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a b s t r a c t
Bioelectrochemical systems (BES) can recover ammonia from wastewater driven by electricity generation. However, energy consumption of such an approach has not been well evaluated. In this study,
the effects of several key operating factors including catholyte aeration rate, external voltage, and external resistance on both ammonia recovery and energy consumption were systematically investigated. A
mathematical model developed for ammonia removal/recovery in BES was applied to help interpret
the experimental results. It was found that a high aeration rate in the catholyte could facilitate ammonia
recovery. An aeration rate of 100 mL min1 resulted in the lowest energy consumption of 4.9 kWh kg1 N
recovery among the tested aeration rates. A low external resistance facilitated the ammonia recovery via
higher current generation, while a moderate external voltage (e.g., 0.5 V) helped to achieve low energy
consumption. The highest ammonia recovery rate of 7.1 g N m2 d1 was obtained with energy consumption of 5.7 kWh kg1 N recovery. Therefore, there is a trade-off between energy consumption and ammonia recovery.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Nitrogen is a key inorganic contaminant, and excessive discharge of nitrogen, for example via incomplete wastewater treatment, can amplify the nitrogen transfer to aquatic ecosystems
and result in eutrophication that deteriorates ecosystem and
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decreases the supply of drinking water source [1]. The annual cost
due to eutrophication in the United States is about $2200 million
[2]. Thus, removal of nitrogen from wastewater is necessary to
limit nitrogen discharge. In wastewater, the primary form of nitrogen is ammonium [3], which can be removed by either biological
or physicochemical methods [4,5]. In biological ammonium
removal processes such as nitrification, denitrification and anaerobic ammonium oxidation (anammox), ammonium is converted to
nitrogen gas microbiologically. The physicochemical ammonium

M. Qin et al. / Chemical Engineering Journal 327 (2017) 924–931

removal processes like ion exchange, air stripping and high gravity
technologies can separate ammonia from liquid at the expense of
chemical or energy consumption [6–8].
Sustainable wastewater management aims to recover valuable
resources from wastewater, such as energy, nutrients and water.
The concentration of ammonium in some wastewaters such as
digester centrate, livestock wastewater, and landfill leachate can
be over 500 mg L1 [9]. Thus, ammonia recovery, instead of
removal, will be of strong interest. Ammonia nitrogen is a key fertilizer component for agricultural applications, and >90% of the
world ammonia production is currently based on the HaberBosch synthesis process, which consumes 1–2% of world energy
[10]. The demand for fertilizer is increasing at 3–4% per year along
with the steadily growing global demand for food to feed additional 2.3 billion people by 2050 [11,12]. About 30% of ammonia
in fertilizers ends up in wastewater as ammonium ions [13]. Therefore, recovering ammonia from wastewater may provide a promising approach for supplying ammonia to sustain fertilizer and food
production, and avoid energy-intensive synthesizing processes
[14].
An emerging technology for ammonia recovery from wastewater is bioelectrochemical system (BES) [15,16]. In a BES, organic
compounds in wastewater are oxidized by the exoelectrogens
growing on an anode electrode and the generated electrons spontaneously flow from the anode electrode to a cathode electrode
[17]. During electricity generation, ammonium ions are driven to
transport from the anode to the cathode to maintain charge neutrality [18]. The high pH of the catholyte due to reduction reactions
converts ammonium ions to ammonia, which can be driven off the
catholyte with mechanical mixing or aeration for recovery. Various
BES including microbial fuel cells (MFCs) and microbial electrolysis
cells (MECs) have been studied to achieve ammonia recovery
[19,20]. Because higher current generation would greatly enhance
ammonium transport towards recovery [17], MECs with external
power exhibit a better performance for ammonia recovery than
MFCs [21]. Ammonium nitrogen has been successfully recovered
as ammonia from ammonium-rich wastewater, such as synthetic
wastewater, urine, landfill leachate, and swine wastewater [22–
27]. Mathematical models have also been developed to improve
our understanding of ion transport mechanism during ammonia
recovery and the BES operation [28–30].
Despite the great progress in ammonia recovery by using BES,
energy consumption of such a process has not been fully investigated before. This information is critically important to evaluate
whether ammonia recovery by using BES will be energy efficient
(and cost effective). An energy-efficient treatment and recovery
system will benefit our environment with contaminant removal,
reduced demand for energy (and thus a lower carbon footprint),
and reduced demand for raw materials through resource recovery.
The major energy consumers in a BES include power supply, recirculation pumps, and catholyte aeration [31]. Energy consumption
by power supply can be affected by both voltage and external resistance via current generation, which then influences ammonium
ion transport. Electrolyte recirculation helps with substrate distribution that will affect current generation and electrolyte resistance. Catholyte aeration is to provide electron acceptors for
cathode reactions, and to strip ammonia off the liquid for subsequent recovery. To improve our understanding of energy consumption of ammonia recovery by using BES, in this study, we have
systematically investigated the effects of catholyte aeration rate,
external voltage, and external resistance on both ammonia recovery and energy consumption. A mathematical model was applied
to verify and further explain the effects of the operation parameters on the BES performance and energy consumption. The energy
consumption by the BES was normalized to per kg N removal or
recovery.
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2. Materials and methods
2.1. BES setup and operation
A bench-scale cubic shape BES was used in this study. Both the
anode and the cathode chambers had the same dimension of
9 cm  4.7 cm  1 cm. A piece of cation exchange membrane
(CEM, CMI-7000, Membrane International Inc., Glen Rock, NJ,
USA) with a sectional area of 42.3 cm2 was used to separate the
anode and cathode chambers. The anode electrode was a carbon
brush (Gordon Brush Mfg. Co., Inc., CA, USA), which was pretreated
by being soaked in pure acetone overnight and heat-treated in a
muffle furnace (Model 550 Isotemp Series, Fisher Scientific, Pittsburgh, PA, USA) at 450 °C for 30 min. The cathode electrode was
a piece of 32-cm2 carbon cloth (Zoltek Companies, Inc., MO, USA)
that was coated with 5 mg cm2 of Pt/C (10% wt Pt on Carbon Vulcan, Fuel Cell Earth LLC, USA). The BES was operated in a batch
mode at room temperature (20 °C).
The anode was inoculated with the anaerobic sludge from a
local wastewater treatment plant (Peppers Ferry, Radford, VA,
USA). To mimic the digestion effluent of livestock wastewater
[32], the anode influent solution was prepared containing (per liter
of deionized water – DI water): sodium acetate, 1.5 g; NH4Cl, 3.0 g;
NaHCO3, 2.0 g; NaCl, 0.15 g; MgSO4, 0.005 g; CaCl2, 0.006 g; and
trace elements solution, 1 mL [33]. The anolyte volume was
100 mL, while the cathode chamber was initially filled with
180 mL of DI water. An external voltage of 0.5 or 0.8 V was applied
to the circuit by a power supply (CSI3644A, Circuit Specialists, Inc.,
Mesa, AZ, USA) according to a previous study [34]. When current
generation dropped to lower than 0.2 A m2, one batch cycle ended
and the anolyte was partially replaced (75% of the anode volume),
while the catholyte was remained unchanged. Both the anolyte
and catholyte were recirculated at a flow rate of 20 mL min1,
respectively. Samples (1 mL) were collected every 4 h from both
chambers for measurement. The stripped NH3 gas from the catholyte was absorbed by 1 M H2SO4. To study the effect of aeration
rate, the catholyte aeration rate was adjusted to 300, 100, 50 and
30 mL min1 (1.7, 0.6, 0.3 and 0.2 vvm; vvm:gas volume (L) per liquid volume (L) per minute). In the study of current generation, two
experiments were performed: in the test of external voltage effect,
three external voltages 0 V, 0.5 V, and 0.8 V, were examined across
external resistance of 1 X and with the catholyte aeration rate of
100 mL min1 (0.6 vvm); in the experiment of external resistance,
the external resistance was manipulated at three levels, 1 X, 10 X,
and 100 X, under the applied voltage of 0.8 V and with the catholyte aeration rate of 100 mL min1.
2.2. Measurement and analysis
The voltage across the external resistor was recorded every
2 min by a digital multimeter (2700, Keithley Instruments Inc.,
Cleveland, OH, USA). The pH was measured by two pH meters
(Oakton Instruments, Vernon Hills, IL, USA and Accumet AB250,
Fisher Scientific, Pittsburgh, PA, USA), installed in the anode and
the cathode chambers, respectively. The concentrations of chemical oxygen demand (COD) and ammonium nitrogen (NH+4-N) were
measured using a DR/890 colorimeter (HACH Co., Ltd., USA)
according to the manufacturer’s instruction. Energy consumption
by the BES included the external power source, the aeration, and
the recirculation of the anolyte and catholyte. The power input
by the external power supply was calculated as [35]:

Ppower ¼

IU
1000

ð1Þ

where Ppower is external power requirement by the power supply
(kW); I is the current (A); and U is the external voltage (V).
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The theoretical power requirement for the recirculation was
estimated as [36]:

Precirculation ¼

Q s cH
1000

ð2Þ

where Precirculation is the pumping system power requirement (kW);
Qs is the recirculation flow rate (m3 s1); c is specific weight of
water (9800 N m3); and H is the hydraulic pressure head (m).
The power consumption by the aeration was estimated as [37]:

Paeration ¼

P1 kT
3:6  2:73  108  f  ðk  1Þ  q0
!
 11=k
P2

 1  Qg
P1

ð3Þ

where Paeration is the aeration power requirement (kW); P1 is standard atmospheric pressure (101,325 Pa); P2 is blower inlet pressure
(Pa); T is air temperature (294 K); f is blower efficiency (0.8); k is
aerator constant (1.4); q0 is air density at the standard conditions
(1.29 kg m3); and Qg is the aeration flow rate (mol/s).
The total energy consumption was estimated as:

E¼

ðPpower þ Paeration þ

X

Qt

Precirculation  I2 RÞ

ð4Þ

where the E represents the energy consumption (kWh m3); and Qt
is the flow rate for the treated wastewater (m3 h1).
The energy data were expressed in kWh kg1 N removal and
kWh kg1 N recovery [38]. The energy consumption per kg N
removal (EC,removal) was calculated as:

EC;remov al ¼

E
rN;remov al

ð5Þ

where the rN, removal is the N removal rate (kg m3) based on the
removal from the anode.
The energy consumption per kg N recovery was calculated as:

EC;recov ery ¼

E
r N;recov ery

ð6Þ

where the rN, recovery is the N recovery rate (kg m3) based on the
recovery from the whole BES.
2.3. Mathematical model of BES-based ammonia recovery
To facilitate the understanding of the effects of operating factors
on the BES operation and ammonia recovery, numerical simulations
were also performed using models that were developed and validated previously [28]. The BES was modeled as three components,
an anode chamber, a cathode chamber, and a CEM. In each component, transport and reaction of all major species in the experimental
+

2
BES, i.e., Na+, Cl, HAc, Ac, NH+4, NH3, H2CO3, HCO
3 , CO3 , H and OH ,
are considered. In the anolyte/catholyte chamber, evolution of the
concentration of each species was modeled by considering mass conservation, its transport toward/from the CEM, the acid-base reactions
involved, and the electrochemical reactions associated with the Faraday current. In the CEM, in addition to the acid-base reactions, the
transport of each species by diffusion and migration was modeled
using the Poisson-Nernst-Planck equations. Donnan equilibrium
was enforced at the CEM-anolyte/catholyte interface. To model the
recovery of ammonia from the catholyte due to aeration, the Henry’s
law was used to describe the equilibrium between the NH3 in the
catholyte and the aeration gas. Finally, electro-neutrality and charge
conservation were enforced throughout the system. A list of all the
acid-base reactions and governing equations used in the model is
provided in the Supplementary Materials.
3. Results and discussion
3.1. Effects of aeration rate on ammonia recovery
The influence of catholyte aeration rates on the BES performance and ammonia recovery was investigated by varying the aer-

Fig. 1. Ammonia recovery by the BES affected by different catholyte aeration rates: (A) current generation; (B) NH+4-N concentration in the anolyte and the catholyte; (C) the
NH3 recovery rate; and (D) simulated anolyte and catholyte NH+4-N concentration. The external resistance was 1 X and the external voltage was 0.8 V.
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ation rate from 300 to 30 mL min1. The BES exhibited a relatively
stable current generation at different aeration rates (Fig. 1A) with
the total Coulomb production of 350 C (Fig. S1, Supplementary
Materials), which was not significantly different among all the
tested aeration rates (p > 0.05). Likewise, the COD removal was also
insignificantly different (p > 0.05), and the COD concentration
decreased from 1302 ± 49 mg L1 to 258 ± 23 mg L1 (mean
value ± standard deviation), representing COD removal efficiency
of 80.4 ± 2.4%. In a batch cycle, the ammonium concentration in
the anolyte decreased from 55 ± 2 mM to 22 ± 6 mM, 22 ± 5 mM,
24 ± 3 mM, 36 ± 7 mM, with aeration rate of 300, 100, 50 and
30 mL min1, respectively (Fig. 1B). The ammonium removal was
not significantly different (p > 0.05) among the aeration rates of
300, 100 and 50 mL min1, but the lowest aeration rate of
30 mL min1 resulted in a dramatic decrease in the removal. A
higher aeration rate could promote ammonia recovery: the recovery rate of ammonia gas reached 7.1 ± 0.2 g N m2 d1 (kg N recovery per membrane area per day) with the aeration rate of
300 mL min1, much higher than 1.2 ± 0.1 g N m2 d1 with
30 mL min1 (Fig. 1C). Those results suggested that the aeration
rate in the catholyte had limited effects on current generation
and COD removal, but could strongly affect the ammonium
removal and ammonia recovery. As shown in Fig. 1C, there is no
significant difference for ammonia recovery rate at the aeration
rates of 100 and 300 ml min1, likely because that the high aeration rate provided a sufficient stripping force to remove ammonia
gas from the catholyte and was no longer a limiting factor for
ammonium recovery in the BES.
To further understand the mechanism of the effects, numerical
simulation was performed under the similar conditions, i.e., fixed
current density of 1 A m2 for 24 h with different aeration rates. A
similar trend to that of experimental results was observed: a higher
aeration rate led to a higher ammonium removal from the wastewater (anolyte) and a lower ammonium concentration in the catholyte (Fig. 1D), resulting in higher ammonia recovery. The
ammonium concentration in the anolyte effluent decreased from
25.7 ± 1.9 mM to 19.6 ± 4.2 mM when the aeration rate increased
from 30 to 300 mL min1, while the ammonium concentration in
the catholyte at the end of each operating cycle decreased from
61.5 ± 4.4 mM to 10.1 ± 0.1 mM. The simulation results also
showed that the recovery of ammonia directly depended on both
the aeration rate and the related catholyte ammonium concentration (Henry’s law) [39]. A high aeration rate was effective in driving
more ammonia out of the catholyte (Fig. S2), leading to a lower
ammonium concentration in the catholyte, which in turn facilitated
the ammonium removal from the anolyte through both migration
and diffusion of NH+4 ions from the anolyte to the catholyte
(Fig. 1D). As a result, the ammonia recovery from each batch cycle
increased from 1.5 ± 0.1 mmol to 3.2 ± 0.1 mmol when the aeration
rate increased from 30 to 300 mL min1.
Energy consumption was analyzed for ammonium removal
from the anode chamber and ammonia recovery from the whole
BES, respectively (Fig. 2). The removal required 5.1 ± 0.4,
4.3 ± 0.2, 4.1 ± 0.1, and 6.9 ± 0.7 kWh kg1 N when the aeration
rate was 300, 100, 50 and 30 mL min1, respectively, in which over
90% was consumed by the external power supply and catholyte
aeration (Fig. 2A). For example, with the aeration rate of
300 mL min1, 50.0% of energy consumption for ammonium
removal was due to the aeration, 43.5% was consumed by the
external power supply, and 6.5% was due to the anolyte and catholyte recirculation. As the aeration rate increased from 30 to
100 mL min1, the energy consumption was decreased due to the
improved ammonium removal efficiency. When the aeration rate
increased from 100 to 300 mL min1, the ammonium removal
was not significantly different, and therefore the increased energy
consumption due to more aeration resulted in high total energy
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consumption. Ammonia recovery required 5.7 ± 0.5, 4.9 ± 0.3,
6.1 ± 0.4, and 26.2 ± 1.1 kWh kg1 N when the aeration rate was
300, 100, 50 and 30 mL min1, respectively, which was higher than
the energy consumption for removal at the same aeration rate,
especially when the aeration rate was 30 mL min1 (Fig. 2B). With
the same aeration rate, the energy consumption for recovery was
higher than that for removal, because some of the removed ammonium was not successfully recovered and thus still stayed in the
catholyte. The ammonia recovery rate was 7.1 ± 0.2, 7.1 ± 0.1,
5.1 ± 0.1, and 1.2 ± 0.1 kg N m2 d1, when the aeration rate was
300, 100, 50 and 30 mL min1, respectively. The low ammonia
recovery rate at 30 mL min1 aeration rate led to the significantly
high energy consumption of 26. 2 ± 1.1 kWh kg1 N. Increasing
the aeration rate from 30 to 100 mL min1 improved the ammonia
recovery, thereby decreasing the energy consumption for recovery
by both external power supply (from 16.4 ± 0.7 to
2.5 ± 0.3 kWh kg1 N recovery) and aeration (from 7.7 ± 0.4 to
2.0 ± 0.2 kWh kg1 N recovery). The aeration rate of 300 mL min1
gave higher energy consumption per recovery than that of
100 mL min1, because of similar ammonia recovery but higher
aeration energy demand. Other parameters, such as recirculation
rate, solution pH, etc., might also affect the energy consumption
for ammonia recovery in BES but their contribution could be limited compared to those studied here.

Fig. 2. Energy consumption by the BES affected by different aeration rates: (A)
energy consumption for ammonium removal; and (B) energy consumption for
ammonia recovery (blue: aeration; orange: power supply; yellow: catholyte
recirculation; green: anolyte recirculation). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. Ammonia recovery by the BES affected by different external voltages: (A) current generation; (B) NH+4-N concentration in the anolyte and the catholyte effluent; (C) the
NH3 recovery rate; and (D) the simulated anolyte and catholyte NH4+-N concentrations. The external resistance was 1 X and the catholyte aeration rate was 100 mL min1.

3.2. Effects of current generation – external voltage
The effect of current generation was firstly examined by varying
the external voltage from 0 to 0.8 V across 1 X and with
100 mL min1 catholyte aeration. Both current generation and
total Coulomb production were strongly affected by the external
voltage and showed significant differences (p < 0.05). The maximum current density of the BES was 0.3 ± 0.1, 1.1 ± 0.1, and
1.6 ± 0.2 A m2 (Fig. 3A) while the total Coulomb production was
126 ± 11, 245 ± 20, and 329 ± 33 C (Fig. S3) with external voltage
of 0, 0.5 and 0.8 V, respectively. The COD concentration in the anolyte decreased from 1302 ± 49 mg L1 to 277 ± 51 mg L1, representing COD removal efficiency of 78.8 ± 3.5%. The ammonium
concentration in the anolyte decreased from 55 ± 2 mM to
24 ± 1 mM, 21 ± 1 mM, 20 ± 2 mM, with external voltage of 0, 0.5
and 0.8 V, respectively, with no significant difference (p > 0.05),
while the ammonium concentration in the catholyte gradually
increased to 16 mM under three tested conditions (Fig. 3B). The
recovery of ammonia gas increased from 2.9 ± 0.1 (0 V) to
7.1 ± 0.1 g N m2 d1 (0.8 V) benefited from higher current generation under a higher external voltage (Fig. 3C). Numerical simulation was conducted with the ammonia recovery model
containing two inputs: C1) I = 0.5 A m2 and t = 48 h, and C2)
I = 0.25 A m2 and t = 48 h. The simulation results showed that
the anolyte ammonium concentration in C1 (15 ± 1 mM) was much
lower than in C2 (31 ± 1 mM) due to the higher current generation
in C1, which facilitated the ammonium removal from the anolyte
(Fig. 3D). Due to the efficient aeration in the catholyte, the catholyte ammonium concentration was the same at the end of each
operating cycle, resulting in higher ammonia recovery in C1 than
C2 (Fig. S4).
The energy consumption with different external voltages is
shown in Fig. 4. As the external voltage increased from 0 V to
0.8 V, the energy consumption by power supply increased from 0

to 3.3 ± 0.3 kWh kg1 N recovery; applying the same aeration rate
of 100 mL min1 demanded the same absolute amount of aeration
energy, but the normalized energy consumption for recovery by
aeration decreased from 4.5 ± 0.4 to 2.6 ± 0.3 kWh kg1, because
of improved ammonia recovery at a higher external voltage
(Fig. 4). The total energy consumption for recovery decreased from
5.7 ± 0.5 to 4.5 ± 0.6 kWh kg1 N recovery when the external voltage increased from 0 to 0.5 V, and the total energy consumption

Fig. 4. Energy consumption for ammonia recovery affected by different external
voltages (Green: anolyte recirculation; yellow: catholyte recirculation; orange:
power supply; and cyan: aeration). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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then increased to 6.4 ± 0.8 kWh kg1 N recovery with the external
voltage of 0.8 V, suggesting that a moderate external voltage could
create a balance between increased ammonia recovery and
increased energy consumption by power supply, resulting in a relatively low energy consumption overall.

Fig. 5. The BES performance affected by different external resistances: (A) current
generation; (B) the NH3 recovery rate; and (C) simulated NH+4-N concentration in
the anolyte and catholyte effluents. The external voltage was 0.8 V and the
catholyte aeration rate was 100 mL min1.
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3.3. Effect of current generation – external resistance
The effect of current generation was further studied by varying
external resistance of 1 X, 10 X and 100 X under a fixed external
voltage of 0.8 V. The maximum current density of the BES
increased from 0.8 ± 0.1 to 1.6 ± 0.2 A m2 (Fig. 5A) when the
external resistance decreased from 100 to 1 X; however, the total
Coulomb production per cycle did not show significant difference:
352 ± 22 (1 X), 350 ± 14 (10 X), and 346 ± 33 C (100 X) (Fig. S5)
(p < 0.05), because of different lengths of batch operation with different external resistance (that is, despite a lower current generation with 100 X, the BES batch lasted for a longer period of time,
which allowed more Coulombs to be harvested). The ammonium
concentration in the anolyte effluent was stable (22.7 ± 0.8 mM)
regardless of the external resistance (Fig. S6), related to the fact
of the similar Coulomb production. The ammonium concentration
in the catholyte effluent increased from 5.2 ± 0.5 mM to
17.3 ± 0.5 mM from cycle 1 to cycle 4 because of ammonium transport from the anolyte into the catholyte and residue ammonium
after stripping; this trend was not significantly different among
three tested resistors (p > 0.05). The recovery rate of ammonia
gas increased from 3.2 ± 0.1 to 7.1 ± 0.1 g N m2 d1 as the external
resistance decreased from 100 X to 1 X, indicating that lower
external resistance could accelerate the ammonia recovery within
the same time period (Fig. 5B). The simulation was performed with
two inputs: C1) I = 0.5 A m2 and t = 48 h, and C3) I = 1 A m2 and
t = 24 h. These two simulations (C1 and C3) represented the current regulation with the same total Coulomb production under different length of the operating period. The simulation showed
similar anolyte ammonium concentration at the end of each cycle
between C1 and C3, confirming that similar Coulomb production
resulted in similar amount of removed ammonium from the anolyte (Fig. 5C).
Energy consumption for recovery was 7.2 ± 0.7, 6.6 ± 0.7, and
5.7 ± 0.5 kWh kg1 N when the external resistance was 100 X,
10 X and 1 X, respectively (Fig. 6). As the external resistance
decreased from 100 X to 1 X, the energy consumption by the catholyte aeration decreased from 4.4 ± 0.4 to 2.3 ± 0.3 kWh kg1 N

Fig. 6. Energy consumption for ammonia recovery affected by different external
resistances (Gray: anolyte recirculation; yellow: catholyte recirculation; cyan:
power supply; and magenta: aeration). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Comparison of different technologies for ammonia removal and recovery from wastewater.
Technology

Purpose

Rate
kgN m3 d1

Efficiency

Energy demand
(kWh per kg N)

References

Air stripping
Nitrification & denitrification
Anammox
BES
BES

Recovery
Removal
Removal
Recovery
Removal

0.10–0.76
0.14–0.58
0.27–2.33
0.40
0.48

91%
90–98%
88–99%
83%
87%

11–14
11–14
1–5
4.5
2.2

[40]
[44]
[45]
This study
This study

recovery, resulting in the decrease of total energy consumption per
kg N recovery. The energy consumption by power supply did not
show significant difference regardless of the external resistances
(2.9 ± 0.3 kWh kg1 N recovery), resulting from the similar total
Coulomb generation. As the external resistance increased from
1 X to 100 X, the power generation in BES increased from 0.02
to 0.9 ± 0.1 kWh kg1 N recovery. The internal resistance for the
BES was estimated to be 315 X according to the polarization curve
shown in Fig. S7, and thus external resistance such as 100 X that
was close to the internal resistance of the BES would result in more
energy production.
3.4. Perspectives
The present BES achieved the lowest energy consumption of
4.5 ± 0.6 kWh kg1 N for ammonia recovery with a recovery rate
of 5.6 g N m2 d1, under the condition of 100 mL min1 catholyte
aeration, 0.5 V external voltage and 1 O resistance. This energy
consumption is much lower than that of the Haber-Bosch process
for ammonia synthesis (8–14 kWh per kg N) [40,41], and is also
low when comparing to the existing nitrogen removal/recovery
technologies (Table 1). The air stripping process requires 11–
14 kWh kg1 N for nitrogen removal and potential recovery,
including energy consumption for chemical production, aeration
pumping and excess heat [40]. Biological nitrogen removal processes such as combined nitrification and denitrification and
anammox convert ammonia to nitrogen gas. Combined nitrification and denitrification requires 11–14 kWh kg1 N while anammox needs 1–5 kWh kg1 N for ammonia removal [44,45].
Although anammox has a low energy demand, it removes ammonia from wastewater instead of recovery. Therefore, BES, which
enables ammonia recovery and has relatively low energy consumption, will be of strong interest to sustainable nitrogen management in wastewater treatment. However, the recovery/
removal rate of ammonia in BES (0.40/0.48 kg N m3 d1, kg N
per treated water volume per day) is not high, particularly comparing to that of anammox (0.27–2.33 kg N m3 d1) (Table 1). The
recovery rate of ammonia in the BES is comparable with that in
air stripping (0.10–0.76 kg N m3 d1) and combined nitrification
and denitrification (0.14–0.58 kg N m3 d1), while the energy
consumption is much lower in the BES. The ammonia recovery
by the BES is affected by ammonia input, current generation
(which is related to organic compounds, microbial activities, and
operating temperature), and aeration, which should be optimized
to enhance the recovery rate.
Understanding energy consumption will help to establish an
energy balance, which can show us how far we are from an
energy-neutral (or energy-positive) ammonia recovery process by
using a BES. Because high current generation could facilitate
ammonium transport and subsequent ammonia recovery, an
external resistor at extremely low value of 1 X was used in the
condition that had the lowest energy consumption for recovery.
With such low external resistance, power output can be neglected
and thus there would be little energy production. A previous study
of ammonia recovery in an MFC achieved a surplus energy of

1.0 kWh kg1 N, in which more energy was produced than needed
for the ammonia recovery, resulting from a small catholyte volume
for aeration (aeration rate: 0.5 vvm; catholyte volume: 20 mL) and
no external power supply [23]. However, the ammonia recovery
rate in that study was relatively low at 3.3 g N m2 d1, less than
half of the highest ammonia recovery rate of 7.1 g N m2 d1
obtained in this study (with an aeration rate of 1.7 vvm and external supply of 0.8 V). Therefore, there is a trade-off between the
increased ammonia recovery rate and increased energy consumption, and the benefits of more ammonia recovery at a price of
higher energy consumption will require further analysis.
Reducing energy consumption and considering energy production by a BES warrant further investigation through optimized configuration design and operation. Decreasing the catholyte volume
could be one of the possible approaches to reduce energy consumption. With a smaller catholyte volume, the energy consumed
by aeration could be reduced with a more efficient ammonia recovery from the catholyte. To produce energy, the BES can be operated
in either an MFC mode (for electricity generation) or an MEC mode
(for hydrogen production). The MEC mode may be preferred
because of higher current generation under an external voltage
and thus a higher ammonia recovery rate. With an external voltage
>0.2 V and in the absence of aeration, hydrogen gas can be produced in the cathode [42,43]. Although an external voltage was
also applied to the BES in this study, the use of oxygen as a terminal electron acceptor prevented hydrogen production. Thus, future
studies may consider a cathode without air aeration. However, our
study has demonstrated the importance of aeration to ammonia
stripping and thus recovery. To actively drive ammonia out of
the catholyte in the absence of air aeration, recirculation of the
produced hydrogen gas could be considered.

4. Conclusions
This study has quantified the energy consumption for ammonia
recovery affected by catholyte aeration rates and current generation in a BES through integrated experiments and mathematical
modeling. The aeration rate in the catholyte could strongly impact
the ammonia recovery and energy consumption: a high aeration
rate resulted in a high ammonia recovery while a moderate aeration rate (100 mL min1) led to the lowest energy consumption,
indicating that there is a trade-off between the increased ammonia
recovery rate and increased energy consumption. The high current
generation, which was achieved with either high external voltage
(0.8 V) or low external resistance (1 X), could improve the ammonia recovery. However, a trade-off existed between energy consumption and ammonia recovery. Compared to other ammonia
removal/recovery technologies such as combined nitrification
and denitrification, anammox, and air stripping, BES accomplishes
ammonia recovery, in addition to ammonia removal, and has relatively low energy consumption. These advantages make BES a
promising technology for energy-efficient resource recovery from
wastewater.
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