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lly powered CO2 conversion in
a reactive carbon electrolyzer†

Abhishek Soni, ‡a Siwei Ma,‡a Giuseppe V. Crescenzoa

and Curtis P. Berlinguette *abcd

Here, we use thermoelectric generators to power reactive carbon electrolyzers that upgrade captured CO2

into fuels and valuable chemicals. Reactive carbon electrolyzers convert the liquid eluent from a direct air

capture unit—referred to as the “reactive carbon solution”. Thermoelectric generators convert temperature

differences into electrical energy, enabling the use of waste heat to power the reactive carbon electrolyzers.

This configuration enables operation without reliance on solar and wind power. We report the experimental

demonstration of a thermoelectric generator powering a reactive carbon electrolyzer.
Sustainability spotlight

Rising levels of atmospheric CO2 demands innovative and sustainable solutions for carbon capture and conversion. This study integrates thermoelectric
generators with reactive carbon electrolyzers to transform captured CO2 into fuels and valuable chemicals. Thermoelectric generators sustainably power reactive
carbon electrolyzers by utilizing waste heat, thereby reducing reliance on traditional energy sources. The use of liquid reactive carbon feedstocks (e.g., bicar-
bonate) instead of gaseous CO2 enhances system efficiency and impurity tolerance, addressing common limitations of gaseous CO2 electrolysis. We demon-
strated the feasibility of our technology under conditions relevant to low-temperature geothermal plants and potential Mars colonization. This work highlights
the importance of several UN Sustainable Development Goals: affordable and clean energy (SDG 7), industry, innovation, and infrastructure (SDG 9), and climate
action (SDG 13).
Introduction

Carbon capture and utilization technologies are being imple-
mented to mitigate rising atmospheric CO2 levels.1–7 Among
these technologies, reactive carbon electrolyzers offer a prom-
ising approach for electrochemically converting CO2 into fuels
and chemicals using liquid (bi)carbonate feedstocks derived
from direct air capture.1,8–14 However, their widespread
deployment is oen limited by their dependence on clean
electricity.15

To address this limitation, waste heat from industrial
processes or natural thermal gradients can be harnessed by
thermoelectric materials as a sustainable power source for
reactive carbon electrolyzers. Thermoelectric materials convert
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temperature differences directly into electrical energy (i.e.
voltage, V):16

V = SDT (1)

where S is the Seebeck coefficient.17 Thermoelectric materials
are widely used in aerospace,18,19 solar-thermal systems,20,21 and
remote power generation22,23 due to the lack of moving parts,24

low cost,25 and durability.26 By integrating thermoelectric
generators with reactive carbon electrolyzers, we present
a proof-of-concept for a sustainable, resilient, and easily
deployable CO2 conversion system using commercially available
catalysts.
Experimental
Materials

Silver and copper nanoparticles (25–45 nm, 99.5% trace metals
basis), were purchased from Sigma-Aldrich. Potassium
hydroxide (KOH) and potassium bicarbonate KHCO3 (99.9%)
were purchased from Alfa Aesar. Nickel foam (>99.99%) was
purchased from MTI Co. Fumsep FBM bipolar membranes
(BPMs) were purchased from Dioxide Materials (USA) and
soaked in 1 M NaCl for 24 h prior to use. Pure 99.999%, CO2

(99%), and Ar (99.999%) gasses were purchased from Praxair
Canada Inc. The carbon paper (H23 Freudenberg, Naon™
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Dispersion; D-520 dispersion, 5% w/w in water and 1-propanol)
was purchased from Fuel Cell Store (USA). Commercial ther-
moelectric generators were obtained directly from Amazon and
custom thermoelectrics. Unless otherwise noted, all materials
were used as received.

A CH Instruments 660D potentiostat (USA) equipped with an
Amp booster was used for all electrolysis experiments driven by
potentiostat. A gas chromatograph (PerkinElmer, Clarus 580)
equipped with a packed MolSieve 5 Å column and a HayeSepD
column was used to detect CO and H2 using a ame ionization
detector and a thermal conductivity detector, respectively. The
carrier gas was N2 (99.999%, Praxair Canada Inc.). The
concentrations of the products CO, and H2 (ppm) in the head-
space of the catholyte reservoir were quantied using previously
constructed calibration curves for CO and H2.
Catalyst and electrolyzer preparation

For reactive carbon electrolyzer experiments, the cathodes were
fabricated by automated spray coating of silver nanoparticles
onto an H23 Freudenberg carbon paper at a mass loading of
1.8 mg cm−2. The spray-coater was built from an ultrasonic
nozzle (Microspray, USA) mounted to a custom motorized XYZ
gantry system (Zaber Technologies Inc., Canada) above a hot-
plate (PC-420D, Corning, USA). To prepare the stock solution of
the silver-containing catalyst ink, 400 mg of the metal nano-
particles were suspended in 20 mL of isopropyl alcohol with 60
mL of Naon (D-520 dispersion, 5% w/w in water and 1-
propanol).

The catalyst materials were then integrated into a membrane
electrode assembly (MEA; 2 cm × 2 cm) along with a nickel
foam anode (MTI Co.) and a BPM (FumaSEP). The MEA was
sandwiched between a custom-made, in-house built titanium
cathode ow plate and a stainless steel anode ow plate (size:
6 cm × 6 cm × 1.2 cm). Two stainless steel housing plates
fastened with eight M6 bolts compressed the MEA and ow
Fig. 1 A thermoelectrically-powered reactive carbon electrolyzer. Schem
connected to the thermoelectric generator (not drawn to scale) used in
component of the electrolyzer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
plates. For the scaled-up electrolyzer, the materials and
ow plate design remained the same as those of the 4 cm2

electrolyzer, except that the MEA dimensions were increased to
100 cm2.

For the thermoelectrically-driven reactive carbon electro-
lyzer experiments, one peristaltic pump delivered a 1 M KOH
solution to the anode compartment at a ow rate of 30
mL min−1, and another delivered a 3 M KHCO3 solution at
a ow rate of 100 mL min−1 to the cathode. A ow rate of 160
sccm of N2 was supplied to the headspace of the catholyte
reservoir, acting as a carrier gas towards the gas chromato-
graph. The products from the cathodic reaction (CO, CO2, and
H2) were passed into an in-line gas chromatograph (SRI-8610C)
for analysis (ESI Fig. S1†).
Thermoelectric generators

We tested various commercially available thermoelectric
generators for open circuit voltage and output current at DT =

100 °C.27 The commercially available “TEG-287-1.4-1.5”
produced the highest open circuit voltage (1.22–1.25 V) and
current (185–200 mA) (ESI Fig. S2†). We used three of these
thermoelectric generators in series (hereaer referred to as
“TEG”) for all reactive carbon electrolyzer experiments. A
Kamtop digital K-type digital thermocouple (Amazon) was used
to measure the temperature at the hot (Thot) and cold (Tcold)
faces of the TEG. The TEGs generate an open circuit voltage of
∼3.6 V and an output current of 200 mA at DT = 100 °C (Thot =
25 °C and Tcold = −75 °C). The Tcold was accessed by using
a cryogenic ice bath of dry ice and ethanol.28 We conrmed that
the open circuit voltage was maintained over 12 hours.
Thermoelectric reactive carbon electrolysis

The heat-driven reactive carbon electrolysis experiments were
performed by connecting the TEG to the reactive carbon
atic of an exploded view of the zero-gap reactive carbon electrolyzer
this study and the accompanying electrochemical reactions at each

RSC Sustainability, 2025, 3, 3964–3971 | 3965
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electrolyzer (ESI Fig. S3†). The positive terminal of the TEG was
connected to the anode and the negative terminal was con-
nected to the cathode (Fig. 1 and ESI Fig. S3†). A multimeter was
embedded into the circuit to monitor the real-time voltage and
current across the reactive carbon electrolyzer. The gaseous
species emerging from the cathode outlet were passed to an in-
line gas chromatograph for analysis.
Fig. 2 Benchmark reactive carbon electrolysis experiments that
measured the amount of CO produced as a function of applied current
by a potentiostat. The error bars represent the standard error from n =

3 independent experiments.
Faradaic efficiency

We measured the CO and H2 selectivity at a constant current
density by quantifying their respective concentrations as a mole
fraction, ck, where k = CO or H2 by gas chromatography. The
selectivity is oen used interchangeably with the Faradaic
efficiency of gaseous product k (FEk, eqn (2)):9

FEk ¼ nkFckFm

I
(2)

where nk is the number of electrons exchanged, F is Faraday's
constant (F = 96 485 C mol−1), Fm is the molar ow rate in mol
s−1, and I is the total current in A produced from the TEG or the
potentiostat. The molar ow rate is derived from the volume
ow rate Fm by the relation Fm = pFv/RT, with p being the
atmospheric pressure in Pa, R the ideal gas constant of 8.314 J
mol−1 K−1 and T is the temperature in K.
Results and discussion
Thermoelectrically-driven reactive carbon electrolysis

The reactive carbon electrolyzers used in this study introduce an
aqueous potassium bicarbonate (KHCO3) feedstock solution
into the cathode compartment (Fig. 1). Reactive carbon elec-
trolyzers utilize liquid (bi)carbonate to deliver high concentra-
tions of captured CO2 to the cathode, facilitating efficient
electrochemical reactions with improved CO2 utilization effi-
ciencies29 and reduced sensitivity to impurities.30,31

In the electrolyzer, bicarbonate reacts with protons (H+)
generated by water dissociation at the bipolar membrane
(BPM), as described in eqn (3), to produce CO2 in situ (i-CO2; eqn
(4)). This i-CO2 is subsequently reduced at the cathode to form
carbon monoxide (CO), according to eqn (5). At the anode, the
electrolyzer is supplied with an aqueous KOH solution to
support the oxygen evolution reaction (OER), producing oxygen
gas (O2) as shown in eqn (6). Meanwhile, hydroxide ions (OH−)
generated at the BPM interface are transported through the
BPM to the nickel anode.

Water dissociation: 4H2O(l) / 4H+
(aq) + 4OH−

(aq), E
o = 0.8 V (3)

i-CO2 generation: 4KHCO3(aq) + 4H+
(aq) #

4i-CO2(g) + 4H2O(l) + 4K+
(aq) (4)

i-CO2 reduction: 2i-CO2(g) + 2H2O(l) + 4e− + 4K+
(aq) /

2CO(g) + 4KOH(aq), E
o = −0.11 V (5)

OER: 4K+
(aq) + 4OH(aq)

− /

O2(g) + 2H2O(l) + 4K+
(aq) + 4e−, Eo = 1.23 V (6)
3966 | RSC Sustainability, 2025, 3, 3964–3971
As an initial benchmark, we performed reactive carbon
electrolysis experiments using a potentiostat equipped with an
amp booster. For each experiment, the cathode was supplied
with a 3 M KHCO3 aqueous solution at a ow rate of 100
mL min−1, while the anode was supplied with 1 M KOH at 30
mL min−1 that was continuously recirculated. We observed that
the cell voltage increased from 2.5 V to 3.5 V as the current
density increased from 12 mA cm−2 to 70 mA cm−2 (Fig. 2;
shown in gray). Correspondingly, the concentration of
produced CO increased from 1400 ppm to 13 000 ppm (Fig. 2;
shown in orange). Furthermore, the Faradaic efficiency for CO
formation (FECO) was highest at an applied current density of
approximately 30 mA cm−2 (82%) but decreased sharply at both
higher and lower current densities (ESI Fig. S4† shown in
orange). The formation of H2 accounted for the balance of
gaseous products when FECO was <100%.

The surface morphology of the Ag catalyst surface before and
aer i-CO2 reduction was monitored using a scanning electron
microscope (ESI Fig. S5†). The lack of major morphological
changes demonstrated the robustness of the catalytic material.
Simulation of thermoelectric reactive carbon electrolysis near
geothermal plants

We next sought to integrate the TEG with our reactive carbon
electrolyzer (Fig. 1). A standard reactive carbon electrolyzer
requires a thermodynamic voltage of approximately 2.1 V to
drive the i-CO2 reduction reaction at the cathode, OER at the
anode, and water splitting at the BPM.32 We found that three
commercially available thermoelectric generators (ESI Fig. S2†)
connected in series (TEG) can produce voltages exceeding 2.1 V
with a temperature difference (DT) of only 45 °C (Fig. 3).
Furthermore, higher voltages and current densities can be
achieved at higher DT values. To integrate the TEG into our
reactive carbon electrolyzer, the positive terminal was con-
nected to the anode, and the negative terminal to the cathode
(ESI Fig. S3†). Voltage and current were measured in real-time
using a voltmeter and an ammeter, respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Performance of three thermoelectric generators connected in
series (TEG). The open circuit voltage and output current from TEG are
plotted as a function of DT, where DT is the difference in temperature
of the hot and cold plates of the TEG. The estimated Seebeck coef-
ficient for the TEGs used in this study was measured to be 0.067 V K−1

(indicated by the slope of the gray line). ADT of 45 °C is required for the
TEG to reach the minimum thermodynamic voltage of 2.1 V required
to power a bicarbonate electrolyzer that converts i-CO2 into CO
(indicated by the blue dashed line).
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To represent the typical temperatures observed at
geothermal plants,33 we varied Thot from 80–200 °C, while Tcold
was varied from 0–25 °C. The values of Thot and Tcold were
controlled and recorded in a similar manner as performed in
a previous study where thermoelectric gas-fed electrolysis was
performed.27 As a result, a large range of DT (Thot − Tcold) values
were investigated (80–180 °C). Once DT reached a steady state
(i.e., temperature remained constant within ±1 °C),
thermoelectrically-driven electrolysis of the reactive carbon
solution was performed for 10 minutes, followed by the
measurement of gaseous product concentrations by gas chro-
matography. To avoid affecting the performance of the elec-
trolyzer by introducing heat into the system, we positioned the
hot plate at least 15 cm away from it.

When operating our reactive carbon electrolyzer by thermo-
electric power, we found that as DT was increased from 80 °C to
180 °C, the cell voltage increased from 2.3 V to 3.3 V, and the
current density increased from 12 mA cm−2 to 70 mA cm−2

(Fig. 4a). The higher cell voltage at higher DT values follows the
Seebeck equation, represented by eqn (1).12 As a result, the
concentration of i-CO2 in the cathode chamber increased from
10 000 ppm to 30 000 ppm with a corresponding increase of CO
from 2000 ppm to 15 000 ppm (Fig. 4b). The higher yield at
higher DT values is a result of the increase in current density.
These observations are indicative that the voltage generated
from the TEGs can drive water dissociation at the BPM, gener-
ating protons that can react with HCO3

− to form i-CO2,
according to eqn (4).

To gain an understanding of the efficiency of our thermo-
electrically powered reactive carbon electrolyzer, we determined
values for the Faradaic efficiency of CO formation (FECO) and
CO2 utilization efficiency (eqn (7)):
© 2025 The Author(s). Published by the Royal Society of Chemistry
CO2 utilization efficiencyð%Þ ¼ ½CO�
½CO2� þ ½CO� � 100; (7)

where [CO] is the concentration of CO produced during elec-
trolysis and [CO2] is the concentration of unreacted CO2 from
the reactor as measured by gas chromatography. We found that
the CO2 utilization efficiency increased from 12% at DT = 82 °C
to 63% at DT = 155 °C (Fig. 4c). However, further increasing DT
to approximately 180 °C decreases the CO2 utilization efficiency
to approximately 50%, likely due to mass transport limitations
that can occur with increasing current.34 Similarly, we deter-
mined that the FECO was greater than 50% across a DT range of
80–110 °C, with a maximum FECO of 82% at a DT of 110 °C
(Fig. 4d). Further increases in DT above this range result in
signicant decreases in FECO. We show that the electrolyzer is
durable over 12 hours, as determined by the stable measure-
ments of cell voltage and CO concentration (Fig. 4e).

We then compared the results of our reactive carbon electro-
lyzer when powered by a potentiostat versus thermoelectrically
(ESI Fig. S6†). Across a current density range of 15–70 mA cm−2,
the cell voltages for both cases were within experimental
uncertainties. Furthermore, these current densities approxi-
mately doubled by using two sets of TEGs connected in
parallel.7
Scaling up a thermoelectrically powered reactive carbon
electrolyzer

We built a proof-of-concept system that connects a TEG to
a reactive carbon electrolyzer with an active surface area of 100
cm2 (10 cm × 10 cm; Fig. 5a, b and S7a ESI†). The cathode was
prepared by automated spray coating of Ag nanoparticles on
a 10 cm × 10 cm carbon paper (Fig. 5c). All other experimental
parameters were identical to those used in our smaller scale
(4 cm2) system described above.

In terms of performance, we found that the cell voltage,
current density and i-CO2 and CO concentrations in the 100 cm2

electrolyzer, all increased with an increase in DT (Fig. 5d and e),
similar to what was observed for the 4 cm2 electrolyzer.
However, due to the larger surface area of the electrolyzer, the
current density was reduced to 1–5 mA cm−2 (Fig. 5d; shown in
orange) which is almost a factor of 20–25 times smaller than
what was used for the 4 cm2 electrolyzer. This decrease in the
current density resulted in lower concentrations of CO (∼100
times smaller than the 4 cm2 electrolyzer) generated at the
cathode (Fig. 5e; shown in orange). As a result, the total i-CO2

concentration was affected by this smaller current density range
observed in the 100 cm2 electrolyzer (ESI Fig. S7b†). The current
density-normalized i-CO2 concentration increased from
429 ppm mA−1 cm−2 to 4000 ppm mA−1 cm−2 when the elec-
trolyzer was scaled from 4 cm2 to 100 cm2. This is likely due to
the voltage applied, which was beyond the potential needed to
drive water dissociation at BPM to provide sufficient protons.
These protons must react with HCO3

− ions to generate i-CO2,
according to eqn (4). We also determined that the concentration
of CO nearly doubles when two TEGs are connected in parallel
(Fig. 5f) due to the current density doubling in this
RSC Sustainability, 2025, 3, 3964–3971 | 3967
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Fig. 4 Reactive carbon electrolysis driven by a TEG. (a) The dependence of cell voltage and current density with respect to the temperature
difference employed (DT, which is equal to Thot− Tcold). The Thot was controlled by placing one face of the TEG in contact with a hotplate, and the
Tcold was controlled with an ice-water bath placed in contact with the opposite face of the TEG. (b) The concentration of the i-CO2 and CO
(denoted as [i-CO2] and [CO]) exiting from the cathode compartment as a function of DT. (c) CO2 utilization values with respect to DT. (d) FECO
values with DT. (e) A 12-hour stability experiment showing the variation [CO] and cell voltage DT of 150 °C with time (where Thot was 165 °C and
Tcold was 15 °C). The reactive carbon solution was replaced every 90 min, to maintain a stable pH of 8.2. The error bars represent the standard
error from n = 3 independent experiments.
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conguration.27 We postulate that it may be possible to further
increase the product concentration by connecting more TEGs in
parallel.
Simulating thermoelectric reactive carbon electrolysis on
Mars

The positive results we observed with our TEG-powered reactive
carbon electrolyzer on a small (4 cm2) and large (100 cm2) scale
3968 | RSC Sustainability, 2025, 3, 3964–3971
prompted us to explore other potential applications for this
technology. One such scenario is supporting human settlement
on Mars. The Martian atmosphere consists primarily of CO2

(>95%), and diurnal temperatures vary widely, ranging from
−20 to −120 °C.35 A biodome on Mars inhabited by humans
could provide a Thot of 25–30 °C, resulting in a DT range of 40–
140 °C for thermoelectric generator operation. Another possible
scenario is performing reactive carbon electrolysis during travel
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reactive carbon electrolysis driven by a TEG on a 100 cm2 electrolyzer. (a) Experimental setup for thermoelectric driven electrolysis for
a 10 cm × 10 cm electrolyzer. (b) The top view of the exposed area of the anode plate of the reactive carbon electrolyzer, showing the Ni foam.
(c) An automated spray coater prepares a silver GDE on a 10 cm × 10 cm carbon paper. (d) The variation of cell voltage and current density with
the temperature difference employed (DT which is equal to Thot − Tcold). The Thot was controlled by placing one face of the TEG in contact with
a hotplate, and the Tcold was controlled with an ice-water bath placed in contact with the opposite face of the TEG. (e) The variation of the
concentration of i-CO2 and CO with respect to DT. (f) The improvement in CO performance metric at two DT values when two TEGs are
connected in parallel. At DT of 150 °C, Thot was 165 °C and Tcold was 15 °C. For DT of 180 °C, Thot was 200 °C and Tcold was 25 °C. The error bars
represent the standard error from n = 3 independent experiments.
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to Mars. Thermoelectric generators could be installed on the
spacecra, using lightweight radiation sources (commonly
employed by NASA)36 to generate temperatures up to 200 °C,
with DT values reaching 250–300 °C.

To test the rst scenario, representing human settlement on
Mars, we conducted reactive carbon electrolysis with a 4 cm2

electrolyzer under conditions that simulate the Martian envi-
ronment. A Tcold of approximately −75 °C (average diurnal
Fig. 6 Simulation of thermoelectrically powered reactive carbon electrol
Thot was controlled by placing one face of the TEG in contact with a hotp
contact with the opposite face of the TEG. The [CO] was recorded after D
for 10 minutes. The table presents two possible scenarios to achieve thos
Scenario 2 represents travel to Mars. The error bars represent the standa

© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature on Mars) was achieved by placing the cold face of
the TEG in contact with an aluminum chamber containing
a cryogenic ice bath made of dry ice and ethanol. Thot was
maintained at 25 °C by placing the TEG on a hotplate, while the
electrolyzer itself was held at room temperature (20 °C). At a DT
of 100 °C, the concentration of CO generated was approximately
535 ± 156 ppm (Fig. 6).
yzer on Mars. The plot shows the variation of [CO] at twoDT values. The
late, and the Tcold was controlled with a dry ice-ethanol bath placed in
T reached a steady state and thermoelectric-driven electrolysis was ran
e two DT values. Scenario 1 represents human settlement on Mars and
rd error from n = 3 independent experiments.
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To test the second possible scenario—reactive carbon elec-
trolysis during travel to Mars—we conducted an experiment
under high-temperature differentials, reaching a DT of up to
275 °C, which could be reasonably expected during the journey.
In this setup, the hotplate temperature was set to 200 °C (ach-
ieved from lightweight radiation sources),36 while the cold plate
temperature was kept at −75 °C (Martian average). We observed
that the CO concentration increased by a factor of 34 compared
to the lower DT of 100 °C (Fig. 6). This increase was likely due to
the higher current density (∼100 mA cm−2), which is compa-
rable to commercially available electrolyzer systems.

While using a gaseous CO2 feedstock on Mars offers distinct
advantages, trace amounts of O2 (∼0.2%) and other impurities
are present in the Martian atmosphere.37 A reactive carbon
electrolyzer is more resistant to impurities,30,31 making it a more
suitable solution for the electrochemical production of valuable
chemicals on Mars.
Conclusions & recommendations

The integration of thermoelectric technology with reactive
carbon electrolysis represents a new approach with several key
advantages. First, it enhances CO2 utilization efficiency by
harnessing low-grade heat sources to offset energy demands.
Second, this method supports global efforts to tap into renew-
able energy, providing a decentralized and robust energy solu-
tion that can be deployed in diverse settings, from industrial
environments to remote locations with abundant geothermal
resources. This study aimed to advance the landscape of carbon
capture and utilization technologies by combining thermo-
electric and electrochemical innovations, addressing the twin
challenges of energy sustainability and carbon emission
reduction.
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