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A B S T R A C T   

The objective of this study is the preliminary investigation of the feasibility of using a low-temperature molten 
hydroxide direct carbon fuel cell as an additional energy source for steel production by electric arc furnace. For 
this purpose, four carbonaceous materials related to the steel industry (electrographite, coke, torrefied biochar 
and hydrochar) were selected and characterized to predict their electrical behavior before their actual intro
duction as fuels. Special attention was paid to both the morphological effect (bulk/pellet or powder) and the 
chemical composition of the fuels on the electrical performance of the cell. Electrical measurements showed the 
positive influence of powder morphology, with coke powder having the highest peak power density value (49.6 
mW/cm2). Electrographite was found to be useable only as a powder (18.7 mW/cm2), as the high chemical 
stability of the bulk morphology, provided by the smooth surface and the pitch used as a binder, acted as in
hibitors of the carbon oxidation reaction. Although biochar appeared superior to hydrochar when inserted as 
powder (23.5 vs. 18.2 mW/cm2), the latter showed promising results also inserted as pellet. the latter also 
showed promising results when inserted as a pellet. Specifically, once inserted within the molten hydrochar, the 
binder used to produce the hydrochar is removed changing the morphology from pellet to sandy/powdery, 
negating the penalizing effect of the lower surface to volume of bulk morphology (15.8 vs. 18.2 mW/cm2) and 
offering the advantage of avoiding the milling process and related fine particulate production from an industrial 
point of view.   

1. Introduction 

Despite its vital importance in several industrial sectors, steelmaking 
is actually considered as an hard-to-abate industry, being responsible for 
7% of the world total CO2 emission and about 8% of global energy de
mand [1–3]. Replacement of fossil carbon feedstocks, substantial mod
ifications and upgrades of existing processes and the introduction of 
Carbon Capture and Storage (CCS) technologies into current production 
processes are the three most discussed pathways for the emissions 
mitigation [4–8]. In addition to these, steel production through scrap 
recycling and melting inside the electric arc furnace (EAF) is expected to 
steadily increase in the coming decades, at the expense of the currently 
more widespread integrated cycle based on hot metal production from 
iron ore inside the blast furnace (BF), mainly due to the lower direct CO2 
emission of the former (102 kgCO2/tSTEEL vs. 103 kgCO2/tSTEEL) [6,9,10]. 
Furthermore, several efforts and studies have been conducted over the 
past decade, both on a laboratory and industrial scale, to investigate the 
actual feasibility of biomass derived carbonaceous material as a 

substitute for fossil carbon sources, Table 1 reports some of the possi
bilities investigated, focusing on biochar and hydrochar as material 
used. 

However, to fully understand the sustainability of the scrap recycling 
route, it is also necessary to consider the specific electrical requirements, 
which are currently five times higher than those of the integrated cycle, 
thus representing the most burdensome indirect emission factor [6]. As a 
matter of fact, countries still relying on coal-fired power generation 
would benefit from only a slight decrease in overall emissions (e.g., 
14.7% at most in the Australian scenario) even in the case of a complete 
substitution of fossil carbon sources with biomass as reductants in the 
EAF [4,22,23]. At the same time, if the same scenario is applied to the 
EU-27, the potential reduction in emissions would rise to 29% due to the 
increase in the share of electricity generation from renewable sources, 
which is about 27% in 2019 and 37% if also nuclear energy is accounted 
[24,25]. 

Taking inspiration from the energy and cement sectors, the appli
cation of Molten Carbonate Fuel Cells (MCFCs) as an additional energy 
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source is also highly appealing for the steelmaking sector, since it would 
help to mitigate indirect emissions [26–29]. However, since MCFCs are 
able to act as CO2 concentrating and capturing devices while still 
generating additional power, their application would be more effective 
and appropriate for the integrated cycle than for an electric mill due to 
the higher amount of emissions of the former [26–29]. 

Therefore, it is necessary to understand which of the various types of 
fuel cells is the most synergistic in the context of scrap recycling. 
Considering the fuel type and temperature requirements, Direct Carbon 
Fuel Cells (DCFCs) appear to be one of the most promising candidates. 
These type of fuel cells are based on the direct conversion of chemical 
energy contained in carbon, which is introduced as a solid fuel, into 
electricity without the need for gasification (overall reactions high
lighted in Eqs. (1) and (2)) at an operating temperature in the range of 
600–900 ◦C [30,31]. 

O2(air)+ 4e− = 2O2− (1)  

C+ 2O2− = CO2 + 4e− (2) 

Moreover, because fuel theoretical utilization is close to unity and, 
unlike other types of fuel cells, the theoretical thermodynamic efficiency 
is independent of temperature, it is possible to work at lower tempera
ture, than 600 ◦C if appropriate electrolytes are used (e.g., molten hy
droxides), without any significant disadvantage [30,32,33]. Finally, 
considering the system-based losses, a theoretical stack efficiency of 
0.8–0.85 or even higher is expected, which is almost twice as much as a 
conventional coal-fired plant, with the main advantage of a pure CO2 
outflow which can be easily captured by CCS for downstream use or 
disposal, avoiding the need for additional costly gas separation and 
purification technologies [30,34]. 

Since two of the parameters governing cell performance are fuel 
quality (C content/inorganic matter) and surface-to-volume ratio (S/V), 
most of the carbon bearing materials already in the scrap recycling cycle 
are more than suitable without the need for specific pretreatment. 

A first case would be the valorization of electrographite furnace 
electrodes, which have broken during installation or service life (e.g., 
due to improper material charging or arc length) as they are charac
terized by low electrical resistance, high graphitization and conse
quently purity. However, the use of this carbon source is highly 
dependent on its economic value, which can be subject to several fluc
tuations, as in recent years [35]. 

Therefore, the benefits of its introduction as an energy source within 
a DCFC should be weighed against the amount of energy and emission 
savings that can be achieved, especially compared to other candidate 
carbon materials (e.g., coke, coal, and biomass) already present in the 
steel industry. At present, coke and anthracite coal are mainly used in 
EAFs for the slag foaming practice and inserted in the process as powder 
by means of pneumatic injection [4]. On the other hand, since the 
process is highly dependent on both the technological parameters and 
the physical properties of the powders themselves, the introduction of 
carbonaceous materials with high volatile matter, such as biomass or 
plastic wastes, is limited unless specific pretreatment or blending with 
coke is carried out [36–38]. Consequently, it is difficult to determine a 
specific lower threshold of particle size that will lead to operational 
problems for the steel production. However, considering the values used 
for numerical simulations of the process in the literature, it is possible to 
define indicative diameters ranging from hundreds of μm to mm, 

depending mainly on the type of carbon source introduced [36–40]. 
Indeed, in the case of incorrect parameters or too low particle size, 

some of the injected powder may leak into the upper region of the EAF 
and be sucked out of the fourth hole, then collected in bag filters placed 
in the off-gas treatment section, or consumed in post-combustion, and 
thus leading to a worse utilization of the available carbon in the furnace 
and consequently an increase in production costs and wasted feedstock 
[41,42]. Finally, in the worst-case scenario, these powders could also be 
dispersed into the mill environment or nearby areas, enhancing the risk 
of occurrence of human health diseases related to poor air quality 
[43–45]. In contrast, the introduction of powders, with a granulometry 
higher than hundreds of μm, as fuels for DCFCs could easily avoid these 
issues and improve cell performance by exploiting their high S/V ratio. 
In addition, the carbon footprint would be discounted if the carbona
ceous materials were originated from biogenic sources, as in the case of 
biomass [46–50]. It is interesting to note that, in Italy alone, the pro
duction of organic waste has had an average annual increase of 5.6% 
over the past decade, reaching a total value of 7.2 Mton in 2021, of 
which approximately two thirds is disposed in landfills or burned [51]. 
On the other hand, it would be possible to valorize them through 
appropriate carbonization processes which would allow their introduc
tion not only into the steelmaking processes, as substitutes for fossil 
carbon, but also as fuels in a DCFC. Therefore, assuming to carry out on 
the wet fraction a hydrothermal carbonization process and a slow py
rolysis process on the solid part, with a conservative yield of 0.4 and 0.3, 
respectively, it would be possible to achieve a potential production of 
1.96 Mton of hydrochar and 0.7 Mton of biochar [52–54]. 

Finally, even though steelmaking processes operate at some of the 
highest temperatures among all industrial processes, only a small 
portion of the associated waste heat available (e.g., charge melting, slag 
cooling, flue gases) is exploited at industrial scale [55–58]. Indeed, as 
stated by Zhang et al. [59], the current waste heat recovery rate of the 
steel industry is only at 17%, whereas in China the value reaches 26% 
according to Yue et al. [60]. Consequently, several studies and industrial 
trials have tried to exploit this energy source, focusing mainly (i.e., by 
means of organic Rankine cycle systems) [61,62]. Furthermore, Sal
imbeni et al. [63] investigated the feasibility of using the thermal energy 
available in EAF flue gas on a pilot plant scale to heat a slow pyrolysis 
furnace operating at a temperature of 550 ◦C to produce wood charcoal, 
as a substitute for coal, further emphasizing the key current and future 
role that biochar and alternative waste-to-power technologies will play 
in the steel industry. Consequently, given the wide availability of such 
energy sources, it is more than reasonable to exploit them to provide the 
total or partial heat needed to melt the fuel cell electrolyte, further 
increasing the efficiency of the process and possible power generation. 

In particular, using an eutectic mixture of hydroxides (e.g., NaOH 
and KOH), it would be possible to operate at relatively low temperature 
(450–700 ◦C) while maintaining acceptable ionic conductivity [32,64]. 

In this work, four carbonaceous materials related to the steel in
dustry were used as fuels for a MH-DCFC to assess the feasibility of its 
use as an additional energy source for the steel production by EAF, 
thereby reducing the indirect emissions associated with the use of fossil 
carbon based energy sources. Each material was first characterized 
through thermal and mineralogical analyses. On one hand, electrical 
analyses focused on comparing the performance achieved by each fuel, 
and on the other hand, on the influence of fuel morphology (bulk/ 
pelletized and powdered) and chemical composition. 

2. Material and methods 

2.1. Materials 

The carbonaceous materials used as fuels were chosen by taking into 
account their current or future presence in steelmaking processes: 1) 
electrographite (GR) obtained from the residue of an EAF electrode 
broken during installation, 2) coke (CO), which is the feedstock with the 

Table 1 
Examples of biochar and hydrochar main usages in the steel production cycle.  

Main usage Carbonaceous materials used and sources 

Coal substitution Biochar [11–14], Hydrochar [11,12] 
Carburizing agent in EAF Biochar [15,16], Hydrochar [16] 
Foaming agent in EAF Biochar [17], Hydrochar [16] 
Injection in blast furnace Biochar [18], Hydrochar [18–21]  
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greatest environmental impact used in the steelmaking processes, 3) 
pelletized biochar (BC) obtained from the torrefaction process of wood 
chips and 4) pelletized hydrochar (HC) produced by hydrothermal 
carbonization of sewage sludge. 

2.2. Materials characterization 

Thermogravimetric and Differential Scanning Calorimeter (TG-DSC) 
was used to perform the proximate analysis characterization on the four 
carbonaceous materials, based on a modified version of the ASTM 
D1762-84 standard [65]. Approximately 10 mg of each sample was 
subjected to heating from room temperature to 1000 ◦C under nitrogen 
gas flow (heating rate: 10 ◦C/min), held for 10 min and then cooled from 
1000 to 300 ◦C (cooling rate: 10 ◦C/min) to quantify the amount of 
moisture (M) and volatile matter (VM). Then, the atmosphere was 
switched to air and the sample was subjected to a second heating to 
1000 ◦C (heating rate: 10 ◦C/min) to allow the oxidation reaction to take 
place, the remaining mass residue was considered as ash (A). The per
centage of fixed carbon (FC) was determined by the following mass 
balance: 

FC= 100 –(M +VM +A)

The mineralogical evolution during heating and operation in the fuel 
cell and the chemical composition of the fuels ash was evaluated by 
heating each material in an oxidizing environment using a muffle 
furnace at four different temperatures (105, 450 and 750 ◦C, heating 
rate 50 ◦C/min and 1 h holding time). Phase determination was carried 
out by X-Ray Diffraction (XRD) (scattering angle from 5◦ to 80◦, step of 
0.02◦, scan speed 1◦/min at 40 kV, 40 mA using Cu-Kα radiations) after 
samples pulverization below 100 μm to decrease the effect of the ma
terial texture. The crystallinity degree was calculated for each sample as 
the ratio of the area of the crystalline phases peaks to that of the total 
XRD spectrum. 

2.3. MH-DCFC cell design 

A laboratory-scale Molten Hydroxide DCFC (MH-DCFC) cell was 
developed to carry out the electrical analysis on each sample (Fig. 1). To 
ensure sufficient corrosion resistance over time against the hydroxide 
mixture, the crucible, which served as the electrolyte container and 
cathode, was made of INCONEL 625 (inner diameter: 85 mm, height: 
135 mm) [66,67]. 

The fuel was enclosed in an AISI 304 mesh properly folded to achieve 
a geometry similar to that of a tea bag (total exchange area: 2 mm2), 

which served as the anode, and inserted through the crucible lid by 
means of an AISI 316L wire. As well as the crucible material selection, 
the choice to use a stainless steel was based on its corrosion resistance in 
an alkaline environment [68,69]. 

Finally, to insufflate the air required for the carbon oxidation, a 
straight tube made of INCONEL 625 (inner diameter: 8 mm) was used 
and inserted directly through the crucible lid; an airflow breaker system 
was inserted at the end of the tube to promote a proper air distribution 
within the electrolyte. The anode and cathode were electrically insu
lated through a ceramic cork. 

The fuel cell was heated by a ceramic band heater and thermally 
insulated by ceramic wool; for safety and handling reasons, the whole 
system was placed inside a steel container and the two systems were 
electrically insulated. The electrolyte applied was a eutectic mixture of 
NaOH and KOH, as it has been observed to provide superior perfor
mance compared with other hydroxide mixtures (e.g., NaOH-LiOH and 
NaOH-KOH-LiOH), especially when biochar is used as a fuel, and to 
reduce it as much as possible (450 ◦C) [70]. Prior to the anode immer
sion into the molten electrolyte, air was blown into the molten elec
trolyte at a rate of 0.10 NL/min for 1 h to saturate the environment with 
oxygen, and then increased at 0.25 NL/min during the electrical 
measurements. 

2.4. Electrochemical measurements 

Electrical analyses were conducted on the four carbonaceous mate
rials in two different morphologies: bulk granule/pelletized (C) and 
powder (P), the latter obtained after grinding to a granulometry ranging 
from 0.125 to 0.5 mm. Specifically, since sample G was too large to fit 
inside the laboratory DCFC, in the bulk morphology, its size was reduced 
to obtain a lump of prismatic geometry, while the remaining three 
samples were placed inside the steel mesh container in the condition as 
received (samples BC and HC as pellets, sample CO as a small lump). In 
contrast, the fuel in the powder morphology did not show any problems 
concerning its insertion inside the steel mesh container or the dispersion 
of the fine powders during the handling of the anode itself, due to the 
smaller opening of the mesh sieves with respect to the selected particle 
size. 

To evaluate the influence of materials on fuel cell performance, Open 
Cell Voltage (OCV), Linear Scan Voltammetry (LSV) and galvanostatic 
analyses were performed by means of an AMEL potentiostat/galvanostat 
mod.2553 operated with Vpeak 2018 proprietary software. A two- 
electrode configuration was used for all electrical measurements. 

The crucible served as working electrode (WE) and the fuel, placed 
inside the tea bag container, as counter electrode (CE). The OCVs were 
monitored for 90 min at the operating temperature of 450 ◦C prior to 
each test. Polarization began from the OCV value down to 10% of it with 
a potential scan rate of 0.5 mV/s at 450 ◦C. Two galvanostatic mea
surements were made by imposing firstly a current value equal to that 
corresponding to the maximum power density for 5 min and then at an 
imposed current equal to 100 mA. 

Finally, to understand whether there was any modification of the 
steel mesh used as the fuel container during cell operation, which could 
lead to improper contact between the fuel, air, and electrolyte due to the 
generation of corrosion products that could close the mesh openings, it 
was characterized morphologically and chemically by SEM and XRD 
analysis at the end of each test. 

3. Results and discussion 

3.1. Materials characterization 

The thermogravimetric and proximate analyses of the four materials 
are given in Table 2 and Fig. 2. TG-DSC analysis showed similar be
haviors of the GR and CO samples, which were characterized by high 
stability and negligible mass loss in the first phase of heating (inert Fig. 1. Molten hydroxide direct carbon fuel cell design.  
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environment), reflected in low moisture and volatiles (Table 1). In 
contrast, the BC and HC samples underwent significant mass reduction 
during the inert atmosphere stage, associated with the loss of volatile 
matter, with the HC sample consisting of more than 60% of it. It is 
possible to attribute the high amount of volatiles in the samples to the 
low pyrolysis temperature used in both the torrefaction and hydro
thermal carbonization processes, since the amount of volatiles is highly 
dependent on the starting material, pyrolysis process and operating 
conditions (temperature, heating rate, residence time) [34,71]. 

The role and effect of volatile matter on the electrical performance of 
a DCFC is still debated in the literature. As a rule of thumb, it can be 
assumed that most of the volatile matter is composed of oxygen func
tional groups (e.g., -CO, -OH groups) or hydrocarbons, which contribute 
positively to the electrochemical processes that occur during cell oper
ation, as they lower the overall resistance and improve electron flow 
[72,73]. 

In addition, a high amount of volatile matter can be advantageous for 
reaction kinetics, as on the one hand, it increases structure disorder 
(directly related to material reactivity), and on the other hand, it creates 
new surfaces within the bulk of the material (leading to a higher S/V 
ratio and gas diffusion) [74,75]. However, it has also been experienced 
that excessive volatiles can lead to the opposite effect on cell perfor
mance by hindering proper fuel oxidation [76]. This behavior could be 
due to the chemical nature of the volatile compounds, which depends on 
that of the starting pyrolyzed biomass, as it is possible that some of the 
elements in them could poison the cell materials, particularly the anode 
if constructed of Ni or Cu, hindering the overall electrical performance 
[34]. Therefore, it is necessary to chemically characterize each 

carbonaceous material in depth to understand its suitability as a fuel. 
During the second heating ramp performed in air, each sample 

showed the typical peak associated with carbon combustion (Fig. 2). 
From the evaluation of its extent and the corresponding mass loss, it is 
possible to assess the amount of fixed carbon and to evaluate the ease of 
oxidation of the material, which is essential for the proper functioning of 
the cell. 

In general, combustion occurred in the 500–760 ◦C temperature 
range, with the GR sample having the highest mass loss, followed by CO, 
BC, and HC, respectively (Table 2). On the other hand, the CO and BC 
samples initiate the combustion reaction at 460 ◦C, with the latter being 
characterized by peak splitting, higher combustion energy and associ
ated mass loss, which could be advantageous for its application in a 
DCFC, as the higher reactivity implies a higher electrochemical reaction 
rate [77–79]. Finally, the combustion peak and mass loss of the HC 
sample appear negligible as a result of the high amount of volatile 
matter. In contrast, the HC sample was characterized by the highest 
amount of ash (28 %wt.), while the amount of ash in the remaining three 
samples fell within a range of 4 %wt. to 9 %wt. (Table 2). 

Similar to volatile matter, total carbon and ash can affect cell per
formance. In particular, it is readily apparent that a high amount of 
carbon is necessary to achieve desirable efficiencies, however, too high 
percentages (>90% %wt.) can hinder light gas generation, lowering the 
kinetics of electrochemical reactions [49,77]. 

Instead, although a high amount of ash is not suggested, the com
pounds in them can act as both inhibitors and catalysts for the electro
chemical oxidation of carbon, and therefore their presence and 
percentage must be evaluated on a case-by-case basis (e.g., SiO2 and 
Al2O3 are considered inhibitors, whereas K2O, CaO, MgO and Fe2O3 
catalyzers) [49,80,81]. 

The evolution of mineralogical composition and crystallinity of fuels 
after heating in an oxidizing environment was studied by XRD analysis 
(Fig. 3). 

The GR sample (Fig. 3a) showed no change after heating and a de
gree of crystallinity always 100%, with only one peak present associated 
with graphite (C, 26◦). In addition to the graphite peak, the CO spectra 
(Fig. 3b) were characterized by the presence of quartz (SiO2, 20.85◦ and 
26.62◦) and alumina (Al2O3, 12.50◦ and 34.55◦), which can act as in
hibitors during the cell operation due to the formation of an insulating 

Table 2 
Proximate analysis of the materials used as fuel (GR: electrographite, CO: coke, 
BC: biochar, HC: hydrochar).   

Moisture [% 
wt.] 

Volatile Matter [% 
wt.] 

Fixed Carbon [% 
wt.] 

Ash [% 
wt.] 

GR 0.05 6.25 89.30 4.40 
CO 1.00 5.20 85.20 8.60 
BC 5.60 38.80 49.30 6.30 
HC 4.50 66.80 0.66 28.04  

Fig. 2. TG-DSC curves used for the proximate analysis evaluation of the materials used as fuel (a) electrographite, (b) coke, (c) biochar and (d) hydrochar.  
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film on the surface of the fuel that prevents its oxidation, while the 
remaining low intensity peaks were associated with the presence of illite 
(Al4KO12Si2, 19.67◦) [34,49]. The degree of crystallinity increased 
slightly from 80% to 88% (Fig. 3b CO-105 vs. CO-750) due to the 
removal of small impurities present as amorphous phases. 

The BC spectra (Fig. 3c) changed their appearance after each heat
ing, with a significant amount of amorphous carbon evidenced by the 
broad peak ranging from 15◦ to 30◦ in both BC-105 and BC-450 samples, 
and with only one crystalline phase associated with periclase (MgO, 
37.88◦, 44.02◦ and 64.01◦). In addition, lime (CaO), calcite, quartz, and 
hematite (Fe2O3) were the main phases observed after carbon combus
tion (BC-750). Consequently, it can be said that the chemical composi
tion of BC ash seems optimal for its introduction as a fuel in DCFC. 
Indeed, during the fuel cell operation, on the one hand, hematite should 
act as a catalyst and, on the other hand, lime could reduce capture part 
of the emitted CO2 as a consequence of its carbonation reaction (Eq. (3)). 
Finally, the degree of crystallinity increased abruptly from almost zero 
to 77% at 750 ◦C. 

CaO + CO2 =CaCO3 (3) 

Due to the lower temperature of the hydrothermal carbonization 
compared to the torrefaction process, the HC-105 spectrum (Fig. 3d) 
highlighted the presence of small residues of cellulose compounds, 
which completely disappear at the higher temperature due to exhaustion 
of their decomposition. The remaining main compounds observed in the 
HC-105 spectrum were quartz, calcite (CaCO3), illite, wuestite (FeO), 
dolomite ((Ca,Mg)CO3) and hydroxyapatite (Ca5(PO4)3OH), the latter 
present in low percentages. Upon heating, the main identified phases 
remained stable, with just some modification of the peak intensities 
(Fig. 3d HC-105 vs. HC-450), whereas at to 750 ◦C, the oxidation of 
wuestite to hematite was observed together with the partial decompo
sition of dolomite into periclase and lime (Fig. 3d HC-450 vs. HC-750) 
[82–84]. 

Spectral analysis showed that a higher degree of crystallinity was 
obtained than in the BC sample, with an initial crystallinity of 70%, 
increasing to 90% at 750 ◦C. 

According to the Rietvield analysis performed on the HC-750 spec
trum, the HC ashes were composed for about 22 %wt. of the catalytic 
phases versus 7.2 %wt. of the inhibiting phases, which could positively 
influence the electrical performance during cell operation, despite the 
lower value of fixed carbon compared with the BC sample. 

3.2. DCFC electrical performance 

3.2.1. Open cell voltage 
The OCV behavior was monitored continuously for 90 min, the CO 

powder sample is shown in Fig. 4 for discussion of typical OCV 
evolution. 

Each fuel provided a similar trend, describable as inverse logarith
mic, with an increase in the starting voltage as soon as the anode is 
inserted into the molten electrolyte due to the oxygen already present in 
it. Once the oxygen flux is increased from 0.10 to 0.25 NL/min, a small 
peak is observed, consistent with the expected effect of rising oxygen 
concentration from the Nernst equations [32]. 

Finally, after the increase in oxygen flow, the OCV continues to in
crease with some small fluctuation, probably due to increased turbu
lence within the electrolyte, until it reaches a stable value after about 90 
min due to the stabilization of both temperature and oxygen partial 
pressure. The stabilized values after an additional 30 min are shown in 
Table 3. 

The values obtained are consistent with those expected from other 
works utilizing different type of DCFCs, working temperatures, or ma
terials, and in general all powder samples showed higher OCVs than 

Fig. 3. XRD spectra of the materials used as fuel (a) GR: electrographite, (b) CO: coke, (c) BC: biochar and (d) HC: hydrochar.  

Fig. 4. Typical open cell voltage curve observed (straight vertical: change from 
10 NL/min to 25 NL/min of oxygen flow). 
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bulk samples due to higher S/V, especially the OCV of the GR-P sample is 
almost three times higher than that of GR-C [32,50,70,85–88]. 

The lower value obtained from the bulk sample may be due to the 
high chemical stability and smoothness of the electrographite surface. In 
addition, an important role could be due to the presence of complex 
mixture of aromatic or heterocyclic hydrocarbons contained in pitch, 
which is used as a binder in the production of electrodes for the electric 
arc furnace [89]. The presence of heteroatoms is more conducive to 
improving the capacitive property of the material than the electrical 
conductivity [90]. 

Sample BC also benefited from the higher S/V ratio provided by the 
powder morphology, increasing its OCV from 475 mV to 850 mV. On the 
other hand, the CO and HC samples experienced only a slight increase in 
OCV when they were inserted as powders, with the HC-P that achieved 
the highest voltage (980 mV). The little effect of morphology on these 
two samples could be advantageous for their use at the industrial scale, 
as the milling and sieving steps would not be necessary, thus avoiding 
the generation and dispersion of particulate matter into the environ
ment, which can be a problem from a human health perspective 
[91–93]. 

3.2.2. Linear Scan Voltammetry 
Fig. 5 shows the voltage vs. current density (V-i) and power vs. 

current density (P-i) curves at 450 ◦C obtained from the LSV tests, 
whereas the main electrical parameters (Ilim: limiting current density, R: 
system resistance, Pmax: peak power density and Ipmax: current density at 
peak power) are summarized in (Table 4). Similar to what observed for 
the OCVs, the electrical values associated to the LSV test and, in 
particular, the peak power densities are comparable or slightly lower 
than the ones reported in other studies; however, it is possible to attri
bute the lower performance to the lower working temperature, fuels and 

the wide range of optimization of the cell design used in this work [32, 
50,70,85–87,94–97]. 

Although, in general, most of the V-i curves can be assumed to be 
linear, meaning that the polarization occurs in ohmic resistance control 
with the slope of the curve equal to the internal resistance of the system, 
the GR-C and BC-P samples (Fig. 5a,e) were characterized by different 
behavior. Specifically, the former was characterized by a significant 
instantaneous voltage drop due to the presence of activation losses, 
while the latter was characterized by the occurrence of mass transfer. 
Since activation losses are strongly correlated with the electrochemical 
reaction occurring on the fuel surface, it is possible to assume that the 
presence of pitch and the smoothness of the GR-C sample surface acted 
as an inhibitor, increasing the energy barrier required to initiate the 
carbon oxidation reaction [98]. To overcome this issue, it would be 
possible to modify the surface morphology by increasing its roughness, 
and consequently the S/V ratio, through machining or increase in the 
working temperature of the cell, since the activation energy is inversely 
proportional to it. Indeed, the GR-P sample was characterized by a po
larization curve under ohmic resistance control and a peak power 
comparable to (or even larger than) other DCFC operating at higher 
temperature and with pure graphite [86,99,100]. 

Even though the peak power density of the CO-C sample was com
parable with that of the BC-C and HC-C (~15 mW/cm2), the powder 
morphology obtained surprisingly higher results if compared to the 

Table 3 
Open cell voltage values of the fuels (GR: electrographite, CO: coke, BC: biochar, 
HC: hydrochar, C: bulk/pelletized morphology, P: powder morphology).   

GR CO BC HC 

C P C P C P C P 

OCV [mV] 260 705 780 880 475 850 950 980  

Fig. 5. Voltage vs. current density (V-i) and power vs. current density (P-i) polarization curves of the fuels ((a,b) GR: electrographite, (c,d) CO: coke, (e,f) BC: 
biochar, (g,h) HC: hydrochar, C: bulk/pelletized morphology, P: powder morphology). 

Table 4 
Electrical performance of the fuel cell (Ilim: limiting current density, R: system 
resistance, Pmax: peak power density, Ipmax: current density at peak power, GR: 
electrographite, CO: coke, BC: biochar, HC: hydrochar, C: bulk/pelletized 
morphology, P: powder morphology).  

Sample Ilim [mA/cm2] Pmax [mW/cm2] Ipmax [mA/cm2] R [Ωcm2] 

GR C 23 0.9 13 – 
P 90 18.7 50 6.51 

CO C 70 15.4 33 10.79 
P 190 49.6 103 4.49 

BC C 121 14.9 76 3.54 
P 77 23.5 46 7.62 (14.17a) 

HC C 76 15.8 47 12.22 
P 63 18.2 35 14.73  

a Value during the mass flow control. 
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other fuels (49.6 mW/cm2) probably due to its property (chemical 
composition, degree of graphitization and S/V ratio) as previously dis
cussed. Furthermore, the resistance of the system decreased from 10.79 
Ωcm2 to 4.49 Ωcm2 once that the CO was inserted as powder. 

Similarly, the BC-P peak power increased 1.5 times respect to the 
respective bulk morphology sample (23.5 vs. 14.9 mW/cm2) thanks to 
the enhanced reactivity of the fuel given by the higher S/V ratio. 
However, the higher power density should be attributed to the higher 
starting OCV of the BC-P sample, since its V-i curve (Fig. 5e) was char
acterized by a higher slope, respect to the BC-C curve (Fig. 5e), and 
consequently higher resistance (3.54 Ωcm2 vs. 7.62 Ωcm2). However, 
because of the transition from ohmic resistance control to mass flow 
control, at about 60 mA/cm2, the overall resistance almost doubled to 
14.17 Ωcm2, which limited the final value of current density to ~75 mA/ 
cm2. In addition, it can be hypothesized that the change in slope of the 
BC-P sample V-i curve (Fig. 5e) could also be due to the seep of some 
powder between the metal mesh of the anode, which polluted the 
electrolyte by carbonation (Eq. (4)), inhibiting the oxidation reaction 
[32]. 

C+ 6OH– = CO2–
3 + 3H2O + 4e– (4) 

On the other hand, the HC samples were characterized by a peculiar 
behavior with the V-i and P-i curves (Fig. 5g and h) almost perfectly 
overlapping, with peak power densities and resistances of 15.8 and 18.2 
mW/cm2 and 12.22 and 14.73 Ωcm2 for the HC-C and HC-P samples, 
respectively. It is possible to assume that the binder used for agglom
eration disaggregates upon contact with the hot electrolyte, resulting in 
a subsequent change in morphology from bulk/pellet to powder/sand. 
Contrary to BC-P sample, no mass flow control transition was observed 
at higher current densities, whereas the comparable performance of HC- 
C and HC-P samples strengthens the hypothesis of its direct introduction 
as a pellet rather than a powder. Finally, by observing the maximum 
power densities of the HC sample, it is possible to speculate that 
although it is characterized by the lowest fixed carbon, the presence of 
catalytic phases within the ash may have played an important role 
during the electrical characterization [49,80,81]. 

3.2.3. Galvanostatic analysis 
The voltage-time (V-t) curves and their main characteristic values 

obtained at 450 ◦C and with an imposed current density equal to the fuel 
specific Ipmax are presented in Fig. 6 and Table 5, respectively. Given the 
high activation energy and low electrical performance, only GR-P was 
tested for electrographite. 

In general, all fuels reached the steady state voltage (SSV) in less than 
50 s, with only the CO-C and HC-P samples that required a longer time to 
achieve a constant voltage. Furthermore, their voltage drops (ΔVg), 
defined as the difference between the starting voltage and the SSV, 
appeared smoother, as evidenced by the higher time constant (τ), and 
more prolonged in time than the other samples. Fuel morphology seems 
to strongly influence both the starting and SSV; indeed, when inserted as 
powder the CO, BC and HC samples increased their SSV of two, four and 
three times, respectively. In particular, BC-P achieved the best galva
nostatic performances overall, with the highest starting voltage and SSV, 
the smallest ΔVg and the second smallest characteristic time. It can be 
assumed that the higher S/V ratio provided by the powder and the 
presence of catalysts have greatly improved the performance. Further
more, since the imposed current is less than 60 mA/cm2, the BC-P 
behavior can be described as under ohmic control. 

Finally, voltage drop appears to be unaffected by morphology, hav
ing comparable values among the same fuel type. Similarly, no corre
lation was observed between V-t and system resistance. 

Fig. 6. Voltage vs. time (V− t) galvanostatic curves of the fuels at 450 ◦C and an imposed current density equal to Ipmax (GR: electrographite, CO: coke, BC: biochar, 
HC: hydrochar, C: bulk/pelletized morphology, P: powder morphology). 

Table 5 
Fuels performance at 450 ◦C and an imposed current density equal to Ipmax (τ: 
curve time constant, GR: electrographite, CO: coke, BC: biochar, HC: hydrochar, 
C: bulk/pelletized morphology, P: powder morphology).   

GR CO BC HC 

C P C P C P C P 

τ [s] – 12 21 15 5 8 8 26 
Steady state time [s] – 49 76 33 25 40 91 50 
Steady state voltage 

[mV] 
– 358 181 364 119 498 88 249 

Voltage drop [mV] – 153 315 315 187 147 273 288  
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In Fig. 7 and Table 5 are presented the voltage vs. time (V-t) curves 
and their main characteristic values obtained at 450 ◦C and 100 mA 
divided per fuel morphology. 

Similar to what was observed for the V-t curves at Ipmax, all three 
coarse morphology fuels reached SSVs in less than 90 s, which is 
perfectly in line with what Guo et al. observed from galvanostatic 
measurements at 450 ◦C and 100 mA in a NaOH/KOH eutectic mixture 
[32]. Overall, the BC-C sample achieved the highest SSV, the lowest time 
constant and the lowest voltage drop. 

Except for the BC-P sample, the use the CO-P and HC-P samples led to 
an overall improvement of both the initial and SSVs, with the former 
showing the best overall electrical performance. It is noteworthy that, 
although the parameters of the HC-P sample were improved, its voltage 
continued to decrease over time, with a smooth transient time that did 
not allow to evaluate the sample time constant. 

It has to be highlighted that also the BC-P V-t curve did not reach a 
steady value during the test time, although the steeper drop during the 
first tens of seconds allowed the time constant to be evaluated. In 
addition, its significant ΔVg, the highest observed among all V-t curves, 
severely penalized its performance. Therefore, it is possible to assume 
that, because the test was carried out at a current density close to 60 
mA/cm2, the BC-P sample was within the mass flow control regime, 
which could have hindered its electrical properties. 

Finally, trying to relate the system resistances obtained during the 
LSV analysis to the SSV, corresponding time and voltage drop, an inverse 
relationship was observed for the latter two parameters and a direct 
relationship with the former, although further analysis should be con
ducted to validate this hypothesis. 

3.3. Steel mesh anode characterization 

At the end of each test, morphological and chemical analysis by XRD 
and Scanning Electron Microscopy (SEM) of the AISI 304 mesh, used as 
the anode in the fuel cell, was performed to reveal the presence of 
corrosion products or pollutants on its surface. 

In particular, corrosion of the mesh can have two undesirable con
sequences: on one hand, it decreases the effective exchange area, or even 
plugs the mesh itself, preventing an optimal contact between the solid 
fuel and the molten electrolyte, which is necessary to maintain a con
stant oxidation rate; on the other hand, due to the lower electrical 
conductivity, the electron transfer rate would also be reduced. The XRD 
spectra and SEM micrograph of the steel mesh before and after the 
electrochemical tests, are presented in Figs. 8 and 9, respectively. 

XRD spectra of the steel mesh showed only the presence of ferrite 
(44.18◦, 64.25◦, 81.28◦ and 97.54◦) and austenite (43◦, 50◦, 73.56◦ and 
89.18◦) with no trace of trona (Na3(CO3)(HCO3 ⋅ 2H2O) or thermona
trite (Na2(CO3) ⋅ H2O), which are common indicators of electrolyte 
carbonation [69]. 

In contrast, morphological alteration of the mesh surface was 

observed in SEM micrographs by local Energy-Dispersive X-Ray Spec
troscopy (EDS). The spectra, reported in Table 6, identified the presence 
of only C, Cr and Fe on the mesh surface prior to its use, as expected from 
the AISI 304 chemical composition, along with the presence of small 
carbon particulate, attributable to some dust deposited on the sample 
surface (Spectra 1 and 2) (see Table 7). 

The mesh surface appearance was severely modified after the elec
trochemical analysis. The generation of Na and K compounds was 
observed, which can be traced back to the recrystallization of the molten 
electrolyte (Spectra 3 and 4). Furthermore, the increase of Cr oxide 
compounds on the surface can be assumed (Spectrum 3), as also 
observed in other works in which the final amount of Cr2O3 increased 
after the immersion of the AISI 304 in an alkaline environment [68]. 

Finally, although some small carbon particles remained trapped in 
the crossing part of the mesh, no significant reduction in the potential 
exchange area was observed (Spectrum 5). 

3.4. Applicability survey 

To contextualize the application of MH-DCFCs to EAF steelshops, 
either alone or in addition to other possible power generation technol
ogies already applicable in steel mills and based primarily on the waste 
heat-to-power concept, it is necessary to assess, as a first step, primarily 
the burden such a transition would have on available biomass, taking 
into account the increasing presence on site as alternative carbon 
sources. Therefore, for simplicity and ease of data retrieval, this pre
liminary mass balance will be based in the Italian context. In Italy, steel 
production from EAF in 2021 reached 20.4 Mton, accounting for more 
than 80% of total national production, with an electricity demand of at 
least 350 kWh per ton of liquid steel [6]. Assuming an increase in EAF 
share to cover the entire domestic steel production (24 Mton), the en
ergy would be 8400 kWh/y (960 MW). Considering that about 0.5 g of 
fuel per cm2 was placed in the anode configuration used in this work, 
and assuming a power density equal to that of the HC-P sample (15.8 
mW/cm2), a stack efficiency of 0.8 and a cell efficiency of 0.6, and the 
conservative goal of supplying at least 10% of the EAF annual electricity 
demand, this yields a total of about 6.3 kton of hydrochar per year, 
which could easily be covered by current annual biomass production in 
Italy, without burdening its request by the EAF cycle [30,33,34,51]. 

Consequently, the application of MH-DCFC technology fueled by 
biomass-derived materials, particularly hydrochar, seems a profitable 
new way to increase the overall efficiency of EAF. This is because, 
compared with other biomass related energy production technologies (e. 
g., co-firing, dedicated steam cycles, gasification) the conversion effi
ciency of MH-DCFCs would be higher, especially if coupled with other 
technologies already implemented, such as ORC [55,61,62]. For 
example, Salimbeni et al. [63] highlighted that only one-third of the 
heat recoverable from EAF flue gases is sufficient to cover the energy 
needs for heating a pyrolysis pilot plant operating at 550 ◦C. Hence, 

Fig. 7. Voltage vs. time (V− t) galvanostatic curves of the fuels at 450 ◦C and an imposed current equal to 100 mA (GR: electrographite, CO: coke, BC: biochar, HC: 
hydrochar, C: bulk/pelletized morphology, P: powder morphology). 
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there should be a sufficient amount of waste heat that can be exploited 
for heating the fuel cell. As a final thought, although coke appeared to be 
the most efficient fuel, its use could easily be avoided, along with the 
emissions associated with its production, while the use of pulverized 
electrographite could still be beneficial, especially when loaded together 
with hydrochar or biochar as fuel. 

4. Conclusions 

The feasibility of four carbon materials related to steelmaking pro
cesses, particularly to the scrap recycling route, as fuels in an MH-DCFC 

was investigated. OCV, LSV and galvanostatic measurements were car
ried out to evaluate the performance of the fuels introduced in two 
different morphologies, namely coarse/pellet and powder (gran
ulometry: 125–500 μm). Finally, physical and chemical characterization 
of the fuels was performed to better understand their electrical behavior 
and performance, which can be summarized as follows:  

1. The introduction of powder fuels has led to an overall increase in 
maximum power density.  

2. Coke provided the highest electrical performance as both coarse and 
powder fuel (15.4 vs. 49.6 mW/cm2, respectively).  

3. Electrographite, although having a high fixed carbon content (85.20 
wt%), was only applicable in powder morphology (18.7 mW/cm2) 
because of the strong inhibitory effect of pitch when inserted as a 
coarse fuel (0.9 mW/cm2).  

4. Biochar and hydrochar were characterized by lower penalties in 
terms of electrical performance when introduced as pellets (14.9 vs. 
23.5 mW/cm2 and 15.8 vs. 18.2 mW/cm2, respectively).  

5. Although hydrochar is characterized by the lowest fixed carbon 
content among all fuels (0.66 %wt.), the presence of catalytic phases 
in its ash (hematite and periclase), may have played an important 
role in its electrical behavior, achieving maximum power densities 
comparable to those of powdered electrographite and biochar. 
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Fig. 8. XRD spectra of the AISI 304 mesh before and after the electrochemical test.  

Fig. 9. SEM-BSE micrographs of the AISI 304 mesh before and after the electrochemical test.  

Table 6 
Fuels performance at 450 ◦C and an imposed current density equal to 100 mA (τ: 
curve time constant, GR: electrographite, CO: coke, BC: biochar, HC: hydrochar, 
C: bulk/pelletized morphology, P: powder morphology).   

GR CO BC HC 

C P C P C P C P 

Tau [s] – 12 20 5 6 16a 8 13a 

Steady state time [s] – 51 51 45 25 – 87 – 
Steady state voltage 

[mV] 
– 354 180 533 245 200a 93 75a 

Voltage drop [mV] – 157 283 224 192 417a 255 226a  

a Evaluated at 100 s. 

Table 7 
EDS spectra of the AISI 304 (spectra referred to Fig. 9).  

Spectrum Mesh 
Condition 

C [% 
wt.] 

O [% 
wt.] 

Na 
[% 
wt.] 

K [% 
wt.] 

Cr 
[% 
wt.] 

Fe [% 
wt.] 

1 Before 12.33 – –  17.2 64.02 
2 Before 100.00 – – – – – 
3 After 5.85 18.73 3.90 – 7.74 64.02 
4 After 45.21 17.99 5.79 3.81 – 15.49 
5 After 100.00 – – – – –  
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V Voltage 
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