios (86 and 106

m2/m3, respectively; Fouchecour et al., 2022). MFCs with brush

anodes exhibited 130% higher power density than those with flat

surface anodes (Zafar et al., 2022).

Secondly, substrate characteristics, especially the species and

activity of microbes in the substrate, play an important role in the
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electricity production performance of MFCs, which primarily rely

on microbial metabolic processes to convert chemical energy into

electrical energy (Sonawane et al., 2022; Hou et al., 2011). Various

types of inocula and substrates have been used inMFC experiments

to establish the anodic biofilm, with activated sludge being the

most commonly used aerobic inoculum (Obata et al., 2020; Wei

et al., 2024). The electricigens, which directly affect the power

generation performance of MFCs, can be sourced from any sludge,

sediment, or wastewater. Commonly identified microorganisms

include Shewanella, Geobacter, and some fungi species (e.g.,

Saccharomyces cerevisiae), and the total number of electricigen

species may exceed several hundred (Zhang et al., 2017; Logan

et al., 2019). The operating phases of substrates usually include

liquid, fluid, and solid forms, with solid substrates showing >38%

higher coulombic efficiency than liquid substrates, although power

density (including volumetrically normalized values) did not differ

significantly between the two phases (Zafar et al., 2022). Another

influential substrate factor affecting power generation performance

is the concentration of organic matter. For example, when the

concentration of COD in the substrate reaches a certain threshold,

it is negatively correlated with coulombic efficiency and positively

correlated with current density (Dowdy et al., 2018). Furthermore,

a substantial decrease in the persistence of MFC current, voltage,

and coulombic efficiency may result from microbial metabolic

activities being affected by factors such as depleted or insufficient

substrate supply and elevated concentrations of toxic pollutants

during prolonged operation (Bird et al., 2022; Di Lorenzo et al.,

2014).

Finally, the power generation performance of MFCs is also

influenced by reaction conditions, including ambient temperature,

dissolved oxygen, hydraulic retention time, and pH (Sorgato et al.,

2023; Wei et al., 2013). Environmental conditions significantly

affect microorganisms (in terms of species abundance and richness)

and chemical reaction processes, thereby influencing MFC

performance (Jia et al., 2014). However, reaction conditions such as

temperature and pH have not been examined in manyMFC studies

(Bird et al., 2022). The pH condition in the majority of studies

was around 7, which falls within the optimal operational range

for the majority of anodic microbes (Wang et al., 2016; Margaria

et al., 2017). MFCs operating at neutral pH showed a higher median

coulombic efficiency (19%) compared to those in acidic (14%)

and alkaline (11%) conditions (Fouchecour et al., 2022). However,

proton accumulation in the anode can lead to acidification,

which may inhibit oxidation and fermentation activities (Babanova

et al., 2020). High pH levels in the cathodic chamber, resulting

from the depletion of protons and the accumulation of hydroxyl

anions, also significantly affect MFC performance (Lu et al.,

2017). Regarding temperature, although MFCs can operate at

outdoor temperatures ranging from −10 to 35◦C, some studies

have identified ideal ambient temperatures of 30–40◦C or even

up to 95◦C (Lin et al., 2024; Fu et al., 2015). The majority of

studies, however, were conducted at temperatures between 20◦C

and 35◦C, which falls within the active temperature range for the

majority of electrogenic bacteria (Song et al., 2017;Wei et al., 2013).

The performance of MFC usually increases with rising outdoor

temperatures (Liu et al., 2005). Nevertheless, reported outdoor

ambient temperatures may be misleading, as they do not reflect

the actual operating temperatures, and discrepancies may exist

between startup and operational temperatures (Liu et al., 2012).

Other factors, such as variations in hydraulic retention time, also

influence power generation performance through their effects on

microbiome performance. A moderate retention duration (e.g., 1–

2 days) is recommended for achieving optimal power performance

(Castellano-Hinojosa et al., 2024; Haavisto et al., 2017).

In this study, we focused on the characteristics of the key

parameters of MFC power generation performance and its

driving factors. We collected data from 186 publications in the

China National Knowledge Infrastructure (CNKI) Database

to systematically investigate (1) the general characteristics of

MFCs and comparisons with the results from international

counterparts; (2) the fundamental state of MFC device

configurations and associated power generation performance

indices in China; and (3) the primary factors influencing MFC

power generation performance.

Materials and methods

Dataset and data extraction

To gain a clear understanding of the current state and to

identify the driving factors influencing the power generation

performance of MFCs in China, a comprehensive database was

built by searching the CNKI database using the following terms:

“(microbial fuel cell) AND (power generation performance OR

coulombic efficiency OR current OR voltage OR power density OR

current density)” in the keyword, abstract, and title fields to retrieve

relevant literature (data were updated prior to 30th November,

2024). However, the inclusion of only Chinese publicationsmay not

fully represent all MFC studies conducted in China. Nevertheless,

our dataset remains meaningful, as many researchers publish

papers in both Chinese and English, and some papers may share

the same data derived from a common series of experiments,

especially regarding device configurations, reaction conditions, and

substrate characteristics. To ensure the quality of our dataset,

we excluded publications that had not been peer-reviewed (e.g.,

academic dissertations). Initially, we selected 883 publications,

which were carefully screened based on specific criteria to ensure

their suitability and relevance. First, the selected MFC studies had

to be experimental, excluding review papers. Secondly, they had

to report at least one index of power generation performance

(e.g., voltage, power density, or coulombic efficiency). Finally, these

studies had to provide at least one index related to MFC device

configurations, reaction conditions, or substrate characteristics.

After rigorous screening and evaluation (Figure 1), our final dataset

comprised 10,826 cases drawn from 186 publications (Appendix I).

For each publication, we collected data on power generation

performance (current, voltage, power density, current density, and

coulombic efficiency) and three categories of potential influential

factors: device configurations (e.g., anode surface area, chamber

volume, and cathode surface area); reaction conditions (e.g.,

ambient temperature, pH, and external resistance); and substrate

characteristics (e.g., pre-treatment type and operating phase).

Data on MFC power generation performance and the potential
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FIGURE 1

The data collection and screening scheme in this study.

driving factors were either directly collected from tables and

manuscripts or indirectly extracted from figures using an online

tool (https://plotdigitizer.com/app). We grouped the operating

phases of substrates into three categories: liquid, solid, and fluid.

We also classified the pre-treatment types into biological, chemical,

physical, and multiple methods (e.g., biochemical and physical

chemical). In addition, to enable comparisons with international

counterparts, we also collected data from relevant meta-analyses or

review papers (Appendix II).

Data analysis

First, to compare the results between our study and other

meta-analyses or review papers, t-tests (for voltage and reaction

duration) and one-way ANOVA (for power density, temperature,

and coulombic efficiency) were conducted based on the number

of studies with available data. For one-way ANOVA, post hoc

multiple comparisons were performed using Tukey’s test (assuming

equal variance) and Dunnett’s T3 test (assuming unequal variance)

when differences were significant (P < 0.05). Then, the sample

size, mean, median, extreme value, coefficient of variation (CV),

and other indices were calculated for all collected data to

examine general patterns. All potential influential factors were

grouped into three categories: device configurations, reaction

conditions, and substrate characteristics. In order to test the

effects and strengths of each potential influential factor on each

power generation performance index, t-tests (for reaction chamber

type and substrate pre-treatment) and one-way ANOVA (for

substrate type) were conducted for categorical variables, and

correlation analyses were conducted for continuous variables.

Pearson and Spearman correlations were used for parametric and

non-parametric data (the latter only for current), respectively.

We also tested non-linear relationships and compared them with

linear relationships. Non-linear models were selected when R2

values were substantially higher than those of linear models.

For each group of potential, influential categorical factors, if

a focal power generation performance index was significantly

correlated with two or more continuous factors, a multiple

linear regression model was conducted to identify the main

contributors. Finally, a generalized linear model was used to

investigate whether there were interactions between categorical

variables and continuous variables identified by the multiple linear

models. Before conducting these analyses, the normality, outliers,

and homogeneity of variance of all data were examined, and

data were transformed to meet the assumptions of normality and

homogeneity (see Supplementary Tables S1, S2 for details of data

transformation). Indices collected from fewer than three studies or

with fewer than 30 cases were excluded from all tests. All statistical

analyses were conducted using IBM SPSS Statistics 26.0, and all

figures were generated using Origin 2025b.

Results

Comparisons of this study with other
meta-analyses and review papers

We found generally lower power density, voltage, and

reaction duration but higher operating temperature and coulombic

efficiency in our study compared to other studies (Figure 2). More

specifically, the power density in our study (59.95 ± 6.11 mW/m2)

was significantly lower than that in other studies (Figure 2c). The

volumetric power density in our study (2.56 ± 2.03 W/m3) was

only 60.2 % of that reported by Dowdy et al. (2018). However, it

showed no significant difference compared to the values reported

by Bird et al. (2022) andAgrahari et al. (2022). Coulombic efficiency

significantly differed among studies (Figure 2f); our study reported

a value of 9.30 ± 0.76%, which was 18.4 and 33.1% higher than

those reported by Dowdy et al. (2018) and Bird et al. (2022),

respectively, but showed no significant difference from Zafar et al.

(2022). Moreover, significant differences in voltage were observed

among studies (Figure 2e), with our study recording 182.69 ±
2.16mV, which was 19.8% lower than the values reported by Amin

et al. (2022). Regarding reaction conditions, the reaction duration

in our study (78.04 ± 4.31 h) was lower than that reported in the

study by Bird et al. (2022) but showed no significant difference

compared to Uddin et al. (2021). Our study also reported relatively

higher temperatures than those in the other studies (Figure 2a).

General patterns of MFC characteristics
and power generation performance

The general information on the mean, median, maximum,

minimum, and coefficient of variation (CV) for all data is shown

in Table 1. The majority of CV values fell within the range of

20–40%, with the exception of power, which had a CV as high

as 306.61%, and ambient temperature, which had a CV of only

4.32%. Power density and current density also exhibited relatively

high CV values (87–89%), while external resistance showed a

relatively low CV (11.55%). CV values were generally high for
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FIGURE 2

Comparisons of power generation performance among di�erent studies (please see reference details in Appendix II): (a) temperatures; (b) reaction

duration; (c) power density (mW/m2); (d) volumetric power density (W/m3); (e) voltage; and (f) coulombic e�ciency. Di�erent capital letters

following the data in the table indicate significant di�erences (p < 0.05). That is, the di�erences between treatment groups with the same letter are

not significant, and the di�erences between treatment groups with di�erent letters are significant.

TABLE 1 Basic information on MFC device configurations and power generation performance in this study.

MFC Parameters Mean ± SD Max Min Med CV

Power generation performance Voltage (mV) 5.219± 1.129 7.93 1.10 5.46 21.63 %

Power (W) −0.772± 2.367 3.40 −8.57 −0.20 −306.61 %

Power density (mW/m2) 4.111± 1.953 9.91 0.02 4.27 47.51 %

Power density (W/m3) 1.279± 1.129 6.28 0.00 1.13 88.27 %

Coulombic efficiency (%) 4.796± 1.925 9.34 0.23 4.43 40.14 %

Current density (mA/m2) 4.526± 2.164 8.72 0.00 4.90 47.81 %

Current density (A/m3) 2.300± 2.009 8.40 0.00 2.32 87.35 %

MFC device configurations Anode material area (cm2) 3.354± 1.119 8.19 0.02 3.26 33.36 %

Cathode material area (cm2) 3.396± 1.374 8.19 0.02 3.26 40.46 %

Cathode chamber volume (mL) 5.611± 1.574 9.21 0.05 5.48 28.05 %

Anode volume (mL) 5.491± 1.473 12.41 0.92 5.17 26.83 %

Total volume of reaction chamber (mL) 6.035± 1.990 13.22 0.10 5.99 32.97 %

Reaction conditions Battery start-up time (d) 2.712± 0.927 5.39 0.00 2.61 38.18 %

Reaction duration (h) 4.357± 1.647 11.59 0.00 4.56 37.80 %

pH 48.907± 11.852 81.00 14.44 49.00 24.23 %

Cathode pH 1.641± 0.426 2.48 0.00 1.95 25.96 %

Temperature (◦C) 3.356± 0.145 3.91 2.71 3.40 4.32 %

Internal resistance (Ω) 7.138± 3.027 14.57 0.00 6.20 42.41 %

External resistance (Ω) 6.772± 0.782 9.21 4.28 6.91 11.55 %

All data in the table were transformed. For the specific conversion, refer to Supplementary Table S1.
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power generation performance indices (>40%), while they were

typically low for device configurations (<40%). The majority of

data showed relatively small variances between mean values and

median values, except for internal resistance, for which the mean

was 15.1% higher than the median value. However, the relatively

low CV values may be due to the data transformations applied.

The characteristics of MFC devices were influenced by reaction

chamber type, substrate pre-treatment, and substrate operating

phase (Figure 3). Dual-chamber MFCs exhibited 4.7–36.8% higher

values for the majority of device characteristics compared to single-

chamber MFCs. However, dual-chamber MFCs had 3.0 and 12.1%

lower electrode surface area and reaction duration, respectively,

than single-chamber MFCs. Reaction duration, pH, and internal

resistance were 12.9%, 3.7%, and 32.7% lower, respectively, in

MFCs with substrate pre-treatment compared to those without

pre-treatment. In contrast, other device characteristics were higher

in MFCs with pre-treatment than in those without. We also

found that fluid and solid substrates had strong effects on the

majority of MFC device characteristics, with the exception of

internal resistance. For start-up time, reaction chamber volume,

external resistance, and pH, MFCs with fluid substrates showed

values that were 6.6–11.9% and 37.4–50.1% higher than those

with liquid and solid substrates, respectively. Regarding electrode

surface area, reaction duration, and temperature, MFCs with solid

substrates had 23–25% higher values than those with fluid and

liquid substrates.

Factors a�ecting the power generation
performance of MFCs

The results of the t-test and one-way ANOVA showed that the

power generation performance of MFCs was significantly affected

by reaction chamber type, substrate operating phase, and pre-

treatment (Figure 4). The power density of MFCs without substrate

pre-treatment was 44.02 ± 4.54 mW/m2 and 2.33 ± 1.79 W/m3,

which were 10.5 and 15.5% higher, respectively, than those of

MFCs with pre-treatment. By contrast, the current density of MFCs

without substrate pre-treatment was 133.96 ± 5.94 mA/m2 and

10.79± 11.47 A/m3, which were 13.1 and 12.3% lower, respectively,

than in MFCs with pre-treatment. Moreover, voltage followed

the same trend, decreasing by 4.9% after pre-treatment. Dual-

chamber MFCs showed ∼15% higher values in the majority of

electricity generation indices compared to single-chamber MFCs,

except for voltage and power. The voltage in dual-chamber MFCs

was only 3% higher than that in single-chamber MFCs, whereas

the power output was 80% higher. The power density and voltage

of MFCs using solid substrates were 77.73 ± 6.28 mW/m2 and

235.99 ± 1.53mV, respectively, which were 10 and 7% higher

than those using liquid and fluid substrates. However, volumetric

power density showed no significant differences among substrate

operating phases. The coulombic efficiency of MFCs with liquid

substrates was 25.92 ± 2.79%, which was nearly half that of solid

substrates. Current density was highest (108.73 mA/m2) for liquid

substrates, while volumetric current density was highest (643.19

A/m3) for solid substrates.

The majority of continuous variables related to device

configurations and reaction conditions had significant

impacts on power generation performance (Figures 5–7,

Supplementary Table S3). Among these, the most influential

factors were cathode chamber volume and cathode surface area.

Cathode surface area significantly affected all power generation

performance indices, except voltage, with R² values ranging from

0.01 to 0.257. It had the lowest explanatory power for power output

but the highest for coulombic efficiency (R2 = 0.257). Furthermore,

the cathode surface area exhibited the highest positive correlation

with power (R = 0.313) and the highest negative correlation

with coulombic efficiency (R = −0.529). Another important

device configuration factor was cathode chamber volume, which

showed the lowest explanatory power for voltage (R² = 0.01) but

explained 43.1% of the variance in coulombic efficiency. Similar

to the cathode surface area, cathode chamber volume showed

the strongest positive correlation with power (R = 0.493) and

the strongest negative correlation with coulombic efficiency (R

= −0.653). Other noteworthy factors included pH and reaction

duration. Reaction duration significantly influenced all power

generation performance indices except for coulombic efficiency,

with R2 values ranging from 0.01 to 0.59. It had the weakest

explanatory power for voltage (1.0%) and the strongest for power

(59.5%). Specifically, our result showed that power density was

negatively correlated with reaction duration between 0 and

32.11 h and positively correlated between 32.11 and 1,095.63 h

(R2 = 0.21). Moreover, pH significantly affected all indices except

volumetric current density (A/m3), with R2 values ranging from

0.01 to 0.59. It was negatively correlated with power density (R2 =
0.116) but showed positive effects on the other power generation

performance indices, explaining 85.1% of the variance in

coulombic efficiency.

The multiple regression analysis showed that among all device

configurations, the most important factors were cathode surface

area and cathode chamber volume (Table 2). Cathode chamber

volume significantly affected all power generation performance

indices, with the highest explanatory power for volumetric power

density (R² = 0.813) and the lowest for current density (R2 =
0.128). Regarding the cathode material area, it affected power

density, current density, and coulombic efficiency, with R2 values

ranging from 1.0 to 33.4%. Among all electricity generation

performance indices, device configurations showed the best

goodness of fit for coulombic efficiency (R2 = 0.891). For reaction

conditions, the most important factors were reaction duration and

external resistance. Reaction duration had the weakest explanatory

power for voltage (R2 = 0.014) but the strongest for volumetric

current density (R2 = 0.759). External resistance was significantly

correlated with all electricity generation performance indices

except power density, with a maximum R2 value of 0.742. Among

all electricity generation performance indices, reaction conditions

showed the best goodness of fit for volumetric current density (R2 =
0.785). When considering both device configurations and reaction

conditions together, the best-fitting model was for coulombic

efficiency (R2 = 0.941). Notably, both device configurations

and reaction conditions explained < 5% of the variance in

voltage. In addition, continuous and categorical variables showed

complex interaction effects on electricity generation performance
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FIGURE 3

Box plots comparing the e�ects of substrate pre-treatment, chamber type, and substrate type (operating phase) on MFC device characteristics and

reaction conditions. MFC device characteristics included (A) Anode material area; (B) Cathode material area; (C) Anode chamber volume; (D)

Cathode chamber volume; and (E) Total volume of reaction chamber. Reaction conditions included (F) Battery start-up time; (G) Reaction duration;

(H) External resistance; (I) pH; (J) Temperature; and (K) Internal resistance. Di�erent capital letters following the data in the table indicate significant

di�erences (p < 0.05). That is, the di�erences between treatment groups with the same letter are not significant, and the di�erences between

treatment groups with di�erent letters are significant.
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FIGURE 4

Box plots comparing the e�ects of substrate pre-treatment, chamber type, and substrate type (operating phase) on the power generation

performance of MFCs. power generation performance of MFCs included (a) Voltage; (b) Power density (mW/m2); (c) volumetric power density

(W/m3); (d) current density (mA/m2); (e) volumetric current density (A/m2); (f) Coulombic e�ciency; and (g) Power. Di�erent capital letters following

the data in the table indicate significant di�erences (p < 0.05). That is, the di�erences between treatment groups with the same letter are not

significant, and the di�erences between treatment groups with di�erent letters are significant.
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FIGURE 5

Relationships between voltage (a–c), power (d–f), and coulombic e�ciency (g–i) alongside significant influencing factors.

(Supplementary Table S4). For themajority of electricity generation

performance indices, if the main effects were significant, the

interaction effects were also significant. However, even if the main

effects were not significant, the interaction effects may still be

significant. For example, the effect of the substrate operating phase

on current density was not significant on its own; however, when

the cathode surface area was considered, the interaction effect

became significant.

Discussion

Di�erences in power generation
performance between this study and other
studies

All power generation performance indices examined in our

study differed from those reported in other meta-analyses or

review papers. The relatively lower power density in our study

may be due to our inclusion of data from the entire stage of

the polarization curve for each experiment, while other studies

collected only the highest values. The relatively higher coulombic

efficiency observed in our study compared to other meta-analyses

or review papers may be due to the imbalanced sample size between

dual-chamber and single-chamber MFCs. Our dataset included

6,457 cases of dual-chamber MFCs, which was ∼2.1 times the

number of single-chamber cases. Since the coulombic efficiency

of dual-chamber MFCs can be 73% higher than those of single-

chamber systems, as supported by our results and other studies

(Khan et al., 2018), this imbalance may have contributed to the

elevated efficiency. Additional factors contributing to differences

between our study and others include variations in sampling size,

substrate characteristics (e.g., some studies focused exclusively

on food waste; Zafar et al., 2022; Dowdy et al., 2018), and

device configurations (e.g., some studies concentrated on anode

modification data; Agrahari et al., 2022). Although our study
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FIGURE 6

Relationships between power density (a–e) and volumetric power density (f–h) with significant influential factors.

was limited to Chinese papers, which may have caused some

bias, our study had clear advantages. Specifically, we compiled

a dataset of 11,806 cases, considerably larger than those in

other studies (which ranged from dozens to several thousand).

In addition, our dataset included a relatively large number of

variables, providing a more comprehensive understanding of MFC
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FIGURE 7

Relationships between current density (a–f) and volumetric current density (g–j) with significant influential factors.

characteristics and enabling the identification of key driving factors

for power generation performance. However, both our study

and other review papers reported much lower values for power

generation performance metrics—namely voltage, power, power

density, current density, and coulombic efficiency—compared to

commonly used batteries (e.g., lithium and lead–zinc batteries).
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This highlights the ongoing challenge of improving the generally

low power generation performance of MFCs, which remains a

major challenge for future studies (Gupta et al., 2023; Logan and

Rabaey, 2012).

Cathode chamber volume and cathode
surface area as key device configuration
factors influencing power generation
performance

We found that all MFC device configuration variables

significantly correlated with at least one power generation

performance indicator, with the strength of these relationships

ranging from 0.5 to 89.1%. Our results suggest that the effects

of device configurations on power generation performance are

context-dependent. Among these variables, cathode chamber

volume, cathode surface area, and anode surface area emerged as

the strongest predictors, as indicated by our linear and multiple

regression models. More than 80% of the variances in coulombic

efficiency and volumetric power density could be explained by

cathode chamber volume and cathode surface area. This result

aligns with previous studies, which have also reported positive

relationships between power density and both cathode chamber

volume and cathode surface area (Opoku et al., 2022; Logan

et al., 2007). For example, Cheng and Logan (2011) found that

cathode surface area was the most critical factor influencing

power density: doubling the cathode surface area increased power

by 62% while doubling the anode surface area led to only a

12% increase. A larger cathode surface area provides more room

for microbial colonization, thereby enhancing power generation

performance (Wang et al., 2024). Additionally, a larger cathode

area can increase the rate of the oxygen reduction reaction, a

crucial process in MFCs. With greater oxygen availability at the

cathode, the overall efficiency of electron transfer improves, leading

to a significant increase in power output (Elmekawy et al., 2017).

We also observed significant differences in power generation

performance between single- and dual-chamber MFCs. Dual-

chamber MFCs showed higher values for voltage, power density,

current density, and coulombic efficiency, while single-chamber

MFCs had higher power output. Our results are in line with

those of many other studies (Zafar et al., 2022; Lee et al., 2016).

Although dual-chamber MFCs were more frequently studied than

single-chamber MFCs, this does not necessarily imply superior

performance across all indices. Other influencing factors—such as

organic matter loading rate, substrate pre-treatment, and substrate

type—may cause extremely high or low power density (Zafar

et al., 2022). Notably, we found that cathode chamber volume

may exert a stronger effect on power generation performance than

anode chamber volume. This implies that the common practice of

designing MFCs with equal anode and cathode chamber volumes

may need reconsideration to optimize power output (Qian et al.,

2009).

Electrical production performance was also affected by

chamber type. MFCs with dual chambers exhibited higher voltage,

power density, current density, and coulombic efficiency than

single-chamber MFCs, partially confirming previous studies (Zafar

et al., 2022; Jia et al., 2008). The relatively high coulombic

efficiency in dual-chamber MFCs compared to single-chamber

MFCs is likely due to the higher levels of dissolved oxygen in

single-chamber systems, which may adversely affect microbial

activities (Nimje et al., 2012), as well as shifts in microbial

communities resulting from prolonged oxygen diffusion in

single-chamber MFCs (Flimban et al., 2019). Although we found

lower internal resistance in single-chamber MFCs, which should

have led to higher power density, we still observed lower power

density compared to dual-chamber systems, suggesting that other

contributing factors are involved. For example, Lee et al. (2016)

found that the abundance of Proteobacteria was 2–3 times higher

in dual-chamber MFCs than in single-chamber MFCs and that

the dominant archaeal species differed between the two types.

Regarding power, the relatively small dataset (177 cases) may have

introduced bias, which should be taken into consideration.

Influences of reaction conditions on the
power generation performance of MFCs

Our results indicated that ambient temperature, external

resistance, reaction duration, and pH showed stronger effects on

the power generation performance of MFCs than other reaction

conditions. These results are consistent with previous studies

(Pasupuleti et al., 2015; Zhao et al., 2014; Zhang et al., 2010).

Ambient temperature significantly affected the power production

performance of MFCs. We found that the optimal ambient

temperature for maximum power generation performance was

28◦C, which falls in the lower range (25–35◦C) reported in

other studies (Uddin et al., 2021). The majority of studies have

shown positive effects of temperature on MFC performance, while

performance declines when the temperature exceeds a certain

threshold (Hiegemann et al., 2016; Li et al., 2013). This is

because microbial activity generally increases with temperature,

and many chemical reactions involved in MFC operation also

perform optimally at 30–35◦C (Zhao et al., 2014). Changes in

temperature not only significantly affect the oxidation rates of

organic matters but also influence the species diversity (richness

and evenness) of anode biofilms, which, in turn, affects metabolic

activity, biofilm accumulation, and extracellular electron transfer—

all of which impact MFC power generation (Mei et al., 2017).

In addition, changes in temperature can affect internal resistance

and pH (Pasupuleti et al., 2015). For example, Li et al. (2013)

found that internal resistance was approximately 29Ω at 37◦C,

but it increased by 62%, 303%, and 48% at 30◦C, 10◦C, and

43◦C, respectively. Other reaction conditions—such as external

resistance, internal resistance, and reaction duration—also affected

the power generation performance of MFCs. According to Grondin

et al. (2012), MFCs are typically operated with a constant exterior

resistance, but their internal resistance varies over time. This

mismatch reduces power generation efficiency. The highest power

output is generally achieved when external resistance matches the

total internal resistance (Lyon et al., 2010). External resistance

also determines the quality of energy available for the growth and

maintenance of microorganisms: bacteria obtain sufficient energy

only at lower external resistances, which are associated with lower
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TABLE 2 Results of multiple linear regressions for each power generation performance indicator and important influential factors.

Power generation
performance

Factors Variables Regressions F R2 Excluded
variables

Power density (mW/m2) Characteristics of device AMA (13.2), CMA (15.7), CCV (15.8) ln (PD+1)= 6.341+ 1.644 ln (1+CMA)−0.526 ln (1+CCV)−1.483 ln

(1+AMA)

F3,1106 = 298.220∗∗∗ 0.447 ACV, BIR

Reaction conditions RD (34.9), Tem (7.3) ln (PD+1)= 15.632–0.344 ln (1+RD)−2.838 ln (1+Tem) F2,356 = 131.185∗∗∗ 0.765 pH

All RD (37.1), CCV (7.1), Tem (0.8) ln (PD+1)= -7.682–3.555 ln (1+RD)+ 0.918 ln (1+CCV)+2.859 ln

(1+Tem)

F3,301 = 82.762∗∗∗ 0.672 AMA, CMA

Power density (W/m3) Characteristics of device BIR (6.2), CCV (81.3) ln (PD+1)=−0.201+ 1.788 ln (1+CCV)−0.705 ln (1+BIR) F2,166 = 580.666∗∗∗ 0.875 AMA, CMA, ACV,

BIR

Reaction conditions Tem (56.5) ln (PD+1)= 11.090–3.244 ln (1+Tem) F1,239 = 310.270∗∗∗ 0.565 pH, RD, ER

All CCV (81.0), BIR (6.4) ln (PD+1)=−0.139+ 1.796 ln (1+CCV)−0.720 ln (1+BIR) F2,168 = 584.503∗∗∗ 0.874 Tem

Voltage (mV) Characteristics of device CCV (0.5) ln (V+1)= 4.968+ 0.048 ln (1+CCV) F1,1869 = 9.293∗∗ 0.005 ACV, AMA

Reaction conditions RD (1.9), ER (1.4) ln (V+1)= 3.489–0.057 ln (1+RD)+ 0.280 ln (1+ER) F2,447 = 7.438∗∗∗ 0.032 -

All CCV(3.1), RD (1.8) ln (V+1)= 5.107+ 0.095 ln (1+CCV)−0.074 ln (1+RD) F2,1411 = 35.884∗∗∗ 0.048 ER

Power (W) Characteristics of device CCV (24.3) ln (P+1)=−3.630+ 0.753 ln (1+CCV) F1,49 = 15.742∗∗∗ 0.243 CMA, ACV

Reaction conditions ER (41.4) ln (P+1)= 2.930–0.743 ln (1+ER) F1,52 = 36.737∗∗∗ 0.414 RD

All ER (41.3) ln (P+1)=−1.260–0.302 ln (1+ER) F1,11 = 7.747∗ 0.413 CCV

Current density (mA/m2) Characteristics of device CCV (12.8), BIR (11.5), CMA (1.0) Ln (CD+1)= 4.755–0.420 ln (1+CCV)+0.229 ln (1+BIR)+0.245 ln

(1+CMA)

F3,576 = 64.919∗∗∗ 0.253 ACV, AMA

Reaction conditions Tem (47.5), ER (14.1), RD (7.6) Ln (CD+1)=−27.228+ 9.260 ln (1+Tem)+0.386 ln (1+ER)+0.182 ln

(1+RD)

F3,199 = 148.577∗∗∗ 0.691 BST, pH

All ER (61.0), RD (4.9) Ln (CD+1)=−1.630+ 0.924 ln (1+ER)+0.144 ln (1+RD) F2,190 = 183.593∗∗∗ 0.659 CCV, BIR, CMA,

Tem

Current density (A/m3) Characteristics of device CCV (12.9), CMA (15.7) Ln (CD+1)= 6.850–2.205 ln (1+CCV)+2.629 ln (1+CMA) F2,282 = 56.560∗∗∗ 0.286 AMA, ACV, BIR

Reaction conditions RT (75.9), ER (2.7) Ln (CD+1)= -7.236+ 0.398 ln (1+RD)+0.952 ln (1+ER) F2,47 = 85.867∗∗∗ 0.785 -

All CCV (70.3), CMA (3.3), ER (10.5) Ln (CD+1)= 98.778+ 1.883 ln (1+CCV)−9.42 2ln (1+CMA)−12.128 ln

(1+ER)

F3,168 = 297.069∗∗∗ 0.841 RD

Coulombic efficiency (%) Characteristics of device CCV (55.0), CMA (34.1)
√
CE = 42.857–10.214 ln (1+CCV)+4.450 ln (1+CMA) F2,179 = 732.722∗∗∗ 0.891 AMA, ACV, BIR

Reaction conditions BST (63.6), ER (9.6)
√
CE= −9.752+ 2.561 ln (1+BST)+0.934ln (1+ER) F2,161 = 219.527∗∗∗ 0.732 pH

All BST (93.3), CMA (0.8)
√
CE= 19.823–4.277 ln (1+BST)−0.375 ln (1+CMA) F2,36 = 287.020∗∗∗ 0.941 CCV, ER

PD means power density, V means voltage, P means power, CD means current density, CE means coulombic efficiency, AMA means anode material area, CMA means cathode material area, CCV means cathode chamber volume, ER means external resistance, RD

means reaction duration, BIR means battery internal resistance, Tem means temperature, BST means battery startup time. ∗Means p < 0.05, ∗∗means p < 0.01, ∗∗∗means p < 0.001.
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anode potentials and higher electron fluxes (Aelterman et al., 2008).

In addition, our results suggested that a neutral pH condition

yielded better performance across the majority of indices compared

to acidic or alkaline conditions. This finding is consistent with

many previous studies (Tremouli et al., 2017), even though some

researchers have reported better power generation performance

under acidic or alkaline conditions than at neutral pH (Dekker

et al., 2009; He et al., 2008). This is likely because a neutral pH is

optimal for the majority of microbes, whereas microbial activities

can be inhibited—or even halted—at pH levels that are too high or

too low (Puig et al., 2010).

E�ects of substrate characteristics on the
power generation performance of MFCs

Substrate characteristics were also key factors affecting the

power generation performance of MFCs. We found that substrates

with pre-treatment significantly improved power density, voltage,

and power, which were in line with other studies (He et al., 2025; Li

et al., 2024).

By increasing the biodegradability of substrates, pre-treatment

can boost the microbial utilization efficiency of the inoculum.

Substrates can generally be pre-treated using physical, chemical,

or biological, or combined (two or more pre-treatments) methods

to modify the chemical structure of organic matter and support

electricity-producing bacteria (He et al., 2025; Oh et al., 2014).

Pre-treatment increases the biodegradability of substrates, making

it easier for them to break down organic matter and release

more organic compounds, thereby improving power density,

voltage, and power output (Ray and Ghangrekar, 2015). Pre-

treatments can also enhance core metabolic pathways—including

those involved in energy, carbohydrate, nucleotide, lipid, and

amino acid metabolism—and change the metabolite components

of biofilms, thereby improving the power generation performance

of MFC (He et al., 2025). Furthermore, our results suggested

that biological pre-treatment yielded the highest power density,

while physical and chemical pre-treatment were more effective at

improving voltage and coulombic efficiency. However, this finding

contrasts with a recent meta-analysis that found no significant

differences in power generation performance among pre-treatment

methods (Zafar et al., 2022). This discrepancy may be explained

by the gentler nature of biological pre-treatment, in contrast to

physical and chemical approaches, which often involve crushing,

high temperatures, and the use of chemical catalysts or additives

(Oh et al., 2014; Cao et al., 2018). These harsher treatments

can damage microbial structures, reducing the effectiveness of

power density improvement. To achieve higher power density,

biological pre-treatments often include microbial inoculation,

aerobic fermentation, or anaerobic fermentation to prevent the

formation of inhibitory substances in the MFCs. For example,

Rajesh et al. (2015) found that methane production reduced MFC

power output by depleting available substrates. To address this, he

inoculated the marine diatom Chaetoceros using a biopreparation

method, which reduced methanogenic activity by 60%. This led to

an increase in power density and overall performance. The non-

significant effect of substrate pre-treatment on coulombic efficiency

may be due to the fact that the majority of substrates in our study

were simple, and their coulombic efficiencymay not be significantly

impacted by pre-treatment. Current densities in the unpretreated

group were consistently higher than those in the pre-treated group.

This could be because biological pre-treatment overly degraded the

substrates, producing short-chain fatty acids such as acetic acid,

propionic acid, or phenolics that inhibit the proper functioning

of the electron transport chain in electroactive bacteria. As a

result, the treatment’s current density may have been somewhat

lower than before treatment (Hassan et al., 2012). Chemical pre-

treatment may also leave behind residual substances—such as H+,

Cl−, free radicals, or remnants of acid, alkali, or oxidant pre-

treatment—that can improve power generation performance at

optimal concentrations butmay exhibit toxic effects at higher doses.

These residues can directly harm electroactive bacteria or damage

the structure of the biofilm (He et al., 2025).

Additionally, the use of carbon felt as the electrode material,

which is prone to pore blockage, can reduce biofilm binding

sites and lower current density. This issue is further exacerbated

by excessive grinding, high temperature, high pressure, or other

treatments that result in substrate particles that are too small.

Therefore, it is important to carefully consider whether pre-

treatment methods may negatively impact the substrate or

the entire MFC system, potentially leading to reduced current

density. In summary, pre-treatment generally enhances power

generation performance, and biological pre-treatment showed

greater improvements compared to other pre-treatment methods.

In addition, our results indicated that solid substrates produced

higher power, voltage, and current densities compared to liquid and

fluid substrates, while liquid substrates exhibited higher coulombic

efficiencies. These findings are consistent with previous studies that

found that solid substrates had higher electrical performance than

liquid and fluid substrates (Touch et al., 2014; Zhao et al., 2017),

although they contradict others that suggested that solid substrates

limited mass transfer due to insufficient physical transport rates

of reactants at the electrode interface or within the reaction

system. This limitation may result in a lower electrochemical

reaction rate than the theoretical maximum, thereby restricting the

electrical performance of MFCs. To improve the stability of power

production performance, complex substrates are typically pre-

treated—physically, chemically, or biologically—to reduce particle

size, break down complex polysaccharides into monosaccharides,

and inhibit methane production. This supports the earlier

discussion on the effectiveness of pre-treatment methods. The

majority of studies have used liquid and fluid substrates (e.g.,

wastewater and sludge), while relatively few have explored the use

of solid substrates. Therefore, future studies may need to further

investigate whether solid substrates consistently perform better for

power generation than liquid and fluid substrates.

Conclusion

This study was based on 186 publications and 10,826

experimental cases from the China National Knowledge
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Infrastructure (CNKI) database, systematically revealing the

electricity generation performance characteristics of MFCs and

their influencing factors. The results indicated that the power

density, voltage, and reaction duration of MFCs in China were

significantly lower than those reported in other meta-analyses

or review papers. However, both coulombic efficiency and

temperature were higher than those of international studies. These

differences may be attributed to the inclusion of data across the

entire polarization curve stage in this study and the prevalent

use of dual-chamber reactors in Chinese experiments. Although

MFCs have shown promising potential for pollutant removal,

their low electricity generation performance remains a limiting

factor for large-scale applications. Therefore, this study examined

the effects of various influencing factors on electricity generation

performance. Regarding substrate characteristics, the use of solid

substrates or applying biological pre-treatment generally improved

the majority of electricity generation performance indices. In

terms of MFC device configurations, dual-chamber reactors

tended to show higher electricity generation performance than

single-chamber reactors. To obtain higher voltage and power,

selecting a larger cathode area or cathode chamber volume

is recommended. To achieve higher power density, current

density, and coulombic efficiency, a smaller cathode area or

reaction chamber volume may be more effective. Regarding

reaction conditions, it is essential to select appropriate pH and

temperature values to optimize electricity generation performance.

Additionally, attention should be paid to reaction duration to avoid

excessive reaction duration, which could lead to substrate depletion

and lower electricity generation performance indices. In practical

applications, the electricity generation performance of MFCs

cannot be determined by a single factor alone. Therefore, this

study explored the interactive effects of substrate characteristics,

MFC device characteristics, and reaction conditions on electricity

generation performance. Ultimately, it was determined that

external resistance and cathode chamber volume were the

primary factors influencing electricity generation performance

during MFC operation. In this study, the explanatory power

of individual influencing factors on voltage was relatively low,

suggesting that other unaccounted factors may be restricting

the improvement of voltage. Additionally, many studies did not

provide information on cathode chamber volume or cathode

material area, indicating that these parameters may not have been

fully recognized as performance-influencing factors. This lack of

data also prevented normalization, which may have introduced

slight deviations in the analysis. This study has several limitations,

including the exclusive use of Chinese publications, the absence

of information on anode and cathode materials, and insufficient

data on coulombic efficiency and power, all of which may limit the

broader applicability of the findings.
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