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Abstract
lithium-ion battery (LIB) is at the forefront of energy research. Over four decades of research
and development have led electric mobility to a reality. Numerous materials capable of storing
lithium reversibly, either as an anode or as a cathode, are reported on a daily basis. But very
few among them, such as LiCoO2, lithium nickel manganese cobalt oxide (Li-NMC) variants
(LiNi0.33Mn0.33Co0.33O2, LiNi0.5Mn0.3Co0.2O2, LiNi0.6Mn0.2Co0.2O2, and LiNi0.8Mn0.1Co0.1O2),
LiNi0.8Co0.15Al0.05O2, LiFePO4, graphite, and Li4Ti5O12 are successful at commercial scale. Future
energy requirements demand a push in the energy density of LIBs to meet the criteria of
electric aviation, power trains, stationary grids, etc. All these applications have different needs
which cannot be satisfied by a particular set of materials. Therefore, various materials need
to be utilized in widespread fields of battery applications in the near future. This review
discusses potential cathode materials that show a capacity of ≥ 250 mAh g-1 (Li-rich oxides,
conversion materials, etc.) or average voltage of ≥ 4 V vs. Li+/Li (polyanionic materials, spinel
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oxides, etc.). Failure mechanisms, challenges, and way-outs to overcome all the issues are put
forward to determine commercial viability.
Keywords
Lithium-ion battery; high energy; high voltage; cathode material

1. Introduction
Research on energy conversion and storage has been rising for the last few decades, and lithiumion batteries (LIBs) have dominated this space ever since their invention. First marketed by SONY in
1991, LIBs have established a monopoly in the market of portable electronics devices [1]. LIBs come
with a unique blend of characteristics such as 150-200 mAh g-1 specific capacity, 3.3-4 V average
voltage, 200-250 Wh kg-1 gravimetric energy density, 350-600 Wh L-1 volumetric energy density, at
least 3 years of life, >99% energy efficiency, 0.3-2.5% self-discharge rate per month, and almost no
maintenance [2-4]. However, recent concerns over global warming and other environmental issues
incentivized the demands of electric mobility (e-mobility) to shrug off the dependence on pollutioncausing fuels. Superior electrochemical properties make LIBs the automatic choice for e-mobility.
But the energy density and safety aspects of LIBs need to be reconsidered for applications like longhaul electric trucks, electric trains, electric aviation, etc. At the same time, the cost is required to be
lowered for stationary grid storage [5-7].
Conventional LIBs comprise a Li-ion insertion anode (e.g., graphite, Li4Ti5O12, metal oxides, alloys,
etc.) and a cathode (e.g., layered metal oxide like LiCoO2, spinel oxides like LiMn2O4, or olivine
LiFePO4, etc.). The electrolyte used for the traditional system is a Li-salt (e.g., LiPF6, LiBF4) in organic
solvents like a mixture of alkyl carbonates (e.g., ethylene carbonate, dimethyl carbonate, etc.). A
full Li-ion cell consists of 10-15% of lithium [8, 9]. Reversible to and fro movement of Li+ and e- via
an inner and outer circuit, respectively, results in the interconversion between electrical and
chemical energy.
The cathode materials for LIBs can be classified into insertion type and conversion type based on
mechanisms [4, 10, 11]. Conventionally, the cathode materials used for LIBs are insertion-type metal
oxides such as layered LiMO2 (M = Co, Ni, Mn), LiNi1-y-zMnyCozO2 (Li-NMC), LixMn2O4 type spinel,
polyanionic based transition metal phosphates (e.g., LiFePO4), etc. The electrode reaction for
insertion-type materials does not involve any structural change in the host matrix and hence
performs with stability during prolonged cycling. But the redox reaction for this type of material is
Li-site limited and involves the transfer of a maximum of one electron per formula unit. The LiMO 2
type cathode materials deliver practical capacities in the range of 140-220 mAh g-1. The upper cutoff voltages for LiCoO2 and LiNiO2 cannot be increased beyond 4.2 and 4.3 V, respectively, as oxygen
gas is released due to their thermal instability. LiCoO2 further undergoes structural distortion to
tetragonal phase from the electrochemically active hexagonal phase beyond 4.2 V. LiNiO2 also
suffers degradation through Li/Ni cation mixing (antisite disorder) [12-16]. LiMnO2 is chemically
stable at higher voltages (till ~ 4.8V) as no exothermic gas evolution occurs. But during cycling,
performance degradation is observed due to the dissolution of active form to inactive components
[4]. Thus, a mixed oxide in different compositions of LiNi1-y-zMnyCozO2 (Li-NMC) was reported to
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cycle with stabile capacity (140-180 mAh g-1 as compared to LMO due to the synergistic effects of
the conductivity of Co, high voltage of Ni, and thermal stability of Mn. Ni and Co are
electrochemically active, and Mn acts as a stabilizer). Li and Mn-rich NMCs are stable up to 4.8 V
and delivered a capacity of ~250 mAh g-1 during initial cycles. Still, the performance degrades due
to the formation of various by-products through secondary reactions such as activation of Li2MnO3
beyond 4.4 V [17-19]. LixMn2O4 shows a theoretical capacity of 148 mAh g-1 with the extraction of 1
lithium at an average potential of 4 V, indicating higher thermal stability than LCO. The main reason
behind the degradation of spinel LixMn2O4 (0<x<1) is considered to be Jahn Teller distortion and
Mn3+ disproportionation reactions below 3V [20-22]. The disproportionation reaction can be
controlled by maintaining the oxidation state of Mn above 3.5 through doping other metals like Ni,
Ti, Mg, etc., and surface coatings with highly conductive carbons like carbon nanotubes (CNTs),
graphene, etc. [10]. Olivine structures, such as those of LiMPO4 (M = Fe, Mn, Ni, Co), are
characterized by high structural stability and Li-ion storage capacities around 170 mAh g-1 [23].
LiFePO4 has an average voltage of 3.5 V vs. Li/Li+, and LiMnPO4, LiCoPO4, and LiNiPO4 have a Li
insertion potential of 4.1, 4.8, and 5.1 V, respectively [10, 23, 24]. Phospo-olivines composed of
stable mixed metallic compositions are being explored as high-energy cathode materials due to their
higher lithium insertion potential.
The overall performance of LIBs is cathode-limited in terms of ion storage capacity and voltage
output. The reversible capacity of commercial graphite and silicon anode is much higher than that
of conventional cathodes. Thus, to balance the capacity ratio of cathode and anode in a lithium-ion
cell, an excess amount of active cathode material must be used to increase the total weight of the
cell. The extra cathode portion comes with a cost as it contains expensive transition metals, also
increasing the total cost of the cell. High-capacity cathode materials may cut down that extra cost
and weight per cell of a LIB module. High voltage cathode materials are advantageous from the
perspective of LIB modules. If the voltage of each cell is relatively higher, a lesser number of cells
are required to reach the targeted module voltage decreasing the complexity of cell packing.
Moreover, the requirement of a lower current to deliver a particular power value reduces IR
(internal resistance) loss. The criteria to balance all the properties like higher energy density,
improved safety, low cost, etc., in a single material is challenging, and the research window on novel
cathode materials is always open [25, 26]. The energy density of the material can be increased by
either pushing the capacity or lifting the voltage. Techniques for capacity increment are exclusively
studied, but the paths for voltage upliftment are less explored. Elaborate discussions on commercial
cathode materials are available in the literature [27-31]. Scope of this article is stressed on the
materials that show either capacity >250 mAh g-1 (lithium excess layered oxides, lithium excess
cation disordered rock salt oxides, conversion cathodes) or voltage >4 V (polyanionic oxides, spinel
oxides) and yet to be commercialized. Figure 1 depicts the material that follows the selection criteria.
This review focuses on understanding the crystal structure, lithium storing mechanism, potential
shortcomings, and probable way-outs of cathode materials. Also, a historical timeline of the
development of cathode materials for LIBs is given briefly, and the remaining challenges for
commercialization are sketched.
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Figure 1 Approximate range of average discharge voltage and specific capacity of LIB
cathode materials. Materials that lie beyond the 4 V-250 mAh g-1 range (dotted line
square) are chosen to discuss in this review.
2. Historical Development of LIBs
During the decade of 1960-1970s, research on energy storage and conversion became
concentrated towards the electrochemistry of H+/alkali metal ion storing at solid state [32, 33]. The
electrochemical concept of the modern-day LIBs came into the limelight after the unveiling of guesthost intercalation into the metal oxide matrix by Armand et al. during the 1970s [34]. This work
demonstrated the intercalation of ions into Prussian blue-type materials such as iron cyanide
bronzes in 1972 [35]. During the same year, Brian Steele at the NATO conference in Italy and other
group researchers, including Gamble et al., and Dines et al. (Exxon USA) indicated the applicability
of transition metal dichalcogenides as intercalation electrode materials [36-39] In the same
conference, Armand revealed demonstrated CrO3 embedded within graphite planes as the
electrodes for the first reported Li/Na solid-state batteries with 𝛽-alumina electrolyte [39]. The
metal chalcogenides showed faster intercalation kinetics according to the reports by Rao et al. (IBM,
USA) and Rouxel group in France during 1974 [40, 41]. During that same period, M.S. Whittingham
used layered metal dichalcogenides to store Li-ions. He named the Li-ion storing mechanism as ‘the
intercalation mechanism’, and showed reversible at room temperature (298 K)[42]. In 1976, Exxon,
USA, developed Li||TiS2 batteries with energy densities of ~130 Wh kg-1 (280 Wh L-1). TiS2 is a
hexagonal packed crystal structure having lithium intercalation sites with a theoretical capacity of
240 mAh g-1. But the nominal voltage for these cells is ~ 2 V, which limited their deliverable energy
density. Also, difficulty in material production and spontaneous secondary reactions in the cell
resulting in the release of H2S gas became an issue for practical use [10].
Page 7/218

JEPT 2022; 4(1), doi:10.21926/jept.2201002

In the later part of 1979, Godshall et al. demonstrated the intercalation property of LiCoO 2
(popularly abbreviated as LCO) at a high potential of ~ 3.7 V at elevated temperature conditions
(400-450 °C) [43]. Around the same time (in the early 1980s), J.B. Goodenough and coworkers
reported the Li-ion intercalation property of LiCoO2 at room temperature and thus, paved the way
for feasible high voltage cathode materials for LIBs [44]. In 1983, the lithium intercalation property
of the spinel-type oxide, LiMn2O4 cathodes with higher thermal stability compared to LCO was
studied by Thackeray et al. [45]. Meanwhile, reversible Li-ion intercalation into graphitic carbon was
being studied by Samar Basu (1981) [46] and Yazami in 1983 [47], which led to the development of
the Li-ion battery by Akira Yoshino using the LCO cathode and intercalation-type carbon coke anode
in the year 1985 [48]. Around the same time (during 1987), Moli energy Ltd commercialized the LiMoS2 battery (MOLICEL) with an energy density of 60-65 Wh kg-1 and potential in the range 2.3 - 1.3
V, but all the batteries were called off due to fire incidents. This unfortunate incident surceased the
development of lithium metal batteries (LMBs) during that era [49].
The dominance of LIBs in the energy industry began with the first commercialization of the 18650
cells by Sony Ltd. in 1991 [50]. Following this path-breaking discovery, several attempts were made
to improve the energy density and cycling performance using different cathode materials. J.B.
Goodenough introduced polyanionic oxides and phosphates for Li-ion insertion cathode, and in
1996 Padhi et al. demonstrated the performance of 1D olivine LiFePO 4 as LIB cathodes [23]. Other
polyanionic compounds such as silicates, sulfates, phosphates, vanadium phosphates,
fluorophosphates, and fluorosulphates were studied as high voltage cathodes for LIBs thereafter. In
1998, layered lithium manganese oxide cathodes derived from rock salt precursors were introduced
[51].
VL18650 based on lithium mixed oxide LiNi0.8Co0.15Al0.05O2 termed as NCA cathodes were
commercialized by SAFT for longer temperature range (-20 to 60 °C) applications. In the early 2000s,
layered mixed oxides LiNixMnyCozO2, where x + y + z = 1 (NMC) were demonstrated as LIB cathodes
with higher stability, and since then, various compositions of these mixed oxides are studied.
Thackeray and the group introduced Lithium-rich NMC with higher capacity in 2005 [52], and the
conductivity was enhanced using carbon coating to increase stability. Thereafter, various strategies,
including doping with metals such as Ni, Al, Mn, compositional optimization, nano-structuring, and
composite formation with the carbon of the layered, spinel, and polyanionic cathodes, have been
explored and optimized for commercial applications. Other than these types of insertion cathodes,
conversion type cathodes with higher capacity have also been studied for LIBs. In 2005, M.S.
Whittingham demonstrated two lithium transfer reactions from Li2VOPO4 [10, 53, 54]. In the late
2000s, the concept of anionic redox was introduced, and for the first time, reversible cathode
capacity beyond 250 mAh g-1 was achieved. Measuring the huge success of rechargeable LIBs in all
portable electronic sectors, electric mobility, and other potential fields, Nobel Prize was awarded to
J.B. Goodenough, Akira Yoshino, and M.S. Whittingham in 2019. Over the last three decades, LIBs
have been manufactured by several companies such as Sanyo, Matsushita, Hitachi, Yuasa, Moli, A&T,
SAFT, TESLA, etc., and the research and development in this field have increased exponentially with
an increase in the demand for energy with growing civilization. Figure 2 highlights the essential
discoveries made in the history of LIB cathodes.
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Figure 2 Milestones in the history of LIB cathode discovery.
3. Description of Two Basis Performance Measuring Unit of Battery: Capacity and Voltage
3.1 Capacity of a Battery
The capacity of a battery reflects its capability to store energy. From the material point of view,
it is the ability to store lithium ions reversibly. Lithium ions can be stored at a particular crystal site
in intercalation-type materials, or they can react with the host material in conversion-type materials.
The storage capacity is determined by the amount of lithium that can be reversibly inserted into the
host via a reversible first-order phase transition. Insertion of charged species, i.e., Li+, into a host
changes its valence state, which is compensated by oxidation or reduction of TMs and ejection or
incorporation of electrons in the metal d-band. The factors for determining energy storage capacity:
- a) reversibility of TM redox properties, b) the available space for accommodating lithium ions, and
c) reversibility of lithium insertion reactions. Pathways to increase capacity include modifying any
such property mentioned above. Generally, conversion-type cathodes demonstrate higher capacity
than insertion-type materials. Conversion reaction between Li and host generates high capacities,
whereas insertion sites inside a crystal are limited by the orientation of the crystal-forming elements.
This article reviews only those materials which show a capacity of >250 mAh g -1. Lithium-rich
ordered, lithium-rich cation disordered rock salt, and conversion type materials fall under this
category.
3.2 Potential of a Battery
The difference in chemical potential between the anode (µ a) and cathode (µ c) divided by the
magnitude of electronic charge (|e| is taken for calculation, neglecting the negative sign) is termed
as open-circuit voltage (OCV) or working voltage.
𝑉=

µ𝑎 − µ𝑐
|𝑒|
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The voltage is limited by the electrochemical potential window of the electrolyte. The energies
of µ a and µ c should reside in between the energies of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of the electrolytes (Figure 3a). Otherwise, electron
transfer occurs from HOMO to µ c and µ a to LUMO, resulting in the oxidation of electrolyte at the
cathode and reduction of electrolyte at the anode, respectively [55]. Decomposed product
accumulates on the electrode surface to form a surface film called ‘electrode-electrolyte interphase
(EEI)’ or solid-electrolyte interphase (SEI) more commonly at the anode [56]. Porosity, Li-ion
conductivity, thickness, chemical stability, and compatibility of the interphase with other cell
components are critical for a battery's function. The growth of SEI increases the internal resistance,
which causes the voltage and capacity fade. In terms of molecular orbital theory, the relative Fermi
level energy in the band structure of LIB cathodes is defined as OCV. Fermi level (EF) is related to the
electrochemical potential. Holes above EF and electrons below EF form a redox couple. If the
significant TM redox couple in the structure overlaps with the O-2p band, then oxygen evolution
concomitantly occurs with TM redox. Therefore, the material should be designed in such a way that
overlap can be avoided.

Figure 3 (a) Electrochemical potential window of the electrolyte. Relative energy levels
of cathode, anode, and electrolyte at open circuit condition and (b) Relative position of
the various transition metal redox couples in between metallic lithium and oxygen
energy levels. Reprinted with permission from reference [57]. Copyright 2017 American
Chemical Society.
3.2.1 Origin of Potential Hysteresis
Asymmetry between the charge and discharge profile is expressed as potential hysteresis. The
origin of hysteresis lies in the difference in the energy transfer between the charge and discharge
processes. The charge is associated with lithium extraction from the host lattice and ejection of the
electron from the d-orbital of TM. During the discharge process, lithium is reinserted into the
designated site, and the electron gets back to the d-orbital. The reinsertion of lithium and electron
stabilizes the host, energetically excited after charge, while deinsertion of lithium and electron
during charge destabilizes the system. Therefore, prior to the process of deinsertion, lithium-ion
and electron must be promoted to the excited state. The extra promotion energy accounts for the
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relatively higher energy gain in charge than delivered during discharge [58]. This energy difference
is attributed to the potential gap between the charge and discharge processes.
3.2.2 Raising the Voltage of a Battery
The electrochemical potential (E) of the electrode material is related to a change in the internal
energy due to ion and electron transfer, i.e., Gibbs free energy (∆G). Ions exert a dominant effect
over electrons. The relation can be expressed as follows:
𝐸=

−∆G
nF

,

where n is the number of electrons transferred during the charge and discharge processes, and F is
the Faraday constant. Therefore, the equation predicts that the more energy released during ions
or electrons are inserted into the host lattice, or more energy consumed during ions or electrons
are released, the higher is the electrochemical potential. The change in the Gibbs free energy
depends on the ionic radius, valence state, electronegativity, and local environment of the metal
ions in the host.
Insertion Oxides: Going from left to right in a particular period in the transition metal series of
the periodic table, the number of d-electrons increases. If the ions are under similar coordination
and valence, ionic radius gradually decreases, and the attraction on outermost electrons by atomic
nuclei increases. Therefore, greater energy is needed for electron transfer resulting in higher
electrochemical potential in going from left to right in a particular period. Extending the similar line
of logic, electrochemical potential decreases going down a group in the periodic table as the ionic
radius of the ions having the same valence and coordination states decreases down the group.
Figure 3b provides the relative position of the transition metal redox couples between Li +/Li and O2p energy levels [57].
Polyanionic Groups: Polyanionic groups are different from layered oxides. Oxygen is coordinated
with X atom besides TM (M), unlike oxides, creating M-O-X linkages instead of M-O linkages. For
easy understanding, let us focus on Fe. For instance, in Fe2(XO4)3, (X = Mo, Si, P, S, W, B, etc.), the
FeO6 octahedra shares corners with the XO4 tetrahedra, and extended version on M-O-X linkage can
be rewritten as -O-Fe-O-X-O-Fe-O-. Therefore, the presence of a less electronegative X in place of
greater electronegative oxygen increases the covalency between the O-X linkage rendering the MO bond more ionic than earlier. Thus, the inductive effect of X increases the operating voltage of
the system [59]. The trends in the operating potential observed in some iron-containing (Fe+3/+2
couple) polyhedral compounds are depicted in Figure 4. Generally, the operating potential of several
polyanionic groups runs as follows -P2O7>PO4>BO3>SiO4. A high degree of electron delocalization in
the P2O7 moiety raises voltage slightly higher than PO4.

Page 11/218

JEPT 2022; 4(1), doi:10.21926/jept.2201002

Figure 4 Relative voltage of the Fe+3/+2 couple in various polyhedral structures.
4. High-capacity Cathodes (Only >250 mAh g-1)
Materials that show a capacity of >250 mAh g-1 are only included in this review.
4.1 Lithium Excess Layered Oxides
Lithium and Manganese-rich layered oxides (LMR-LOs) is another class of cathode materials that
demonstrate a high capacity of >250 mAh g-1 along with high voltage to push the specific energy
density beyond 1000 Wh kg-1. Table 1 shows the comparison of LMR-LOs first with other commercial
LIB cathode materials in terms of electrochemical characteristics. The crystal structure, lithiationdelithiation mechanism, voltage fade phenomena, poor cycle life, etc., are quite distinct in LMR-LOs
than the conventional class of materials. This section sheds light on these aspects.
Table 1 Relative electrochemical properties of standard LIB cathode materials.
Properties

LiCoO2

LiFePO4

LiMn2O4

LiNixMnyCozO2
(x + y + z = 1)

LiNixCoyAlzO2
(x + y + z = 1)

xLi2MnO3·
(1-x)LiMO2

Theoretical
capacity
(mAh g-1)
Practical
capacity*
(mAh g-1)
Operating
voltage (V)
Energy
density (Wh
kg-1)
Cycle life

274

170

148

270-280

274

280

140-150

145-150

110-120

160-190#

160-180

250-300

~ 3.7

~ 3.4

~ 3.9

3.5-3.8#

~ 3.8

~ 3.6

520-550

490-510

430-470

550-700#

600-650

900-1000

500-1000

20005000

10002000

500-2000

500-1500

200-500

* depends on applied voltage range. # depends on the value of x, y, and z.
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4.1.1 Chemical Composition and Structure
The concept of LMR-LO cathodes was first proposed in the 1990s [60]. The chemical formula is
denoted as xLi2MnO3·(1-x)LiMO2, where M is in the form of different metals such as Co, Ni, Mn, Cr,
Fe, Mg, Al, etc., or a mixture of them give rise to various compositions. Classically, the crystal
structure (Figure 5) comprises of two components: a rhombohedral LiMO2 phase with a space group
R3̅𝑚 and a monoclinic Li2MnO3 phase with a space group C2/m. The formula Li2MnO3 can be
alternatively expressed as Li(Li1/3Mn2/3)O2, i.e., lithium ions replacing one-third of the Mn ions in the
LiMO2 phase, and the structure can be visualized to be formed by stacking alternating (Li 1/3Mn2/3)
and Li layers [52]. A similar interlayer spacing of ~ 0.47 nm among the (001) monoclinic planes and
the (003) rhombohedral planes show the atomic level compatibility between the two phases in a
closed-packed layered structure [61]. Therefore, all the peaks in the powder X-ray diffraction (XRD)
pattern can be indexed according to the α-NaFeO2 type rock-salt structure. However, the
microstructural complexity has given rise to contradictory theories on whether to categorize it as a
solid solution or nanocomposite [52, 62]. But the several studies have revealed that the two phases
could intergrow, structurally integrable, and coexist in the domain [52, 63]. The high angle annular
dark field scanning transmission electron microscopy (STEM-HAADF) image in Figure 4a and Figure
4d shows that both phases can coexist even in a single nanoparticle [59, 64]. Yu et al. demonstrated
the symbiosis between the two phases and the heterointerface along the [001]rh zone axis direction
through annular bright field scanning transmission electron microscopy (ABF-STEM) study [65].

Figure 5 (a) Refined powder neutron diffraction data considering composites of
monoclinic Li2MnO3 and trigonal LiMO2 (M = Ni, Co, and Mn) unit cells. The different
color of the atoms in the TM layer represents different TM ions present at the same site.
The solid blue arrow shows the cation-ordering peaks exclusively from monoclinic
Li2MnO3 unit cell, and the dotted arrow represents the (101) reflection in the trigonal
phase and the (130)/(20 1̅ ) reflections in the monoclinic phase. Reprinted with
permission from reference [59]. Copyright 2013 American Chemical Society. Atomic
model of (b) Li2MnO3, (c) Ni-containing Li2MO3, experimental Z-contrast image of the
C2/m phase; (d) [100], [110], [11̅0] zone projection of the C2/m phase. The zone axes
projection regions are labeled with different colored lines in the image d and labeled in
squared boxes corresponding to the atomic model in panel e. The fast Li-ion diffusion
channel is marked in a red arrow in panel d. Reprinted with permission from reference
[66]. Copyright 2013 American Chemical Society.
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4.1.2 Lithiation-delithiation Mechanism
The lithiation-delithiation mechanism of LMR-LO cathodes are complex than conventional
materials due to the coexistence of the two phases. The initial charge-discharge behavior is different
- from the subsequent cycles due to several simultaneous changes in the crystal structure. The
transition metal redox process is accompanied by the oxygen redox process under conditions of
high voltage. The process of oxygen redox can be further divided into two steps: - a) reversible
oxygen redox from the bulk and b) irreversible oxygen gas evolution from the surface. The Li-excess
Li2MnO3 phase supplies extra lithium and triggers the oxygen redox phenomena. This section
explores the details of the anomalous charge-discharge mechanism of LMR-LO cathodes.
First Charge-discharge Cycle: The upper charge cut-off voltage for galvanostatic cycling is
generally extended up to 4.8 V starting from 2.0 V, for the LMR-LO cathodes to include the capacity
contribution at ≥4.5 V from the Li2MnO3 phase. The first charge and discharge proceed with two
plateaus [67]. Charge up to 4.4 V range is dominated by transition metal redox of LiMO2 phase. The
Ni+2/+4 and Co+3/+4 redox allow lithium deintercalation, whereas Mn+4 does not contribute like in
NMC cathodes [68]. The Li2MnO3 phase remains invariant at this stage. At around 4.5 V, the Li2MnO3
superlattice gets activated and results in surface oxygen evolution along with Li + extraction from the
transition metal layers [69]. The charge in the higher potential region is driven by oxygen redox at
bulk as seen in Figure 6a. As a result, the transition metals migrate to the interstitial oxygen defects
and vacated octahedral lithium sites to maintain structural integrity after deep delithiation. It
initiates the formation of the spinel phase at the surface region [70, 71]. Irreversibly blocked TMs at
defect sites resist further lithium reintercalation during discharge and are responsible for large
voltage hysteresis between the charge and discharge curves [72]. During discharge, high voltage
lithium reintercalation into the TM layer is supported by TM (Ni +4, Co+4, and Mn+4) reduction and
oxygen redox. In contrast, lithium is reinserted into the lithium layer at low voltage by further Mn+4
reduction (Figure 6b) [73, 74]. The irreversible capacity loss that accounts for a value of
approximately 50-100 mAh g-1 is attributed to the loss of lithium in the form of Li2O from the
material surface and the formation of MnO2, which takes part in lithiation-delithiation in subsequent
cycles [75-77].

Figure 6 (a) First charge cycle and (b) first cycle dQ/dV profile recorded for Li and Mnrich 0.35LiMn2O3·0.65Li[Mn0.45Ni0.35Co0.20]O2 electrode in Li-cell at C/20 rate, 30 °C.
Reproduced from reference [67].
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Subsequent Charge-discharge Cycles: Following the first cycle, the charge-discharge curves
evolve differently. Overall, charging and discharging occur with oxygen release, TM migration,
accumulation of spinel phase at surface, and other parasitic changes in the crystal structures that
drain the capacity faster. Several degradation phenomena are intertwined to complicate the
mechanistic interpretation. Advanced operando techniques such as in-situ XRD, SXAS (Synchrotron
X-ray absorption spectroscopy), XANES (X-ray absorption near-edge spectroscopy), X-ray
tomography, in-situ Raman microscopy, mass spectrometry, HAADF-STEM (High angle annular darkfield scanning transmission electron microscopy) equipped with EELS (Electron energy loss
spectroscopy), DEMS (Differential electrochemical mass spectrometry), HAXPES (Hard X-ray
photoelectron spectroscopy), and multi-length scale X-ray spectroscopic imaging, etc. are employed
to elucidate the underlying processes [65, 68, 74, 78, 79]. This section is split into a few sub-sections
for a clear understanding from the readers’ perspective.
(i) Anionic Redox: Abnormal high capacity of LMR-LOs cannot be provided by TM redox alone.
Co+3/+4, and Mn+3/+4 contribute a maximum of 170-180 mAh g-1 capacity, whereas the bulk
oxygen redox accounts for the rest of the capacity. Several theories on oxygen redox are reported
in the literature [80, 81]. Whatever way it takes part in the charge-discharge mechanism, it also
brings in several adverse side effects when oxygen gas is released from the surface. Initially, the
highly reactive surface oxygen attacks the organic solvent in the electrolyte to produce O 2 and CO2
gases. Surface oxygen can also form electrochemically inactive Li2O, Li2CO3, etc., species that
accumulate on the surface to impede the lithium diffusion process [52, 64]. The resultant oxygen
vacancies at the surface lead to TM migration, dislocation, and structural changes. The release of
oxygen renders the surface porous, and increased porosity obstructs the electron percolation
pathway in the active material [82]. Moreover, the exothermic nature of the process of gas release
inside the cell supplies the activation energy towards TM migrations and triggers phase transition
[83].
Ni+2/+4,

(ii) TM migration and Phase Transformation: Although the processes of delithiation and surface
oxygen release cause TM reorganization, there is a threshold for such migration, i.e., tri-vacancy at
adjacent tetrahedral sites [84]. TM migration does not create any concentration gradient during the
first cycle. During cycling, Mn migrates from the surface to the interior via lithium vacancies and
occupies vacant lithium sites in the TM layer. On the other hand, the surface gets densified with
nickel cations, while the bulk of the material faces a nickel deficit. Thus, a concentration gradient is
established, which slows down the lithium transportation rate [85]. X-ray tomography images in
Figure 7 with 3D transition metal maps and percentage concentration of the TMs in the pie charts
below show the relative distribution of the TMs in the cycled particles with respect to the pristine
ones. In the pristine Li1.2Mn0.525Ni0.175Co0.1O2 particles, a 76% Mn-Co-Ni contribution suggests a
major phase to be layered NMC. Following the first cycle, surprisingly, the content of the pure Mn
phase was found to be only 7.5%, and the content of the Mn-Co-Ni phase decreased to 44%. This
suggests that Mn segregation begins after the first cycle and the Li 2MnO3 phase gradually forms
throughout subsequent cycles. After 200 cycles, the Mn-Co-Ni content drops down to 37.3%, while
the pure Mn and Ni phase content was 10%. The stark difference in the elemental distribution with
the progression of cycling is the direct evidence of TM migration [78].
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Figure 7 Distribution of transition metals in the Li1.2Mn0.525Ni0.175Co0.1O2 cathode
particles after electrochemical cycling. Panel a, b, and c represent the selected particles
at the pristine state, after 1st cycle, and 200 cycles, respectively. Images are obtained
from energy-tunable synchrotron 3D X-ray tomography. Elemental distribution data
resolved from tomography above and below the K-edges of Mn, Co, and Ni. The color
legends represent the relative concentration gradient of the TM elements. Scale bar in
the panel a is 5 µm. The corresponding pie charts were calculated using the absorption
correlation tomography. Reprinted with permission from reference [78]. Copyright 2014
American Chemical Society.
Figure 8a represents a schematic illustration of the phase evolution pathways. Transformation of
the pristine rhombohedral LiMO2 phase (R3̅𝑚) to the spinel (Fdm) phase is initiated at the surface
during the first cycle and propagates to the bulk upon further cycling. Migration of the TMs to the
Li sites and the migration of Li+ to the tetrahedral sites leads to forming spinel grains on the surface
at first and finally consuming the entire layered structure. On the other hand, the monoclinic Li2MO3
(C2/m) phase also shows a propensity towards the spinel (Fdm) phase transition. The significant
strain generated after Li and oxygen removal leads to lattice breakdown [66]. After few chargedischarge cycles, nanoscale spinel islands are formed and float randomly on the bulk particle. The
nucleation and growth of the spinel domains eventually amorphized the material, create nanopores
and thread-like cracks that widen and deepen with cycling [86].

Figure 8 (a) Schematic illustration of phase evolution in LMR-LO materials during cycling
finally leading to spinel structure. Reprinted with permission from reference [66].
Copyright 2013 American Chemical Society. (b) Schematic of the degradation loop
resulting from JT distortion and TM dissolution.
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(iii) Modulation in Redox Contribution: Synergistic contribution from cationic and anionic redox
processes helps the LMR-LO cathodes for delivering abnormally high capacity. However, the
interplay between these two redox processes is not as straight forward as it might seem. Their
percentage contribution to overall capacity alters upon cycling. Among all redox couples, oxygen O2+2/+4 are the most significant contributors to capacity, whereas Mn +3/+4 and Co+3/+4 lie
/O2−
2 and Ni
latent or contributes negligibly during the initial cycles. The loss of oxygen with cycling forces
reduction of TM. This implies the formation of a surface reconstruction layer as reported in the
literature. This layer having a Ni concentration gradient reduces the contribution of the Ni redox
process. Moreover, a decrease in the TM valency weakens the TM-O bond covalency, and
consequently, capacitive involvement of oxygen redox also decreases. However, the reduction of
Mn and Co activates these two redox processes [82]. Thus, the overall discharge capacity remains
almost the same as the sacrifice in Ni and oxygen redox is compensated by Mn and Co redox. Such
a modulation in the redox contribution leads to gradual voltage decay [87]. Theoretical studies show
that the Fermi level in the LMR-LO electronic structure initially lies above the Ni+2/+4 redox. A gradual
evolution of the Mn and Co redox processes and the decay in Ni and oxygen redox upshifts the Fermi
level around Mn. Eventually, the differences in the relative Fermi level energies between the Li
metal and TM decreases. Thus, voltage decay originates.
(iv) Voltage Hysteresis and Voltage Decay: These two terms are used interchangeably in many
literatures, but they connote different senses. Voltage hysteresis refers to the voltage gap between
the charge and discharge curve in a particular cycle, whereas voltage decay implies a gradual drop
in the average voltage upon cycling. Their microscopic origin is different and mostly related to
structural reorganization due to TM migration. However, these two phenomena are strongly
correlated [88]. In the LiMO2 structure, octahedral sites are connected by interstitial tetrahedral
sites. Octahedral sites are more energetically favorable positions for cations in cubic close-packed
LiMO2 structures. However, tetrahedral sites may become accessible if excess energy in the form of
heat or pressure is supplied externally or evolved in-situ. In stoichiometric oxides, octahedral Li and
TM sites exclusively accommodate all the Li and TM cations, respectively. However, cation excess,
i.e., primarily lithium excess, forces some amount of lithium to occupy octahedral TM sites. When
the cell is charged beyond 4.3 or 4.4 V, a significant amount of Li is removed from the Li layer,
lowering the barrier for transition metal migration. TMs migrate from the octahedral TM sites to
the tetrahedral Li sites under conditions of high electrode potentials. During discharge below 3.5 V,
a fraction of the TMs is forced back to the original sites. This migration is partially reversible during
the initial cycles and causes voltage hysteresis during the charge and discharge processes [89]. If the
TMs are irreversibly trapped in tetrahedral lithium sites in the lithium layer, they block three
adjacent octahedral lithium sites due to coulombic repulsion and hinder lithium reintercalation. This
results in voltage decay. On the flip side, TM migration buffers the structural collapse during
excessive delithiation. Therefore, a certain extent of voltage decay is unavoidable. Voltage decay
also arises from the gradual layered to spinel transition upon cycling, decreases the average voltage
continuously as spinel has a redox activity around ~ 3 V vs. Li/Li+. Further, the modulation in redox
contribution is also described in Section 5.1.2.b.iii [82].
Bettge et al. demonstrated that Li1.2Ni0.15Mn0.55Co0.1O2 under standard cycling conditions (2.04.7 V vs. Li/Li+, 30° C) shows a drop in resistance corrected average voltage by ~ 9 mV per cycle
during charge and ~ 6 mV per cycle during discharge, which accounts for 3-5% overall drop
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approximately [90]. Similar voltage fades are also common in commercial LIB cathodes (NMC, NCA,
etc.), but the drop per cycle realized is lower than that realized in Li-rich chemistries. Voltage decay
depends on several factors: - a) It is composition-dependent for particular chemistry. Under similar
testing conditions, Li1.2Ni0.4Mn0.4O2 and Li1.2Ni0.2Mn0.6O2 show 3.8 and 7.2 mV of voltage fade per
cycle, b) voltage decay is faster at higher upper cut-off voltages due to induced side reactions, c) at
elevated temperatures, the gap between the average charge and discharge voltage becomes more
significant, revealing the fact that side reactions during charge override kinetics factor, and d) decay
is faster during the initial cycles, but continues at a measurable rate up to several hundreds of cycle
until the layered phase is completely transformed to a stable spinel structure [90, 91].
Voltage hysteresis reveals asymmetry between the charge and discharge profile and is caused by
the metastable path of ion migration during charging-discharging. From a thermodynamics point of
view, electrical work consumed during voltage hysteresis is dissipated as heat. Therefore,
considerable voltage hysteresis is translated into lower energy efficiency in the case of full cells [68,
92]. Voltage decay during long-term cycling is proved to be one of the significant contributors to the
energy fade mechanism of LMR-LO cathodes besides capacity loss and resistance build-up.
(v) TM Dissolution: TMs change oxidation states with lithiation-delithiation. The physio-chemical
properties of a metal center differ from one oxidation state to another. Thus, with the gradual
progress of charge-discharge, several asymmetries arise in the system originating from TM cations.
Metal ions are symmetrically surrounded by six oxygen atoms to form the MO6 octahedra in a
pristine layered oxide structure. According to crystal field theory, the electrostatic field of an
octahedral ligand arrangement splits five degenerate d-orbitals into two sets: the triply degenerate
low-energy t 2 g set (dxy, dyz, and dxz) and the doubly degenerate high-energy eg set (dx2-y2 and dz2).
Metal ions in cubical electron distribution, i.e., completely filled, half-filled, or empty orbitals (t n2 g ,
where n = 3, 6 and em
g , where m = 0, 2, 4) prefer such an arrangement. But if the metal ion is in a
non-cubical electronic distribution, i.e., unsymmetrically filled orbitals (t n2 g , where n = 1, 2, 4, 5 and
em
g , where m = 1, 3) experience Jahn-Teller (JT) distortion. According to the JT theorem,
unsymmetrically filled orbitals further split to remove the degeneracy and yield an additional
stabilization to the system. JT splitting distorts the bond lengths of the axial and equatorial M-O
bonds so that the overall energy of the system reaches the minimum value [93]. Therefore, the
surface accumulation of JT active high-spin Mn+3 in the LMR-LO cathodes due to charge-discharge
affects the structural stability. Local JT distortion and lattice instability increase the crystal's
reactivity towards electrolytes and causes consequent TM dissolution.
The JT effect relaxes the degeneracy in the eg orbitals by placing an electron in the dz2. The axial
M-O bond elongates, weakening the overlap between the TM and oxygen units. It induces more
ionic character of the axial M-O bonds than equatorial and densifies negative charge on the axial
oxygens. The proton of strong acid HF originating from the hydrolysis of the LiPF6 salt readily attacks
the axial oxygens at the cathode electrolyte interphase (CEI). Further, the protonation of the axial
oxygen is accompanied by the metal (TM dz2) to ligand (O2p) electron transfer to result in the
formation of H2O. Electron transfer oxidizes the metal center, i.e., Mn +3 to Mn+4 in LMR-LOs. Mn in
the highest oxidation state (+4) is highly oxidizing in nature. It decomposes electrolyte solvent
molecules and converts itself to a JT-free Mn+2 state via a two-electron pathway. This stable low
valent Mn+2 gets dissolved by electrolyte, floats towards the anode via the electrolyte, and
accumulates on the anode surface to thicken the SEI [94]. Therefore, the cyclic loop of the
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degradation pathway, once get activated, damages all the interfaces, increases cell impedance, and
deteriorates the electrochemical performance.
Way outs from the degradation loop, as shown in Figure 8b include either surface coating at the
expense of increased cell impedance or tuning uneven electron distribution of JT active centers by
doping metal ions. Substituting JT active metal ions with inactive Al +3 or Mg+2 perturbs the longrange metal-metal order. The newly introduced localization effect reduces oxygen and electron
mobility over the M-O bonds, thereby suppressing TM dissolution. Other cell-level indirect
measures can also be taken care of to avoid such reactions. The electrolyte salt LiPF6 can be replaced
with imide anions such as bis(trifluoromethane)sulfonimide (TFSI), bis(fluorosulfonyl)imide (FSI),
bis(pentafluoroethylsulfonyl)imide (BETI), etc. More covalent C-F bonds in the linear or cyclic imide
ions restricts HF generation than polar P-F bonds in LiPF6. Moreover, limiting the upper charge cutoff can decrease the reactivity of oxygen at the cathode electrolyte interphase. Electrolyte additives
are also used to scavenge acidic byproducts.
The extent of Mn-dissolution depends on the crystal structure of the Mn host. Krishna Kumar et
al. showed that, when pristine materials are aged inside a glove box under pure argon atmosphere
at stirring condition (50 °C for two weeks) dissolved in 1M LiPF6 in 1:2 EC/DMC, Mn dissolution
decreases from ~ 1.1 wt.% in Li1.2Mn0.55Ni0.15Co0.1O2 to ~ 0.5 wt.% when blended with carbon-coated
LiMnPO4. The presence of the robust polyanionic phosphate framework hinders the reaction
between the acidic proton and the basic oxygen units.
4.1.3 Modification
All the problems mentioned above, along with electrolyte degradation, electrolyte instability at
high voltages, JT distortion, Mn dissolution, etc., are also severe shortcomings that result in various
problems such as initial irreversible capacity, voltage hysteresis, and voltage decay, poor cycle life,
inferior high-rate performance. Modifications can be applied to surface, bulk, or both at a time.
Composition Optimization: The chemical composition of xLi2MnO3·(1-x)LiMO2 varies with the
value of x, and so the electrochemical performance. Optimizing the value x is a trade-off between
higher capacity and longer cycle life. When the compositional percentage of Li 2MnO3 dominates
over LiMO2, the specific capacity (≥ 4.5 V) increases along with oxygen evolution, but cycle life and
coulombic efficiency deteriorates. Increasing the concentration of LiMO2 in the composition enables
to draw more capacity below 4.5 V, especially for Ni-rich LiMO2. Manthiram and coworkers
compared the charge-discharge performances of (1-z)Li[Li1/3Mn2/3]O2·(z)Li[Mn0.5-yNi0.5-yCo2y]O2,
where y = 1/3 and 0.25≤z≤0.75 when cycled at 12.5 mA g-1 (~C/20 rate) in the current density range
of 2.0-4.8 V (Figure 9a). Except for z = 0.25, the first discharge capacity decreases with an increase
in z or a decrease in the lithium content but the amount of oxygen loss increases. The highest first
discharge capacity is obtained for z = 0.4, i.e., 254 mAh g-1 with an irreversible loss of 80 mAh g-1
[95]. Moreover, the Li2MnO3 component can be generalized as Li2MO3, where M is the form of Ru,
Sn, Mo, Ir, Ti, etc. are also active and show more stable oxygen redox as non-transition and heavy
transition metals (4d and 5d) form less directional and more flexible TM-O bonds [96-98]. However,
heavy atoms lower the specific capacity value and being non-abundant increases the material
production cost. This design concept of the solid solution has been used to synthesize different types
of combinations. Ramesha et al. showed that the solid solution xLiCoO 2·(1-x)Li2RuO3 delivers an
initial discharge capacity of ~ 232 mAh g-1 and retained 85% capacity at 0.2 C rate after 100th cycles
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when x = 0.3 [99]. Wang et al. demonstrated that the ternary mixture of Li2RuO3-Li2SnO3-Li2MnO3
dramatically increases the discharge capacity from 109 to 223 mAh g-1 once the system goes from
the composite phase to the solid-solution phase [100].

Figure 9 (a) Comparison of the first charge-discharge profiles (recorded at 12.5 mA g-1
between 2.0 and 4.8 V) recorded for the (1-z)Li[Li1/3Mn2/3]O2·(z)Li[Mn0.5-yNi0.5-yCo2y]O2 (y
= 1/3 and 0.25≤z≤0.75) samples. The dashed vertical lines separate the initial sloping
region A from the plateau region B. Reprinted with permission from reference [95].
Copyright 2007 American Chemical Society, (b) Cycling of 5 wt.% AlPO4 coated
Li[Li0.2Fe0.1Ni0.15Mn0.55]O2 sample at different current densities, (c) Charge-discharge
profile recorded for pristine, 3 wt.% (AC-3), 5 wt.% (AC-5), 7 wt.% (AC-7) AlPO4 coated
Li[Li0.2Fe0.1Ni0.15Mn0.55]O2 at 0.2C rate. Reprinted with permission from reference [101].
Copyright 2015 American Chemical Society, and (d) C/10 rate cycling followed by C/30
and C/20 rate cycling of pristine Li1.2Ni0.15Mn0.55Co0.1O2 and Mg+2-F- codoped samples.
Reprinted by permission from Springer (reference [102]): Ionics 2017 (DOI
10.1007/s11581-017-2018-9)
Page 20/218

JEPT 2022; 4(1), doi:10.21926/jept.2201002

Surface Coating: Surface coating can suppress oxygen release, electrolyte corrosion, and phase
transition. Coating materials require high electrochemical stability, high voltage stability, inert
towards electrolyte and other cell components, surface wettability, etc. Surface coating reaches its
maximum efficiency when the lattice constant of the coating material matches the host crystal; the
coating is smooth, well-dispersed, covering the entire surface with optimal thickness. Mismatch of
lattice constants exerts asymmetry effect to obstruct Li conduction through it and increases contact
resistance. The coating material should be chosen in such a way so that it does not lithiate itself in
excess as then the volume change may introduce a peel-off effect. Surface coating can minimize
surface defects, and its healing function confined only to the surface. The inaccessibility of the
crystal interior fails to solve bulk defects. Type of coating materials have been reported in the
literature for LMR-LO cathodes includes electrochemically non-active substances such as oxides
(Al2O3, Ti2O3, Er2O3, Pr6O11, etc.), phosphates (AlPO4, CoPO4, etc.), fluorides (AlF3, LiF), and solidstate fast ion conductors (LiPON, LiV3O8, LixLayTiO3, etc.) [19, 103-109]. Wu et al. demonstrated that
pristine Li[Li0.2Mn0.54Ni0.13Co0.13]O2, its modified versions such as 3 wt.% Al2O3, CeO2, ZrO2, ZnO,
AlPO4 treated, and 0.05 F- atom per formula unit provides first discharge capacity of 253, 285, 253,
252, 252, 261, and 270 mAh g-1, respectively and the first irreversible capacity of 75, 41, 36, 48, 58,
22, and 58 mAh g-1, respectively. The retention of oxide ion vacancies in the surface treated samples
reduces the first cycle irreversible capacity loss and significantly modifies the first discharge capacity
[110]. Optimization of coating thickness is very critical for electrochemical performance as thicker
coating leads to enhanced interfacial impedance. Therefore, the weight percentage of the coating
agent is a contributing factor for wet-chemical methods of coating. A report suggests that 5 wt.%
AlPO4 coatings (Figure 9b and Figure 9c) on Li[Li0.2Fe0.1Ni0.15Mn0.55]O2 to be the optimum, showing
the reversible capacity of 220.4 mAh g−1 after 50 cycles at 0.1C, accounting for 74.4% retention and
enhanced rate capability (175.3 mAh g−1 at 1C, and 120.2 mAh g−1 at 10C after 100 cycles) [101].
Zhang et al. coated Li1.2Ni0.13Co0.13Mn0.54O2 using different weight percentages of the Li-La-Ti-O
(LLTO composite) solid-state fast ion conductor. The study shows that 5 wt.% is the optimum coating
that gives the best electrochemical performance, i.e., decay of only ~ 35 mAh g-1 capacity compared
to 111 mAh g-1 capacity loss of untreated sample over 100 cycles at 30 mA g-1 current density
between 2.0-4.8 V range. However, all coated samples show better C-rate performance and higher
capacity retention than a pristine one. Highly conductive (10-3 S cm-1) amorphous LLTO surface layer
lowers the charge transfer resistance, and the fast ionic conduction process through the thin layer
results in better C-rate capability. The differential scanning calorimetry (DSC) study implies that
better thermal stability provided by the coating layer helps to maintain the perfect crystalline
structure even after 100 cycles [111].
Ion Doping: Ions can be doped into the crystal lattice. The electronic structure is tuned in this
way and may solve the fundamental voltage decay issues. Alkali metal cations (Cs+, Na+, Al+3, Mg+2,
etc.) normally occupy tetrahedral sites in the Li layer. The doping with larger ion than lithium
increases the barrier for TM migration and exerts ‘pillar effect’ to maintain structural stability [112115]. Divalent and trivalent cations help increase the average positive valence to strengthen the
TM-O bond. It delays the activation of the Li2MnO3 component and stabilizes oxygen redox.
However, incorporating alkali metal ions cannot drive away from the layered to spinel
transformation completely as the spinel phase is more stable than the layered in the delithiated
state. Therefore, fluorine doping along with alkali metal ions is demonstrated to be an effective
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strategy. Na and F-doped in Li1.2Mn0.54Ni0.13Co0.13O2 to form Li1.15Na0.05Mn0.54Ni0.13Co0.13F0.01O1.99
shows 97% capacity retention and 91% voltage retention over 100 cycles with an initial discharge
capacity of 260 mAh g-1 at C/10 current rate. The partial substitution of Li and O with Na and F,
respectively, provides structural stability and widens the Li slab to enable rapid Li-ion diffusion [116].
A Stronger M-F bond suppresses oxygen evolution. Similar effects were also exerted when Mg and
F were co-doped, where 10-15% excess capacity and 14-15% improvement in capacity retention
was observed over 50 cycles (Figure 9d) [102]. Transition metal ions (Cr+3, Ti+4, Nb+5, etc.) occupy
the space in transition metal layers [117, 118]. Large TM ions expand the lattice parameters and
improve lithium diffusion. Nb+5 doped Li1.2Mn0.54Ni0.13Co0.13O2 demonstrates 7% improvement in
capacity retention over 100 cycles than pristine sample due to increased ordering in cation
distribution and delivered ~ 20 mAh g-1 higher capacity than the pristine one at 5C rate due to lesser
amplification in charge transfer resistance upon cycling [119]. Similarly, anion doping like fluorine
can also stabilize cation-anion interaction, reduces oxygen loss, also increases average voltage as Fis more electronegative than O2- [120]. Polyanionic groups have robust moieties that are able to
hold TMs at even extreme voltages. Strong interactions between MOx and TMs can be explored by
polyanionic group substitution. These groups (XO4)n- or (XmO3m+1)n-1 (X = B, P, As, Mo, Si, etc.) also
reduce the number of oxygen ions in the structure. The phosphate polyanion doped material
Li1.17Ni0.2Mn0.58Co0.05O2-x(PO4)x, where x = 0.01, 0.03, and 0.05 minimizes the local structure change
during cycling and also minimizes the growth in diffusion impedance during cycling. The sample with
x = 0.01 provides a very stable energy density and retains ~ 70% of the initial value after 300 cycles
at a C/10 rate [121]. Table 2 summarizes the modification results for the LMR-LO cathode materials.
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Table 2 Summary of surface and structural modifications carried on LMR-LO cathode materials on the electrochemical performance against
lithium metal anode in coin-type half cells.
Material

Modification

Electrochemical performance

Capacity retention

Li1.2Mn0.525Ni0.175Co0.1O2 [122]

1.5 wt.% CNF addition

Voltage
range
(V)
2.5-4.9

First
discharge Current
capacity
rate
-1
(mAhg )
280
C/10

Initial coulombic %
efficiency (%)

cycles

C

84

99

100

C/10

Li1.2Mn0.54Ni0.13Co0.13O2 [123]

Al2O3 coating

2.0-4.8

275

C/10

84

98

30

C/10

Li1.2Mn0.55Ni0.15Fe0.1O2 [101]

AlPO4 coating

2.0-5.0

267.2

0.16C

78.9

73

60

0.16C

Li1.2Ni0.15Mn0.55Co0.1O2 [102]

Mg+2, F- co-doping

2.5-4.7

295

C/10

75

99

70

C/10

Li1.2Ni0.15Mn0.55Co0.1O2 [120]

F-doping
and
architecture

3D 2.5-4.7

300

C/10

95

98

50

C/5

Li1.2Mn0.55Ni0.15Co0.1O2 [124]

LiMnPO4 blend

2.5-4.7

225

C/10

91.5

90

200

C/10

Li1.2Mn0.54Ni0.13Co0.13O2 [125]

Cs doping

2.0-4.8

280

C/10

81%

70

100

C/2

Li1.2Mn0.54Ni0.13Co0.13O2 [125]

Borate blending

2.0-4.8

319

0.08C

-

94

80

0.08C

Li1.2Mn0.525Ni0.175Co0.1O2 [107]

LiPON coating

2.0-4.9

275

C/10

-

85

350

C/10

Li1.19Mn0.54Ni0.13Co0.12O2 [126]

Ru doping

2.0-4.8

277

C/20

75

79

50

C/5
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4.2 Lithium Excess Cation Disordered Rock Salt Oxides
Commercialized cathode materials possess high theoretical capacities i.e., LiCoO2 (274 mAh g-1),
LiNixMnyCozO2, where x + y + z = 1 (270-280 mAh g-1), and LiNi0.8Co0.15Al0.05O2 (278 mAh g-1), but the
practical useful capacity is limited to ≤180 mAh g-1. In all these materials, the Li: TM ratio is 1:1.
Lithium excess cation disordered rock salt oxides have a Li: TM ratio of >1 can deliver >250 mAh g-1
capacity. The crystallographic orientation, Li-hopping mechanism, and redox behavior of these
samples differ from those of the conventional ordered layered oxides. A deep understanding of
these phenomena is essential to elucidate higher obtained capacity from lithium excess cathodes.
4.2.1 Crystal Structure and Composition
Ordered rock salts are one of the most geologically abundant crystal structures found in nature.
They crystallize in Fm3̅m space group and generally referred to as NaCl-like structure (Figure 10a).
Common inorganic salts, such as NaCl, KBr, NiO, FeO, LiF, AgCl, etc., fall under this category. Anions
occupy the 4b site forming a face-centered cubic lattice in the crystal lattice, where cations fill half
of the octahedral vacancies (4a site). The densely packed unit cell of the pure rock salt phase
restricts the entry of the guest cations (Li+, Na+, K+, etc.) into its lattice. Therefore, any rock salt
phases are strictly avoided during battery cycling due to their electrochemical non-responsive
nature towards lithiation-delithiation. The presence of NiO during the synthesis of the Ni-rich
cathodes and its formation and surface accumulation during cycling are considered detrimental to
battery performance. However, in 2014, Ceder group first showed that supplementing an extra
amount of lithium beyond stoichiometry. This results in cation disordering between Li and transition
metals, opening up the pathways for long-range Li-ion diffusion throughout the crystal structure
(Figures 10c and d). Li and transition metal ions were randomly distributed at the 4a site in the
cationic sublattice (Figure 10b) [127, 128].
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Figure 10 Crystal structure of (a) classic rock salt, (b) cation disordered rock salt.
Reproduced with permission from reference [128]. Copyright 2021 American Chemical
Society, (c) Galvanostatic cycling of LiNi0.67Sb0.33O2 (black curves) and Li1.15Ni0.47Sb0.38O2
(red curves) at 1C rate between 2.5-4.6 V range, (d) Schematic illustration
demonstrating the coexistence of the two types of ordering and 0-TM diffusion channels
at the domain interfaces. Reproduced with permission from reference [129]. Copyright
2014 American Chemical Society.
Unlike conventional layered oxide cathodes, cation disordered rock salts have a wide
compositional range. It is mainly synthesized in the oxide or oxyfluoride form. The general chemical
formula is expressed as Li1+x(MM)1-xO2 or Li1+x(MM)1-xO2-yFy (x, y>0). M is a redox reservoir and M is
a redox inactive charge neutralizer. Both M and M can be single or multiple transition metals. Typical
redox-active M centers include Mn+2/+4, Mn+3/+4, Ni+2/+4, V+3/+5, V+4/+5, Fe+2/+3, Cr+3/+6, Mo+3/+6, etc.,
whereas it is only confined to Ni and Mn centers in the case of conventional layered oxides. The
Ni+2/+4 center provides high discharge voltage, but its overlap with oxygen redox brings instability
issues due to irreversible oxygen redox. High valence V, Cr, and Mo center suffer from low average
voltage. Fe-based systems undergo significant hysteresis during cycling. Hence, earth-abundant Mnbased systems are most explored, especially Mn+2/+4 delivers high capacity. To stabilize the Mn
center at the +2 state in the as-synthesized material, high valent charge neutralizers, such as Mo +6,
V+5, Sn+4, Ti+4, etc., are effective [130].
4.2.2 Lithium Percolation Theory
The capacity of the cathode material is directly proportional to the amount of lithium that can
undergo reversible intercalation-deintercalation. To support facile lithium-ion diffusion, the
material should contain properly distributed low barrier channels throughout its structure. The low
barrier channels allow microscopic lithium diffusion, whereas a well-distributed network of such
channels leads to macroscopic percolation. In rock salt type oxides, lithium migration occurs via the
octahedra-tetrahedra-octahedra (O-T-O) route, as the direct movement of lithium between the two
edge-shared octahedra is associated with a high energy barrier. Lithium in the intermediate
tetrahedral site represents the activated state of lithium migration. The lower the energy of the
activated state, the more facile is the migration. The energy of the activated state depends on its
interaction with the adjacent atoms. Each tetrahedron has four faces, and all faces are shared by
octahedrons. The octahedral sites can accommodate lithium (or transition metals) or remain vacant.
Based on the number of transition metals in the surrounding environment, the activated tetrahedral
sites can be theoretically classified into the following categories: 4-TM, 3-TM, 2-TM, 1-TM, and 0TM sites. Figure 11a demonstrates 0, 1, and 2-TM channels [131]. The energy of the activated
lithium site is determined by two factors: - a) electrostatic interaction between the activated lithium
and transition metal, i.e., the valency of the transition metals, and b) tetrahedral height or slab
distance, i.e., distance between lithium and the transition metals. Among the four face sharing sites,
two sites must be occupied by lithium, e.g., one site from which lithium is coming (a-site) and
another site from which lithium will migrate (b-site). Therefore, the 4-TM and 3-TM sites are inactive
or dead or blocked channels through which lithium cannot diffuse. Considering that the two sites
are occupied by lithium, the other two face sharing sites (also called ‘gate sites’) can be
accommodated by the two TMs (2-TM site), one TM, one Li (1-TM site), or two lithium (0-TM site).
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Electrostatic repulsion exerted by the two high-valent (generally valency of +3) TM cations on
activated Li+ is too high for facile migration. Therefore, the 2-TM sites having significant energy
barriers are usually inactive. Stoichiometric 𝛾-LiFeO2 type structures (e.g., LiTiO2) contain 2-TM
channels and are poor lithium-ion conductors. Stoichiometric layered α-NaFeO2 type oxides
(examples - NMC, LCO, NCA, etc.) conduct lithium-ion via the 1-TM channel, where one of the gate
sites is occupied by lithium and thus, the energy barrier for lithium migration is relatively lower. The
energy barrier for 1-TM diffusion is sensitive towards the state of charge. During charge, delithiation
occurs along with oxidation of TMs. The higher valence of TMs in the charged state increases
electrostatic repulsion. Furthermore, the migration of TMs into the lithium layer (antisite disorder)
during charge and collapse of slabs at a higher depth of delithiation hinders lithium migration. The
0-TM channels have the minimum energy barrier. Lithium migration through it is irrespective of the
size of the diffusion channel and valence of transition metals. Low-temperature (LT) spinel-like
LiCoO2 structure possesses percolating networks of 0-TM channels, and macroscopic lithium
percolation occurs through its bulk. On the other hand, cation disordered rock salt structures (αLiFeO2) contain 0-TM, 1-TM, and 2-TM channels. As described earlier, the 2-TM channels are inactive
[132]. Due to the disordered arrangements of the cations, the average height of the tetrahedron
sites is lower than that of the ordered rock salt structure. It results in a higher energy barrier for
lithium migration via a 1-TM channel. Therefore, only 0-TM channels sustain lithium percolation in
the case of disordered rock salt structures. 0-TM channels, i.e., activated tetrahedral site
surrounded by four lithium atoms, demand a lithium-rich environment. Their concentration
increases with increasing lithium content in the composition. There is a threshold value of lithium
content for different structures beyond which the 0-TM channels form a percolating network to
enable facile macroscopic diffusion. Monte-Carlo simulations suggest that approximately 10%
excess of lithium is required for layered and disordered rock salt structure, >30% for 𝛾-LiFeO2 type
structure, while ~ 23% deficiency is enough for low-temperature LiCoO2. Therefore, spinel-like
lithium oxide is the ideal situation for 0-TM percolation. It is not only capable of acting as a cathode
but also as a lithium insertion anode in partially delithiated form.

Figure 11 (a) Possible environments within Li-rich cation disordered layered oxide
cathodes. O-T-O diffusion route and activated states of Li migration. Reproduced with
permission from reference [131]. Copyright 2014 AAAS, and (b) Schematic band
structure of stoichiometric lithium layered oxide and lithium-rich layered oxides.
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4.2.3 Contribution of Anionic Redox
Li+ and charge-compensating electrons are simultaneously generated from layered oxide
cathodes during charge. Both move towards the anode, the former via the inner circuit, while the
latter via the outer circuit and return during discharge to complete a cycle. In stoichiometric layered
oxides, the amount of extractable lithium is balanced with available transition metal redox, which
supplies the electrons. Transition metal redox is the only source of capacity here as each lithiumion extraction must be balanced by one electron ejection to maintain charge neutrality. In lithium
excess oxides, the extra capacity is attributed to the fact that oxide ions can also take part in a
reversible redox reaction. The assistance of oxygen redox pushes the capacity beyond the transition
metal redox. This section discusses the aspects of oxygen redox in lithium excess materials.
If we consider the case of an oxygen atom, it is surrounded by three metal atoms (M) and three
lithium (3M-O-3Li) in the stoichiometric layered LiMO2 [133]. Oxygen is in a symmetric Li-O-M local
environment. However, in lithium excess oxides, the presence of extra lithium can distort the local
oxygen environment, where oxygen is coordinated to four lithium atoms and two metal atoms (4LiO-2M) and gives rise to liner Li-O-Li configuration. Advanced density function theory (DFT)
calculation demonstrates increased charge density around oxygen in such configuration. It indicates
labile electrons (also denoted as oxygen holes), the extraction of which is the origin of oxygen redox.
Reversibility of oxygen redox (O2-/On−
2 ) is critical as it competes with irreversible oxygen (O2) gas
n−
evolution. Formation of peroxo (O2 , n = 2) species require O-O 𝜎- interaction [134]. It is only
possible when two neighboring oxidized oxygen in the Li-O-Li configuration rotates and hybridizes
without sacrificing much M-O bonding. Rotation and subsequent interaction of the metastable
oxygen holes enable the formation of a peroxide network avoiding the oxygen gas evolution
pathway. Therefore, the rotation of the Li-O-Li configuration is the key step in the mechanism, which
depends on adjacent Li-O-M configuration or, more precisely, on the nature of M-O bonding. The
material cannot afford the loss in M-O bonding to a large extent as it may affect the structural
integrity and probable collapse of the (MO2)n slabs. Therefore, the flexibility of the M-O bond
governs the energy barrier of Li-O-Li rotation. Transition metals with partially filled d-orbitals form
directional M-O bonds, which poses a difficulty in rotation, whereas metals in their d 0 and d10
configuration form much weaker bonds and facilitates the rotation. Moreover, in the transition
metal series, 4d and 5d metals form more flexible bonds than the 3d metals and lower the energy
barrier for rotation [135]. Another important factor worth mentioning is the competition between
transition metals and anionic redox. Maximum capacity can be obtained when this two redox does
not overlap. O2p in Li-O-Li configuration cannot hybridize with Li2s due to the large gap in energy.
This unhybridized O2p state has higher energy than the hybridized O2p bonding states. That is why
oxygen oxidation occurs preferentially from the Li-O-Li configuration. On the other hand, the
unhybridized O2p state lies in a lower position than the metal antibonding state in the LiMO 2
molecular orbital diagram (Figure 11b) [81]. Overlap between these two indicates initiation of
oxygen redox at partial completion of TM redox leading to lower extractable capacity. Early
transition metals (V, Cr, Mn, etc.), having high energy 3d orbitals raise the energy of the metal
antibonding states preventing the overlap with unhybridized O2p states. Lithium excess oxides
containing late 3d transition metals (Ni, Fe, Co, etc.) do not allow the full utilization of TM redox in
some cases.
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Although anionic redox is a significant step in the capacity generation mechanism of lithium
excess materials, Li-O-Li configuration also occurs in stoichiometric layered oxides following cationic
disorder at a high depth of delithiation ≥ 4.5 V, especially observed in the case of LiNiO2. However,
oxygen oxidation is substantial at ~ 4.3 V for lithium excess materials [136].
4.2.4 High Capacity vs. Better Reversibility
Lithium excess cathode materials are able to show ≥ 250 mAh g-1 capacity, but stability is
confined to only a hundred galvanostatic charge-discharge cycles for most of the materials. They
particularly suffered from capacity fade and increased polarization under conditions of chargedischarge upon cycling. The poor electrochemical reversibility can be ascribed to a high degree of
oxygen redox utilization leading to oxygen gas evolution, metal dissolution, and consequent
structural deterioration. Oxygen gas release leaves behind cations on the surface, and the cationdensified surface blocks the passage of lithium migration into the bulk, increasing the impedance of
the cell [137]. The evolved gas can trigger side reactions with the electrolyte. Protective surface
coating and doping improve the cycling performance [138, 139]. One of the most followed
modification approaches is fluorine doping that provides multifaceted benefits. Substitution of O 2with F- lowers the average anion valence so that the pristine material can accommodate a more
significant number of metals at their lower oxidation states (Mn and Ni in their +2 states) [140].
Incorporating low valent metals widens the capacity obtained from transition metal redox. The
decreased dependency on oxygen redox to draw more capacity reduces the probability of
irreversible oxygen deposition. F-substitution also hinders asymmetric structural distortion during
cycling for Jahn-Teller active redox sites [141].
4.2.5 Enhanced C-rate Performance
C-rate performance is the measure of how fast lithium can migrate during galvanostatic cycles.
Although the movement of Li+ is fast enough through liquid electrolytes, it is impeded by a solidstate diffusion barrier. If delithiation is accompanied by a shift of other atoms in the host, the lithium
transport pathway becomes crowded, resulting in kinetic complexities. Polyanionic frameworks
(LiFePO4, LiMn2O4) are the ideal examples where atomic rearrangements during delithiation are
minimal and show superior rate capability. In contrast, the high current rate performance of LiCrO2
is severely hampered by Cr migration [142]. Therefore, the traditional view supports the fact that
these non-topotactic movements are detrimental to the fast lithium-ion migration. But a recent
study suggests an opposite trend for Li-rich cation disordered rock salt oxides. Cr-doped
Li1.2Mn0.2Ti0.4Cr0.2O2 shows a 40% capacity reduction when current density increases from 20 mA g1 to 1 A g-1 with respect to a 57% decrease in Li Mn Ti O . Theoretical studies identified the
1.2
0.4 0.4 2
movement of Cr (from octahedral to the tetrahedral site) as the reason for high capacity retention.
Non-topotactic migration of Cr generates additional 0-TM sites, and the resulting expansion in the
lithium percolating network improves the kinetics. One necessary condition for such octahedral to
tetrahedral site migration is that the metal ion must prefer tetrahedral coordination under
conditions of a high oxidation state. According to the theory of coordination complexes, metal ions
in d0, d10, and d5 (V+5, Mo+6, Fe+3, Mn+2, etc.) configuration gather no gain in octahedral site
stabilization energy. They may undergo similar movement towards adjacent tetrahedral sites if their
size matches the tetrahedron height [143].
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Figure 12 depicts the contribution from each atom in lithium excess cation-disordered rock salt
oxide materials. The choice of elements is critical, and many inter-related factors must be taken into
consideration to reach the optimized composition. Table 3 is a collection of some literaturereported compounds and their electrochemical performances.

Figure 12 Summary of design principles for lithium excess cation-disordered rock salt
oxide materials.
Table 3 Electrochemical performances of selected lithium-rich cathode materials.
Material composition

Electrochemical testing conditions
Active
Voltage Current
Temp.
material range
density
(° C)
-1
loading (V)
(mA g )
(%)
or
C-rate
Li2VO2F [144]
72
1.3-4.1 1C
40
Li2V0.2Cr0.8O2F [145]
60
1.3-4.7 13 (C/35) 25
Li1.25Nb0.25Mn0.5O2 [146]
70
1.5-4.8 10
55
Li9/7Nb2/7Mo3/7O2 [147]
76.5
1.0-4.0 100
RT
Li1.42Mo0.29Fe0.29O2 [148]
76.5
1.5-4.8 10
RT
Li1.15Ni0.47Sb0.38O2 [129]
80
2.5-4.6 1C
Li2Ru0.75Sn0.25O3 [149]
2.0-4.6 C/10
20
Li1.23Ni0.155Ru0.615O2 [150]
70
2.2-4.3 C/10
RT
Li1.2Ni1/3Ti1/3Mo2/15O2[151] 70
1.5-4.5 20
RT
Al2O3
modified 70
1.5-4.8 10
RT
Li1.2Ti0.4Mn0.4O2 [152]

First
discharge
capacity
(mAh g-1)

Capacity
retention
(%),
number
of cycles

300
409
287
240
350
131
230
295.3
230
286 to 293

80, 20
58, 60
70, 20
83, 60
35, 15
78, 50
95, 60
67, 50
75, 20
79.7-91,
15

4.3 Conversion Cathodes
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Conversion type cathodes involve chemical reactions with Li-ion through bond breaking and
bond formation. Thus, more energy can be stored and transformed using these types of reactions.
The Li-ion storage capacity in these cathodes is not site-limited. Therefore, more capacity can be
achieved and hence, higher energy can be recorded. Conversion electrode reactions involve two to
six electron transfer processes. The conversion reactions result in considerable structural changes
of the host matrix, unlike insertion-type ones. The disadvantage with these types of cathodes is the
inherent low conductivity leading to low active mass utilization, low reversibility of the conversion
phases, and high hysteresis. These also involve high volume expansion during cycling. As a
consequence of these shortcomings, the reversibility of the redox reaction decreases rapidly under
conditions of repeated cycling, and hence, the energy conversion efficiency also becomes inferior.
The redox reactions occurring in the conversion cathodes during the lithiation-delithiation process
is given below [10, 153, 154]
Type 1: MXZ + yLi ↔ M + zLiy⁄ X, M = transition metal (Fe, Ni, Mn, Cu); X = F, Cl, Br, I
z

Type 2: yLi + X ↔ Liy X, X = O, S, Se, Te
4.3.1 Type 1-Category Conversion Cathodes
This category of conversion cathodes includes MXz type of compounds, where M represents
transition metals such as Fe, Ni, Mn, Cu, and X represent F, Cl, Br, I. For instance, Iron trifluoride
(FeF3), which has a high theoretical capacity of 712 mAh g-1 (involving 3 electrons) and a working
voltage of 2.7 V, has been studied as a LIB cathode [155]. FeF3 reacts with three Li-ions during
lithiation, i.e., F- ions diffuse to form LiF and Fe. The structure appears to be Fe metals scattered in
a pool of LiF [17]. The reaction for the above process is denoted as below.
FeF3 + 3Li+ + 3e− ↔ 3LiF + Fe
Similarly, metal fluorides, including nickel (II) fluoride (NiF2), cobalt (II) fluoride (CoF2), FeF2, etc.,
have also been explored as LIB cathodes. Some common Type 1-category conversion cathodes are
summarized in Table 4 [10, 153].
Table 4 Properties of some typical Type-1 conversion-type cathodes [17].
Materials

Relative electronic Theoretical
conductivity
potential (V)

Theoretical
capacity (mAh g-1)

Volume expansion
fraction (%)

FeF3
FeF2
FeCl3
FeCl2
CoF2
CoCl2
CuF2
NiF2

Insulator
Insulator
Poor
Poor
Poor
Poor
Insulator
Poor

712
512
495.7
422.9
553
412,8
527.8
554.3

25.6
16.7
22.6
19.9
21
23
11.6
28.3

2.74
2.66
2.83
2.41
2.85
2.59
3.55
2.96
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The feasibility of reversible electrode reaction in these electrodes is questionable due to the
added limitations like poor ion transport kinetics, lesser structural stability, and metal cluster
formations at a fully delithiated state, which catalyzes the electrolyte decomposition. Electrode
engineering, nano-structuring, conductive coating, and composite formation using conductive
additives like carbon and conducting polymers can significantly improve their electrochemical
performance [10, 153]. A 3-dimensional (3D) carbon fiber electrode architecture with nano-size
active iron fluorides and multilayer graphene (MLG) as connectors can deliver capacities of 595 mAh
g-1 and 445 mAh g-1 in the operating voltage range of 4.5-1.0 V and 4.5-1.5 V, respectively. Besides,
the hysteresis voltage is reduced from 2 V for pristine FeF 3 to about 0.9 V for the 3D carbon fiber
architecture electrodes, improving the reversibility. A capacity of around 600 mAh g-1 was
maintained till 25 cycles even when the electrodes were cycled at an elevated temperature of 60 °C
due to the enabling of reversible 3 electron kinetics [156]. But the cycle life and C rate performances
reported were still lower compared to conventional insertion cathodes (Figure 13).

Figure 13 Slurry coated on Al-foil by conventional method (a) Voltage profiles of Li/FeF3
cell at 25 °C and (b) Capacity plotted as a function of cycle number for the Li/FeF 3 cell.
FeF3 on carbon fiber 3D electrode. (c) Voltage profile (C/50 rate) between 1.5-4.5 V at
25 °C and (d) Capacity plotted as a function of the cycle number. The inset of figure d
represents a scanning electron microscopy image of FeF3/carbon fiber electrode.
Adapted from reference [156] with permission from the Royal Society of Chemistry.
4.3.2 Type 2-Category Conversion Cathodes
This type of conversion electrodes includes X = O, S, Se, Te, etc. The most extensively studied
conversion cathodes of this category include the oxygen cathode in the lithium-air battery and the
sulfur cathode in the lithium-sulfur battery.
Lithium-sulfur battery utilizes sulfur as a cathode and lithium metal as the anode material. The
common electrolyte used is 1M LiTFSI in a 1:1 volume ratio of DOL: DME with 1% w/w LiNO3 as an
additive for lithium surface passivation [157]. Sulfur has a high theoretical capacity of ~1600 mAh gPage 31/218
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and high abundance in the earth’s crust, but it has poor electronic conductivity (10-30 S cm-1). High
volume expansion (~80%), dissolution of intermediate polysulfides in the electrolyte with effective
loss of active S, Li2S deposition, and dendrite formation on Li anode during cycling results in capacity
fading and cycling instability, which limit the practical application [158-160]. The electrochemical
cell reaction involved during the charge-discharge process is as follows [10]:
Cathode reaction: S + 2Li+ + 2e− ↔ Li2 S
Anode reaction: 2Li ↔ 2Li+ + 2e−
Overall reaction: 2Li + S ↔ Li2 S

E0 = 2 V

During charge-discharge, irreversible by-products such as methanol, ethanol, thiocarbonates,
and ethylene glycol are formed as a result of intermediate polysulfide formation. The formation of
polysulfides through the intermediates can be represented as follows:
Li2S → Li2S2 → Li2S4 → Li2S6 → Li2S8 →S8
Due to polysulfide formation and resulting low cycle life, instead of taking bare S, the Li 2S
cathodes are also reported. Li2S nanoparticles embedded with conductive carbon show little
structural change after 400 cycles. Self-standing 3D printed sulfur/carbon composite cathodes with
high sulfur loading were found to deliver a stable capacity of 564 mAh g−1 within 200 cycles at a 3 C
current rate by facilitating Li+/e- transport [161-164].
Se and Ti-based conversion cathodes have high electronic conductivity compared to S and show
higher rate capability. But they also suffer from issues similar to S-based conversion reactions.
The Li-air battery is one of the most promising Li-based batteries with regard to the ultrahigh
specific energy density of 11,650 Wh kg-1 that is much higher than conventional LIBs (150-200 Wh
kg-1) [165]. The electrochemical cell reaction of Li/O2 (air) in an organic electrolyte (Li salts such as
LiPF6 in ether-based solvents such as dimethyl ether, DMSO, acetonitrile, pyrrolidone, ionic liquids,
etc) [166] is as follows [167]:
Cathode reaction: O2 + 2Li+ + 2e− ↔ Li2 O2 (solid)
Anode reaction: 2Li ↔ 2Li+ + 2e−
Overall reaction: 2Li + O2 ↔ Li2 O2 (solid) E0 = 2.96 V
The major drawback of a Li-O2 battery is air cathode and electrolyte decomposition on reaction
with O2. The deposition of solid Li2O2 at the electrolyte- air interface that further converts into Li2O
complicates the oxygen reduction reaction (ORR) and results in a steep decrease in the cell capacity
on cycling. Research is dedicated to the ORR mechanism in an organic electrolytic medium and ORR
catalysts for the cathode. The major types of catalysts include conventional metal catalysts (e.g., Pt,
Pd, Au, Co), metal oxides (various crystallographic phases of MnOx, CoOx), composites of metal and
metal oxides (e.g., the composites of Ag, Ni, and MnOx, CoOx), metal carbide, nitrides, sulfides, or
organo-C/N/S composites with metal (e.g., Fe/N/C, TiN/C) [167]. Also, nano-structuring of the metal
oxides and metal components is reported to enhance the performance. Moreover, nanostructured,
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high surface area, porous carbon has also been reported as catalysts and supporters for ORR in LiO2 batteries. But the carbon surface suffers from instability due to the oxidative environment and
the reaction with the discharge product (Li2O2), resulting in the formation of Li2CO3. Thus, passivated
carbon nanostructures using metal oxides such as Al2O3, Ru2O are utilized to avoid direct contact
with the carbon surface [165, 166, 168, 169].
Conversion cathodes are the next-generation cathodes for lithium-ion-based batteries. Still, the
limitations of the lower cycling stability and reversibility are being resolved by researchers using
various above-mentioned methodologies.
5. High Voltage Materials (Only >4 V)
Materials that show either an average voltage greater than 4 V or demonstrate a significant
plateau capacity beyond 4 V are only included in the review. LiFePO4 is the only material in the
polyanionic phosphate group that is still reigning in the commercial market since its first
introduction in 1995. Polyanionic frameworks provide robust lattice which undergoes minimal
atomic arrangements upon lithiation-delithiation. It shows 150-160 mAh g-1 capacity at more
comprehensive current ranges with an average voltage of approximately 3.45 V and easily cyclable
up to 5000 cycles with good capacity retention [23]. It is also regarded as one of the stable cathodes
(air, thermal and cyclic stability) and, coupled with the LTO anode, results in an ultrasafe LFP-LTO
battery pack, that can power electric buses, trains, etc. However, due to low voltage and capacity,
the overall energy density is lower than that of oxide cathodes. Hence, LFP analogs having higher
voltages can mitigate the energy density issue and worth consideration for commercial applications.
Several other polyanionic frameworks such as sulfate, silicate, fluorophosphate, pyrophosphate,
etc., that crystallize in a variety of polymorphs have also been studied as high voltage LIB cathodes.
Table 5 compares the electrochemical properties of the various classes of polyanionic materials.
Table 5 Electrochemical properties pristine polyanionic materials without modification.
Class

Materials (ref)

Redox
couple

Phosphate
LiMPO4

LiMnPO4 [170]
LiCoPO4 [171]

Phosphate
Li3M2(PO4)3
Tavorite
Oxyphosphate
LiMOPO4
Tavorite
Fluorophosphate
LiMPO4F
or
Li2MPO4F

Mn+2/+3
Co+2/+3

Average
voltage
(V vs. Li+/Li)
~ 4.1
~ 4.8

Reversible
capacity
(mAh g-1)
160
120

Theoretical
capacity
(mAh g-1)
171
167

LiNiPO4 [172]

Ni+2/+3

~ 5.1

75

169

α-Li3V2(PO4)3
[173]
LiVOPO4 [174]

V+3/+5

~ 4.0

170

197

V+3/+5

~ 3.2

240

318

LiVPO4F [175]
Li2CoPO4F [176]

V+2/+4
Co+2/+3

~ 3.2
~ 5.0

260
120

312
143

Li2NiPO4F [177]

Ni+2/+3

~ 5.3

NF

144
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Pyrophosphate
Li2MP2O7
Silicate
Li2MSiO4

Li2MnP2O7 [178]
Li2CoP2O7 [179]

Mn+2/+3
Co+2/+3

~ 4.4
~ 5.0

60
90

110
109

Li2VOP2O7 [180]

V+4/+5

~ 4.1

30

105

Li2MnSiO4 [181]
Li2CoSiO4 [181]

Mn+2/+4

~ 4.1*
~ 4.2*

200
40

333#
163

Co+2/+3

* based on computational calculation, NF refers to data Not Found in literature, # calculated
based on two-electron transfer

5.1 Polyanionic Oxides
5.1.1 Phosphate Group
The structure of polyanionic cathodes is described in the previous section (4.2.2.b.). The
inductive effect of the polyanionic framework alters the iono-covalency of the M-O bond and results
in good structural stability. The stronger X-O bond decreases orbital overlap between M-O bonds,
increasing the ionic character of the M-O bond and the electrochemical potential. The stronger MO-X linkage holds the oxygen very tightly and does not release oxygen during abusing conditions
(under overcharging, overheating, short circuit, etc. conditions). Therefore, the system is
intrinsically safer than layered oxides. The more ionic or less covalent M-O bond stabilizes the
M+n/+(n+1) redox. The stabilization in redox energy allows faster ion migration and generates higher
C-rate benefits over layered oxides. LiCoO2 undergoes non-linear expansion after 50% delithiation
during the charge [182]. On the contrary, polyanionic frameworks maintain structural integrity and
can be cycled for more than 5000 cycles. Overall, polyanionic frameworks have advantages like
safety, fast charge-discharge, long-term cycling, and high voltage, but the capacity is limited (170
mAh g-1 for phosphates, ~325 mAh g-1 for silicates).
High Voltage Phospho-olivines: The high voltage phosphate olivines are described as LiMPO4 (M
= Mn, Co, Ni). In the lattice, oxygen atoms are distributed in a hexagonal closed packed (hcp) array,
where Li+ and M+2 occupy half of the octahedral sites and phosphorous takes one-eighth of the
tetrahedral sites. The structure is crystallized in the orthorhombic phase, either in Pmnb or in the
Pnma space group (Figure 14a) [183]. The electrochemical profiles are flat over a large Licomposition range revealing framework stability upon lithiation/delithiation as shown in Figure 14c
+3/+2 couple and increases the
[184]. Influence of the PO3−
4 anion tunes the redox energy of the M
operating potential of LiMPO4, such as ~ 4.1 V for Mn+3/+2, ~ 4.8 V for Co+3/+2, and ~ 5.1 V for Ni+3/+2.
Still, surprisingly, Fe+2/+3 stands at ~ 3.4 V. Higher electronegativity of Fe ( compared to Mn) should
result in the higher operating potential of LiFePO4 (compared to LiMnPO4), but the trend is opposite.
Fe+2 (3d6) requires extra energy to pair the sixth electron in the t2 g orbital, while Mn+2 (3d5) does
not. Thus, pairing energy increases the redox energy of the Fe+2/+3 couple. Hence, more energy could
be released or consumed during the redox process of Mn+2/+3, and LiMnPO4 shows higher operating
potential [185]. However, the associated problems are plenty. LiMPO4 has intrinsic lower electrical
and ionic conductivity issues. Electrical conductivities of LiFePO4, LiMnPO4 and LiCoPO4 are ~ 10-9, ~
10-11, and ~ 10-9 S cm-1, respectively, which are much lower than commercial LCO cathode (~ 10-3 S
cm-1). LiMnPO4 shows Jahn-Teller distortion of Mn+3. On the other hand, LiNiPO4 and LiCoPO4 suffer
from major electrolyte degradation during high voltage cycling [186]. In addition, the pure phase
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synthesis of LiNiPO4 is difficult due to the segregation of the Li4P2O7 and Ni3P impurity phases [187].
Several ways of coating and doping are reported in the literature for the performance enhancement
of LiMPO4 [188].

Figure 14 (a) Crystal structure of LiMPO4 (M = Mn, Fe, Co, and Ni). Reproduced from
reference [183]. Copyright 2021 IOP Publishing Ltd, (b) Typical voltage profiles of Carbon
coated LiMn0.8Fe0.2PO4 composite electrodes measured galvanostatically at various
discharge rates at 30 °C in the standard electrolyte solution considering theoretical
capacity of 165 mAh g-1. Reproduced with permission from reference [189]. Copyright
2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim and (c) Discharge profile of
LiMPO4 (M = Mn, Fe, Co, and Ni) olivines and LiFe0.5Mn0.5PO4. Reproduced from
reference [184].
Carbon-coated LiMnPO4 shows a flat voltage plateau around 4.1 V vs. Li+/Li and shows a
reversible capacity of 140 mAh g-1 at a C/10 rate in the range of 2.7-4.4 V . The material can sustain
hundreds of charge-discharge cycles at elevated temperatures without significant capacity fade.
Carbon coating increases the electronic conductivity of the pristine sample and stabilizes the
cathode-electrolyte interphase. However, LiMnPO4 suffers from a shortage of specific capacity and
rate capability [190]. 10% carbon-coated LiMn0.8Fe0.2PO4, where 20% Mn sites are substituted with
Fe, can mitigate the issues mentioned above. Fe doping pushes the specific capacity beyond 150
mAh g-1. The composite electrode delivers ~ 100 mAh g-1 capacity at a 10 C rate, whereas the
undoped composite electrode delivers only 60 mAh g-1 (Figure 14b). The performance improvement
is attributed to fewer defects in transition metal sites after Fe doping, which maintains the open
space for Li-ion conduction even after long-term cycling [189].
On the other hand, due to low electrical conductivity, high voltage cycling, structural instability,
etc., LiCoPO4 losses almost 50% capacity below 100 cycles at C/10 rate [191]. Modification strategies
include nanoparticle synthesis, carbon coating, metal-ion doping, use of electrolyte additives, etc.
Xing et al. showed that carbon-coated LiCoPO4 nanograins synthesized via the sol-gel method
deliver an initial discharge capacity of 137 mAh g-1 at C/10 rate and retains 68% after 30 cycles when
cycled between 3.0-5.1 V using 1M LiPF6 in 1:1:1 ratio of EC-DMC-EMC along with 0.1 wt.%
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thiophene additive [192]. Literature reports on LiNiPO4 are rare due to difficulty in pure phase
synthesis. LiNiPO4 soaked in Graphitic carbon foam delivers a stable discharge capacity of ~ 80 mAh
g-1 with 8% fade after the 10th cycle when cycled at a C/10 rate between 3.5-5.4 V. One vital point
to note here is that the discharge voltage profile is unexpectedly sloping, unlike the flat voltage
region in other phospho-olivines. Other drawbacks are electrolyte decomposition and inferior highrate performance (almost no capacity at C/2 rate) [193].
Rhombohedral or Monoclinic Li3M2(PO4)3: The vanadium analog, i.e., Li3V2(PO4)3, shows two
room temperature polymorphs: 𝛼-monoclinic and 𝛽-rhombohedral (NASICON - Sodium superionic
conductor). The monoclinic phase is isotypic with the α-form of the monoclinic Li3Fe2(PO4)3, whereas
the rhombohedral form is isotypic with the NASICON framework. The α-form is thermodynamically
more stable and can be directly synthesized via the chemical reaction route, while 𝛽 -form is
synthesized from Na3V2(PO4)3 through the ion-exchange method [194]. Conversion of the
rhombohedral Li3V2(PO4)3 from the Na3V2(PO4)3 crystals via the ion-exchange method can be seen
in Figure 15a [195]. The main structural difference between the two polymorphs is that the ‘lantern
unit [V2(PO4)3]’ is interconnected in the 𝛽-form, while in the α-form, they are alternatively oriented
in a perpendicular fashion leading to more closed packed structure than the 𝛽-form [196]. All the
three lithium can be electrochemically extracted from the monoclinic phase, while deinsertion of
only two lithium is possible from the rhombohedral phase. Rhombohedral Li 3V2(PO4)3 under
potentiodynamic testing conditions (10 mV/1.5 h followed by equilibration) between 3.0-4.5 V
range shows two lithium extraction accompanied by the oxidation of V+3 to V+4 and occurs via a
biphasic process with an average voltage of 3.77 V vs. Li+/Li (Figure 15b). On the contrary, the
monoclinic phase undergoes three lithium extraction in the voltage range of 3.0-4.8 V due to V+4/+5
redox at ~ 4.5 V. It occurs via a multiphasic process with an average voltage of 3.85 V vs. Li+/Li [197].
Figure 15c shows the Li-ion migration pathway in the monoclinic structure [198]. The obtained
capacity of ~ 200 mAh g-1 and high voltage pushes the specific energy density to 2330 mWh cm-3,
which is comparable to that of other commercial materials such as LiCoO 2 (2750 mWh cm-3) and
LiFePO4 (2065 mWh cm-3) [196]. However, both the phases suffer from similar poor electronic and
ionic conductivity issues like other phospho-olivines (electronic conductivity is lying in the range of
10-8-10-9 S cm-1). Carbon coating can enhance electronic conductivity. Ding et al. performed dual
carbon coating as an effective strategy and achieved high-rate performance in aqueous electrolytes
[199]. Metal-ion doping can address the challenge of bulk ionic conductivity. Doped Li 3V2+3
+2
+
+5
xMx(PO4)3/C (M = Cr , Co , Na , Nb , etc.) have been studied where electrochemical performances
have been upgraded as a result of doping [200-203]. One special mention is high valent Mo+6 doping.
The Li3V1.97Mo0.03(PO4)3/C composite retains 98.3% of the initial capacity (122.8 mAh g-1) after 150
cycles at 20 C current rate compared to < 70% retention for the pristine material. Substitution of
low valent V+3 with Mo+6 strengthens the Mo-O bond to stabilize the structure. It also weakens the
Li-O interaction to increase Li-ion diffusivity. Moreover, Mo-doping leads to Li-deficient holeconducting material, and the donor effect increases ionic conductivity [204]. SiO2 modification on
monoclinic Li3V2(PO4)3/C improves the cycling performance, although multiple plateaus were still
visible (Figure 15d). The transmission electron microscopy (TEM) image in Figure 15e confirms that
the Li3V2(PO4)3 particles were wrapped in amorphous silica and carbon layers having a 3-5 nm
thickness [205].
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Figure 15 (a) Conversion of the rhombohedral Na3V2(PO4)3 crystal structure to the
rhombohedral Li3V2(PO4)3 crystal structure via the ion-exchange method, (b) Chargedischarge curves of the rhombohedral Li3V2(PO4)3/carbon nanofiber (CNF) composite at
various current rates ranging from 0.5C to 100C. Reprinted with permission from
reference [195]. Copyright 2020 American Chemical Society, (c) Schematic illustration of
the possible Li-ion migration pathways in monoclinic Li3V2(PO4)3 crystal structure.
Reprinted with permission from reference [198]. Copyright 2012 American Chemical
Society, (d) Charge-discharge voltage profiles of monoclinic Li3V2(PO4)3/C and 1, 2, 3 wt.%
SiO2 coated samples at C/10 current rate in between 3.0-4.8 V range and (e)
Transmission electron microscopy (TEM) image of 2 wt.% SiO2 coated Li3V2(PO4)3/C. The
lattice fringes of pristine material and coating region are clearly visible. Reprinted with
permission from reference [205]. Copyright 2012 American Chemical Society.
5.1.2 Tavorite Compounds and Derivatives
The tavorite phase generally defines a large class of phosphates and sulfates of the general
formula LiyMXO4Z, where y = 0, 1, 2; M = Co, Ni, Mn, V, Fe; X = P, S; Z = F, O, OH. The presence of ‘Z’
helps the two lithium and two electrons exchange per formula unit theoretically. However,
practically only one electron exchange is observed in most cases [206].
Vanadium-based fluorophosphate (LiVPO4F) and oxyphosphate (LiVOPO4) are examples that can
exchange two electrons per formula unit. However, besides their high voltage redox, e.g., at 4.2 V
for V+3/+4 in LiVPO4F and 4.0 V for V+4/+5 in LiVOPO4, the low voltage redox at 2.2 V for V+3/+4 in
LiVOPO4, and 1.8 V for V+2/+3 in LiVPO4F lowers the average voltage down to ~ 2.4 V for LiVPO4F and
~ 1.8 V for LiVOPO4 [207-209]. Due to this fact, proper attention was not provided on these materials
like insertion and other polyanionic cathodes, although having high theoretical capacity. LiVPO 4F
can show reversible capacity around 120-150 mAh g-1 when cycled within C/2 to 10 C current rate.
Further optimization is needed to scale up vanadium phosphates to reach the level of LiFePO 4.
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Fluorophosphates (Li2MPO4F) is a fluorine substituted phosphate analog and comes under the
category of the tavorite phase. The edge shared MO4F2 infinite chains interconnected by PO4
tetrahedra opens two sites for Li, out of which only one is electrochemically mobile [176]. The
presence of fluorine upshifts the average voltage to ~ 5 V for Co+3/+2 and ~ 5.3 V for Ni+3/+2, i.e.,
approximately 200 mV is gained due to fluorination. Li2CoPO4F is reported to show a capacity of ~
110 mAh g-1 in a sulfone-based electrolyte with an upper cut-off voltage of ~ 5.5 V [210]. Li2NiPO4F
is hard to synthesize in the pure phase, and related reports are scarce in the literature [177]. The
study on these materials is mainly limited due to the electrode-electrolyte instability at high
voltages.
5.1.3 Pyrophosphates
Pyrophosphate (Li2MP2O7) combines a high theoretical capacity of 220 mAh g-1 due to the twoelectron transfer per metal cation along with high average voltage (>4 V). As mentioned earlier,
pyrophosphate moiety has more resonance structures arising from its extended P-O backbone, and
the resulting covalence is the reason behind higher average voltage than phosphates. The crystal
structure can be described as 3D frameworks with MO5 square pyramids sharing an edge with the
MO6 octahedra, which further interlinked via P2O7 groups (Figure 16a and Figure 16b). The
electrochemical performance of Li2FeP2O7 is comparatively inferior to that of LiFePO4. The average
voltage is almost similar, i.e., ~ 3.5 V vs. Li+/Li. But the higher atomic weight of the P2O7 moiety
lowers the capacity down to ~ 110 mAh g-1 (Figure 14d) [211]. Similar specific capacity lowering
effect due to higher molar mass per formula unit is also obvious for Li2MP2O7 other than Fe. Other
analogs such as Li2VOP2O7, Li2CoP2O7, and Li2MnP2O7 draw attention due to the high average
discharge potentials of 4.1 V, 5.0 V, and 4.4 V, respectively, but the reversible capacity lies around
100 mAh g-1 (Figure 16c and Figure 16d) [212-214]. Ng et al. showed by first-principles calculations
that lithium diffusion and the charge capacity of lithium cobalt phosphate depends on the intrinsic
defects. Doping Si in place of P improves charge carrier mobility without altering other electronic
properties of the pristine material [215]. However, cyclic stability is also inferior resulting from poor
stability of the electrolytes at ~ 5 V . Moreover, difficulty in extracting lithium due to sluggish kinetics
is the other reason behind these materials' poor cycling performance. Whittingham and coworkers
synthesized molybdenum (oxy) pyrophosphate [𝛿-(MoO2)2P2O7] that can accommodate four lithium
ions upon discharge to 2 V based on Mo+6/+4 redox accounting for a capacity of ~ 250 mAh g-1.
Intercalation of more than two lithium ions is not electrochemically reversible and leads to a loss in
crystallinity. The reversible two lithium intercalation capacity of ~ 110 mAh g-1 between 4.0-2.3 V
have been achieved for this material [216].
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Figure 16 (a) Crystal structure of Li2-xCoP2O7. Reprinted with permission from reference
[215]. Copyright 2019 American Chemical Society, (b) crystal structure of Li2MnP2O7.
Reprinted with permission from reference [211]. Copyright 2010 American Chemical
Society, (c) Initial voltage profiles of Li2CoSiO4 (red curve) and Li2CoSiO4/C (black curve),
(d) Charge-discharge capacity as a function of cycle number for Li2CoSiO4/C. Reprinted
with permission from reference [217]. Copyright 2013 American Chemical Society.
5.1.4 Silicates and Fluorosilicates
Silicates or orthosilicates Li2MSiO4 (where M = Mn2+, Fe2+, and Co2+) is a class of poly-oxyanion
cathodes that have attracted much attention after the first proposal in 2005 by Nyten et al. [218].
It was reported as a phase pure Li2FeSiO4, with an orthorhombic structure that showed an initial
discharge capacity of 130 mAh g-1. Li2MnSiO4 is another extensively studied silicate cathode that
shows a high voltage of ~ 4.1 V and a high theoretical capacity of 333 mAh g-1 as the extraction of
two lithium ions is possible, which is accompanied by the Mn +2/Mn+3 and Mn+3/Mn+4 redox couple.
But practically it shows only 120 mAh g-1 capacity [219]. Fe and Si are among the most abundant
and low-cost elements in the earth's crust. This is also one of the lying reasons behind quick
popularity gain after the first report [218]. Other features of the silicate materials are as follows: a)
unlike the olivine phosphate materials (where at most only one lithium can be extracted), silicates
can undergo two lithium ions per formula unit extraction accompanied by a two-electron redox
process (i.e., resulting from both M2+/M3+ and M3+/M4+ redox couples) leading to the higher
theoretical specific capacity of this type of materials (300-330 mAh g-1), b) due to strong Si-O bond
this material shows high thermal stability and exhibits good safety under extreme testing conditions.
However, low electronic conductivity (10-14 S cm-1), thereby slow lithium-ion kinetics; amorphization
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of the active material, and structural reversibility are the major drawbacks of these types of
materials.
Among silicates, Li2CoSiO4 has a high voltage of ~ 4.5 V and a capacity of about ~ 325 mAh g-1,
which leads to a high energy density of ~ 1463 Wh kg-1. The 2nd Li-ion deintercalation voltage plateau
at around 5 V is difficult to achieve [220]. Co is expensive and environmentally toxic. Therefore, the
material lost commercial interest as the battery industry is seeking to reach a Co-free zone. However,
there are some excellent reports on this material. Gong et al. have reported a charge capacity of
234 mAh g-1 for the Li2CoSiO4/C composite, which corresponds to 0.46 lithium per formula unit. They
have used the hydrothermal route for synthesis and found the reversible Li extraction and insertion
at 4.1 V vs. Li. [220]. Lyness et al. synthesized all three polymorphs of Li2CoSiO4 and showed that the
βI polymorph exhibits electrochemical activity. They reported a charge capacity of 170 mAh g -1,
which is equivalent to 1.1 Li per formula unit for the βI polymorph of Li2CoSiO4 coated with carbon
[221]. Linda Nazar and coworkers synthesized the Li2CoSiO4/C nanocomposite via hydrothermal
method using highly ordered mesoporous carbon/silica (MCS) framework as both carbon and silica
precursors. However, the electrochemical performance is very poor, as shown in Figure 15c and
Figure 15d [217].
5.2 Spinel Oxides
Spinel oxide as cathode for lithium-ion battery is primarily limited to LiMn2O4 (LMO). This
compound has a spinel-like structure with anionic lattice having an α-NaFeO2 type structure in which
Li and Mn reside in the tetrahedral and octahedral sites, respectively [222]. In LMO, lithium-ion
shuttles between the tetrahedral sites by hopping via the intermediate octahedral site. Due to this
spinel structure and diffusion behavior, the lithium diffusion pathway is three-dimensional. This
type of stable 3D geometry helps in the Li-ion diffusivity and offers high-rate capability. The material
shows a theoretical capacity of 148 mAh g-1 and a discharge potential of 4 V [223]. But LiMn2O4
cathode has a significant issue of Mn dissolution [224]. The insertion of Ni into the spinel structure
of LiMn2O4 forming LiNi0.5Mn1.5O4 (LNMO) leads to an increased operating voltage of 4.7 V vs. Li+/Li.
LNMO has gained much more attention than LMO because of its high operating potential, low cost
of synthesis, and Co-free nature. It shows a reversible specific capacity of 148 mAh g-1 [225]. The
compound crystallizes in an ordered and disordered configuration depending on the synthetic
condition (Figure 17a) [226]. The disordered configuration exhibits a more stable cycling
performance due to its better ionic and electronic conductivities. But the practical application of
LNMO is hampered due to electrolyte instability at such a high working potential of ~ 4.7 V vs. Li+/Li.
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Figure 17 Crystal structure of LiNi1.5Mn0.5O4. Reprinted with permission from reference
[226]. Copyright 2020 American Chemical Society, (b) Discharge capacities of uncoated
and LiPON coated LNMO at C/5 and C/3 current rates. Reprinted with permission from
reference [227]. Copyright 2013 The Electrochemical Society, (c) Charge-discharge
profiles of undoped, Cr-doped, and Nb-doped LNMO at C/5 rate, and (d) Cycling
performance of undoped, Cr-doped, and Nb-doped LNMO up to 500 cycles. Reprinted
with permission from reference [228]. Copyright 2016 American Chemical Society.
5.2.1 Metal Cation Doping
One of the most effective methods is the partial replacement of Ni or O in LNMO with a metal
cation or anion. Mg doping into LNMO confers structural stability and improves the voltage profile
(4.70-4.75 V vs. Li+/Li) [229]. The nanosized LiMg0.05Ni0.45Mn1.5O4 material is synthesized by a
modified solid-state synthesis with an ordered cubic spinel structure that shows good capacity
retention upon cycling (131 mAh g−1 at C/10 and 117 mAh g-1 at 1 C) [230]. There are also some
essential outcomes being obtained by Cr-doping. The strong oxygen affinity of the Cr atom helps to
form strong Cr-O bonds favoring good stability of the spinel structure during cycling. A single-phase
LiMn1.4Cr0.2Ni0.4O4 spinel synthesized by simple sucrose assisted combustion method exhibits the
maximum rate capability with capacity retention of 92% at 60 C (1C = 147.5 mA g −1 or 0.260 mA
cm−2) discharge rate among LiNi0.5Mn1.5O4- type cathodes [231]. Mao et al. synthesized Cr-and Nbdoped LNMO via a polyvinylpyrrolidone (PVP) combustion method. The Cr doped sample
LiCr0.1Ni0.45Mn1.45O4 retains 94.1% capacity after 500 cycles at 1C, the coulombic and energy
efficiencies remain at over 99.7%, and 97.5%, respectively. The Nb-doped sample
LiNb0.02Ni0.49Mn1.49O4 shows slightly higher capacity but lesser retention (Figure 17c and Figure 17d)
than other materials. The performance improvement is ascribed to the fact that Cr doping sharpens
the edges and decreases particle size, while Nb doping results in smoother surface and more
rounded large particles [228].
5.2.2 Surface Coating
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The presence of ppm level HF produced due to reaction of salt LiPF 6 and trace level water in the
organic electrolyte (e.g., 1M LiPF6 in 1:1 ratio of EC: DEC) causes unavoidable side reactions. The
steps of the reaction mechanism are discussed below:
1) LiPF6 decomposes at >4.4 V and forms PF5, which reacts with water leading to the formation
of HF according to the reaction:
LiPF6 → LiF + PF5; PF5 + H2O → 2HF + PF3O
2) The resulting HF causes high voltage LNMO to dissolve in the electrolyte solvent through the
following reaction:
4HF + 2LiNi0.5Mn1.5O4→3Ni0.25Mn0.75O2 + 0.25NiF2 + 0.75MnF2 + 2LiF + 2H2O [232]
Therefore, capacity fade is observed over cycling due to the loss of the active materials following
the reactions mentioned above. The surface coatings have been proven to be the effective materials
to mitigate this HF corrosion. In this regard, some oxide and fluoride materials draw special
attention as surface coating materials for LNMO [233]. SiO2 is known as an HF scavenger. Therefore,
SiO2 helps to protect LNMO electrode materials by neutralizing the HF in the electrolyte. Wei Pang
et al. have studied the effect of SiO2 coatings on LNMO. SiO2 coating layer lowers the capacity decay
rate by 45% and 65%, at 25 C and 55 C, respectively, and enhances the Li diffusivity by 15% [234].
Tao et al. reported TiO2 coated LNMO synthesized by simple wet chemical method. The coated
material shows better cycling stability, about 88.5% of the capacity was retained at a 2 C rate at the
end of 500 cycles [235]. Wu et al. investigated AlF3 coated LNMO using 1 wt.% AlF3, which shows
good reversibility, with 93.6% retention after 50 cycles [236]. Sub-nanometer LiPON coating also
improves the high voltage (~ 4.9 V) cycling stability of the LNMO cathodes in conventional carbonate
electrolytes, as shown in Figure 17b [227].
5.2.3 Rare Earth Metal Doping
Partial substitution of Mn by rare-earth elements, such as La, Nd, and Ce, have also been
investigated to improve the electrochemical performance of LNMO. Ce substituted
LiNi0.495Ce0.005Mn1.5O4 delivers better C rate performance than LiNi0.5Mn1.5O4 [237]. This is due to
the synergistic effects of the decrease in the extent of mixing between lithium ions and transition
metal ions, an increase in the lattice parameter, and Ni/Mn disordering degree after an appropriate
amount of Ce doping. The doped materials exhibit a specific capacity of 123 mAh g-1 at 1C rate,
capacity retention of 94.51% after 100 cycles, and 115.4 mAh g-1 capacity at 10C rate, indicating
good rate capability. Besides, it has been observed that Ce substitution decreases the formation of
Mn3+ and stabilizes the structure, and improves the electrical conductivity. The
LiNi0.495Mn1.495Ce0.02O4/graphite full-cell can deliver a capacity of 113 mAh g-1 and capacity retention
of 98% after 100 cycles at 1 C rate and 25 °C [238]. Nb doping also improves performance, as
described in Figure 16c and Figure 16d [228].
5.2.4 Anion Doping
Similar to cation doping, few reports of anion doping, e.g., F-doping, replace some of the oxygen
with fluorine and thereby helps suppress the formation of NiO impurity, improves the tap density
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of the material, and simultaneously reduces the voltage polarization. Moreover, the dissolution of
the particles into the electrolyte can be mitigated by fluorine coating (Figure 6). Xu et al. reported
the sol-gel synthesis of LiNi0.5Mn1.5O3.975F0.05. Electrochemical performance shows that fluorine
doping enhances the initial capacity from 130 mAh g−1 to over 140 mAh g−1 in the voltage range of
3.5- 5.2 V compared with pristine LiNi0.5Mn1.5O4 [239].
Table 6 Electrochemical performance of LNMO modified by surface coating and dopings.
Type
of Synthesis
modification
process

Current density
(mA g-1)
or
Current rate (C)
10C

First
discharge
capacity
(mAh g-1)
129

Capacity
retention
(%)
@ No. of cycles
99.97% @ 200

1C

125

95.7% @ 200

27

130

LNMO
nanoplates
[243]

hydrothermal
3.5-5.0
method
and
subsequent
solid-state
reaction
doping Sol-gel method 3.5-5.0

1C

148

86.4% @ 1000

Cr
[244]
Na
doping
[245]
LNMO/C [246]
Li3PO4
coating [247]
Al2O3
coating [248]

0.5C

137

97.5% @ 50

Solid-state
synthesis
Sol-gel method
Solid-state
method
Atomic layer
deposition

3.5-4.9

1C

125

92.96% @ 100

3.0-5.0
3.0-5.0

1C
0.5C

130
122

92% @ 100
80% @ 650

3.5-4.8

0.1C

ZnO
coating [249]
GaF3
coating [250]

Wet-chemistry
method
Wet-chemistry
method

3.0-5.0

2C

3.0-5.0

0.1C

Nanosized
LNMO [240]

LNMO
nanorods
[241]
LNMO
nanofibers
[242]

Voltage
range
(V)

One-pot
3.5-5.0
resorcinolformaldehyde
synthesis
Using
MnO2 3.4-5.0
nanorods as a
Mn source
3.5-4.8

105 mAh g-1 after
150 cycles at
0.1C
102 mAh g-1 after
50 cycles at 2C
129 mAh g-1 after
300 cycles at
0.1C
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Spinel LiNi0.5Mn1.5O4 (LNMO) is a promising cathode material due to its high operating voltage of
~ 4.7 V vs. Li+/Li, leading to a specific energy of 650 Wh kg-1, which is 162.5% and 131.3% higher than
that of LiMn2O4 and LiFePO4, respectively. Moreover, these materials exhibit good cycling stability,
excellent rate performance, superior thermal stability, and high ionic conductivity. However, the
high operating voltage, which is beyond the oxidation potential of the carbonate solvents, limits its
practical applications. Therefore, large irreversible capacity and low coulombic efficiency are
observed for these materials with conventional LIB electrolytes. In addition, electrolytes with high
voltage additives can enhance the long-term electrochemical performances of this material.
6. Conclusion and Outlook
This review focuses on LIB cathode materials which show either capacity ≥250 mAh g-1 or voltage
≥4 V. The crystal structure, performance comparison among various compositions, Li-ion storing
mechanism, shortcomings of the materials, capacity, voltage fading mechanisms, and the reported
methods to overcome these problems have been systematically described.
1. The concept of lithium-rich layered oxide cathodes is based on the solid solution of Li2MO3 (M
= Mn, Ru, Ti, Sn, etc.) and LiMO2 (M = Ni, Co, Mn, etc.). Incorporating oxygen redox beyond
the transition metal redox opened up the gateway to achieve high capacity that was beyond
conventional layered oxides. But irreversible oxygen redox causes transition metal migration,
voltage hysteresis, voltage decay, severe capacity fade, and poor rate performance during
charge-discharge cycles. Based on the reported theories, coating, doping, and composition
optimization effectively hinder oxygen gas release, thereby balancing high capacity and longterm cyclability.
2. Lithium-rich disordered rock salts are another class of oxide materials that show capacity
beyond 250 mAh g-1 utilizing the benefit from oxygen redox. It has a wide compositional range
that provides the opportunity to use metals (Ru, Mo, Nb, V, Cr, etc.) that are not commonly
used to synthesize conventional layered oxides. The ease of synthesis via simple solid-state
and mechanical route and earth-abundant Mn-rich compositions is desirable for commercial
applications. However, it also suffers from similar problems that appear in lithium-rich layered
oxides. Cycling stability in most of the literature reports was confined to 100 cycles, and the
performance of those 100 cycles significantly relied on the amount of carbon in the coating
slurry. Therefore, further optimization of electrode fabrication, slurry composition, and
testing protocols are required.
3. On the other hand, conversion cathodes can yield a capacity of >300 mAh g-1 through non-site
limited chemical reactions with lithium. However, the performance is limited by the vast
volume expansion and low electrical conductivity. The commercialization of silicon-based
anodes was made possible due to extensive research to synthesize unique morphology,
robust binders, and optimization of carbon contents. Similar studies are also needed for the
further development of conversion cathodes.
4. Phosphate frameworks are extensively studied in this category after the commercial success
of LiFePO4. Fe-based systems primarily offer < 4 V of average voltage. On the other hand, Vbased materials such as Li3V2(PO4)3, LiVOPO4, LiVPO4F demonstrate ≥4 V plateau and stable
capacity. Their electrochemical performance mainly depends on the uniform and welldistributed carbon coating as the hindrance of electron conduction is the major shortcoming.
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Remaining challenges include further optimization of carbon coating, size and shape of the
synthesized nanoparticles, and the synthetic conditions. Ni-and Co-based phosphates,
pyrophosphates, and silicate moieties can provide 4.8-5.0 V of discharge voltage. However,
most reports are only computationally realized because of the difficulty in synthesizing the
pure phase material and the instability of the conventional carbonate electrolytes. The
development of the solid-state electrolyte or high voltage ionic-liquid electrolytes may
broaden the scope of investigating these materials in the future.
5. High voltage spinel oxides, especially LNMO, also deliver 4.7 V vs. Li/Li+. But improving
electrolyte stability by using additives, formation of artificial interphase, thin and uniform
carbon coating is essential for its electrochemical performance. Areas, where LNMO lacks are
long-term cycling stability and coulombic efficiency. Therefore, research in high-voltage
electrolyte and cathode-electrolyte interphase are the keys to future progress.
In summary, high-capacity materials mainly suffer from the inaccessibility of reversible lithium
sites after a few cycles, whereas high voltage materials experience cathode-electrolyte
incompatibility at elevated voltages. Tuning the electronic structure of the host crystals through
doping, protective coating on the surface of active materials to hinder the attack of reactive
electrolyte, synthesis with suitable morphology for facile ion migration, manufacturing electrode
architecture to buffer the volume change, and the use of high voltage electrolytes or electrolyte
additive salts are the exploited tactics to improve the electrochemical performance. An important
point to note here is that high capacity and high voltage are not the only criteria to judge the
commercial suitability of material.
Batteries, being energy storage devices, must meet all the long-term storage requirements. Apart
from the energy density, other criteria like power density, cost, safety, recyclability, ease of
operation, life span, etc., are also equally vital for a LIB performance matrix. Based on the
commercial demand, the performance comparison of the materials is discussed here by considering
the parameters mentioned above. It is also shown that how does one material surpasses the other
in a particular electrochemical property.
1. From the point of view of energy density, LMR-LO cathodes can reach beyond 1000 Wh kg-1,
whereas the current LIB technology stands at ~ 300 Wh kg-1. To shrug off the complete
dependence on fossil fuel, LIBs at some point should be used to substitute gasoline. Still, the
inadequate energy storing capability of the currently used LIBs is a major obstacle behind
electric aviation. The energy density of gasoline is ~ 13 kWh kg-1, more than 40 times higher
than that of LIBs. Considering ~ 12.6% of the average gasoline tank-to-wheel efficiency of the
US fleet, the practical energy density becomes ~ 1700 Wh kg-1, which is also approximately
ten times higher than that of the stated system. A lithium-air battery, where oxygen is used
as a cathode, is the only system that can theoretically satisfy the energy density demand
(11,640 Wh kg-1 for a nominal voltage of 3 V).
2. The power density is another important factor that must be kept in balance with the energy
density. Although supercapacitors, hybrid ultracapacitors, etc., are specially designed devices
to achieve high power output, a battery should possess a threshold value of power at the time
of quick energy supply. The robust structural moiety of the polyanionic materials supports fast
lithium-ion migration and is thereby used in high-power commercial tools. Next-generation
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high voltage polyanionic frameworks coupled with the Li4Ti5O12 (LTO) anode is the best choice
in terms of power output. Cationic reorganization in high-capacity layered cathodes and
irreversible phase formation in conversion materials are problematic towards power delivery.
3. Cost is an essential criterion for any material to gain wide acceptability in the mass market.
The lower the cost or lesser the $/kWh for an electric vehicle, the more attractive it is to the
customers. Due to uneven geological distribution, geopolitical tensions, and unethical
exploitation of child labor, Co and Li have been considered under the critical element category
for the last few years. Mainly, the fluctuation in the cobalt price results in a sudden upsurge
or rapid downfall in the stock market price. On the other hand, too much reliance on Ni for
NMC-811 in EVs may cause a vast Ni deficit in the no-distant future. Mn-rich disordered rock
salt materials and Ni-Co free polyanionic frameworks can be a viable option. However, if
lithium-oxygen comes into the picture, the worries about cathode cost can be relived as
oxygen is ubiquitous. Another way to regain the material value is to reuse or recycle spent
LIBs. But the consideration of recycling comes from a commercialized material. Materials
discussed here are still being studied at a laboratory scale, and literature reports on recycling
are rare. On a general note, polyanionic frameworks are resistant to chemical attacks and are
difficult to recycle due to the covalently bonded network. Moreover, it will not be attentionworthy from an industrial perspective if it does not contain any critical metals. Therefore, the
recycling of oxide materials is only industry-relevant.
4. Safety must be given the utmost priority for designing a device. Customers do not embrace
any unsafe gadget at all for any type of use. Heat generation is a common phenomenon in the
case of LIB-run devices. Ni-rich content of current commercial cathodes may cause massive
heat evolution, and Li-plating at graphite during fast charging, at low state-of-charge (< 20%),
and low-temperature may pose a potential threat. From a chemistry point of view, a
polyanionic cathode coupled with an LTO anode is the most reliable system. However, the
future commercialization of solid-state batteries may solve the problem.
5. Finally, the durability is an essential factor for commercial success. For example, LIBs in the
mobile phone can sustain 3-5 years, and the threshold is a minimum of 10 years for batteryrun electric vehicles. Polyanionic materials can perform for a long time but at the expense of
low energy density, which means adding more weight or putting excess volume in the battery
of equivalent energy-power rating. On the contrary, irreversible lithium loss from lithium
cathodes, parasitic side reactions in conversion cathodes, polysulfide shuttling in the Li-S
system, and overvoltage and polarization during ORR, OER, etc., in the case of Li-O2 raise a
question mark in terms of reversibility. Overall, the high energy materials need to cover the
far distance before it becomes a commercial reality. But the scientific concept,
electrochemical mechanism, failure processes corresponding to these materials are worth
consideration.
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Abstract
A substantial share of the electric energy is generated with synchronous generators that
provide sustained alternating current (AC) voltage and frequency energy to regional and
national power systems, which subsequently transport and distribute it to diverse users. In an
attempt to reduce environmental effects, electric energy markets have recently become more
open, resulting in more flexible distributed electric power systems. In such distributed
systems, stability, quick and efficient delivery, and control of electric power require some
degree of power electronics control to allow for lower power in the electric generators to tap
the primary fuel energy potential better and increase efficiency and stability. This is how
variable-speed electric generators (VSEG) recently came into play, up to the 400-megavolt
ampere (MVA)/ unit size, and which have been at work since 1996. This paper provides
coverage of variable-speed electric diesel generators (VSDEG) in distributed generation and
their impacts on fuel efficiency and greenhouse gases (GHG). It discusses permanent-magnet(PM) synchronous generators, solutions based on power electronics such as diesel-driven
© 2022 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.

JEPT 2022; 4(1), doi:10.21926/jept.2201003

wound-rotor-induction generator, doubly-fed-induction generator (DFIG), rotating stator
generator, and the application of continuously variable transmission to a VSEG. The benefits
and limitations of the selected technologies are also presented. The list of references given at
the end of the paper should offer aids for students and researchers working in this field.
Keywords
Diesel generator; variable speed diesel generator (VSDG); energy efficiency; fuel efficiency;
greenhouse gases (GHG); permanent-magnet synchronous generator; DFIG

1. Introduction
Environmental concerns and the search for reduced greenhouse gas emissions have encouraged
the rapid development of renewable energy technologies to produce electricity. However, fossil
fuel generators are indispensable as autonomous sources of primary power supply or reserve for
marine vessels and onshore facilities [1-3].
Diesel Engine Generators (DEG) are widely used in isolated regions because they have high
reliability, stability, long service life, and ease of production [4-6]. These advantages justify the
preference for this energy source over renewable energies for these applications, which, despite
technological advances, are unpredictable, intermittent, and have limited storage capacity [7, 8].
However, the high fuel consumption in DEGs is a disadvantage, as this consumption represents an
increased emission of greenhouse gases. According to [9], only one-kilogram diesel-burning leads
to nearly 3-kilogram greenhouse gas emissions. Furthermore, the incomplete combustion of diesel
is responsible for the emission of hazardous and destructive gases to the environment, in addition
to the emission of particles that contribute to air pollution [10-14]. This is more apparent when the
diesel generator is operated at a low charge for an extended period, causing combustion wastes to
condense on the engine cylinder walls, increasing friction, decreasing efficiency, and increasing fuel
consumption [5]. Another disadvantage of DEG systems is the fluctuation of fuel price and the high
costs of transportation to isolated regions, which increase the cost of electricity [15-19]. Many
studies have been carried out to reduce fuel consumption and pollution, as well as to improve the
efficiency of the generation system [20-23]. Furthermore, it is anticipated that fossil fuels will
deplete within the next 40-50 years, as illustrated in Figure 1.
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Figure 1 Years of global coal, oil, and natural gas availability based on known reserves
and annual production levels in 2015. Note that these values can change in time based
on new reserves and changes in annual production.
Traditional Generator sets powered by DEGs (Genset) typically work at a fixed speed to provide
reliable synchronous speed for the electric power generators. Therefore, The DEGs are sized to
provide the peak of local load demand, presenting a nominal power due to this peak demand.
Although the DEG has maximum efficiency when operating at rated capacity, its efficiency decreases
considerably when working in low load regimes [19]. Thus, efficiency is compromised in regions
where Gensets operate continuously, and there is a significant difference between the low load,
with high duration, and the peak load, which usually occurs during a short period. In addition, low
load operation increases the fuel consumption, increasing fuel costs and the machine maintenance
frequency, which wears out faster when not operating at rated power [24].
This work aims to present the leading diesel generator technologies operating at variable speed,
highlighting the advantages and disadvantages of each and showing their impacts on fuel efficiency
and greenhouse gases (GHGs). A comparison between the studied technologies will also be
presented according to the possible applications.
Section 2 presents the power conversion systems at fixed and variable speeds. Section 3 presents
the characteristics of power generation technologies at a fixed speed and variable speed. Section 4
describes diesel generator technologies at variable speed discussed in the literature, while section
5 compares these technologies concerning system efficiency, fuel consumption, and emissions of
gases and particles into the atmosphere. Finally, section 6 presents the conclusion of this work.
2. Power Conversion Systems at Fixed and Variable Speeds
2.1 Fixed Speed Diesel Generator (FSDG)
In DEG systems operating at a fixed speed, the diesel engine runs at a constant speed to provide
specific mechanical torque for an electric power generator without monitoring the variation of the
electric charge or the engine efficiency [24]. The advantages of this topology are the robustness and
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simplicity of construction and operation (which implies a reduced cost). The disadvantage is that in
an FSDG, as the load decreases, to maintain the fixed speed required by a fixed frequency and
voltage amplitude, the rotor will operate with a high mechanical torque uselessly [25] (Figure 2).
The diesel engine, which is connected directly to the rotor shaft of the generator, must provide
mechanical torque appropriate to the load level to maintain quality power production [26]. In other
words, as the load decreases, in an FSDG, the DEG will operate less efficiently to maintain a fixed
speed, which implies higher fuel consumption for a low load regime, i.e., between 30 and 40% of
the rated load [27]. In addition, fixed speed operation generates more significant mechanical efforts
on the system, increasing the risk of failure. Moreover, the high maintenance rate affects the system
during low load operations due to cylinder glazing or, in worse cases, piston locking [28]. Figure 3
shows a diagram representation of this technology.

Figure 2 The diesel engine's peak torque, power, and fuel consumption in a proof-ofconcept Genset.

Figure 3 Fixed Speed Diesel Generator diagram.
These systems are designed for a limited variation of the speed range to optimize their efficiency,
typically presenting two rotation speeds. This is possible by using two generators of different
numbers of poles and different rated powers [28, 29] or by using only one generator with the
possibility of varying the number of poles. Either way, using two rotational speeds allows for a
relative efficiency increase. Furthermore, the rated rotational speeds are chosen to optimize the
fulfillment of the local demand due to the characteristic load curve of the system.
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2.2 Variable Speed Diesel Generator (VSDG)
The operation at variable speed allows the search for operating conditions that promote the
maximum efficiency of the power generation system. This is because the rotation speed affects the
consumption of the engine when the mechanical load decreases according to the electrical load, as
seen in Figure 4.

Figure 4 Two Specific Fuel Oil Consumption (SFOC) for variable and fixed speed dieseldriven electric generator 3516C rated at 2350kW.
In the VSDG, the mechanical torque provided by the DEG is adjusted according to the demand of
the load. Therefore, when the system operates under a low load, the DEG slows down, avoiding the
unnecessary production of mechanical torque. As seen in Figure 4, the results show a 27% fuel
saving at 10% load down to 3,5% fuel saving at 80% load when running the engine at variable speed
from 1,200 RPM to 1,800 RPM.
Figure 5 indicates the Genset scheme with a Variable Speed Diesel Generator system.

Figure 5 Variable Speed Diesel Generator diagram.
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Generation systems that operate at variable speed have many advantages over systems
operating at a fixed speed [29]. Although these systems have a higher initial investment than FSDG
systems, this cost is justifiable when considering improving fuel efficiency [30] and reducing
greenhouse gas (GHG) emissions. A comparison between typical GHG emissions from a 500kW FSDG
vs. VSDG at different load levels is presented in Table 1 [1].
Table 1 Improved GHG emission at different load levels for a 500kW FSDG versus a VSDG
using ultra-low sulfur diesel fuel (0,1% S) [1].
Gases

CO2

SOx

NOx

Applied Load

FSDG

VSDG

Difference (%)

●
●
●
●

25%
50%
75%
100%

●
●
●
●

107 kg/hr
203 Kg/hr
300 Kg/hr
389 Kg/hr

●
●
●
●

90 kg/hr
191 Kg/hr
274 Kg/hr
359 Kg/hr

●
●
●
●

15,9%
5,9%
8,6%
7,7%

●
●
●
●

25%
50%
75%
100%

●
●
●
●

0,17 kg/hr
0,32 Kg/hr
0,44 Kg/hr
0,60 Kg/hr

●
●
●
●

0,14 kg/hr
0,29 Kg/hr
0,42 Kg/hr
0,56 Kg/hr

●
●
●
●

17,6%
9,4%
4,5%
6,6%

●
●
●
●

25%
50%
75%
100%

●
●
●
●

0,08 kg/hr
0,16 Kg/hr
0,23 Kg/hr
0,31 Kg/hr

●
●
●
●

0,06 kg/hr
0,15 Kg/hr
0,22 Kg/hr
0,29 Kg/hr

●
●
●
●

25%
6,3%
4,4%
6,5%

VSDG systems that use power electronics also can control the active and reactive power supplied
to the electrical network [31]. Another advantage is reducing the dynamic stress of the mechanical
parts, implying less maintenance and increased engine life [32]. Finally, VSDGs can operate for
extended periods at low rotation speed to withstand lower loads [33].
VSDGs adapt more quickly to the variable conditions of the electrical network, provide better
controllability, effective damping of active power fluctuations, and minimize harmonic injection,
facilitating integration into weak networks [34].
Many studies are conducted to improve the efficiency of Gensets operating at variable speed.
Several solutions are proposed to relate the rotation of the diesel engine with the mechanical
torque required by the generator. Some methods are focused on the treatment of electrical output,
while others are based on mechanical conversion to synchronize the engine speed with the variable
electrical charge profile.
3. Variable Speed Diesel Generator Technologies
VSDGs have many advantages over FSDGs systems, as discussed in the previous section. Among
these advantages are the more significant operational flexibility that adapts the DEG rotation to the
electrical load and reduces fuel consumption. This characteristic makes VSDGs widely used in
regions where the electric grid is weak or isolated, without connection to the electric grid, especially
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in hybrid systems that combine DEG with wind or solar systems [35, 36]. This section presents the
characteristics of the latest and most relevant technologies used by VSDGs, particularly electrical
and mechanical approaches that allow the operation of variable speed of the DE depending on load
variation.
Among the technologies presented, the most traditional ones use power electronics to correct
the frequency and regulate the output voltage. We also present an electromechanical and a
mechanical solution for the speed variation of the DEG according to load variation.
3.1 Solutions Based on Power Electronics
In variable speed systems based on power electronics, the generator is connected to the network
through an ac/dc/ac converter, also called a frequency converter, which decouples the frequency
of the network and the frequency of the generator, allowing the control of the rotation speed of
the generator on a broader range [35, 36]. Thus, the generator connected to the electric grid
enables the decoupled control of active and reactive power, the effective damping of power
fluctuations, the operation with maximum energy efficiency, and the minimization of the problems
of power quality (dependent on the generator technology to be used), facilitating its integration
into weak networks.
These variable speed systems can be equipped with wound rotor induction generators or
synchronous generators.
3.1.1 Diesel-Driven Wound-Rotor Induction Generator
The most used generators in DEG assemblies are wound-rotor induction generators [33]. The
induction machine has a structural symmetry with three-phase windings in stator and rotor. In
wound rotor generators, rotor windings are made with copper wires, like the stator winding. This
construction allows the connection of the rotor terminals by passive elements or external sources,
which requires constructing a set of three collector rings and brushes that will enable the electrical
connection between the rotating winding and the static terminal connections [37].
It is necessary to monitor the voltage amplitude and frequency deviation in variable speed
applications. The machine stator can directly connect to the network for grid-connected
installations that dictate the frequency and voltage [38]. For isolated installations without
connection to the power grid, control strategies should be used to keep these parameters within
the operational limits to ensure the quality of the supplied electricity. The control strategy is
implemented considering rotor speed variation and load fluctuations [39, 40].
Generation systems using DEG, and the wound rotor induction generator have a separate exciter
system for voltage control and a speed regulator for frequency control. The doubly excited
generator allows frequency and voltage control, which are kept constant despite load fluctuations,
through adjusting the current controller parameters.
In isolated systems, the induction generator rotor can be connected to an inverter with a battery
bank, and its stator connected to a load and a capacitor bank. It also provides a magnetization
current for the induction generator and controls the output voltage amplitude [41, 42].
Voltage and frequency control is achieved through the inverter connected to the induction
generator rotor, Figure 6. This equipment is responsible for stabilizing the voltage when the rotor
speed varies according to the fluctuation of the load and regulating the frequency, controlling the
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electrical angle of the rotor. The inverter and battery bank are also used for starting the engine [43,
44].

Figure 6 Wound rotor induction generator [44].
A disadvantage of this configuration is its slow dynamic response that does not support sudden
significant changes in the electrical system. It is more efficient when combined with other
renewable energy sources, such as hybrid systems that combine wind and photovoltaic with the
diesel generator set.
Diesel-Driven Doubly-Fed Induction Generator (DFIG). The Doubly-Fed Induction Generator is a
particular operation of the wound rotor induction generator having independent feeding on stator
and rotor windings. When the induction generator operates connected to the power grid, we can
use a Doubly Fed Induction Generator (DFIG), one of the most competitive technologies for
generation systems operating at variable speed. The DFIG technology has been extensively studied
and is widely used. However, its operation is greatly affected by disturbances in the electrical
network. Therefore, many studies dealings with system modeling to develop complex control
strategies are available in the literature.
The standard configuration of the electrical generation system using a doubly-fed induction
machine, using the slipping power, is shown in Figure 7. The machine stator is connected directly to
the power grid in this system. The rotor circuit is powered by two PWM converters and a
transformer responsible for the adequacy of the voltage level.

Figure 7 Diesel-driven doubly-fed induction generator.
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This setting enables the doubly-fed induction generator to work by varying the speed within the
operating limits, depending on the load fluctuation, in subsynchronous and super-synchronous
rotation. The power to the network is made with the machine working below, above, and even at
the synchronous speed [45]. The power flow can be established both from the induction generator
rotor to the power grid and in the reverse direction. The converters must operate respectively in
the rectification to transfer electrical power from the rotor circuit to the power supply [44].
A vector control strategy is adopted to manage the rotor's injection/consumption of power,
generating independent PWM pulses for the IGBTs (Insulated Gate Bipolar Transistors). The gridside converter controls the voltage on the DC bus and supplies reactive power to the rotor. The
machine-side converter controls the rotor's active power and reactive stator power, using an
orientation strategy for the quantities according to the stator flow, ensuring a decoupling between
the active and reactive power control channels [46].
This setting allows power converters with a power rating equal to a fraction of the generator
power. This feature will enable lower cost but simultaneously limits the generator's speed range
according to the converter's rated power [47]. The sizing of the converters should be done
considering that speed varies according to system load. Traditionally, the converter power is chosen
around 30% of the generator's rated capacity. The operation of the generation system above or
below the limits results in unwanted harmonics [44].
Another disadvantage of this configuration is its high sensitivity to voltage variations in the
electrical network, such as voltage sags. One way to improve the supportability to voltage sags and
protect the DFIG, highly discussed in the literature, is using the crowbar device [48, 49]. This device
is a circuit designed to protect the rotor converter from overcurrent, which occurs from voltage
transients in the stator [50]. It can be formed by a three-phase resistor bank or by a thyristor rectifier
bridge and a load resistor [46, 51].
3.1.2 Diesel-Driven Permanent Magnet Synchronous Generator
Synchronous generators are also used in VSDG systems. However, most applications of these
generators with DEG use Permanent Magnet Synchronous Generator (PMSG). These generators are
more efficient than conventional synchronous machines and simpler because they do not require
external excitation. In addition, its rotor with permanent magnets eliminates Joule losses on the
rotor, thus achieving higher efficiency levels [52].
Many studies propose different control strategies for these generator sets to improve the
system's efficiency [53-64]. In these studies, the power flow extracted from the engine through the
generator is controlled by the electronic power converter.
In [61], the applied power electronics converter is built based on the intermediate voltage of the
dc link. The voltage of the variable frequency and amplitude generator is rectified and then
converted into ac voltage. This concept is accomplished by applying several different rectifier and
inverter topologies. The power converter controls the rectified current and thus adjusts the load
torque produced by the generator.
In [60], the generator engine group consists of an internal combustion engine, a synchronous
generator with permanent magnets, a battery bank, and static converters, as shown in Figure 8. The
topology is composed of a back-to-back converter, a two-way interleaved boost converter

Page 70/218

JEPT 2022; 4(1), doi:10.21926/jept.2201003

connected to a battery bank, a dc bus, and the synchronous permanent magnet generator (PMSG)
[61].

Figure 8 Genset with PMSG [44].
The rectifier controls the synchronous generator currents. All electricity generated is transferred
to the DC bus, where its voltage is regulated by the buck-boost converter, storing or removing
energy from the battery bank. The inverter uses the energy in the dc bus to supply the load. The
buck-boost converter is responsible for controlling the charge/discharge current of the battery bank
and for regulating the dc bus voltage from the battery bank current. The batteries operate as an
energy buffer between the generator and the output load with this arrangement. Thus, unnecessary
torque/speed transients are avoided at the engine, implying greater fuel consumption [60]. The
rotation of the internal combustion engine, directly coupled with the synchronous generator, is
controlled through a closed-loop injection system to follow an optimal speed reference.
In [52], the problem of slowing the dynamic behavior of the engine in the face of sudden power
variations is compensated by the inclusion of supercapacitors in the dc bus, also reducing the
emission of pollutants and fuel consumption.
Since all power energy in PMSGs is generated at a variable frequency, proportional to the
mechanical speed of the DEG, a full-power converter (FPC) is required. Although these components
are more expensive and present more significant electrical losses than the partial converters used
in a DFIG, it is noteworthy that the use of an FPC provides a complete decoupling with the network.
Thus, they ensure lower sensitivity of the generation system to disturbances from the external
network to the system. On the other hand, a disadvantage of the PMSG-based generation systems
is the cost of manufacturing the synchronous machine. This cost is high due to the complexity of
machine construction that keeps the air gap between stator and rotor small, even with machines of
several meters in diameter. It is also because rare earth magnet prices have significant volatility.
Some elements are highly susceptible to corrosion or sensitive to heat, with the possibility of
permanent loss of magnetic field or polarity reversal [61].
3.2 Rotating-Stator Generator
It is a new electrical technology patented in Canada, the United States, and Australia known as
Genset-Synchro. This technology uses an electromechanical solution for operating at variable speed,
without power converters.
The generation system consists of a diesel engine, a synchronous generator, and an auxiliary
compensating motor. The difference in this technology is that the synchronous machine stator is
not stationary. Therefore, the structure of this machine is modified. First, bearings are installed in
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its outer layer, between the stator and the generator housing, allowing the free rotation of the
stator about the rotor [63].
The compensating motor is installed on a casing fixed to the synchronous generator housing. The
motor's output shaft is aligned in parallel with the stator shaft [64]. The shafts of the compensating
motor and the stator are connected via a toothed belt and pulleys. The relative speed of the system
will be the combination of the rotations of the rotor and the stator. The stator can rotate in the
same direction as the rotor or in the opposite direction. The goal is that the relative speed is always
constant and equal to the synchronous speed. Figure 9 shows a diagram representation of this
technology, while Figure 10 shows the system's main components.

Figure 9 Rotating-Stator Mode technology [47].

Figure 10 The concept and main components of the rotating stator generator.
During a low load operation, the rotor, fixed to the diesel engine (DE) shaft, can slow down to
increase efficiency. This is because the power generator reaches synchronous speed by turning the
stator in the opposite direction to the rotor. This feature allows the DE to operate within its
optimum speed range while there is a considerable change in electrical load [65].
Up to 15% of the energy generated by the synchronous generator is used to power the
compensating motor, so the generator itself provides its energy. No other modifications are made
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to the synchronous machine rotor. The windings of the stator also remain the same [1]. Power
converters are used to control the Genset-Synchro compensator motor. As this motor has a power
equal to a small fraction of the permanent magnet synchronous generator (PMSG), the costs with
the power electronics are less, as are the negative impacts of the power converters on the system,
such as the presence of harmonics due to the switching thyristors [65]. Figure 11 shows a diagram
representation of this control system.

Figure 11 Rotating-Stator Mode technology with automatic control system [48].
The main advantage is that this solution can be applied in isolated locations in the existing
generator without modifying the diesel engine block. Studies [1, 3, 64-66] show that the GensetSynchro system saves up to 15% when the applied load is below 40% of the rated power and an
average reduction of 7% of pollutant emissions. The disadvantage of this technology is the presence
of brushes in the synchronous generator that require higher maintenance frequency. In addition,
its maximum power is limited to 85% due to the compensation motor that drives the stator [1, 3,
64-66].
3.3 Continuously Variable Transmission (CVT)
The application of CVT to variable speed generators emerges as an economical alternative to
electronic power systems for small and medium-sized equipment. Moreover, incorporating squirrel
cage induction generators, known for their low cost and high reliability, makes this configuration
even more economically attractive.
In the continuously variable transmission system, CVT, within a restricted range, a great number
of transmission interfaces is possible [67]. This technology was initially applied to car transmission
systems to benefit the smooth transition between the relations, reducing the fatigue of mechanical
components and increasing the engine performance. There are various configurations of the CVT
according to the type of application, the torque, and the speed. They are generally classified
according to the transmission elements used as toroids, spheres, belts, and chains.
The application of CVT in electric power generating systems is motivated by the increase in the
rotor speed range, making it possible to operate at a speed of greater efficiency for the DEG
according to load variation without changing the generator's synchronous speed. As a result,
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Gensets connected to the grid that use CVT can have up to 27% fuel economy [68]. This
characteristic enhances CVT application in high-reliability generators such as permanent magnet
synchronous and induction asynchronous, with cage rotor, presenting benefits such as reduced
maintenance costs and power electronics [69]. Figure 12 indicates the Genset scheme developed
with a proposed CVT system. The variation of the DE speed depends on CVT's flexibility and electrical
demand.

Figure 12 Diagram of powertrain using CVT technology.
As this is a mechanical solution, this technology does not include control strategies that improve
the quality of the electricity produced. However, since it does not use power electronics, it also does
not inject harmonics into the system.
This technology's advantages are a low complexity in the control system and a low initial
investment cost [70]. This feature makes this technology ideal for isolated systems that provide
power to small communities or when low load represents a large portion of the machine's operating
time. It is also used in applications connected to the power grid to regulate frequency and increase
stability [68].
4. Comparison of VSDG Technologies According to Possible Applications
As discussed in the previous section, each VSDG technology has advantages and disadvantages.
One cannot generalize by choosing one of them as the best overall diesel generator technology
operating at variable speed. The different applications that use VSDG should be considered
according to the characteristics of each specific system.
Among the main characteristics to be considered for selecting the most appropriate VSDG
technology, it is necessary to analyze whether the diesel engine generator is connected to the power
grid, works isolated, or is part of a hybrid system combined with renewable energy sources. In
addition, it is also essential to know the load characteristics, such as the speed variation, the
operating levels, the peak and low load periods, for example.
Most of the references used for the development of this study deal with autonomous systems.
The diagram below shows which references deal with autonomous systems and with systems
connected to the network (Figure 13).
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Figure 13 Classification of references according to connection to the energy network.
The power quality supplied to the consumer is an important feature that the managers of an
electrical system closely monitor. Limits on the voltage and frequency values are imposed to ensure
the system's proper functioning and the power supply quality. An energy conversion system using
DEG can be a generator of disturbances in the power grid, causing power quality phenomena such
as voltage fluctuations (flicker) and harmonic distortion. It can also suffer the effect of disturbances
existing in the electrical network. Among these, the impact of momentary voltage sags in generation
systems stands out [49].
Harmonic distortions are a problem for technologies that use frequency converters in their
switching operation. For example, in DFIGs, which use converters feeding the rotor circuit, only a
small portion of the power (approximately 1/3 of the total power of the shaft) passes through the
converters [48, 49]. In contrast, in the PMSGs, which use stator converters, all power passes through
the converters [46]. Thus, in the technology that uses converters at full power, the impact caused
by harmonic distortions is greater for the same generated power.
The inverter control using pulse width modulation has as main objective to minimize distortions
at low frequencies. The use of PWM makes the most significant distortion frequencies become
located in the region of multiples of the switching frequency, thus reducing the costs with filters,
which may have higher cutting frequencies. Usually, L series, LC, or LCL series-parallel filters or filters
tuned to frequencies near the switching frequency are used. These filters are essential to minimize
harmonics' penetration in the switching frequency, and its multiples in the electrical network to
values allowed for the power supply. Despite this characteristic, VSDG technologies that use power
converters are the most widespread solutions today. They are present in applications connected to
the grid [48, 49] or isolated regions [46, 52-62]. These technologies are widely studied, and many
projects develop control strategies to ensure the best efficiency of these systems, with the lowest
fuel consumption.
A momentary voltage sag can be caused by short circuits, overloads, and the start of large motors.
The operators of electrical systems consider a criterion for connecting a generation system its ridethrough fault capability (RTF), that is, the ability to remain connected to the grid during momentary
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voltage sags at the connection point. DFIGs are very sensitive to disturbances in the power grid.
Thus, many studies define control strategies to solve this problem [49].
Another critical aspect to consider is the value of the project's initial investment. For small
communities in isolated regions, where load fluctuation is small, the most feasible solution would
be to use a generation system that reliably provides electricity with the lowest control complexity
and a low initial cost. In this case, the CVT and the Rotating-Stator Mode (RSM) for the Diesel
Generator would be the most suitable technologies [1, 7, 66-69]. Compared to others who use
power electronics, the disadvantage of these two technologies is higher maintenance rates.
However, the RSM, a newer technology, has proven to be a good alternative for long-term
applications [66].
For systems that operate isolated with large fluctuations of the electric loads, it is necessary to
use a compensation system to avoid harmonic pollution. In such cases, the use of PMSG equipped
with supercapacitors as described in [52] is recommended. This system, however, requires a high
initial investment [52]. Wound rotor induction generators are not suitable in isolated systems that
present large electrical load fluctuations. As the inverter directly controls the excitation system,
with limited capacity, sudden changes at the stator terminals can ruin the rotor winding [44, 45].
Therefore, these generators are best for systems with low load variation or in applications combined
with other renewable energy sources [25, 44].
The diagram below classifies the references used in the development of this study according to
the primary source of energy used to generate electricity (Figure 14). As this work deals with
technologies applied to the diesel engine, most references use diesel as a primary source. Still,
hybrid generation systems have been a widely used alternative to combine diesel's high reliability
and stability with renewable energy sources such as wind and photovoltaic.

Figure 14 Classification of references according to the primary source of energy.
Table 2 summarizes the main aspects discussed in this paper, highlighting the technologies
studies, the most suitable application scenario, the advantages, and disadvantages.
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Table 2 Most suitable application scenario, advantages, and disadvantages of the
selected technologies.
Most
Suitable
Advantages
Application Scenario
Technology is well
known
and
consolidated in the
For systems that market.
Wound-Rotor
operate isolated with Low cost, simple
Induction Generator
low load variation.
construction, and easy
maintenance
Requires a low power
converter.
Technology is well
known
and
consolidated in the
market.
Can operate like a
synchronous
generator at variable
speed
For
systems
Doubly-Fed Induction
Fewer
harmonics
connected to the
Generator (DFIG)
because control is in
power grid.
the rotor while stator
is directly connected
to the grid
Easier
generator
torque control using
rotor current control
Requires a low power
converter.
Technologies

Technology is well
known
and
For systems that consolidated in the
Permanent Magnet
operate isolated with market.
Synchronous
large fluctuations of It can produce utilityGenerator
the electric loads.
type power without
and external power
grid

Disadvantages

Slow
dynamic
response
which
cannot
withstand
sudden changes in the
electrical system.
Harmonic distortion.

DFIGs
are
very
sensitive
to
disturbances in the
power grid.

The impact caused by
harmonic distortions
is more significant for
the same generated
power in DFIG.
Magnet's
characteristics tend to
change over time
Demagnetization
caused by too high
temperatures or too
high currents
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Rotating-Stator Mode

Low initial investment
of the project.
It can be applied in
isolated places on the
existing
generator,
without the need to
For small communities
modify the diesel
located in isolated
engine block.
regions, where load
Electronic converter is
fluctuation is small.
not required
If the compensating
motor
fails,
the
generator
can
continue to operate as
FSDG

The
presence
of
brushes
in
the
synchronous
generator
which
require
a
higher
maintenance
frequency
The maximum power
is limited to 85% due
to the supply of the
compensating motor.

Cannot be applied on
the systems over 200
For small communities Provides
unlimited
kW.
Continuously Variable located in isolated gear ratio.
Must be replaced in
Transmission (CVT)
regions, where load Very high fuel saving
case of failure.
fluctuation is small.
(up to 27%)
Restricted space in the
event of a retrofit

Table 3 provides an overview of the main studies from the sample considered. The references
are classified according to the technology studied in each of them.
Table 3 Classification of references according to the technology studied in each of them.
Technologies

References

Fixed Speed Generator

[24, 26-28, 31, 32, 34, 35, 40, 46, 48]

Wound-Rotor Induction Generator

[34, 35, 41-45]

DFIG

[26, 33, 36, 37, 47-51]

PMSG with Power Electronics

[4, 19, 28, 34, 46, 52-62]

PMSG with Rotating Stator Mode

[1, 7, 63-66]

PMSG with Continuously Variable [38, 67-70]
Transmission (CVT)
Wound-Rotor Synchronous Generator
[38, 39]
5. Conclusion
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For most of their energy requirements, the more significant part of remote communities, small
islands, and means of transport (rail and ship) worldwide rely on imported fossil fuels. Therefore,
the economic cost of energy is very high not only due to the inherent fuel cost but also to
transportation and maintenance costs. In addition, the race against climate change, the reduction
of greenhouse gas emissions, and the decline of the fossil oil reserve accompanied by unstable
prices have led the electric energy market to be more open, enabling for more flexible distributed
power systems to be developed such as VSDG.
One solution for saving fuel in a diesel generator is to allow the engine to vary according to the
electrical load at variable speeds. Furthermore, when compared to FSDG-powered systems, VSDGpowered systems result in lower fuel consumption and, as a result, lower gas emissions and harmful
particles. In this paper, different VSDG have been presented and compared, including PMSG with
power electronic converter, Wound-rotor induction generator, PMSG with the rotating stator,
Wound rotor synchronous generator, and PMSG with a continuous variable transmission. It has
been found that the use of electronic converters remains the most common technology despite the
fact it is considered a significant source of harmonics. According to Table 2, each of these
technologies has advantages and disadvantages. It cannot be concluded that one among them is
the best VSDG technology. For each different type of application, a technology would be the most
indicated. The choice depends on factors such as cost of the initial investment, load fluctuations,
slow or sudden, and small or large, the procedure adopted for operating the system. It also depends
on whether it is connected to the power grid or works isolated, the complexity of the control system,
and the frequency of machine maintenance.
6. Author Suggestions for Future Work
In the next step, the author will model an 800 hp diesel engine driving a rotary stator generator
to study and analyse the quality of the signals (voltage, current, frequency, and harmonics) when
put under a variable load in an isolated community. An analysis of fuel consumption and GHG
emissions will also be performed. Furthermore, the authors compare different systems in terms of
investment and profit for reference to select their appropriate Gensets.
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Abstract
Biogas is an alternative to gaseous biofuels and is produced by the decomposition of biomass
from substances such as animal waste, sewage sludge, and industrial effluents. Biogas is
composed of methane, carbon dioxide, nitrogen, hydrogen, hydrogen sulfide, and oxygen.
The anaerobic production of biogas can be made cheaper by designing a high throughput
reactor and operating procedures. The parameters such as substrate type, particle size,
temperature, pH, carbon/nitrogen (C/N) ratio, and inoculum concentration play a major role
in the design of reactors to produce biogas. Multistage systems, batch, continuous one-stage
systems, and continuous two-stage systems are the types of digesters used in the industry for
biogas production. A comprehensive review of reactor design for biogas production is
presented in the manuscript.
Keywords
Biogas; process parameters; reactors; digesters
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Biogas is produced by the anaerobic digestion of organic materials such as sewage sludge, animal
waste, and municipal solid waste (MSW) [1]. As a sustainable clean energy carrier, biogas is an
important source of energy for heat and electricity generation as it is one of the most promising
renewable energy sources in the world [2]. Biogas is produced by the anaerobic digestion (AD) of
organic matter, such as manure, MSW, sewage sludge, biodegradable wastes, and agricultural slurry,
under anaerobic conditions with the help of microorganisms [3].
Commercial biogas production has increased since it can be used as a fuel or source of energy,
while also contributing to lower GHG concentrations when collected in a closed process and not
released into the atmosphere. The biogas produced contains 50-70% CH4 and 30-50% CO2, with
minor components such as hydrogen sulfide (H2S), nitrogen (N2), oxygen (O2), siloxanes, volatile
organic compounds (VOCs), carbon monoxide (CO), and ammonia (NH3). Biogas usage is expected
to double in the next few years, from 14.5 GW in 2012 to 29.5 GW in 2022, according to estimates
[4]. The components present in biogas comprise methane (55-75%), carbon dioxide (25-45%),
nitrogen (0-5%), hydrogen (0-1%), hydrogen sulfide (0-1%), and oxygen (0-2%) [5]. Sewage sludge
mainly contains proteins, sugars, detergents, phenols, and lipids [6].
During biogas production, biopolymers are converted to biogas under anaerobic conditions [7].
Anaerobic digestion involves hydrolysis, acidogenesis, acetogenesis, and methanogenesis [8].
Hydrolysis involves the breakdown of biopolymers into their monomers in the presence of water
[9]. Acidogenesis involves the formation of volatile acids from monomers [10]. Acetogenesis
produces acetates and acetic acid from various volatile acids [11]. Finally, acetates and acetic acid
are converted to methane and carbon dioxide during methanogenesis [12]. Anaerobic digestion
occurs in the presence of co-cultures containing hydrolytic, acidogenic, acetogenic, and
methanogenic organisms [13].
The development of sludge bed anaerobic digester, granular sludge-based bioreactors like the
up-flow anaerobic sludge blanket, and the anaerobic hybrid reactor have considerably enhanced
the anaerobic digestion technology in the last two decades. Biogas plants are suitable for treating
municipal and agro-industrial organic leftovers cost-effectively, as well as, producing territorially
diffused electric and thermal power [14, 15].
Biogas can be used as a cooking fuel, lighting fuel, and for pumping water and running IC engines
[16]. The challenges in biogas production are high retention time, lower biogas yield, and design
constraints due to environmental conditions [17]. Hence, in this study, a comprehensive review of
the processes and parameters affecting biogas production and reactor design for biogas production
is presented [18].
The presence of siloxanes and other components such as halogenated compounds, VOCs, and
hydrogen sulfide is a major issue in waste management and sewage treatment. These contaminants
in biogas not only cause overheating of sensitive motor parts but also impair the function of pistons
and spark plugs in Combined Heat and Power units (CHP); they also damage the upgrade system
and gas grid pipelines [19, 20].
Siloxanes are a class of silica-organic chemicals that contain silicon, oxygen, and methyl groups.
They are mostly used in industries (as fuel additives, automobile polish, cleaners, and waxes),
consumer products (barrier cream and cosmetic products), elastomers (silicone components and
tubing), and medicine (implants in cosmetic surgery and coating pacemakers, among others). The
ubiquitous usage of siloxanes, their wide range of applications, and their high volatility have
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prompted concerns regarding them in various areas of environmental science. Volatile matters
(VMs) are found in the garbage and disposed of in landfills [21].
2. Factors Affecting Biogas Production
Biogas is produced through four complex biochemical processes (hydrolysis, acidogenesis,
acetogenesis, and methanogenesis) that are influenced by several parameters, including substrate
type, particle size, temperature range, pH, carbon/nitrogen (C/N) ratio, and inoculum concentration.
Biogas production by anaerobic digestion is influenced by several factors. Some of the most
important elements are discussed below in detail [22, 23].
2.1 Hydrogen-ion (pH) concentration
Anaerobic digestion is influenced by the concentration of hydrogen ions (pH) present in the
digesting material. Because excess acidity prevents digestion, the hydrogen-ion concentration of
the culture medium immediately influences microbial growth. Methanogens thrive in neutral to
slightly alkaline conditions and die in acidic environments. The optimum pH of the system is in the
range of 7-8.5, with values approaching 7 for optimal activity when the aerobic digestion process is
stable [24].
2.2 Temperature
The temperature of MSW affects the digestion process since the anaerobes that cause trash
decomposition are temperature sensitive. The operating temperatures of the reactor strongly affect
the optimal performance of an aerobic digestion system. Psychrophilic: around 10-20 °C (or less
than 30 °C), mesophilic: about 30-40 °C, and thermophilic: about 50-55 °C (or may reach 60 °C) are
the three general temperature ranges that each favor a unique species of microorganism [25].
Anaerobic bacteria are the most active microorganisms in the mesophilic and thermophilic ranges,
according to previous studies [8, 15, 25]. Extreme temperatures, either very high or very low,
destroy the anaerobes, effectively stopping the AD process. Temperature affects the rate of
decomposition and gas production, and generally, the processes accelerate at higher temperatures;
the ideal temperature is 35 °C. Process reaction, mixing (impellers), and heat exchangers are some
parameters that contribute to heat creation or transfer in a digester by hot water or steam to the
feedstock composition and nutrients [26]. Different kinds of digesters exist for the anaerobic
treatment of organic wastes [15].
Biowaste, agricultural waste, human waste, municipal sewerage, and animal manure, among
other biomass feedstocks, could be used for anaerobic digestion. The nature of the feedstock used
determines the quality and amount of biogas produced [27]. Besides producing biogas, biomass
produces essential nutrients and carbon which aid in the long-term survival of the bacteria. The kind
of biomass selected is based on operational considerations, such as the nature of the waste to be
processed, for example, solid waste [28]. According to the Oregon Department of Energy, a plugflow digester is appropriate for ruminant animal dung with solid concentrations of -11-13%. A
complete-mix digester is appropriate for manure that is -2-10% solids [29]. A covered lagoon
digester is used for liquid manure with less than 2% solids. The amount and kind of solids in the
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studied waste were such that the wastes could flow on their own or form slurries with water before
eventually flowing, allowing them to be used continuously [26].
2.3 Carbon/Nitrogen (C/N) Ratio
The efficiency of anaerobic digestion depends on carbon and nitrogen concentrations. The
optimal C/N ratio for anaerobic digestion is between 20:1 and 30:1. The carbon-to-nitrogen ratio in
the raw material should be around 30:1 for optimal performance. Nitrogen is used by methanogenic
bacteria to meet their protein requirements. Carbon serves as a source of energy for microbes,
while nitrogen promotes microbial development. When nitrogen is scarce, microbial populations
are small, and decomposition of the remaining carbon takes longer. Thus, when the C/N ratio is
higher than the ideal range, nitrogen is quickly utilized by the bacteria, preventing the extra carbon
in the feedstock from reacting and lowering the biogas yield [30]. When the ratios are lower than
the specified range, the excess nitrogen is used to synthesize ammonia (a strong base), which raises
the working pH over 8.5; thus, inhibiting bacteria and eventually lowering gas generation rates. The
bacteria in the digestion process utilize the carbon present 30-35 times faster than they convert
nitrogen, according to some studies [23, 24]. Because of the high nitrogen content in animal manure,
its usage in anaerobic digestion for biogas generation is limited due to the C/N ratio. To solve this
problem, a nitrogen-free raw material or a carbohydrate-rich source is used to increase the carbon
content of animal manure before the AD process [31].
2.4 Substrate Particle Size
Biomass should be pretreated to reduce particle size, then co-digestion should be performed to
boost biogas generation. Anaerobic digestion requires a substrate made up of digestible particle
sizes. Smaller particles increase the surface area available to the methanogens for microbial action,
increasing the feedstock's biodegradability, and hence, the rate of biogas generation, while larger
particles can clog the digester [32].
3. Reactors for Biogas Production
There are many different types of reactors used for biogas production, each of which is used for
a specific purpose. Some of these are used to remove contaminants from wastewater, while others
are used for biogas production.
A plug flow digester works similar to a complete mix digester in that the manure flowing into it
displaces digestion volume, and an equivalent quantity of material flows out. The manure from a
plug flow digester, however, is thick enough to prevent particles from settling at the bottom. The
biotrickling filter and biofilm reactor is a three-phase system widely used in wastewater treatment
plants for the treatment and reduction of BOD, COD, pathogens, and odor. The sewage is filtered
and divided in an anaerobic contact reactor; thus, leaving the effluent and sludge separate.
Mesophilic bacteria process the sludge anaerobically, releasing methane as a byproduct. The biogas
can be combusted later to generate heat or electricity. The simplest reactor vessel used in chemical
or industrial operations is a batch reactor. A typical batch reactor consists of a tank in which
chemical reactions occur. An agitator and an internal heating or cooling system are also included in
these tanks. An anaerobic baffled reactor (ABR) is a type of septic tank that has a series of baffles
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through which grey, black, or industrial wastewater is pushed and made to flow from the entrance
to the output. Treatment is improved due to increased contact time with the active biomass (sludge).
In a study, a hybrid biological reactor (HBR) was constructed, which could add carriers to the
aeration tanks to introduce a new phase of attached biomass into a standard suspended-growth
system (active sludge process) [33].
4. Design of Reactors for Biogas Production
The pricing, building materials, and design complexity of digesters vary globally. To build any
anaerobic digester, we must first address the three main requirements: producing a large volume
of high-quality biogas; being able to manage a high organic loading rate continuously; having a short
hydraulic retention period to reduce reactor volume. Multistage systems, batch, continuous onestage systems, and continuous two-stage systems are the most common types of digesters used in
the industry [33].
Plug-flow systems, anaerobic sequencing batch reactors (ASBR), tubular reactors, baffled
digesters (ABR), up-flow anaerobic sludge blanket (UASB) reactors, and anaerobic filters are among
the other types of reactors available. Typically, the main feedstock qualities, specifically total solid,
are used to determine which digester type is appropriate. Continuous stirred tank reactors (CSTRs)
are used to treat feedstocks with a large content of total solids and slurry, while soluble organic
wastes are mostly digested in up-flow anaerobic sludge blanket (UASB) reactors, anaerobic filters,
and fluidized bed reactors. Co-digestion is the most commonly used technique in single-step wet
procedures (e.g., CSTR) [34].
Continuous systems are fed constantly, and the digestate residue is discharged at the same rate,
resulting in a steady-state and a constant gas production rate. They are limited to substrates that
can be pumped for continuous feeding. Alternatively, a semi-continuous method is used multiple
times a day with a specific amount of feed. Continuous systems have several advantages, including
ease of design, operation, and low capital costs, but they also have drawbacks, such as quick
acidification and high volatile fatty acid (VFA) production [14].
4.1 Anaerobic Plug-flow Reactor (APFR)
APFRs (anaerobic plug-flow reactors) are long rectangular channels with the flow entering from
one end and exiting from the other; mixing occurs only infrequently. The tanks, or channels, are
generally aboveground. Some procedures are both thermophilic and mesophilic. APFRs are highrate digesters that are commercially used to treat different kinds of organic wastes, such as animal
manure slurries, distillery effluent, and the organic part of municipal solid waste. Plug-flow reactors
are more efficient in converting the substrate to biogas and are more stable while operating than
single-stage CSTRs [35].
Continuous stirred-tank reactors (CSTRs, which use biogas recirculation for mixing or mechanical
agitation or effluent) and plug-flow reactors are the two types of reactors that are most frequently
used (PFR, where the reactor content is shoved along a horizontal reactor). PFRs are typically used
for dry digestion to treat substrates with high solid content, while CSTRs are used in wet digestion
systems. The total solid content (TS) of the material to be digested determines whether wet or dry
digestion needs to be performed. In industrialized countries, CSTR and PFR systems, as well as,
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covered lagoons and other types of anaerobic reactors are commonly used to recover biogas from
manure [36].
4.2 Biofilm Reactor
Microbial consortia connected to a support material are called biofilms. Generally, the support
surface is inert and can be fastened or suspended. Biogas can be produced by anaerobic microbial
biofilm digesting organic matter. Biofilm reactors can retain high organic loads and withstand
changes in hydraulic or organic loads owing to a large mass of immobilized biofilm and mass-transfer
upgrading motion of the liquid around the film. Compared to other classic anaerobic treatment
systems, start-up times are low after the formation of the biofilm (Figure 1). The improvement and
intensity of attachment and the mechanical stability of biofilms are influenced by the composition
of the support material [32].

Figure 1 Biofilm reactor.
4.3 Continuous Flow Stirred-tank Reactor (CSTR)
CSTRs (continuous flow stirred-tank reactors) are high-rate digesters that are perhaps the most
used reactors for biogas production. They are appealing because their design is simpler than that of
other forms of methane digesters [37]. CSTRs are most used to handle slurries with a total solids
content of 5-10%. CSTRs are used to remediate slurries of animal manure and organic industrial
wastes. The drawback of CSTRs is that they have extended retention durations and may use more
energy than other types of reactors (Figure 2). The performance of CSTRs can be improved by
recycling microbial solids or increasing active biomass retention [24].

Page 90/218

JEPT 2022; 4(1), doi:10.21926/jept.2201004

Figure 2 Continuous flow stirred-tank reactor.
4.4 Anaerobic Contact Reactor (ACR)
ACR (anaerobic contact reactor) is a completely mixed mechanically stirred tank with sludge
recycling. The effluent from the tank is pumped into a solid-liquid separator (such as a gravity
sedimentation tank, a sludge flotation device, or a lamella clarifier), where the solids are recovered
and reintroduced to the anaerobic digester. Due to the high concentration of active microbial
biomass, ACRs are effective in treating high-strength waste with a high concentration of digestible
solids. The duration of hydraulic retention is short, and changes in organic loading are easily handled.
ACRs are less susceptible to sourness and other inhibitors (Figure 3). Stirred digesters with
membrane-based cell retention are highly effective in biogas production [38].

Figure 3 Anaerobic contact reactor (ACR).
4.5 Batch Reactor
Batch reactors are the simplest to operate because they are fed with feedstock and left for a
longer duration before being emptied. Mixing, stirring, or pumping is not required, and they have a
low capital cost. However, they show channeling and clogging, and they also have a higher volume
and lower biogas yield (Figure 4). Methane production is typically highest at the start of the process
and diminishes as the substrate is consumed toward the end [22].
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Figure 4 Batch reactor.
4.6 Anaerobic Baffled Reactor (ABR)
Up-flow Anaerobic Sludge-Bed Reactor (UASBR) is a variant of the Anaerobic Baffled Reactor
(ABR). The organic fraction of the municipal solid waste (OFMSW) is fed into an anaerobic baffled
reactor (ABR), which then decomposes the materials and generates biogas through microbial
activity. This type of reactor can treat wastes with high solid content, making it a feasible option in
some developing countries. Treatment improves as contact time with the sludge (active biomass)
increases (Figure 5). ABRs can be used to treat a wide range of wastewater. However, the remaining
effluents and sludge require additional treatment before being discharged or to be reused correctly
[32].

Figure 5 Anaerobic baffled reactor.
4.7 Hybrid Bioreactor
The hybrid bioreactor is a new type of reactor that combines the advantages of both suspended
solids and biofilm reactors. They combine the advantages of the UASB concept with those of
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anaerobic filters and are considered to be better than other reactor systems for the treatment of
soluble or partially soluble wastewater (Figure 6). This category includes hybrid reactors
(combinations of the fundamental types) and anaerobic baffled reactors (ABRs) [39].

Figure 6 Hybrid reactor.
Various kinds of aerobic digesters with different systems of operation have been developed for
use in a variety of applications. Shortening the start-up time, reducing operating instabilities,
reducing washout of active biomass, and improving the acceptance of the unavoidable fluctuations
in feed composition are all common goals. Other costs such as operation, maintenance, and
installation have a significant impact on the economics of biogas generation [4].
Because of their simplicity, single-stage digesters are most commonly used; however, two-stage
digesters are better overall. No specific digester type can be regarded as being suitable for universal
use. The following factors must be considered when deciding according to each scenario: the
prospects for digestate and effluent disposal; the nature and strength of the waste stream; the
availability and skill level of the local workforce; local climatic conditions, infrastructural support,
and energy cost; the cost of construction and operation. Using AD to generate biogas is a useful way
to recover energy from organic wastes while also lowering the environmental impact of the waste
[36].
CSTR is the most commonly used procedure in single-stage systems, where the reactor favors
both methanogenic and acidogenic bacteria. These systems offer lower capital and operational
costs and are easy to use, which made them appealing for a wide range of applications in the last
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few decades. Furthermore, the conversion of organic matter to biogas requires several biochemical
events that may not always occur under the same ideal environmental conditions. Single-stage
digesters have a basic design and are less likely to fail due to technical issues. However, they have
longer retention times and produce froth and scum, which might lead to failure. Two-stage and
multistage systems have been developed to provide optimal conditions for the various groups of
microorganisms involved in degradation, resulting in higher reaction rates, and thus, a higher biogas
output [19].
For AD, two-stage reactors perform four processes (hydrolysis, acidification, acetogenesis, and
methanogenesis). The first stage can be performed at a lower pH, which favors the growth of
acidogenic and hydrolytic microbes, while the second stage can be performed at a higher pH, which
favors the growth of methane-forming microorganisms. The pace of microbial growth is usually the
limiting factor in the second step, because longer generation durations for methane-producing
archaea, and thus, longer biomass retention times, are required in this stage, which enhances the
biogas yield. Because they do not suffer from the disruptions produced by the accumulation of
ammonia and pH variations, these digesters usually have a more consistent performance than
single-stage digesters [40]. Multistage reactors, which may enable optimization and process control
at each conversion point, can provide the best phase extraction option, resulting in increased
methane generation. Due to recirculation, two-stage reactors increase biomass digestion, provide
a consistent feeding rate to the methanogenic step, and are more robust and less prone to failure.
However, it is sophisticated and is costly to build and maintain; solid particles from the feedstock
must be removed before processing [24].
5. Challenges and Future Prospects
Anaerobic digestion may be conducted by a single or two-stage procedure. Although single-stage
processing is inefficient, it is the most frequently used method due to its simplicity. Traditional
single-stage digesters are often larger, requiring more energy to mix and heat than two-stage
digesters; two-stage digestion is more efficient than single-stage digestion [41].
6. Conclusion
A comprehensive review of reactor design for biogas production was presented with more
emphasis on reactor design. The parameters, including substrate type, particle size, temperature
range, pH, carbon/nitrogen (C/N) ratio, and inoculum concentration, play a major role in biogas
production.
The reactor design and the types of reactors used to produce biogas play a vital role in the yield
of biogas. The selection of the reactor mainly depends on the production of a large volume of highquality biogas, management of a high organic loading rate, and a short hydraulic retention period
to reduce reactor volume. The pricing, building materials, and design complexity of digesters vary
globally. To build any anaerobic digester, we must first address three main requirements: producing
a large volume of high-quality biogas, being able to manage a high organic loading rate continuously,
and having a short hydraulic retention period to reduce reactor volume. Multistage systems, batch,
continuous one-stage systems, and continuous two-stage systems are the most common types of
digesters used in the industry. Plug-flow systems, anaerobic sequencing batch reactors (ASBR), upflow anaerobic sludge blanket (UASB) reactor, and anaerobic filters, tubular reactors, and baffled
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digesters are examples of other layouts. The qualities of the main feedstock used, specifically total
solid, are used to determine which digester type is appropriate. CSTRs are used to treat feedstocks
with a large content of total solids and slurry, while soluble organic wastes are mostly digested in
up-flow anaerobic sludge blanket (UASB) reactors, anaerobic filters, and fluidized bed reactors.
Co-digestion is most commonly used in single-step wet procedures (e.g., CSTR). Continuous
systems are fed constantly, and the digestate residue is discharged at the same rate, resulting in a
steady state and the production of gas at a constant rate. Regardless, this type of operation is
limited to substrates that can be pumped for continuous feeding. Alternatively, a semi-continuous
method is used multiple times a day with a specific amount of feed. Continuous systems have
several advantages, including ease of design, operation, and low capital costs, but they also have
drawbacks, such as quick acidification and higher volatile fatty acid (VFA) production.
Sustainable development needs methods and tools to measure and compare the influence of
goods and services of the environment on society.
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Abstract
The emission of greenhouse gases, specifically CO2, has reached non-acceptable levels causing
global warming with adverse effects. Owing to rigorous ongoing research, these harmful
substances might be converted to beneficial sources. The main objective of this study was to
review the most effective processes that might utilize carbon dioxide to produce various
substances, chemicals, and energy. For this, different existing and projected short-term and
long-term strategies have been presented and discussed. Specifically, processes like the
artificial tree of Lackner to capture CO2, chemical looping combustion (CLC), the application
of CO2 in the food and processing industry, wastewater treatment, supercritical and
refrigerant CO2, hydrogenation of CO2, the cultivation of microalgae, thermolysis, electrolysis,
and photoelectrocatalysis techniques for producing hydrogen and biofuels, based on
thermochemical processes, are the most promising ways to reduce and reuse CO 2. Such
behavioral changes can lead to the exchange of CO2 between natural reservoirs and help to
maintain CO2 equilibrium among the atmosphere, the upper mixed layer of the sea, and the
deep sea. Consequently, the mean global temperature and the climate are directly affected.
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1. Introduction
Solving the problem of greenhouse gases, especially that of CO2, is very challenging. The
concentration of atmospheric CO2 is increasing, causing global warming, which has adverse effects
on the climate and the composition of the environment, i.e., soil, air, water, and living beings [1].
However, new ideas are emerging to use CO2 for generating energy, useful chemicals, and organic
and inorganic materials in the building industry [2]. In 2014, 36 billion tons of CO 2 were released
into the atmosphere by anthropogenic activities [3]. The atmospheric concentration of CO 2 was
around 320 ppm in 1970, which reached about 380 ppm by 2000, and increased to about 420 ppm
in 2021 [4]. The majority of the emitted CO2 comes from different types of industrial plants that
burn fossil fuels, such as coal, natural gas, and petroleum. Generally, CO2 from combustion is mixed
with nitrogen (non-reactant gas). Hence, the chemical looping combustion (CLC) technique was
used to separate CO2 from nitrogen before cooling and locking the carbon dioxide in a convenient
material for future use [5-8]. The use and valorization of CO2 can be performed by three methods:
direct use, chemical transformation, and biological transformation. However, the actual time
required for industrial installation and the effectiveness of these methods depend on many
technological, economic, political, and regulatory factors. Hence, the first industrial recovery
facilities should wait for the complete control of industrial storage projects.
2. Dynamics of CO2 Exchange between the Atmosphere and Other Natural Reservoirs
Problems related to greenhouse gases appeared in the 1970s due to the imbalance of the carbon
cycle that was triggered by the large-scale use of fossil fuels. Craig’s diagram shows the natural
reservoirs, the duration of interaction during CO2 exchange between the reservoirs, and the relative
capacities of such reservoirs [9]. The entire system, according to this diagram, consists of the
atmosphere, the upper mixed layer of the sea known as the thermocline, with a mean depth
between 50 and 100 m [10], the biosphere that consists of land plants (vegetation and humus), and
finally, the deep sea [9]. The mixed layer and the deep sea contain about 1.2 times and 58 times the
quantities of carbon present in the atmosphere, respectively. The mixed layer and the deep sea
contain 2% and 98% of the total carbon present in the sea, respectively [11]. Based on Craig's model
[9], the time required for the exchange of carbon between the four reservoirs was estimated as five
years from the atmosphere to the mixed layer of the sea and six years in the opposite direction, 33
years from the atmosphere to the land and 40 years in the opposite direction, four years from the
mixed layer to the deep sea and 300 years in the opposite direction. Thus, restoring the balance of
a disrupted carbon cycle is very difficult. Only a small quantity of CO2 that enters the sea remains as
dissolved gas is ready to be exchanged with the atmosphere [12]. Some of the CO2 reacts with
magnesium and sodium to form the respective carbonates; CO2 is sequestered in chemical solutions
in this manner. Due to the dissolution of CO2 in the sea, an increase in 0.6% CO2 in the sea yields a
10% increase in the partial pressure of atmospheric CO2. Consequently, about 20% extra CO2 might
be emitted from the ocean into the atmosphere, whereas the deposition of some of the oceanic
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carbon as carbonates on the seabed requires more time. The dynamic exchange of CO2 between
the natural reservoirs can be studied based on the radioactivity of C14. Two types of measurements
of carbon isotopes allow calculation of the exchange rate through the sea-atmosphere interface
relative to the mixing rates of the water masses in the oceans. Hence, the apparent C14 age of marine
materials and the effects of the combustion of industrial fossil fuels on the atmospheric C 14
concentration (a dilution) can be distinguished [13]. The marine and atmospheric carbon reservoir,
as a closed system in equilibrium, can be mathematically expressed as follows:
𝜏(𝑠𝑒𝑎) 𝑘1 𝑆0
=
=
𝜏(𝑎𝑡𝑚) 𝑘2 𝐴0

(1)

Here, 𝜏(𝑠𝑒𝑎) is the average lifetime of carbon in the sea before it becomes atmospheric CO 2,
𝜏(𝑎𝑡𝑚) is the average lifetime of CO2 in the atmosphere before it dissolves in the sea, k1 is the
annual rate of CO2 transfer from the atmosphere to the sea, k2 is the annual rate of CO2 transfer
from the sea to the atmosphere, S0 represents the total carbon of the marine carbon reservoir at
equilibrium at instant zero, and A0 is the atmospheric CO2 carbon at instant zero. An increase in
atmospheric CO2 was shown to be predominately due to anthropogenic disturbances caused by the
accelerated release of CO2 by the combustion of fossil fuels and associated with a strong decrease
in ∆𝐶 14 = −20% between 1890 and 1950. Furthermore, only ∆𝐶 14 = −3% was due to natural
processes, such as changes in the natural production of C14 due to solar and geomagnetic variations,
and -17% was attributed to the dilution of C14 due to the CO2 produced by the combustion of fossil
fuels (this mechanism is known as the Suess effect) [14, 15].
3. Converting CO2 from a Harmful Gas to a Renewable Source of Matter
The main objective of scientists and political, social, and economic decision-makers, who
participate in the various world summits, is the reduction of greenhouse gas emissions, where CO 2
is the main factor. Other strategies have emerged to clean the atmosphere of excess CO 2 and
consider atmospheric CO2 as a source of raw materials. The estimates show four distinct paths: the
already industrialized paths, the short-term paths, the medium-term paths, and the long-term paths.
3.1 Already Industrialized Route of CO2
Besides the burial technique, Lackner [16] developed a process known as artificial trees to
directly capture atmospheric CO2 for a net-zero carbon economy. However, this technique requires
further refinement before being implemented widely on an industrial scale. Another technique for
capturing CO2 from the smoke of factory chimneys has also been developed, where CO2 is dissolved
at an acidic pH in basic baths [17, 18]. Liu et al. [14] showed that CO2 can be captured from the flue
gas of an industrial installation plant fed with coal in a semi-batch using aqueous ammonia at
different concentrations. The plant performs quick reactions, is highly efficient and has a high
loading capacity of CO2. The researchers concluded that the optimum ammonia concentration is
between 5 and 10%. Xiao et al. [18] conducted a study on the absorption of CO2 in a mixture of 2amino-2-methyl-1-propanol (AMP), monoethanolamine (MEA), and water. The solubilities and
diffusivities of N2O were studied in the amine systems, and the analogy between N 2O and CO2 was
applied to estimate the solubilities and the diffusivities of the latter gas. The researchers concluded
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that the addition of small quantities of AMP and MEA could increase the CO 2 absorption rate
significantly. Moreover, enhanced hydrocarbon recovery based on a novel gas-gas separation
method known as condensed rotational separation (CRS) is widely used for upgrading natural gas
contaminated with H2S/CO2 [19]. Also, CO2 can be stored naturally or captured from industrial
fumes (e.g., the Weyburn project) [20-23]. Urea is the most convenient product for fixing nitrogen.
It also has the highest nitrogen content among solid fertilizers (46%) and is easy to produce as
granules. It can be stored and transported easily. Additionally, no salt residues are left after it is
applied to crops. Urea decomposes on boiling and is soluble in water-based solvents. It is
commercially known as carbamide and is composed of carbon, hydrogen, oxygen, and nitrogen with
the formula CON2H4 or CO(NH2)2. The raw materials required to produce urea are ammonia and CO2.
The reaction is as follows:
𝐶𝑂2 + 2𝑁𝐻3 ⇆ 𝑁𝐻2 𝐶𝑂𝑂𝑁𝐻4 ⇆ 𝑁𝐻2 𝐶𝑂𝑁𝐻2 + 𝐻2 𝑂

(2)

The first reaction is fast and exothermic, but the second one is slower and endothermic. The
conversion (on a CO2 basis) is in the order of 50-80%. The rate of conversion increases with an
increase in the temperature and/or NH3/CO2 ratio and decreases with an increase in the H2O/CO2
ratio [24].
This reaction is conducted in a special manufactory, which includes four units: synthesis unit,
recirculation unit, evaporation and finishing unit, and wastewater treatment unit [25]. Another path
for the green production of urea requires the generation of hydrogen via biomass gasification and
PV electrolysis, while nitrogen is used as the raw material from an air separating unit, which
separates nitrogen and oxygen by a cryogenic process. CO2 is derived either from the ammonia plant
or from the flue gas of the power plant. Nitrogen and hydrogen react in the plant to form ammonia,
and then, ammonia and CO2 react to produce green urea in the urea plant. A more economic and
sustainable approach comprises the underground coal gasification (UCG) method. A high calorific
Syngas mainly consisting of methane, hydrogen, and carbon dioxide is required. Hence, the required
feedstock for the urea process can be supplied for the UCG-Urea coupled process [26].
Similarly, CO2 can be used for carbonate and polycarbonate materials. For example, Asahi Kasei
used ethylene oxide, its by-product CO2, and bisphenol-A to produce large quantities of high-quality
polycarbonate and highly pure monoethylene glycol [27]. Moreover, Qin et al. [28] used a simple
and renewable process for synthesizing a functional CO2-copolymer (polyurea) with a multiblock
structure. Polyurea exhibits a spherulitic morphology as a typical black cross pattern formed by
many concentric circles characterized by different shades of light and dark. Additionally, CO 2 be
fixed into a polymer to produce a highly valuable and biodegradable plastic, mainly polypropylene
(PPC). This product is unique among conventional plastics not only because of its biodegradability
and unmatched CO2 application but also because it has already been industrialized [29]. Using the
same pathway, Kamphis et al. [30] reported that the reaction between CO2 and epoxides could form
different and valuable products, such as cyclic and polymeric carbonates. Such products can be used
effectively to produce polymer-based products, energy storage devices, and biomedical and
pharmaceutical materials.
3.2 The Short-Term Paths for the Application of CO2
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CO2 is currently used in the food industry (e.g., soft drinks, deep freezing, etc.). According to
Moritaka et al. [31], the effect of soft drinks, with gas volumes between 1.5 and 2.7, was tested on
the linguapalatal swallowing pressure, perception of intraoral carbonation, and the maximum speed
of the movement of the bolus through the pharynx in healthy women of 20-21 years. The results
showed that the CO2 dissolved in soft drinks influenced the activity of taste receptors in the mouth
and induced neuromotor responses of the volunteers. Moreover, CO2 in different states (solid,
liquid, gas, and supercritical) exhibits advantageous characteristics such as inertness, nonexplosiveness, non-corrosiveness, high volatility, cooling ability, and low cost. Hence, CO2 can be
applied in different domains, and particularly, in the food and processing industry for preserving
fruits, vegetables, food grains, liquid foods, meat, fish, inactivating decomposition by
microorganisms, oil extraction, and for flavoring and coloring [32]. The application of CO2 is evolving
in water treatment and the chemical industry, such as wastewater treatment pathways, increasing
environmental and economic benefits via microbial, electrochemical, and phototropic processes [33,
34]. Kyung et al. [33] developed a mathematical model to estimate the emission of CO2 from any
type of water treatment plant (conventional or advanced), irrespective of the turbidity level.
Similarly, Lu et al. [34] captured and utilized carbon using different processes and demonstrated
that wastewater management could counterbalance the greenhouse gas footprint and produce
negative carbon emissions. However, these industrial applications remain potentially limited since
only around 10 million tons of CO2 are used worldwide annually. New techniques based on
supercritical or refrigerant CO2 are being improved further with the development of carbohydrates,
which are environment-friendly compared to the conventional refrigerants currently used [35-37].
Moreover, processes such as the industrialization of salicylic acid or urea are already underway.
However, the major objective currently is the development of polycarbonates that are mainly based
on CO2 and epoxy [38, 39]. A second method, which exists in a few pilot units around the world,
involves the hydrogenation of CO2 and the cultivation of microalgae in open basins to produce
biofuels. Hydrogenation of CO2 allows the production of methane and methanol. However, the
production cost is higher than that required for the conventional production of methane [40]. The
culture of microalgae by capturing the CO2 of the fumes is more profitable at a small scale than at a
large scale [41].
3.3 The Medium-Term Paths: Microalgae Cultivation and Methane Reforming as Examples
Despite significant scientific advancements, the techniques of microalgae cultivation and
methane reforming remain undecided due to a lack of control over productivity and energy
expenditure. This is the case, for example, with the cultivation of microalgae in photo-bioreactors
to produce biofuels [42, 43]. González et al. [44] conducted an experiment using three
autochthonous microalgae using two different culture techniques, which included Arnon culture
and agriculture fertilizer-based liquid medium, to evaluate the growth of microalgae. They
concluded that the medium affected biomass productivity and the growth rate. Additionally, the
algae elemental analysis and the high heating value (HHV) were independent of the culture medium,
while their contents of sugar and lipids strongly depended on the species of algae and the culture
medium. One of the selected species “la Orden” had a lower lipid content in the photo-bioreactor
than that in the laboratory. The collected biomass fed to a batch-type digestion process produced
296 ±23 L CH4 kgVSS-1 of biogas. A photo-bioreactor (PBR) based on microalgae works under
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illumination, where CO2 and the substrate dissolved in water are consumed, and oxygen is produced
[45]. This process requires the continuous flow of wastewater through the reactor. A series of PBR
used together significantly reduces CO2 and the substrate. A PBR can also be modeled with
differential equations based on the concentrations of dissolved substitutes and biomass algae, and
the internal cell quota of the substrate to biomass. Each PBR ha a ceratain volume and irradiation.
Tha absorption rate of substarte into the cells can be modelled using Monod kinetics and the
biomass growth rate can be modelled using Droop kinetics knowing that a minimum and a maximum
internal cell quota are assumed [45]. According to Diehl et al. [45], the model showed a unique
steady-state solution for all PBRs considered. Moreover, a wash-out solution with no algae in the
system forms another stable steady-state. Unfortunately, analyzing the models of such phenomena
by conventional methods is very difficult. Many problems emerge during numerical evaluation as
the results do not have physical meaning and are strongly affected by the initial conditions [42]. The
process consisting of feeding algae-based systems by the flue and exhaust gas showed some
drawbacks such as the destruction of chloroplasts, the disruption of photosynthesis, and other
problems related to metabolic functions that negatively influence the uptake of CO 2. The photobioreactors that were used to capture CO2 also showed limitations due to the low concentration of
biomass. The immobilization of algae in a trickle bed reactor to capture CO2 from the flue and
exhaust gas is an innovative process [43]. In this experiment, Dębowski et al. [43] enriched the
ambient air with CO2 at a concentration of 25% v/v. The immobilized algae produced biomass of
about 100 g DM/dm3. They found a correlation of approximately 40% between CO2 removal rates
and gas volume flux for a feed gas of 25 dm3/hour. Dry reforming of methane (DRM) is a well-known
process; however, it is limited by issues of catalyst and energy consumption [46, 47]. This process
has gained much attention because of its capacity to reduce greenhouse gases (GHG), such as CO 2
and CH4, from the atmosphere as follows:
𝐶𝐻4 + 𝐶𝑂2 → 2𝐶𝑂 + 2𝐻2

(3)

With ∆𝐻 0 = 247.3 kJ. mol−1 and ∆𝐺 = 61770 − 67.32𝑇 𝑘𝐽. 𝑚𝑜𝑙 −1 .
Besides reducing GHG, this process produces a mixture of CO and H2 that are the main
components of the Syngas and required for Fischer-Tropsch synthesis (presented later). Thus, this
process is better than steam reforming for the transmission of chemical energy. The Ni-based
catalysts supported by Al2O3/TiO2 and promoted with Ce/ZrO2 are suited for the DRM process [46].
However, carbonaceous deactivation of the catalysts is a major problem during such a process [46].
The steam reforming process (SRP) of natural gas, mainly composed of CH4, is the cheapest and the
most used technique to generate around 8 kg CO2 per kg H2. The mechanism of the reaction is as
follows:
𝐶𝐻4 + 𝐻2 𝑂 ⇄ 𝐶𝑂 + 3𝐻2

(4)

𝐶𝑂 + 𝐻2 𝑂 ⇄ 𝐶𝑂2 + 𝐻2

(5)

𝐶𝐻4 + 2𝐻2 𝑂 ⇄ 𝐶𝑂2 + 4𝐻2

(6)

Details regarding the rate of reaction, the kinetic parameters, the equilibrium constant, and the
adsorption constant have been published [48].
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3.4 The Long-Term Paths: Thermolysis, Electrolysis, and Photoelectrocatalysis Techniques as
Examples
The last route still requires scientific and technological investigation. Although there is sufficient
information available, the development of mineralization is adversely affected by obstacles such as
energy consumption and low outlets. Seifritz [49] suggested binding CO 2 chemically via an
exothermic reaction to a silicate to form a stable substance according to the following reaction:
2𝐶𝑂2 + 𝐻2 𝑂 + 𝐶𝑎𝑆𝑖𝑂3 ⟶ 𝐶𝑎2+ + 2𝐻𝐶𝑂3 − + 𝑆𝑖𝑂2 − 29.6 𝑘𝑐𝑎𝑙

(7)

The thermochemical process (for example, the solar oven) can be implemented to produce
hydrogen from water [50]. Considerable progress was made by using solid alkaline metals for CO2
mineralization, as reported in some studies [49, 51, 52]. This process is similar to the natural
weathering of silicate minerals, where CO2 reacts with oxides of alkaline or alkaline-earth metals
(e.g., CaO and MgO) to produce carbonates, as shown in the following reaction:
(𝐶𝑎, 𝑀𝑔)𝑆𝑖 𝑂3 (𝑠) + 𝐶𝑂2 (𝑔) ⟶ (𝐶𝑎, 𝑀𝑔)𝐶𝑂3 (𝑠) + 𝑆𝑖 𝑂2 (𝑠)

(8)

Also, direct CO2 reduction by mineralization and accelerated carbonation can be performed as
follows [52]:
(𝐶𝑎, 𝑀𝑔)𝑥 𝑆𝑖𝑦 𝑂𝑥+2𝑦+𝑧 𝐻2𝑧 (𝑠) + 𝑥𝐶𝑂2 (𝑔) ⟶ 𝑥(𝐶𝑎, 𝑀𝑔)𝐶𝑂3 (𝑠) + 𝑦𝑆𝑖𝑂2 (𝑠) + 𝑧𝐻2 𝑂(𝑙)

(9)

According to classical methods, hydrogen production relies on carbonaceous sources, and the
thermochemical splitting of water is based on metal oxide redox reactions. This route might be the
most effective one for the long-term production of H2 for its direct utilization in fuel cells or other
targets, such as synthetic liquid hydrocarbon fuels. Metal oxides, which have high efficiency, are
volatile (ZnO/Zn, SnO2/SnO) and non-volatile redox pairs (Fe3O4/FeO, ferrites; CeO2/CeO2-δ,
perovskites). The energy for such processes is provided by concentrated solar energy. The process
is divided into two steps [50, 53]: (1) the endothermic high-temperature reduction step to release
hydrogen:
1
𝑀𝑥 𝑂𝑦 → 𝑀𝑥 𝑂𝑦−1 + 𝑂2
2

(10)

(2) the exothermic hydrolysis step producing hydrogen that can be used as a clean energy carrier
for the generation of heat/electricity or their co-generation:
𝑀𝑥 𝑂𝑦−1 + 𝐻2 𝑂 → 𝑀𝑥 𝑂𝑦 + 𝐻2

(11)

However, studies on the combined thermolysis of CO2/water are rare and require a deeper
understanding of the intervening mechanisms [54]. A thermochemical water-splitting cycle
operates at much lower temperature than direct water thermolysis while obtaining the same water
decomposition yields [50]. Moreover, the solar thermochemistry of the two-step water splitting
process, which is based on metal oxide redox reactions represented in Eq. 10 and Eq. 11, has
advantages. The cycle temperature (between 1,200 and 1,600 °C) is relatively low and compatible
with concentrated solar energy. Water and heat are the only inputs, and hydrogen and oxygen are
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the only outputs. The other substances are continually recycled in the closed process. The hydrogen
produced is pure and can be used directly. Conversely, conventional electrolysis also generates pure
hydrogen and is limited by a low overall energy conversion efficiency, especially as it first requires
the generation of electricity, making the global energy conversion efficiency drop below 20% [50].
Moreover, thermolysis of water can be coupled with CO2 by direct air capture (DAC) to produce CO2,
H2, O2, and electricity. The process is based on a sodium-manganese-carbonate (Mn-Na-CO2)
thermochemical water-splitting cycle [54]. The authors concluded that it is possible to facilitate
several cycles of the complete water-splitting reaction system with the designed reactor. Also, the
DAC tests showed that alkaline slurries of NaMnO2 could efficiently remove CO2 from the air, even
from ultra dilute solutions. Furthermore, this process is inexpensive when CO2 removal from the
atmosphere is combined with water splitting to produce a gas stream of CO 2/H2 for generating
renewable chemicals. Moreover, under the water splitting conditions (in the high-temperature
process), CO2 can also be decomposed to CO with H2 to form the Syngas. The hindrance of carbonate
formation during CO2 splitting can be overcome by choosing the correct experimental conditions.
The difference between CO2 and H2O splitting can be summarized in the following points: (1) CO2
splitting above 1,100 K is more favorable (thermodynamically). (2) The water-gas shift (WGS)
reaction (eq. 12) and the reverse water-gas shift (RWGS) reaction (eq. 13) are alternative
approaches to liquid fuel production via Syngas generation. (3) H2 production by the lowtemperature WGS reaction is more favorable due to the crossover stability [55]. Through a similar
reaction, solar Syngas can be produced from H2O and CO2 using a two-step thermochemical cycle
based on cerium oxide redox reactions (eq.14 - eq.16) [56]:
𝐻2 𝑂 + 𝐶𝑂 ⟶ 𝐶𝑂2 + 𝐻2

(12)

𝐻2 + 𝐶𝑂2 ⟶ 𝐶𝑂 + 𝐻2 𝑂

(13)

Δ𝐻
𝛿
𝐻𝑖𝑔ℎ − 𝑇 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛: 𝐶𝑒𝑂2 → 𝐶𝑒𝑂2−𝛿 + 𝑂2
2

(14)

𝐿𝑜𝑤 − 𝑇 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝐻2 𝑂 ∶ 𝐶𝑒𝑂2−𝛿 + 𝛿𝐻2 𝑂 ⟶ 𝐶𝑒𝑂2 + 𝛿𝐻2

(15)

𝐿𝑜𝑤 − 𝑇 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝐶𝑂2 : 𝐶𝑒𝑂2−𝛿 + 𝛿𝐶𝑂2 ⟶ 𝐶𝑒𝑂2 + 𝛿𝐶𝑂

(16)

:

:

The process occurs in two steps. The first endothermic step occurs at 1,800 K, where CeO2 is
reduced to an oxygen-deficient state. The second exothermic step occurs at 1,100 K, where the
Syngas is generated by re-oxidizing CeO2-δ by a mixture of H2O and CO2.
Additionally, there is another part, where the bonds of CO2 are broken by electrolysis,
photoelectrocatalysis, or biocatalysis [57-59]; the productivity and cost of these processes need to
be evaluated. Similarly, the photoelectrocatalytic (PEC) reduction of CO2 could be investigated as a
promising technique for using solar energy in value-added chemicals. The photochemical process is
based on visible light irradiation of solutions such as 𝑅𝑢(2,2′ − 𝑏𝑖𝑝𝑦𝑟𝑖𝑑𝑖𝑛𝑒)2+
3 , cobalt (II) chloride,
and CO2 in acetonitrile/water/triethylamine) [60]. The following example of a catalytic system that
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performs the photoreduction of CO2 to CO under visible light irradiation is composed of two
reactions (two-electron water-splitting and CO2-splitting):
𝐻2 𝑂(𝑙) ⟶ 𝐻2 (𝑔) + 1/2𝑂2 (𝑔)

(17)

This reaction has a free energy Δ𝐺 0 = 56.6 𝑘𝐽/𝑚𝑜𝑙 and a standard redox potential Δ𝐸 0 = 1.23 𝑉.
𝐶𝑂2 (𝑔) ⟶ 𝐶𝑂(𝑔) + 1/2𝑂2 (𝑔)

(18)

This reaction has a free energy Δ𝐺 0 = 61.4 𝑘𝐽/𝑚𝑜𝑙 and a standard redox potential Δ𝐸 0 = 1.33 𝑉.
2+
Here, the triethylamine donates electrons to 𝑅𝑢(2,2′ − 𝑏𝑖𝑝𝑦𝑟𝑖𝑑𝑖𝑛𝑒)2+
3 /𝐶𝑜 . The quantity of
Syngas produced and the selectivity ratio CO/H2 depend strongly on the composition of the system.
Also, the addition of free pyridine strongly decreases CO generation but increases H2 production
[60]. Such a technique usually lacks a performing catalyst characteristic of the photocathode.
Besides, three-dimensional p-n heterojunctions like C/N-doped of Znx:COy@Cu can successfully be
used as photocathodes in the PEC reduction mechanism while producing paraffin. Such materials
integrate heterojunctions formed by semiconductors of p-type such as Co3O4 and n-type like ZnO
on Cu foam. These heterojunctions exhibit multiple active sites which have excellent C-C control
during the reduction of CO2 [61]. Wang et al. [61] concluded in a study that the best catalyst was
Zn0.2:Co1@Cu. Indeed, the paraffin was produced at a rate of 325 µg.h -1 and O2 was released at a
rate of 41 μmol.h-1 under --0.4 V compared to the saturated calomel electrode in the absence of the
release of H2. The apparent quantum efficiency of Zn0.2:Co1@Cu reaches 1.95%. However, Pan et
al. [62] developed a novel photoelectrocatalytic catalyst by modifying a copper catalyst with flowerlike cerium oxide nanoparticles (CeO2 NPs as n-type semiconductor) and copper oxide nanoparticles
(CuO NPs as p-type semiconductor) for the reduction of CO2 to methanol. The rate of methanol
production was 3.44 µmol cm-2 h-1 at an applied potential of --1.0 V (vs. SCE) under visible light
irradiation. This rate of methanol production was around five times higher than that produced by
using a CuO NPs/Cu catalyst. Zhang et al. [63] investigated the hydrophilic-hydrophobic CuSnO2/ZIF-8 composite catalyst to resolve the problem of poor solubility and the intense competition
of the reaction to generate hydrogen, which can considerably restrict the activation of CO 2. They
concluded that when the overpotential was around 364 mV, the Faraday efficiency of formic acid
reached about 69%, and the maximum current density reached 12.8 mA cm -2 at --1.4 V versus the
Ag/AgCl electrode. ZIF-8 promoted electron transfer, while Cu-SnO2 provided additional active sites.
4. CO2 as a Renewable Source of Energy via Biogas Products
Although green plants that perform photosynthesis are less efficient transducers of solar energy
compared to an array of solar cells, they gained importance in the last decade because they are
cheap and can develop with a judicious supply of water, nutrients, and in the presence of CO 2 that
they transform into stable organic compounds. Also, due to the excessive emission of greenhouse
gases, governments worldwide decided, in previous world summits (Montreal, Kyoto, Madrid, Rio,
Paris, etc.), to diversify the range of fuels in use by 2050. Such a policy is based on biomass
conversion. The reasons why biofuels should be selected for this purpose are as follows:
• They are simple
• They can be prepared with well-known agriculture methods
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• They can mitigate global warming without changing the old energy conversion systems
• They can be used in complicated engines like conventional turbofans (used in aerospace) [64,
65]
• The regulation of practices worldwide through directives and normalizations
• They are available throughout the year, are inexpensive, and are distributed uniformly
worldwide, unlike oil, coal, and gas
• They can bring about improvement of rural areas and easily generate employment
Biofuels are liquid, gas, and solid fuels that are produced based on a wide variety of techniques
and mechanisms from biomass. They include bioethanol, biomethanol, biodiesel, vegetable oils,
biogas, bio-syngas bio-oil, biochar (obtained after biomass pyrolysis), Fischer-Tropsch (FT) liquids,
and biohydrogen (produced by gasification). Gasification is a thermal process that can be conducted
using the framework of char gasification (during which the char is prepared by pyrolysis before
gasification) or by the continuous pyro-gasification of biomass in a macro-TG. Countries and
organizations that have adopted an energy policy based on biofuels showed a high economic growth
during the 21st century [66].
Biogas can be produced from lignocellulosic biomass by two processes. The first process requires
microbial fermentation, where polysaccharides are converted to alcohols, specifically, to bioethanol
or biomethanol [67-69]. In the second process, raw plant biomass is converted via anaerobic
fermentation to biomethane [70, 71]. However, the latter process is slow due to the low availability
of energy to microorganisms, which limits the amount of methane formed [72]. However, even
small-scale devices along with agriculture residues and human wastes that are converted to
methane could significantly improve the living conditions of rural/urban communities [73, 74].
The second process for biogas production is based on the thermochemical conversion of
lignocellulosic biomass into a synthesis gas characterized by a high HHV called Syngas, which is a
mixture of CO, H2, and CnHm mainly composed of CH4. Along with Syngas, various liquids composed
of bio-oils and tars are also generated [75-80]. Hence, in this method of Syngas production, a large
amount of CO2 is used as a gasifier mixed or not with dry and heated water steam (at about 180°C)
during the char gasification [75-77, 80]. The formation of methane from CO2 has been reported in
previous studies [81]. The catalytic reduction of CO2 to methanol or methane using renewable
energy (mainly solar as mentioned above) is considered to be a viable alternative, as the process
can minimize the cost and depletion of fossil fuels. Thus, the next processes should involve the
Fischer-Tropsch (F-T) process (established during World War II to replace oil). Such a process allows
the conversion of biomass to Syngas that can be converted into fuels or chemicals when using coal
at a H/C ratio of 0.8 to 1 [82]:
𝐶𝐻0.8 + 0.7𝑂2 → 𝐶𝑂 + 0.4𝐻2 𝑂

(19)

𝐶𝐻0.8 + 𝐻2 𝑂 → 𝐶𝑂 + 1.4𝐻2

(20)

𝐶𝑂 + 𝐻2 𝑂 → 𝐶𝑂2 + 𝐻2

(21)

(2𝑛 + 1)𝐻2 + 𝑛𝐶𝑂 → 𝐶𝑛 𝐻2𝑛+2 + 𝑛𝐻2 𝑂

(22)

Furthermore, biomass is more reactive than coal, and it is gasified at a temperature between 550
and 1,500 °C with different heating rates depending on whether biogas, bio-oils, or biochar needs
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to be produced. The process can be slow, rapid, or instantaneous. The process can occur at
atmospheric pressure or under high pressure ranging between 4 and 30 bars [83, 84].
The installations used for Syngas production via biomass gasification are called Macro-TG. They
consist of an electrically heated furnace and either a manual or an automatic system, which allows
the samples to be placed inside the furnace at a certain time [80, 85-87]. Plasma technology can be
used to achieve the same goal. The temperature-induced by the electric arc in hydrogen plasma is
high (̰~1,500 °C), resulting in the production of syngas (CO and H2) with a conversion rate of about
100% [85-87]. The efficiency of generating electricity and hydrogen-based on hydrogen plasma and
carbon fuel cell technology varies between 87% and 92%, which is more than twice that of the
installations fed with coal and based on conventional steam. Moreover, the reduction of CO 2 using
plasma technology is about 75% per unit of electricity [88, 89].
The F-T process mainly produces aliphatic hydrocarbon chains, and thus, it has gained attention
for the production of transportation fuels and chemicals. Such a technique has many advantages as
it can produce fuels of different molecular lengths (typically < 15 C) from any carbonaceous
feedstock (coal, natural gas, etc.) [90]. The synthetic fuels produced by F-T have several advantages:
• They can be used in the existing transportation systems
• They are compatible with the existing vehicles
• They can be mixed with the available derivatives of petroleum [91].
• FT diesel is of high quality, has a very high cetane number, and is free of sulfur, nitrogen,
aromatics, and other contaminants found in petroleum products.
However, F-T has a high cost of investment and low energy efficiency compared to the energy
efficiency of alternative fuels [92].
5. Conclusion
A disequilibrium exists among the natural reservoirs (atmosphere, thermocline, and the deep
sea) of CO2. In this study, the conversion of CO2 from a harmful gas to a beneficial source of energy
and matter was shown. CO2 can be used in the food industry in soft drinks and for deep freezing.
R744 can be used as a refrigerant in the future. Lackner tree and the dissolution of CO2 in basic baths
using aqueous ammonia could be investigated as suitable processes to capture CO 2. Urea,
commercially known as carbamide, could be widely and easily produced either by the reaction
between CO2 and ammonia or by the reaction of hydrogen (generated by biomass gasification) with
nitrogen after its separation from atmospheric oxygen via a cryogenic process. Microalgae have
recently received much attention as they can capture CO2 and utilize it in renewable energy. They
have several advantages over the use of other plant feedstock, including (1) high photosynthetic
conversion, (2) rapid production, (3) a high capacity to produce a wide variety of biofuel feedstock,
(4) high capability for environmental bioremediation, such as CO2 fixation from the atmosphere/flue
gas and water purification, and (5) no competition for land with crops or other food sources. Nickelbased catalysts are commonly used for the DRM process due to their low cost but are prone to
deactivation at high temperatures; hence, bimetallic catalysts were introduced. The synergetic
effect of two metals enhances the activity of the catalyst. Ni-Co bimetallic catalysts have been
investigated intensely for the DRM process. Several supports such as Al2O3, TiO2, MgO, SiO2, YSZ,
SBA15, etc., have been investigated under the DRM process, and Al2O3, TiO2, and SBA15 have been
found to perform well. Moreover, water thermolysis can be coupled with CO2 through a direct air
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capture (DAC) method to produce CO2, H2, O2, and electricity. Additionally, it is feasible to produce
solar Syngas from H2O and CO2 when using a two-step thermochemical cycle based on the cerium
oxide redox reaction. Catalytic systems that perform the photoreduction of CO2 to CO under visible
light irradiation consist of two reactions (the two-electron water-splitting reaction and the CO2splitting reaction). Finally, CO2 acts as a good gasifier during biomass gasification for the production
of Syngas.
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Abstract
Rural and remote communities are more vulnerable to damage caused by extreme events as
compared to urban areas. Natural disasters can disrupt basic supplies such as domestic water
supply and cooking needs in addition to electricity outages. The recognition of the interlinked
nature of food, water and energy has gained momentum over the past few years. Smart
Integrated Renewable Energy System (SIRES) has been proposed to handle basic needs such
as cooking, domestic and irrigation water supply, and electricity to remote rural areas in an
efficient and sustainable manner. Critical needs and non-critical needs for a typical rural
community are discussed. The proposed approach is studied for two different scenarios: wind
subsystem is inoperable and hydropower is inoperable due to the destruction caused by a
natural disaster. In this paper, it is shown that employing SIRES could improve overall
resiliency as compared to microgrids.
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1. Introduction
Food, water and energy needs are the essence of overall development in rural areas. Global
demand of these needs is rapidly increasing with population growth, urbanization and climate
change [1]. Millions of people still lack access to these basic needs with majority living in isolated
rural areas. There has been significant progress in electrification of rural areas in developing Asia
since 2000. However, economic downturn and health crisis due to COVID-19 pandemic will slow
down the progress especially in rural Africa. According to International Energy Agency (IEA) [2], it is
projected that 660 million people may still not have access to electricity in 2030 owing to rapid
population growth and difficulties due COVID-19. Moreover, around 2.6 billion people lack access
to clean cooking facilities, relying instead on solid biomass, kerosene or coal as their primary cooking
fuel. 785 million people lack access to basic domestic water based on World Health Organization
(WHO) report [3]. By 2025, half of the world’s population will be living in water-stressed areas.
In 2015, world leaders agreed to 17 Sustainable Development Goals or SDGs at UN Sustainable
Development Summit. These goals have the power to create a better world by 2030, by ending
poverty, fighting inequality, sustainable energy access and addressing the urgency of climate change.
In particular, goal 2 addresses the hunger issue, goal 6 targets availability of safe water for all and
goal 7 states the need to ensure access to affordable, reliable and sustainable energy for all [4].
The interconnections between food, energy and water sectors known as FEW nexus has received
considerable attention in recent years [5]. The nexus is characterised by resource interdependencies
which means that any decision that is made in one sector has an impact on other sectors. As seen
in Figure 1, energy and in particular electricity is required for water treatment, distribution and
pumping and food processing and storage. On the other hand, water (hydropower) and biomass
obtained from food waste (biogas) can be used to produce electricity. In addition, water is also used
for cooling system of power plants. Lastly, food production requires irrigation water and water
quality depends on the agriculture production because of non-point source pollution.

Figure 1 Interconnections of food-energy-water nexus.
Page 117/218

JEPT 2022; 4(1), doi:10.21926/jept.2201006

Food-Energy-Water (FEW) nexus was first mentioned by World Economic Forum in 2011 as
Water-Food-Energy-Climate Nexus in “Water Initiative” report. The report states that water lies in
the heart of nexus of food, energy, climate, economic growth and human security challenges that
the global economy faces over the next two decades [6]. Since then, several frameworks and models
have been proposed to understand the complexity of the nexus [5]. Shannak S et.al reviewed
current FEW nexus models to identify key opportunities and challenges in FEW design and modelling.
An overview of the processes, methods, policies and interconnections of food, water and energy
resources was addressed in [7]. The authors reviewed current state of research on nexus
approaches and main challenges to the implementation along with future insights are mentioned.
An integrated model that captures the interactions between water, food and energy at household
scale was studied by Wa’el Hussien et al. [1]. They develop models for household water
consumption, energy consumption and food consumption. In addition they also studied the impact
of income and seasonal variability on water, energy and food. Melissa Hang et.al proposed a
methodology for the design of local production systems and developed a superstructure-based
optimization model specifically for FEW nexus through a case study for a designated eco-town in UK
[8]. However, none of these studies focus on using renewable energy resources for consistently
fulfilling basic needs such as food, water and energy. Ebrahim Karan (2016) designed and analysed
a small-scale FEW system for a typical family of four (2 adults and 2 children) that can collect or
recycle its own water, supply energy needs powered by solar PV panels [9]. The authors optimized
the system based on decision variables such as size of the system, water recycling capacity and solar
system.
As seen from the above mentioned literature review, most of these studies are based on the
concept of electrification. Earlier approaches such as Grid Extension, Electricity Home Systems (EHS),
Hybrid Energy Systems (HES) and Microgrids have been implemented to provide electricity in rural
areas [10]. However, as of now, very few systems are based on the principle of energization to meet
all the basic necessities. Smart Integrated Renewable Energy System (SIRES) was proposed in [11]
to fill this gap by fulfilling basic needs using local renewable energy resources such as solar energy,
wind energy, biogas and water. As mentioned previously, extreme events can interrupt supplies to
basic needs such as cooking and water facilities in addition to electricity outages. Hence, in this
paper, a priority-based energy management technique for SIRES is proposed to improve resilience
during major disasters in remote rural areas.
In section 2, state of the art of resilience for food, water and energy, more specifically electricity
is presented. Renewable energy resources utilized by SIRES and basic needs expected to be fulfilled
for the rural community are described in section 3. In section 4, resilience enhancement framework
for SIRES is discussed. Section 5 describes results obtained for two different scenarios for SIRES and
compared with results obtained for microgrid. Finally, concluding remarks are succinctly presented
in section 6.
2. State of the Art of Resilience
Unexpected and extreme events can potentially disrupt the operations of a complete system
comprising of food supply chains, water network supply, and electric power grids that are in turn
supported by communications, transportation and other network infrastructures. Disruptions and
system component failures can lead to negative economic, environmental and social impacts on
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unprecedented scales. Figure 2 illustrates a typical curve for performance of a system associated
with an extreme event such as drought, flooding, heatwaves or winter storm. Consider Extreme
Event (E) occurs at incident time (ti). Several system components can fail as the severity of the event
increases. Consider tf is the time of failure or the time at which system components begin to fail. A
few components may work despite of the extreme event based on the Failure Probability (FP) of
the component. Failure probability (FP) is described as the probability of a component to be
inoperable when an extreme event occurs. As a result, partial needs are fulfilled by the system
components that are operable after the event occurs. Other components are repaired or replaced
as required so that the system is 100% functional by time (tr) or the recovery time.

Figure 2 Typical system performance after an extreme event occurs.
Vibhas Sukhwani et.al studied the integrated decision making platforms at regional level and
believe it will significantly enhance the collective resilience to emerging socio-economic challenges
[12]. A novel computational framework that incorporates “algorithmic resilience thinking” to
achieve adaptive and robust inter-networked FEW systems was developed in [13]. Authors in [14]
mention the lack of research of FEW nexus at local level; compounding the vulnerability of FEW
nexuses at local, regional and national scales.
2.1 Resilience Aspects of Microgrids
Existing power grid is reliable during normal conditions and low impact foreseeable
contingencies. However, resilience of power grids to extreme events has been a major concern for
utilities and researchers. According to the Department of Energy (DoE), weather-related power
outages are up by 67% since 2000 [15]. In point of fact, outages due to extreme weather events
were 73% higher in 2020 (1.3 billion hours) as compared to 2019 (770 million hours), according to
PowerOutage.US. More recently, winter storm Uri triggered blackouts forcing nearly 4 million
people in Texas alone to live without electricity and heat for several days amid polar temperatures.
Furthermore, domestic water and cooking facilities disruptions affected over 12 million people as
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reported by Texas Tribune [16]. Hotter heatwaves, harsh winter storms and more ferocious
hurricanes linked to climate change are expected in the coming decades. Rural communities, in
particular face more challenges in emergency and disaster management as compared to their urban
counterparts [17]. Limited funding resources, geographic distances and lack of training
opportunities are major obstacles for disaster resilience in rural communities.
Various studies are conducted to enhance the resilience of power systems against diverse natural
disasters. Use of microgrids has gained popularity as the most common solution for resilience
enhancement [18]. A microgrid can isolate itself when a major disruption occurs due to extreme
events and supply power to critical loads. Thus, microgrids can either be used as a community
resource or local resource to enhance resiliency of power grid. Several strategies to enhance the
resiliency of microgrids have been developed by researchers. Liu et.al presented a framework for
analysing the resilience of the power grid with integrated microgrids in extreme conditions. The
authors employed Monte Carlo method to calculate resilience indices [19]. A resilience-oriented
optimization strategy for networked hybrid microgrids is proposed in [20]. In addition, a resilience
index was proposed to assess the capability of each microgrid to feed local critical loads during
sudden power disruptions. In [21], a self-organization and decentralized energy management of a
microgrid cluster islanded from main grid after a disruptive event is proposed. A study to enhance
the resilience of hybrid microgrid considering feasible islanding and survivability of critical loads was
conducted by [22]. An energy management system to enhance the resiliency of microgrid during
islanded mode was proposed by [23]. The objective was to minimize the amount of critical loads
while maximizing non-critical load served. In the above literature review, microgrids were used to
enhance resilience and these studies on only focused on electrical loads. However, in this paper,
SIRES was used to enhance the resilience and loads such as water for domestic and irrigation
purposes and biogas for cooking in addition to electrical loads are considered.
3. Resources and Needs
SIRES utilizes locally available renewable resources to satisfy basic energy needs in an efficient
manner by matching resources with needs a-priori. As mentioned before, past approaches have
focused on electrification whereas SIRES concentrates on energization of rural areas. The terms
“energization” and “electrification” have been often mistaken to be synonymous. However, as a
matter of fact, Electrification can be considered as a subset of Energization. Microgrids is an example
of electrification wherein all available resources are converted to electricity whereas SIRES is a
version of energization. In energization, resources are directly utilized to fulfil basic needs and can
generate electricity as required. As such, biogas can be directly used for cooking in preference to
converting into electricity and then using it for cooking. Similarly solar and wind energy are used to
pump water to overhead reservoir to serve domestic and irrigation water and to generate electricity.
A possible configuration of SIRES is given in Figure 3.
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Figure 3 A possible schematic diagram of SIRES [11].
A typical remote rural area with 700 people and 450 cattle is considered in this study. It is
assumed to be located at 36.1156°N, 97.0584°W and the area has ample water. Height of the
reservoir is considered as 20m. Hourly solar irradiation and wind data are obtained from the Climate
and Data Services, Oklahoma Climatological Survey. Typically, agriculture is the main occupation of
people in rural areas. Considering 9 tons of collectible biomass (agriculture, animal and human
wastes), 300 m3 of biogas can be produced daily [24]. Needs of the rural communities can be broadly
classified into two types: Critical needs and non-critical needs. Basic requirements such as cooking,
water for drinking and domestic purposes, lighting (domestic and community), cold storage for
medicines, hospitals, low grade heating (space and water heating) and fans for ventilation are
considered as critical needs. Refrigeration is not critical at the domestic level but will be in the
community level for storing medical supplies. On the other hand, Small-scale industries, shops,
educational institutions, communications (radio, television sets, cell phone chargers), medium
grade heating (industrial process heating, crop processing) and water for irrigation purposes are
considered as non-critical needs.
Based on data obtained from [25], every person requires 0.34-0.42 m3 of biogas daily for cooking.
Hence for 700 people, around 250-300 m3 of biogas is required every day for cooking purposes.
Since cooking is a critical need, a minimum of 250 m3 of biogas is required. Approximately 100 m3
of water is the critical water need required for domestic purposes such as drinking, personal hygiene
and washing dishes [26]. 200 acres (80 hectares) of land is used for agriculture. It is estimated that
125 m3 of water is needed per hour for the entire irrigated land. However, this need is considered
as non-critical when the extreme event occurs. Making electrical load projection for people who
have little or no experience is difficult task. Therefore based on empirical knowledge and literature
review, it is estimated that daily electrical consumption of the rural community is 375 kWh. Critical
electricity needs required by the community is 175 kWh whereas remaining 200 kWh is considered
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as non-critical load. If microgrid is used to fulfil these basic needs, then their electrical equivalents
are given in Table 1. Electricity equivalent of 0.05 m3 of biogas used for cooking is 0.17 kWh [27]. 1
kWh of electrical energy can pump 9.175 m3 of water to the reservoir [28]. Pattern of energy
consumption was obtained from City of Stillwater Utilities and has seasonal variations.
Table 1 Critical, non-critical and total needs for microgrid and SIRES.
Needs
Cooking (Biogas)
Water
Electricity

Critical Needs
SIRES
Microgrids
3
250m
850kWh
3
100 m
10 kWh
175 kWh 175 kWh

Non-Critical Needs
SIRES
Microgrids
3
50m
170 kWh
3
3000 m
330 kWh
200 kWh
200 kWh

Total Needs
SIRES
300 m3
3100 m3
375 kWh

Microgrids
1020 kWh
340 kWh
375 kWh

Table 2 compares the current approaches versus technologies used in SIRES. Wind and solar
energy are given the highest priority to fulfil electricity and water pumping needs. The reason to use
wind and solar energy is because majority of biogas is used for cooking and water needs to be stored
in reservoir to fulfil water demands.
Table 2 Current approaches versus technologies used in SIRES.
Needs
Cooking
Water
(drinking,
Domestic
and
community purpose)
Lighting (domestic
and
community
including
street
lighting)
Cold storage for
medicines, hospitals
Small-scale
industries,
shops,
educational
institutions
Communications
(radio,
television
sets, cell phone
chargers)
Low grade heating
(space and water
heating)

Technologies to be
Priority
used in SIRES
Biogas obtained from
Woodstoves,
biogas digesters Solar Critical Need
Biomass, Charcoal
Cooker, Improved stoves
Hand pumps, Wells, Wind turbines powered
Electricity powered water
pumps,
PV Critical Need
pumps
powered water pumps
Oil and kerosene
lamps, Unreliable and Electricity from SIRES
Critical Need
short
duration
electricity
Grid based or no
Electricity from SIRES
Critical Need
electricity
Current Approach

Grid based or no
Electricity from SIRES
electricity, Traditional
methods

Non-Critical Need

Grid based, Battery
banks and charging Electricity from SIRES
Non-Critical Need
stations, solar home
systems,
Wood
Charcoal,
Flat plate solar collectors,
Animal dung and crop
Critical Need
Solar crop dryers, Biogas
residues
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Medium
grade
heating (industrial Wood, Biomass
process heating, crop
processing)

Concentrated
solar
collectors,
Electricity Non-Critical Need
from SIRES

Wind and Solar powered
Water (irrigational Electricity powered water pumps, Water
purpose)
water pumps
available in reservoir, Non-Critical Need
Biogas driven water
pumps
Biomass and biogas
energy storage, Potential
Energy Storage
Battery
--energy in form of water,
Battery storage
3.1 Mathematical Models of System Components
For this study, models that are presented are based on hourly values and therefore are classified
as hourly models. Mathematical models of system components are represented by the equations
(1)-(17) for a given day ‘i’ and time ‘t’
A biogas power generation unit constitutes of a biogas-driven engine generator, biogas digesters,
a biogas collection tank, controls and piping for successful operation. The energy generated by a
biogas generator (Pbio(t)) is given by:
𝑃𝑏𝑖𝑜 (𝑡) = 𝜂𝑏𝑖𝑜 ∗ 𝑉𝑏𝑖𝑜 ∗ 𝐸𝑏

(1)

Where nbio is efficiency of biogas generator, Vbio(t) is volume of biogas (m3), and Eb is 5.6kWh/m3
which is the energy equivalent of biogas.
If Qt (m3/s) (water flow) passes through hydro turbines, then energy generated by a picohydro
power plant (Phydro(t)) is given by equation (2).
𝑃ℎ𝑦𝑑𝑟𝑜 (𝑡) = 𝜌𝑤 ∗ 𝑔 ∗ 𝑄𝑡 (𝑡) ∗ 𝐻𝑑

(2)

ρw is the density of water (1000kg/m3), g is Acceleration due to gravity (9.8m/s2) and Hd is effective
height of the reservoir (m).
Consider a PV array consists of Ns modules in series and Np modules in parallel at an inclination
angle given by . Energy generated by PV panels (PiPV(t, )) in kWh are as given below [29].
𝑖 (𝑡,
𝑖 (𝑡,
𝑃𝑃𝑉
𝛽) = 𝑁𝑠 ∗ 𝑁𝑝 ∗ 𝑉𝑜𝑐𝑖 (𝑡) ∗ 𝐼𝑠𝑐
𝛽) ∗ 𝐹𝐹 𝑖 (𝑡)

𝑖 (𝑡,
𝐼𝑠𝑐
𝛽)

= {𝐼𝑆𝐶,𝑆𝑇𝐶 +

𝐾1 [𝑇𝐶𝑖 (𝑡)

𝐺 𝑖 (𝑡, 𝛽)
− 25°𝐶]} ∗
1000

𝑖
𝑉𝑂𝐶
= 𝑉𝑂𝐶,𝑆𝑇𝐶 − 𝐾𝑉 ∗ 𝑇𝐶𝑖 (𝑡)

𝑇𝐶𝑖 (𝑡) = 𝑇𝐴𝑖 (𝑡) +

𝑁𝐶𝑂𝑇 − 20℃ 𝑖
𝐺 (𝑡, 𝛽)
800

(3)
(4)
(5)
(6)
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Where Vioc(t) is open-circuit voltage, VOC,STC is open-circuit voltage under Standard Test Conditions
(STC),KV is open-circuit temperature coefficient (V/C), IiSC(t, β) is PV module short-circuit current (A),
ISC,STC is short-circuit current under STC (A), Gi(t, β) is global irradiance (W/m2), K1 is short-circuit
temperature coefficient (A/C), TiA(t) is Ambient temperature (C), TiC(t) is cell temperature (C), NCOT
is Nominal Cell Operating Temperature (C) provided by the manufacture and FFi(t) is Fill Factor.
Energy generated by wind turbines (PiWG(t)(kWh)) is a function of wind speed and is presented in
equation (7) [30].
𝑣 𝑖 (𝑡, ℎ) − 𝑣𝑐
𝑃𝑟
𝑣𝑟 − 𝑣𝑐
𝑖 (𝑡)
𝑃𝑊𝐺
=
𝑃𝑟
{0

𝑣𝑐 ≤ 𝑣 𝑖 (𝑡, ℎ) ≤ 𝑣𝑟
𝑣𝑟 ≤ 𝑣 𝑖 (𝑡, ℎ) ≤ 𝑣𝑓
𝑒𝑙𝑠𝑒

(7)

where Pr is rated electrical power (kW), vc, vr and vf cut-in, rated and cut-off wind speed in m/s
respectively. vi(t, h) is wind speed at desired wind turbine installation height h.
Modeling of wind mechanical water pump (QWG(t)), PV powered water pump (QPV(t)) and biogas
powered water pump (Qbio(t)) is shown in equation (8), (9) and (10) respectively [31-33].
𝑖 (𝑡)
𝑄𝑊𝐺

1
𝜌𝑎 𝐺𝜆𝑑 𝑉𝑑3
𝑖 (𝑡)𝐷
= 𝜂𝑝𝑑 𝐶𝑝𝑑 𝑣
[
]
𝑇
8
𝜌𝑤 𝑁𝑝𝑑 𝑔𝐻𝑑

𝑖 (𝑡)
𝑄𝑃𝑉
=

𝑖
(𝑡) =
𝑄𝑏𝑖𝑜

𝑖 (𝑡,
𝑁𝑆 ∗ 𝑁𝑃 ∗ 𝜂𝑝 ∗ 𝑃𝑃𝑉
𝛽)
𝜌𝑤 ∗ 𝑔 ∗ 𝐻𝑑

𝑖
(𝑡) ∗ 5.6 ∗ 367
𝜂𝑝𝑢𝑚𝑝 ∗ 𝜂𝑒𝑛𝑔𝑖𝑛𝑒 ∗ 𝑉𝑏𝑖𝑜
𝐻𝑑

(8)

(9)

(10)

For wind mechanical water pump, hpd is efficiency of the pump at design point, ρa is density of
air (kg/m3), DT is diameter of the wind rotor (m), Vd is design wind velocity (m/s2), Cpd is design power
co-efficient of the wind rotor, Npd is speed of the pump at design point (m/s2), G is gear ratio and λd
is design tip speed ratio of the wind rotor. ηp, ηpump and ηengine is efficiency of PV water pump, biogas
water pump and biogas engine respectively.
Battery modeling expressions are given in equations (11)-(14) [24, 30].
𝐶𝑚𝑖𝑛 = 𝐷𝑂𝐷 ∗ 𝐶𝑛

(11)

𝑖
𝑖
𝑖
𝑖 (𝑡)
𝑖 (𝑡,
(𝑡) + 𝑃𝑏𝑖𝑜
(𝑡) − 𝑃𝑙𝑜𝑎𝑑
(𝑡)
𝑃𝐵𝑖 (𝑡) = 𝑃𝑊𝐺
+ 𝑃𝑃𝑉
𝛽) + 𝑃ℎ𝑦𝑑𝑟𝑜

(12)

𝐶 𝑖 (𝑡) = 𝐶 𝑖 (𝑡 − 1) + 𝜂𝑏

𝑃𝐵𝑖 (𝑡)
Δ𝑡
𝑉𝐷𝐶,𝐵𝑢𝑠

𝐶 𝑖 (24) = 𝐶 𝑖+1 (0)

(13)
(14)

where PiB(t) is battery input/output energy (kWh), Piload(t) is energy needed to fulfill the electricity
load (kWh), Cmin is the minimum permissible battery capacity, DOD is maximum permissible Depth
Of Discharge, Cn is nominal capacity, Ci(t) is available battery capacity (Ah) and VDC,bus is DC bus
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voltage (V). ηinverter and ηb is efficiency of inverter and battery respectively. Δt is simulation time step
in hours and is equal to 1.
When biomass undergoes anaerobic fermentation in the digester, biogas is produced. Volume of
biogas digester (DV) is given by equation (15) [24],
𝑚3
𝑚3
𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒(𝑑𝑎𝑦𝑠)
𝐷𝑉 = [𝑚𝑎𝑛𝑢𝑟𝑒 (
) + 𝑐𝑜 − 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ( )] ∗
𝑦𝑒𝑎𝑟
𝑦𝑟
365

(15)

Total electricity generated at hour t can be given as:
𝑖
𝑖
𝑖 (𝑡)
𝑖 (𝑡)
𝑖 (𝑡,
(𝑡) + 𝑃𝑏𝑖𝑜
(𝑡)
𝑃𝐺𝑒𝑛
= 𝑃𝑊𝐺
+ 𝑃𝑃𝑉
𝛽) + 𝑃ℎ𝑦𝑑𝑟𝑜

(16)

Total amount of water pumped at hour t can be given as:
𝑖
𝑖
𝑖 (𝑡)
𝑖 (𝑡,
(𝑡) = 𝑄𝑊𝐺
(𝑡)
𝑄𝑃𝑢𝑚𝑝𝑒𝑑
+ 𝑄𝑃𝑉
𝛽) + 𝑄𝑏𝑖𝑜

(17)

4. Resilience Enhancement Framework
The prime distinction of SIRES is its focus to energize remote rural areas rather than electrify as
promoted by hybrid systems and microgrids, in order to achieve sustainable development and
improve the basic living environment of rural masses. Firstly, needs are prioritized based on
necessities of daily life. For example, cooking would be on a higher priority when compared to
electricity, and water for domestic purpose would be on a higher priority when compared to
irrigation water. Secondly, resources are prioritized to fulfill needs based on availability with highest
priority given to solar and wind followed by water, biogas and energy storage.
4.1 Methodology
The key difference between employing microgrids versus SIRES is the fact that in SIRES, the
resources and needs are directly matched without going through any intermediate energy
conversion before use. In microgrids, all the resources are converted to electrical form for use. A
framework for energy management to enhance the resilience of SIRES is shown in Figure 4. When
an extreme event occurs, available resources are identified using sensors that are strategically
placed at locations where the quantity of resources have to be monitored. Electricity generated and
water pumped by each system component are calculated. Based on the availability of resources,
critical needs are identified and supplied at hour t. If critical needs cannot be satisfied, then most
important “critical needs” such as electricity for hospitals, domestic water are fulfilled using stored
energy and critical needs not fulfilled are calculated. After critical needs at hour t are fulfilled, it is
vital to store energy to ascertain that these need are continued to be fulfilled for at least 6 hours.
This period gives sufficient time to replenish depleted resources. Excessive energy is used to supply
non-critical needs at hour t. Surplus electrical energy and water remaining after fulfilling the critical
and non-critical needs is used to store energy in form of electricity in batteries, potential energy of
water in reservoir and biogas in digester. In addition, constraints such as maximum battery level,
maximum reservoir capacity and maximum storage capacity of the biogas digester are considered.
If any of the storage capacities are at 100%, then the energy is supplied to dump load.
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Figure 4 Priority-based Energy Management framework.
5. Case Studies and Results
Based on results obtained in [10] using genetic algorithm, 7.5 kW solar PV, 9 kW wind power, 6
kW biogas generator, 5 kW Hydropower, four Solar Water Pumps, ten wind water pumps, a biogas
water pump are required for optimal operation of SIRES for minimum Annualized Cost of System
(ACS) and maximum reliability. If same needs are fulfilled by microgrid (electrification), then 50 kW
of Solar PV, 10 kW of wind power, 5 kW of biogas generator, 6 kW of Hydropower must be installed.
Solar PV consists of PV modules, storage (such as battery), converter, switches and inverters.
Failure of either subcomponent can lead to failure of PV system. Inverters have a higher failure rate
when compared to the PV modules. According to [33], after one year, a 100-kW PV has a 97.9603%
probability of operating without failure, while the inverter only has 88.2497% probability. On the
other hand, the reason of failure of biogas digester can be due to failure of low level switch, low
level alarm, O2 controller, H2S controller and water trap pump. Average failure probability of biogas
digester per year is 0.172 [34]. Hence, due to low failure probabilities, it is assumed that solar PV
and biogas are not damaged as a consequence of the extreme event. Since biogas is operational in
both scenarios, it is considered that cooking need is fulfilled by SIRES since it is given highest priority.
Remaining biogas is used to fulfill water and electricity needs. Two different cases are considered
to evaluate the effectiveness of the proposed energy management to improve resilience. Same
energy management strategy is applied to SIRES and microgrid. MATLAB software was used to
implement energy management algorithm.
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5.1 Scenario 1-Wind Subsystem is Non-Operational
Wind turbine subsystem constitutes of rotor, blades, controllers, power module, drive train and
auxiliary system. Failure in any one of these subcomponents will lead to failure in wind turbines.
Failure probability for a geared wind turbine below 1MW rated capacity per year is 0.46 [35]. In this
scenario, it is considered that wind subsystem consisting of wind turbines and wind powered water
𝑖
𝑖
pumps is non-operational when extreme even occurs. Therefore, 𝑄𝑊𝐺
(𝑡) and 𝑃𝑊𝐺
(𝑡) are equal to
zero in equations 16 and 17. Electricity generated by solar, biogas and hydropower in SIRES is
depicted in Figure 5. It can be observed that majority of the critical electricity needs, total needs
and water needs are not fulfilled around 20:00 since there is no availability of solar energy for water
pumping or electricity needs. On the other hand, there is high demand for electricity and water
during the same time duration. This holds true for both SIRES and microgrid. However, SIRES is more
successful in satisfying critical loads when compared to microgrid. Overall, 7.27 kWh of critical
electrical loads and 124.4 kWh of total electrical loads are shed if the wind subsystem fails in SIRES.

Figure 5 Results obtained for scenario 1 for SIRES.
Critical domestic water needs are completely fulfilled although wind powered water pumps are
non-operational. However, 650 m3 of irrigation water requirements is not fulfilled by SIRES. If
microgrids is installed instead of SIRES, then 161.94 kWh of critical load and 382.53 kWh of total
load is not fulfilled when wind turbine is inoperable. Electricity generated by each renewable energy
and critical load not fulfilled by microgrid are depicted in Figure 6.
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Figure 6 Results obtained for scenario 1 for microgrid.
5.2 Scenario 2-Hydropower is Non-Operational
Pumped storage hydropower can fail if there is a failure in turbines, valves, generator, governor,
air compressor, exciter and automatic control. Failure probability of pumped hydro storage is 0.33
[36]. In this scenario, it is considered that hydropower is non-operational when extreme event
i
occurs. Therefore, Phydro
is equal to zero in equation 16. From Figure 7, it can be observed that no
critical electrical load is shed if hydropower is inoperable.

Figure 7 Results obtained for scenario 2 for SIRES.
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However, 83 kWh of total electrical loads are shed if hydropower fails in SIRES. Critical domestic
water needs is completely fulfilled. In addition, it is observed that there is an increase in the amount
of irrigation water fulfilled since wind water pumps are operational. 532 m3 of irrigation water
requirements is not fulfilled by SIRES since water is stored in reservoir for emergency purposes. If
hydropower is inoperable in microgrids, then 135.21 kWh of critical load and 349.26 kWh of total
load is not fulfilled. Electricity generated by each renewable energy and critical load not fulfilled by
microgrid for scenario 2 are depicted in Figure 8.

Figure 8 Results obtained for scenario 2 for microgrid.
Table 3 and Table 4 summarizes the results obtained for microgrid and SIRES. From the above
scenarios, it is evident that SIRES fulfills more needs when an extreme event occurs when compared
to microgrid even if same energy management algorithm is applied. Therefore, it can be inferred
that using SIRES enhances resilience as compared to microgrid.
Table 3 Critical and total needs not fulfilled by microgrid.
Microgrid

Scenario 1

Scenario 2

Critical Needs not met

161.94 kWh

135.21 kWh

Total needs not met

382.53 kWh

349.26 kWh
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Table 3 Critical and total needs not fulfilled by SIRES.
SIRES
Critical Water Needs
not met
Total Water needs not
met
Critical Electricity
Needs not met
Total Electricity
needs not met

Scenario 1

Scenario 2

0 m3

0 m3

650 m3

532 m3

7.27 kWh

0 kWh

124.24 kWh

83 kWh

5.3 Energy Storage
The pattern of energy storage is different for critical loads and non-critical loads is different.
When an extreme event occurs, the main aim is fulfil critical loads which are extremely important
for human survival. Therefore, energy storage such as battery and water in reservoir are used to
fulfil critical needs if the resources are insufficient. If the energy storage can fulfil requirements for
a minimum 6 hours, then other non-critical needs are fulfilled. Figure 9 and 10 represent the pattern
of energy storage such as water in reservoir and battery bank during the fulfilment of critical needs
and non-critical needs respectively. As observed in Figure 9, electricity is discharged from battery
during peak hours (7pm-9pm). It is observed that more water is discharged to fulfil non-critical loads.
Similarly, higher amount of electricity is discharged from battery banks to fulfil non-critical loads.

Figure 9 Energy storage pattern to fulfil critical loads.
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Figure 10 Energy pattern for non-critical loads.
6. Conclusions
The realization of food, water and energy nexus is a reminder that there is transition of scientific
thought towards integrative thinking to address global challenges. One of the major challenges is
natural disasters which can cause significant interruptions in water supply, electrical grids and food
supply. Rural communities in particular tend to face more difficulties responding to disasters due to
financial constraints and a lack of training and equipment. This study aims to propose an energy
management framework to enhance resilience in remote rural communities by employing a Smart
Integrated Renewable Energy Systems (SIRES). A detailed analysis of critical loads, non-critical loads
and resources is presented. Implementation of this framework focuses on the critical needs such as
cooking needs, domestic water and electricity for lighting, hospitals and heating. Simulations were
conducted for two different scenarios based on higher probability of failure rates of system
components if an extreme event occurs. Critical needs and total needs not fulfilled by SIRES and
microgrids were compared and analysed. Since there is no SIRES in operation anywhere, this paper
discuss hypothetical cases to illustrate the possibility of improving resilience. From the results, it
was found that SIRES fulfils more critical needs and non-critical needs when compared to microgrids.
Hence, SIRES performs better in enhancing resilience as compared to microgrids in remote and rural
communities.
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Abstract
SCADA provides real-time system monitoring by constant communication and data exchange
between various system devices to achieve data visualization and logging. Presently, in
industrial systems, commercial SCADA systems are being used for data monitoring and control.
These systems can be expensive, and as such can only be afforded by select industries. Even
at these costs, the commercial SCADA systems face some challenges, which include
interoperability and scalability issues. Research has shown that these problems can be solved
by the introduction of low-cost materials and open-source software to achieve data
monitoring for all levels of processes. This paper proposes an open source, low-cost Internet
of Things (IoT)-based SCADA system that employs the IoT architecture for SCADA functions.
The proposed system is an improvement to the existing IoT solutions by eliminating cloud
based IoT platforms and introducing a single machine system. This solution increases the
robustness of the system while reducing costs. The proposed system prototype consists of
© 2022 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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voltage and current sensors, Arduino Uno microcontroller and Raspberry Pi. The sensors
acquire data from the monitored unit. The Arduino Uno receives the data and processes them
for transmission to the Raspberry Pi using the LoRa communication technology. At the
Raspberry Pi, the local Chirpstack platform processes the data and displays the measured data
using the Grafana dashboard for real-time data monitoring, and the data is stored in an
InfluxDB database. For system validation purposes, the prototype is designed, developed, and
set up to monitor the panel voltage, current and battery voltage of a solar photovoltaic system.
The results obtained from the experimental set-up are compared with the test data from
physical digital multimeters. The system presented in this paper is a low-cost, open source,
scalable and interoperable system. This, therefore, makes the proposed SCADA system an
alternative for commercial SCADA systems, especially for select applications. The system
proposed in this paper can be deployed to large industrial systems with appropriate upgrades
and customization. The main contribution of this research is the design and development of
a SCADA system that performs all the functions of a proprietary SCADA system at a very lowcost with scalable and interoperability features which are the main limitations of the
traditional SCADA systems.
Keywords
Internet of things; LoRa; open source; renewable energy systems; SCADA

1. Introduction
There is a lot of interest in renewable energy sources for power generation due to its
environmental benefits such as greenhouse gas reduction and reduced dependence on fossil fuels
for power generation. The renewable energy generation installation capacity in the world at the
end of 2019 stands at 2,351GW [1]. This entails an increasing penetration of the renewable energy
sources for power generation with possibly very high penetration in years to come both at the
macro, mini and micro generation levels.
With the dispersed geographical distribution of the renewable energy generation units leading
to a distributed structure, system monitoring, or supervision is very important for optimum
performance. The continuous requirement for supervision, monitoring and control of the various
units of the generation systems led to the development the Supervisory Control and Data
Acquisition (SCADA) systems. SCADA systems have been the core of industrial automation and
control over the years [2]. An observation of the industrial automation pyramid shown in Figure 1
depicts that SCADA systems are responsible for monitoring and control of functional procedures
among all devices while acting as an interface for human supervision from the downstream to
upstream [2].
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Figure 1 Industrial automation pyramid [2].
Generally, a SCADA system is comprised of multiple sensors and actuators that make up the Field
Instrumentation Devices controlled through the Remote Terminal Units (RTUs) [2]. The
Communication Channel, Master Terminal Units (MTU) hosting the Human Machine Interface (HMI)
are also important components of the SCADA system with functions that include data transfers
between the RTUs and the MTU, data processing and display respectively. The MTU also allows the
injection of controls from the HMI to the field instruments. The continuous increase in the sizes of
the systems have also caused an increase in complexity hence a requirement for a more robust
control system.
One of the very promising components of the shift in paradigm to the industry 4.0 [2] is the
Internet of Things (IoT) [3]. The IoT is a network architecture that was initially motivated by wireless
communication for data exchange featuring low power consumption during data transfer [2]. In
recent years, IoT has matured enough from field to server data communication [4-6].
IoT as a solution for industrial monitoring can be applied to distributed units of a renewable
energy generation system. Due to the increased installed power capacity from renewable energy
sources, there is an increasing need for more components. These systems can only be monitored
and controlled by systems that allow for the connection of multiple sensors at very large distances
for data collection, with good interoperability, low cost, and low power consumption. Currently the
industrial monitoring systems have mostly employed proprietary SCADA systems for data
monitoring and remote control. These systems, however, face some challenges that include high
cost of installation, operating and routine maintenance, high technical know-how requirement, and
low level of interoperability. Furthermore, these proprietary SCADA systems face high scalability
issues. To achieve a comprehensive solution to these challenges, a system for data acquisition,
processing, transfer, and display will have to be developed for application at the macro, mini and
micro processing systems. To this end, low-cost, open source IoT SCADA systems are being
developed by various researchers.
This paper proposes the design and development of a low-cost, open-source SCADA system
based on the IoT architecture for monitoring and supervision of the distributed renewable energy
generation systems employing the LoRa communication Protocol as the communication channel for
data transfer. LoRa communication has been employed in the work due its features such as, lowcost, low power consumption, and the long range of data transfer. The proposed SCADA system
brings a solution to many problems faced by the present-day commercial SCADA systems and an
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improvement to existing IoT solutions for system monitoring and supervisory control. As such, this
can be applied to distributed renewable energy generation units.
The scope of this work is on the design, development and testing of the low-cost open-source
SCADA system for the remote monitoring and supervisory control of energy generating systems.
The remaining sections of the paper are organized as follows: Section 2 presents the review of
traditional SCADA and the IoT SCADA systems. This section also reviews other research works that
have been carried out to date. Section 3 describes the implementation of the proposed IoT SCADA
system. Section 4 presents a detailed description of the components for the proposed system.
Section 5 presents the implementation of the proposed prototype. Section 6 describes the design
of the system prototype. The experimental setup of the proposed SCADA system is presented in
Section 7. In Section 8, the results obtained from the prototype testing are presented. Section 9
discusses key features of the proposed SCADA system. The paper is concluded in Section 10.
2. Literature Review
2.1 Proprietary (Traditional) SCADA Systems
Over the years, SCADA systems have been an integral part of industrial systems which include
the energy generation systems. The SCADA system is made up of the field instruments (sensors and
actuators), Programmable Logic Controllers (PLCs: proprietary), communication channels (MODBUS,
ProfiBus), industrial PCs that stand as the Master Terminal Unit (MTU) hosting the SCADA server
and HMI.
A classification of the existing high end proprietary SCADA systems developed by the top
companies are shown in Table 1.
Table 1 Proprietary SCADA system classification.
SCADA System

Interoperability

Cost

Scalability

Complexity

Average
Low

Security
Requirements
High
High

Simantic WinCC (Siemens)
Clear SCADA (Schneider
Electric)
Ovation SCADA (Emerson)
Micro SCADA (Allen
Bradley)
ABB Ability SCADA
Experion SCADA
(Honeywell)
HMI SCADA (General
Electric)

No
No

High
High

No
No

High
High

Low
Low

High
High

High
High

No
No

High
High

Low
Low

High
High

High
High

No

High

Low

High

High

High
High

Although to date, the SCADA systems have been continuously employed for monitoring and
control in various industrial processes, it still faces some drawbacks which have affected its
operation at all levels of process monitoring and control as shown in Table 1. These include:
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1. Interoperability: Various companies such as Siemens, Allan Bradley, and Schneider Electric
have developed Proprietary SCADA systems that can only operate with components from
the same or participating manufacturers. Devices made by different manufacturers may not
be easily integrated in one SCADA environment [7]. This also entails complications in
troubleshooting where high level of expertise is needed.
2. Scalability: The commercial SCADA systems were originally developed with options to
connect a fixed number of devices. Therefore, an increase in the number of components
usually has a drastic degrading effect on the system performance [7].
3. High security requirements: Considering the exposure of the plant data to the internet due
to its unavoidable application for data transfer, a lot of emphasis must be placed on
development of strong security protocols to enhance data security.
4. High cost: Being an industrial work horse and considering the early mentioned drawbacks,
to continue the usability of the traditional SCADA system, the cost of development,
operating and maintenance will therefore be high. While large oil and gas companies, power
producers, and other industries may afford it, smaller entities need to opt for more costeffective solutions.
2.2 IoT Application for Industrial Systems Monitoring
With the advent of the Internet of Things (IoT), there is an extended improvement in the SCADA
industry with better device monitoring, data visualization and device control being achieved with
this shift in paradigm [8]. The IoT can be defined as a combination of diverse technologies to provide
functional solutions to various industries. Although IoT solutions developed by various companies
and researchers may differ at their various functions, attributes, and target industry, IoT solutions
shares the following core characteristics [8]:
1. Data access: This Characteristic deals with extraction of data from a particular monitored
system. This is achieved by the employment of sensors.
2. Data transfer: The data must be transferred from the point of extraction to where it will be
analysed for efficiency purposes.
3. Data management: This deals with the conversion of the extracted data to useful information for analytic or control use.
4. Data visualization: For proper control decisions to be taken by either human personnel or
machine controllers, the useful information which arises from data manipulation will have
to be visualized.
A diagrammatic comparison of traditional SCADA architecture and the IoT solution architecture
for a same plant scenario are displayed in Figure 2 and Figure 3.
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Figure 2 Traditional SCADA architecture.

Figure 3 IoT Solution architecture.
From Figure 2 and Figure 3, at the field instrumentation level, SCADA and IoT share the same
manner of data extraction systems with sensors connected to the monitored system which depicts
a level of relationship between SCADA and IoT. The communication channel is also another factor
that may be considered in the relationship analysis. However, the Programmable Logic controllers
and the Human-Machine interfaces in the SCADA systems are replaced with the IoT gateways and
platforms respectively which depicts a significant shift to a system with a reduced number of
components, hence less expensive, less power consuming but at the same time achieving same
results as the traditional SCADA system. To better understand the application of IoT for SCADA
solutions, the functionalities of the two replacement components in the IoT architecture that has
facilitated the shift are explained.
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2.2.1 IoT Gateway
An IoT gateway is basically a solution to enable the communication of various IoT components
for data transfer [2]. There has been a continuous development and deployment of different types
of IoT gateways with very vast features for industrial applications [2]. In all the differences, there
are some very important features that must be possessed by every IoT gateway which are explained
as follows:
1. Data management and handling: An IoT gateway for industrial application should have a full
ability to acquire and process data. This feature is a must have feature for an IoT gateway.
2. Event management: With industrial systems tending more towards event driven control, an
IoT gateway to be applied to industrial applications is supposed to have a very strong event
management feature for proper and seamless control of the process plant.
3. Real-Time response: This is a very important IoT gateway feature considering the criticality
of real-time data exchange and control in industrial systems for performance evaluation.
4. Scalability: Expansion is very continuous in industrial systems. Therefore, a good IoT gateway
will be highly scalable without any negative effect to its host system.
5. Reliability and robustness: This feature is a must have for any IoT gateway for industrial
application. This is due to the very harsh environment to which most of these gateways are
deployed.
6. Security: The IoT gateway should be able to reject unauthorized access to the system for
security purposes.
2.2.2 IoT Platform
An IoT platform is defined as a middleware and infrastructure that allows interaction between
end users and the edge devices [2]. With the increase in the diversity of the IoT devices, the IoT
platform has become of high necessity for data retrieval and further processing. The IoT platform
over the years have been observed to possess the following very important features:
1. Monitoring capability: The IoT platform can monitor the operating status of the various
devices that are connected in the system.
2. Software management: Continuous downloading and updating of the device software
3. Data centralization: Data from the IoT devices are centralized by the IoT platform with the
use of brokers through IoT protocols.
4. Data processing: The presence of algorithms for data processing. For instance, per-forming
arithmetic operations of received data to provide another data.
5. Security: The IoT platform has the feature for communication authentication and encryption
for data integrity.
2.3 Review of Previous IoT SCADA Research Designs
Several IOT based SCADA systems have been designed and developed by researchers aiming at
achieving better monitoring at lower costs compared to those of the commercial SCADA systems.
In [9], the authors proposed a low-cost, open-source SCADA system for solar photovoltaic system
monitoring. The system consists of sensors to measure electrical parameters off a photovoltaic
Page 141/218

JEPT 2022; 4(1), doi:10.21926/jept.2201007

system, and the data is transferred to a locally installed EMMON CMS server for monitoring and
control. The work has an advantage of reduced overall system cost for deployment and operation
and low power consumption. However, the system employs internet for data exchange. This
employment of internet for data transfer could be a draw-back when considering the system for
deployment to remote areas for monitoring purposes. The work in [10] implemented a web-based
monitoring and control system for real-time electrical data measurement of a hybrid power system
using web-based in-Touch system as the graphical user interface. Although the work also highlights
a very high solution for the challenges faced by the traditional SCADA systems, it still faces the
challenges of being prone to high cyber-attacks because it is a web-based system and the IoT
platform is hosted in the cloud requiring internet for data transfer which therefore incurs more cost.
The functions of a LoRa-based SCADA system were emphasized in [11]. The work focused majorly
on the security of the communication system employed such as data encryption algorithm and
security in the context of communication in microgrids. Ref [12] featured a low-cost SCADA system
for CO2 enhanced oil recovery. This system uses sensors and actuators connected to the wellhead,
and the data is stored in MYSQL DBMS database and presented on a graphical user interface. The
proposed system has the advantage of very high-level data acquisition and logging but has a
drawback with the communication Zigbee which cannot be employed for long distance industrial
systems. The work highlighted in [13] designed and developed a low-cost, open source IoT-based
SCADA system using Thinger.IO and the ESP32 microcontroller board. This system acquires electrical
parameters and transfers to the IoT platform via the gateway. Although this work seemed to meet
all the criteria, it employed the use of a cloud based IoT platform and therefore employed required
Wi-Fi for data transfer. This, therefore, affects it robustness for full integration as an autonomous
system for data monitoring.
Recently, researchers in [14-17] have highlighted various designs of IoT solutions for data
monitoring using the IoT architecture.
A review of the previous works shows that the main communication channels for data transfer
in the systems are Wi-Fi and internet. Furthermore, none of the reported works have considered a
remote initiated supervisory control of the monitored units. They have focused mostly on accurate
monitoring of the system parameters for control decisions.
In this research work, a LoRa-based low-cost IoT SCADA system is designed and developed to
monitor distributed renewable energy generation units. The proposed low-cost SCADA system
employs LoRa communication for data transfer. This system includes a remote supervisory control
functionality which has not been considered by previous research works done on the development
of low-cost SCADA solutions. Employing LoRa for data transfer in this work depicts the system’s
ability to be deployed to areas without the existence of any communication infrastructure such as
cellular and internet.
3. Proposed IoT SCADA System Implementation
The proposed low-cost, open-source SCADA system is based on the internet of things
infrastructure. The proposed system is proposed to meet all the criteria of the proprietary SCADA
systems with more features that mitigate the challenges of the traditional SCADA system. The
criteria considered for full integration of the proposed IoT SCADA system into the energy generation
systems include:
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1. Latency: For real-time data exchange, the project considered a maximum data and command
transfer time of 1 second. This level of latency is assumed very good for the data transfer at
the supervisory level.
2. Reliability: Considering the distributed nature of the various components of the generating
system which most times are in very harsh environments, the system components are
supposed to be reliable enough to perform the monitoring function. The reliability of the
communication channel is also of very high importance to ensure accurate and timely data
delivery at every level.
3. Low-cost and open source: The proposed system should be of low cost and at the same time
meet the monitoring requirements of the plant. The low cost will be achieved by the
employment of low-cost materials and as well open source IoT platforms.
4. Interoperability: The components of the proposed system will be highly interoperable and
as such will mitigate the interoperability challenges faced by the traditional SCADA system.
This feature is achieved by the employment of materials from different manufacturers put
together to achieve the proposed system.
5. Scalability: Scalability is very important in the current energy system as there are numerous
improvements with the addition of more components and therefore the proposed system
will have to be highly scalable to accommodate the continuous growth in components of the
energy generation unit.
6. Low power consumption: One of the main advantages of IoT systems is the low power
consumption. Therefore, the proposed system has also been designed to have an overall low
power consumption capability.
7. Robustness for remote area application: The proposed system has been considered for
application and deployment to remote areas for data acquisition and supervisory control.
For this system, the LoRa communication protocol is chosen as the communication channel.
This makes the system totally internet independent and can there-fore be deployed to
remote areas without any existing communication infrastructure.
8. Long range of data transfer: The proposed system will have to achieve long range of data
transfer. The application of LoRa as the communication channel depicts that the proposed
system will achieve long range of data transfer. LoRa has been shown in various research to
achieve data transfer distances of up to 15km especially in re-mote areas with little or no
obstructions.
9. Supervisory control: Supervisory control is also a very important feature which the proposed
system featured. This feature was considered a very important factor to achieving a
complete SCADA system. This control feature can be either event driven, or personnel
applied.
The architecture of the IoT SCADA solution proposed in this paper is shown in Figure 4.
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Figure 4 Proposed IoT SCADA solution architecture.
Figure 4 shows that in the proposed IoT SCADA solution, the IoT platform, IoT gateway and the
integrations are installed on a single host machine. This therefore eliminates the cloud hosted IoT
platform in previous works and therefore internet is not required for data transfer. This makes the
proposed system an independent and autonomous system which can be deployed to any area,
especially remote areas without the need for any other communication infrastructure. This
architecture also allows for the security and integrity of data as only authorized personnel can have
access to data being transferred. Furthermore, being that only LoRa is used for data transfer, data
encryption can also be carried out easily at the sensor level before data is transferred over the LoRa
communication protocol. Additionally, the schematic diagram of the proposed SCADA prototype is
shown in Figure 5.

Figure 5 Schematic configuration of the proposed SCADA system.
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4. Components of the Proposed IoT Scada System Prototype
The proposed SCADA system was designed to meet the implementation criteria which have been
enumerated in section 3. The software employed in this prototype include: Chirpstack IoT platform,
Node-Red programming tool, InfluxDB database and Grafana IoT dashboard for data display. On the
other hand, the hardware employed include voltage and current sensors, Arduino Uno
microcontroller (RTU) and the Raspberry pi model 3B+ (MTU). Each of these components is
described in detail below:
4.1 Software
4.1.1 Chirpstack IoT Platform
Chirpstack is an open source LoRaWAN Network Server stack [18]. This platform is a costeffective network platform for the design of low-cost IoT experiments and projects. The Chirpstack
IoT platform is made up of the following services: The Bridge, network server and the application
server. The Chirpstack gateway bridge is a service responsible for the conversion of LoRa packet forwarder protocols into a Chirpstack network server common data-format (JSON and Protobuf). The
network server is an open source LoRaWAN server with the responsibility of de-duplication of the
received data frames [18]. The application server handles functions such as the join-request and
encryption of the application payloads [18]. Furthermore, the application server offers a web
interface for device management with a gRPC and RESTful API for integration with external services
[18]. The main feature for data transfer across the components of the Chirpstack platform is the
MQ Telemetry Transport (MQTT). The Chirpstack architecture is shown in Figure 6. This IoT platform
was chosen due to its proven level of stability, data processing and high-level integration with LoRa
communication which include data decoding and encoding, decryption, storage, and display.
Moreover, this platform was compared with other IoT platforms such as the Things box, Thing’s
network, and Things speak that require cloud hosting. The Chirpstack IoT platform applied for the
proposed system can be installed locally on a single machine with all its dependencies thereby
increasing the compatibility of the system for various applications.

Figure 6 Chirpstack IoT platform architecture [18].
4.1.2 InfluxDB Database
InfluxDB is an open-source time series database developed by InfluxData [19]. The InfluxDB is
written in the Go programming language and optimized to handle time series data. The open-source
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version provides a full time series database platform with various other services. InfluxDB can either
be run on the cloud or locally on a device. InfluxDB was compared with other IoT databases such as
CrateDB, MongoDB, RethinkDB, SQLite. InfluxDB database being a time-series database has the
following advantages over the above-mentioned databases.
⚫
⚫
⚫
⚫
⚫
⚫
⚫

Very high speed of data recovery.
Very large data storage comparison.
Possess an SQL-like query language.
Provides a built-in linear interpolation for missing data.
Supports automatic data down sampling.
Supports uninterrupted requests to compute aggregates.
High integration capabilities with IoT platforms.

The schematic representation of the InfluxDB database architecture is shown in Figure 7.

Figure 7 InfluxDB architecture showing the components of the database [19].
4.1.3 Grafana IoT Dashboard
Grafana is a web-based data visualization platform that allows for interactive data analysis by
employing various charts and graphs [20]. This dashboard has the capabilities to be integrated with
various databases for data visualization. Recently, Grafana has gained increased usage in IoT
applications for real-time monitoring of systems due to the following important features; dynamic
display, alert systems, downlink plugins for system control, security system, ability to mix data
sources and display on same graph, an-notation capabilities [20].
4.1.4 Node-Red Programming Tool
Node-Red is an open-source visual editor for connecting and communicating within IoT elements
invented by IBM [21]. Node-Red is an easy-to-use tool as it eliminates the bulky programming
function, involving a lot of code writing for connection of various project components for monitoring
[21]. This tool is made up of various components known as “Nodes” that simply look like icons that
can be dragged and dropped in the Editor Interface and wired together [21]. These different nodes
offer different functions that range from simple debugging to more complicated flow operations
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[21]. Node-Red can be installed on a PC or microcomputer for system monitoring where various
nodes can be connected to form a flow for data acquisition and node control.
4.2 Hardware
4.2.1 Voltage Sensor
The voltage sensor employed in this design was built using the voltage divider principle. The
sensor consists of a series connection of two resistors. The voltage sensor’s output pin is connected
to the pin the Arduino Uno microcontroller and the acquired data is drawn from this pin.
Furthermore, the ground is connected to the Arduino Uno ground pin. In this sensor, the voltage
drop across the second resistor is measured to scale down the voltage to a value under 5V which
the microcontroller can handle. During processing, it is scaled up with the expression shown in
equation (1) and the value of the Arduino ADC to obtain the proportional and accurate voltage value.
𝑉𝑖𝑛 = 𝑉𝑜𝑢𝑡 (

𝑅2
)
𝑅1 + 𝑅2

(1)

Where,
𝑉𝑜𝑢𝑡 = 𝑆𝑒𝑛𝑠𝑜𝑟 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 × 𝑉𝑝𝑝
𝑉𝑝𝑝 = 𝐴𝑟𝑑𝑢𝑖𝑛𝑜 𝐴𝐷𝐶 𝑉𝑎𝑙𝑢𝑒 =

5.0
1024.0

(2)
(3)

4.2.2 ACS 712 Hall-Effect Current Sensor
The ACS712 Hall-effect current sensor manufactured and distributed by the allegro microsystems is employed to measure the line current. The sensor is a low-cost, Hall-effect based linear
current sensor with 2.1 KV Rms isolation with a low-resistant current conductor [13]. The sensor
allows up to 5 V of power supply [22]. The magnetic field inside the sensor is converted to a
proportional voltage by the hall IC, which is fused into the sensor system. The voltage obtained at
the output is proportional to the measured current [22]. Three classes of the cur-rent sensor (30A,
20A and X5B) were employed for this work. These classes of current sensors measure current values,
which correspond to 2.5V to 5V. The values of the current sensors are collected from the data pin
of the sensor, which is connected to the A0 pin of the Arduino Uno. The Vcc and Ground are
connected accordingly. These pin connections are also duly considered while programming the
systems.
4.2.3 Arduino Uno Microcontroller
Arduino uno is a microcontroller board employed for various IoT applications because it is very
cheap and as well requires a low amount of power [23]. Arduino employs a simplified version of C++,
which makes programming easier [23]. The Arduino Uno is the most popular member of the Arduino
family. The Arduino Uno allows a maximum voltage of 5V [23]. Figure 8 shows the Arduino Uno pin
distribution.
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Figure 8 Arduino Uno board specification summary [23].
4.2.4 Dragino LoRa Shield (V 1.3)
The LoRa shield is a single channel transceiver module that attains long distance communication
in low data rates ranges. This module employs LoRa communication technology for data transfer
[24]. The module is based on the Semtech SX1276/SX1278 chip and has been instrumental to the
enormous growth in low-cost IoT applications [24]. The Dragino shield as a sensitivity of over -148
dBm and +20 dBm power which has enabled achieve a very high link budget of 168 dBm [24]. LoRa
shields are generally very suitable for robust and long-range projects IoT projects [24]. Figure 9
shows the Dragino LoRa shield. For this prototype implementation, three (3) LoRa shields are
interfaced with the Arduino Uno to transmit data as LoRa Packets from the RTU to the MTU.

Figure 9 Dragino LoRa shield [24].
4.2.5 RAK 831 LoRa Concentrator
The RAK 831 high-performance transceiver module [25] is employed in this work as the LoRa
gateway. The concentrator is based on the Semtech SX1301, half-duplex gateway module, and
supports up to 10 channels, 8 downlinks, 1 uplink and 1 FSK channel [25]. The Industrial Scientific
and Medical (ISM) bands supports these channels for various regions. This module is typically
employed to receive LoRa data packets from the end nodes which is also its function in this work.
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The RAK 831 is connected to a host machine and forwards the received data to the IoT platform
hosted on the machine. A block diagram of the SX1301 base-band chip system is shown in Figure
10.

Figure 10 SX1301 block diagram [25].
4.2.6 Raspberry Pi Micro-computer
The Raspberry Pi 3 model B+ was employed in this work. This is a single board micro-computer
that operates on the Broadcom BCM283730, Cortex-A53 (ARMV8) 64-BIT SoC processor with a 1.4
GHz clock frequency [25]. The Raspberry Pi hosts the Chirpstack IoT platform and its dependences
acting as the Master Terminal Unit. The features enumerated below makes the Raspberry Pi suitable
for application in the prototype of the proposed IoT SCADA system:
⚫
⚫
⚫
⚫
⚫
⚫
⚫
⚫

1GB LPDDR2 SDRAM.
2.4 GHz AND 5GHz IEEE 802.11.b/g/n/ac wireless LAN, Bluetooth 4.2.
Gigabit Ethernet over USB 2.0.
Extended 40-pin GPIO header.
Full-size HDMI.
Micro SD slot.
4 USB ports.
5V/2.5 DC power input.

4.2.7 MUN Electrical Engineering Laboratory Solar PV System
The Memorial University of Newfoundland (MUN) Electrical Engineering Laboratory houses a
solar photovoltaic system which is made up of 12 solar panels that produce about 130 W at 7.6 A
each. Two photovoltaic modules are connected in parallel to make six sets of panels producing 260
W of power and about 14 A of current per set. The system also employs a Maximum Power Point
Tracking (MPPT) system for maximum power capturing in all operating conditions. A battery (lead
acid) storage system is also connected to the system for energy storage.
In this work, the system prototype is set up to acquire the PV voltage, PV current, PV power and
the Battery voltage for remote monitoring and supervisory control.
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5. Proposed System Prototype Implementation Methodology
To implement the proposed low-cost IoT SCADA system prototype, a voltage sensor and a current
sensor are connected to the PV panels before the MPPT controller to measure the actual current
and voltage being produced by the solar panels. A second voltage sensor is connected to the battery
system to always monitor the battery voltage level. This process was set on three sets of modules.
A 12V DC bulb was also connected to each system to represent the load. The load was in ON state
all through the test period to allow for constant flow of current. The Arduino Uno is programmed
on the Arduino IDE to process the sensor data, display on the IDE serial monitor and transmit the
data via LoRa to the IoT gateway and platform installed on the Raspberry Pi. On arrival on the
Raspberry Pi (MTU) through the LoRa gateway, the data is further processed by NodeRed and stored
in the InfluxDB database. A Grafana dashboard is installed on the MTU to display data from the
database. Subsequently, there is need for either personnel or automatic control of the unit being
monitored, LEDs are connected to each Arduino Uno (RTU) to represent actuators, which could be
switches, motors, relays etc. In this prototype, the LEDs (Green and Red) are controlled (ON and
OFF) from the Grafana dashboard. As earlier mentioned, the LEDs used in this prototype can be replaced by actual electrical actuators when being applied to full scale generation systems.
6. Prototype Design
The described hardware and software components were employed to develop a prototype of
the proposed low-cost solution as shown in Figure 11. Here, three sensors are connected to the
Arduino Uno microcontroller. A Dragino LoRa shield (transceiver) is connected to the Arduino Uno
for transmission of the acquired data over the LoRa communication technology. The sensors and
the LoRa shields are powered by the 5V pin of the microcontroller. The MTU setup on the Raspberry
Pi as shown in Figure 12 is located a distance away from the RTU setup. The MTU setup is made up
of the Raspberry Pi, RAK 831 LoRa concentrator, a screen, and other accessories. The Chirpstack IoT
server and the other integrations such as the InfluxDB database, Node-Red programming tool and
Grafana dashboard are hosted on the Raspberry Pi. Although the components of the prototype
system were placed close hence not showing the long-distance abilities of the LoRa communication
system. Range tests for data delivery and packet delivery ratio analysis for LoRa communication
have been already carried out by literatures such as [8] and [26] and therefore will not be repeated
in this work.

Figure 11 Hardware implementation of the remote Terminal Unit.
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Figure 12 Hardware implementation of the Master Terminal Unit.
7. Experimental Setup
Testing of the designed prototype was carried out by connecting the implemented hardware to
the solar photovoltaic system at the Memorial University Electrical Engineering Laboratory as shown
by the block diagram in Figure 13. Three units of the system were monitored using three RTUs,
which acquire and transmit data to the MTU. On each RTU, there are two voltage sensors and a
current sensor that collect the PV voltage, battery voltage and PV current respectively. The sensor
data are acquired by the Arduino Uno through cable connection to the analog pins of the
microcontroller. The data acquired is processed and transmitted to the MTU through the LoRa
transceivers that are connected to the Arduino Uno microcontrollers. The experimental setup is
shown in Figure 14.

Figure 13 The system prototype block diagram.
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Figure 14 Experimental setup of the proposed SCADA system including RTUs connected
to PV system.
8. Results
The flowcharts in Figure 15 and Figure 16 depict the process of data acquisition at the RTUs and
the data processing as it is performed at the MTU before being displayed at the Grafana dashboard
for visualization.

Figure 15 Remote Terminal Unit flowchart.
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Figure 16 Master Terminal Unit flowchart.
The sensor data were acquired from the units being monitored and transmitted to the IoT
platform using the LoRa communication technology and posted on the Chirpstack platform console
through the device profiles created on the platform as shown in Figure 17. On reception of the data,
they are logged in the InfluxDB database and displayed on the Grafana dashboard for remote
monitoring and supervisory control. The prototype of the proposed SCADA system was tested for a
period of 3 weeks with series of disconnection and connections for system reliability check. During
the test a load (12V DC bulb) was connected to the battery storage system to discharge the battery
system and as such allow the continuous flow of a substantial amount of current to charge the
battery. A Grafana dashboard with the data measurements was created and displayed the PV
voltages, current and power of each unit as shown in Figure 18. The power of each PV unit was
calculated as a product of the PV voltage and PV current measured from the system. The battery
voltage level for the storage units were also monitored and displayed on the dashboard. To test the
accuracy of the prototype, digital multimeters were connected to each of the measurement points
of each unit to compare the multimeter values to those displayed on the IoT dashboard. The values
from the dashboard and the multimeter readings matched with very minimal deviations, which
indicates that the programming of the SCADA system was accurately carried out and the data being
displayed are very accurate. The proposed SCADA solution has a data sampling time of 1 second
depicting a very high and reliable data transfer speed. This, therefore, is suitable even in systems
that require high speed data resolution. The LEDs connected to the RTUs were used to represent
various forms of actuators that can be used in electrical generation systems such as relays, isolators,
and switches. The LEDs were connected to the Arduino Uno microcontroller and programmed on
the Arduino IDE to be controlled from the IoT platform either automatically or by the personnel on
site.
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Figure 17 The device profiles shown on the Chirpstack application server console.

Figure 18 Real-time data measurement displayed on Grafana dashboard.
Two supervisory control scenarios were considered with the proposed SCADA solution. Firstly, a
scenario with an operator watching the dashboard and observing the measured data, who can send
a supervisory control command to the RTUs in case of any anomalies. In this scenario, the
commands carry out one or two of the functions: Turn ON the RED LED, Turn ON the GREEN LED,
Turn ON both LEDs and Turn OFF both LEDs. In another scenario, the LEDs were also set to turn ON
and OFF automatically through programming carried out on Node-Red. In this case, when the PV
current and voltage are below the threshold (in the evening), the Green LED is automatically turned
OFF while the RED is turned ON to indicate that the bulbs (loads) connected to the battery system
are discharging the batteries. In the morning, when the sun is rising and the PV voltage and current
begins to charge the battery and the voltages go above the threshold, the RED LED is turned OFF
while the GREEN is turned ON. The Node-Red flow for the process is shown in Figure 19.
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Figure 19 Node-red flow for the supervisory control of the LEDs connected to the RTUs.
9. Discussion
The features of the low-cost open-source SCADA system proposed and designed in this work are
aimed to mitigate the limitations of the conventional proprietary commercial SCADA systems. Some
of the key characteristics of this proposed IoT SCADA solution are enumerated below:
⚫

⚫

⚫

⚫

⚫

Open Source and Interoperability: The proposed system is made up of a mix of components
from various vendors such as the Arduino Uno, Raspberry Pi and the Chirpstack IoT platform,
InfluxDB, Grafana and Node-Red. The programming of the systems is found in open-source
sites such as the GitHub and Chirpstack forum. This indicates that the system is not tied to
any proprietary vendor and troubleshooting, and resolution of the system does not require
the service of an OEM.
System scalability: The IoT concept allows connectivity of a very high number of sensors
without any negative effect on the system. The proposed SCADA solution being built on the
IoT architecture is robust enough to allow for a high level of scalability of the RTUs.
Robustness for remote area deployment: The proposed system is an internet independent
system. LoRa physical level communication protocol was employed for the data transfer in
the system. This ensures that the proposed IoT SCADA solution can be deployed in remote
areas with no internet or any other form of connectivity. The key components such as the
Raspberry Pi and the Arduino can work in harsh conditions once they are well packaged.
Low-Cost: The components employed in this design cost effective. Table 2 shows the cost of
each component and the overall cost of the system that consists of the sensors, three RTUs
and the MTU as purchased from Amazon website. From the table, the overall cost of the
system shows that the proposed SCADA system is relatively low cost when compared to the
commercial SCADA systems when employed in the same system monitoring and control
scenario.
User friendliness: All the components ranging from the hardware to the software employed
in the design and development of the system are easy to use. Most importantly, the
Chirpstack IoT platform, InfluxDB database and the Grafana IoT dashboards are very user
friendly.
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Table 2 Bill of materials.
S/N
1
2
3
4
5
6
7
8

Components
Chirpstack.IO RPi image
Raspberry Pi 3 B
Arduino Uno Microcontroller
Dragino LoRa Shield
RAK 831 LoRa concentrator
ACS 712 Current Sensor
Voltage Sensor
Others (Resistors, Wires, LEDs etc.)
Total:

Unit Cost (CAD)
0.00
67.90
29.99
65.28
170.00
7.99
0.00
50.00

Qty
1
1
3
3
1
3
6
1

Price (CAD)
0.00
67.90
89.97
195.84
170.00
23.97
0.00
50.00
$597.68

Feasibility of deployment to large generation systems: The architecture of the pro-posed SCADA
system is such that can be applied for monitoring of large generation systems. It is anticipated that
the proposed system can be deployed to large systems for monitoring with appropriate upgrade to
the various hardware. This level of monitoring can be achieved with the key features such as the
low-cost, scalability, interoperability and reliability still maintained as those of the IoT SCADA
solution proposed in this work.
10. Conclusions
This work proposes a low-cost SCADA system developed for the monitoring of electrical
parameters from distributed energy generation systems. The proposed system presents an IoT
solution to the current challenges faced by the proprietary SCADA systems that causes them not to
be applied for system monitoring at some levels. The pro-posed IoT system also presents a
modification for the IoT solutions that have earlier been proposed by various researchers.
This modified system employed a system where the IoT platform, gateway and all integrations
are hosted on a single machine thereby eliminating the need for cloud based IoT platform hosting
and as a result remove the need for internet for communication with the cloud and at the same
time increase system compactness. The reduction in components reduced the price of developing
such system and increased the system’s level of autonomy. This means that the proposed IoT SCADA
solution in this work can be employed for system monitoring in areas with no existing
communication infrastructure. Furthermore, the long-range capability of LoRa has also made the
proposed system suitable for data collection from distributed energy units up to distances of
between 5 to 15 km especially in remote areas.
A prototype was designed using a combination of the hardware and software to achieve the IoT
SCADA solution. To validate the system performance, the prototype was set up and tested at the
Memorial University Electrical Engineering Laboratory. The system measured the PV voltage, PV
current and battery voltage of photovoltaic units in the laboratory. For control purposes, LEDs were
connected to the RTUs to represent actuators such as relays, switches, and pumps.
The results from the testing show that the system achieved SCADA functionalities, which include
data retrieval, transmission, data management and display, and system control. The overall cost of
the prototype to monitor the three solar PV units is about $600 CAD without any form of continuous
subscriptions. The system has an IoT database from InfluxDB, which is a time-series database that
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allows the storage of all parameters over a very long period. The data presented on the IoT
dashboard as measured by the system conformed to those measured using digital multimeters.
The whole solution was implemented as a local system where the server and all software
elements were hosted on a single machine. This enhances security and data integrity as only
authorized personnel can have access to the data as opposed to the cloud servers prone to cyberattacks and makes the system robust for remote area applications in situations where there are no
communication technologies. Although the proposed system cannot be deployed to large systems
as it is, but appropriate hardware upgrades and packaging with same proposed architecture will
easily be deployed to large system for monitoring at a much lower cost and very high data
monitoring standard.
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Abstract
In this paper, a method for operating AC microgrids in both off-grid or standalone and gridconnected modes is proposed to minimize the use of energy storage by increasing the number
of PV panels and curtailing their output power. When the intensity of daylight decreases,
power is imported from the main grid through an AC/DC/AC converter or solid-state
transformers in parallel to compensate for the shortage. By using a three-phase transformer
in Δ-Y connection with Y’s neutral connected to its local grounding system, the effect of
unbalanced loads on the AC microgrid is minimized. The AC microgrid is operated at a constant
frequency with necessary reactive power compensation, and power qualities of both voltage
and frequency can be ensured.
Keywords
AC microgrid; constant frequency; curtailment; energy storage; maximum power point
tracking; PV panel
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As fossil fuels will be depleted eventually, the endeavor for harnessing renewable energy has
intensified in recent years [1-5]. Several factors need to be addressed for increased utilization of
renewable energy, such as environmental-friendliness, cost-effectiveness, sustainability, and
persuading interest groups. To cope with the intermittency of renewable energy generation,
different types of energy storage are being adopted. Battery storage is one of them and is very
compact, but it involves the use of rare earth metals. Furthermore, batteries produce environmentpolluting side products. In comparison, PV panels pose less threat or perils.
Frequent charging and discharging of batteries shorten their lifespan. In addition, the lifespan of
PV panels is several times greater than that of batteries. Moreover, after use for several years, the
efficiency of batteries deteriorates quickly. In view of this, the use of PV panels is more economical.
To reduce the impact of AC microgrids on the stability of large grids, planned power transfer is
preferable instead of dynamic power exchange. To minimize the effect of intermittency of solar
power generation on large grids and reduce the use of battery storage, suitable operation methods
need to be developed. One potential solution is AC microgrids, where the PV panels are controlled
by curtailing the output power [6]. On days with bright daylight, AC microgrids can be run without
using energy storage and in autonomous mode. On days with less sunshine, some power needs to
be imported from the main grid to compensate for the shortage. On overcast days, all the power
must be imported from the main grid. A large energy storage farm with solar and/or wind power
generation capability and connected with the AC microgrid through transmission lines and stepup/step-down transformers can be built; the required power can be transferred from such an
energy storage farm. Furthermore, multiple solid-state transformers (SSTs) with medium-frequency
transformers in parallel can be adopted to interface the energy storage farm with the transmission
line through a 50-Hz step-up transformer.
Researchers have adopted frequency against real power and voltage against reactive power
droop control with both frequency and voltage to be regulated; this makes system control
complicated [1-5]. The main drawback of droop control is that it is difficult to cope with sudden and
random load changes. For predictable load changes, droop control coefficients can be varied to set
the system frequency within the deviation limit. However, for unpredictable load changes,
techniques are yet to be developed to overcome such an obstacle. To simplify the control, constantfrequency control methods proposed in previous studies [6-9] can be adopted wherein the gridforming generator produces a reference voltage with a constant frequency, and the grid-supporting
and grid-feeding generators take the voltages at their respective point-of-coupling (PCC) as
reference. Therefore, the whole system operates at a constant frequency. To balance reactive
power demand and generation, the grid-supporting and grid-feeding generators output around 50%
of their real power output. The remaining reactive power demands are provided by the grid-forming
generator and reactive power compensators. In this paper, the microgrid is operated at a constant
frequency as described in previous studies [6-9], and the output power of PV panels installed in the
microgrid is curtailed to reduce battery usage.
The remaining paper is organized as follows. In Section II, the configuration of the autonomous
microgrid under study and its control are described. In Section III, the results and discussions are
presented. Finally, conclusions are presented in Section IV.
2. Configuration of Grid-connected AC Microgrid and Its Control
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2.1 Configuration of the Grid-connected AC Microgrid under Study
Figure 1 shows the configuration of the grid-connected AC microgrid under study; it includes one
grid-forming generator DG1 powered by PV panels and accompanied by a reactive power
compensator DG1A. The grid-supporting generator DG2 and the grid-feeding generator DG3 are
powered by PV panels. In practice, wind energy can also be employed as the source. In this study,
DG1 and DG2, which are powered by solar energy by using PV panels, are operated via power
curtailment. Their output power is produced by following the power reference [6, 7]:
(1)

𝑃𝑟𝑒𝑓 = 𝑃𝑟𝑒𝑓0 + 𝐾𝑣0 × (𝐾𝑣 × 𝑉𝑟𝑒𝑓 − 𝑉𝑚 ),

where Vm is the RMS value of the AC voltage at the inverter output and Vref is the reference RMS
value.
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Figure 1 Configuration of the grid-connected AC microgrid under study.
The power reference Pref is capped at 95% of the maximum available PV power. More details are
presented in the subsequent paragraphs.
DG3 is operated using the maximum power point tracking method described in a previous study
[6].
The grid-supporting and grid-feeding generators output around 50% of their respective real
power output and can thus fulfill only a part of the reactive power demand; This results in a shortage
of reactive power generation demanded by the loads. To achieve reactive power balance, a reactive
power compensator DG1A is installed that fulfills the purpose of directional reactive power
compensation; it provides the reactive power seen from location X toward the left-hand side in
Figure 1. By doing so, the grid-forming generator only needs to output real power, and its reactive
power output fluctuates around zero.
One side of an 11 kV/1.2 kV step-down transformer is connected with the 11-kV main grid. An
AC/DC/AC converter with an LCCL filter is used to control the power transfer from the main grid to
the AC microgrid. Such an AC/DC/AC converter can be replaced by multiple SSTs in parallel. Although
LCCL-based inverters can transfer more power, it is difficult to manufacture large current-carrying
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AC capacitors. Therefore, SSTs in parallel with medium-frequency transformer isolation are a better
choice.
A step-up transformer in Y-∆ connection is used at point Y when the loads are far away from the
inverter-based generators. When a step-up transformer in ∆-Y connection is used at the inverter
side, step-down transformers need to be used at the load side.
Figure 1 shows the three-phase transformer in Δ-Y connection with Y’s neutral connected to its
local grounding system at the load side. Such a transformer can reduce the effect of unbalanced
loads on the operation of inverter-based generators. Negative-sequence current compensators can
be used to make the system more balanced for the inverters, even in the case of more severe
unbalanced loads.
The design of the controller (Figure 2) for the PV panel is based on the transfer function (Eqs. (2)
and (3)). The circuits of the controller are shown in Figure 3. The parameters used for the DC/DC
converter are listed in Table 1.

iL*

+-

PI-1

d

iL

iL /d

iL
Figure 2 MPPT control: I control.

Figure 3 (a) Modified boost converter; (b) Boost converter with solar panel.
Table 1 Parameters for PV panel part.
Parameters

Values

LPV

0.8 mH

CPV

0.5 mF

fswitching

10 kHz

fsampling

150 kHz

𝑖̂𝐿 (𝑠)
|
𝑑̂ (𝑠) 𝑣̂

1
𝑠 + 𝑅𝐶

𝑃𝑉

=
𝑑𝑐(𝑠)= 0

𝑠2 +

1
1
𝑠+
𝑅𝐶𝑃𝑉
𝐿𝑃𝑉 𝐶𝑃𝑉

∙

𝑉̅𝑑𝑐
𝐿𝑃𝑉

(2)
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𝑣̂𝑐 (𝑠)
|
𝑑̂ (𝑠)

1

=
𝑣̂ 𝑑𝑐(𝑠)= 0

𝑠2

1
1
+ 𝑅𝐶 𝑠 + 𝐿 𝐶
𝑃𝑉
𝑃𝑉 𝑃𝑉

−𝑉̅𝑑𝑐
∙(
)
𝐿𝑃𝑉 𝐶𝑃𝑉

(3)

2.2 Configuration of the Grid-connected AC Microgrid under Study
In this paper, the control flow (Figure 4) is adopted for controlling the inverters [9-11]. A bandpass filter is used to filter out the DC and high-frequency components in the shunt-capacitor
currents. Furthermore, a low-pass filter is added to remove noise from the grid-side current.

Figure 4 Inverter control flow.
The control parameters Kp, Ki, and K for the inverter are obtained using Eqs. (4)-(10) derived from
the control flow illustrated in Figure 4a and 4b.
𝑖2𝑎𝑏𝑐
𝐾 ∙ (𝑠𝐶1 ) ∙ (𝑠𝑅𝑑 𝐶1 + 1) ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛
=
,
∗
∆𝑖2𝑎𝑏𝑐
𝐷𝐸𝑁1 + 𝐷𝐸𝑁2 + 𝐷𝐸𝑁3 + 𝐷𝐸𝑁4 + 𝐷𝐸𝑁5

(4)

𝐷𝐸𝑁1 = [𝑠𝐶1 ∙ (𝑠𝐿2 + 𝑅2 ) + (𝑠𝑅𝑑 𝐶1 + 1)] ∙ (𝑠𝐿1 + 𝑅1 ) ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 ∙ 𝑠𝐶1 ,

(5)

𝐷𝐸𝑁2 = 𝐾 ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 ∙ 𝑠𝐶1 ∙ [𝑠𝐶1 ∙ (𝑠𝐿2 + 𝑅2 ) + (𝑠𝑅𝑑 𝐶1 + 1)],

(6)

𝐷𝐸𝑁3 = (𝑠𝑅𝑑 𝐶1 + 1) ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 ∙ [𝑠𝐶1 ∙ (𝑠𝐿2 + 𝑅2 ) + (𝑠𝑅𝑑 𝐶1 + 1)],

(7)

𝐷𝐸𝑁4 = 𝐾 ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 ∙ 𝑠𝐶1 ∙ (𝑠𝑅𝑑 𝐶1 + 1),

(8)

where
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𝐷𝐸𝑁5 = 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 ∙ (𝑠𝑅𝑑 𝐶1 + 1)2 .

(9)

For notch-filter-based band-pass filter:
𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 = 𝑘𝑑 ∙ 𝑏𝑛 𝑠,

(10)

2
𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 = 𝑠 2 + 𝑏𝑛 𝑠 + 𝜔𝑚
.

(11)

For low-pass filter + high-pass filter:
𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 = 𝑘𝑑 ∙ 𝑠 ∙ 𝐿𝑃𝐶𝑜𝑒𝑓𝑓2,

(12)

𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 = (𝑠 + 𝐻𝑃𝐶𝑜𝑒𝑓𝑓) ∙ (𝑠 2 + 𝐿𝑃𝐶𝑜𝑒𝑓𝑓1 ∙ 𝑠 + 𝐿𝑃𝐶𝑜𝑒𝑓𝑓2).

(13)

The capacitor current active damping is considered by applying kd as shown in Eqs. (10) and (12).
A MATLAB command can be used for the closed-loop transfer function:
𝑖2𝑎𝑏𝑐
𝑖2𝑎𝑏𝑐
= 𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 ( ∗ , 𝐿𝑜𝑤 𝑃𝑎𝑠𝑠 𝐹𝑖𝑙𝑡𝑒𝑟) ,
∗
𝑖2𝑎𝑏𝑐
∆𝑖2𝑎𝑏𝑐

(14)

where the low-pass filter is a second-order Butterworth filter with a cutoff switching frequency of 5
kHz. In practice, such a filter can be replaced by choosing a small Kp to reduce the influence of the
DC component in i2, and the PR controller can remove the high-frequency noise present in i2.
Instead of using a band-pass filter, a high-pass filter can be used to process ic as shown in Figure
4c [10, 11].
Instead of using controllers shown in Figure 4, other controllers where the grid-side current is
controlled at the outer loop as described in [10, 11] can be employed.
The parameters for an inverter working at 1.2 kVac are listed in Table 2.
Table 2 Parameters for the inverter.
Parameters
L1inv
Cinv
L2inv
fswitching
Kp
Ki
K
fsampling
Kv0
Kv

Values
8.25 mH
30 F
0.5 mH
5 kHz
0.15
10.5
22.5
150 kHz
2000
1.00

Table 3 shows the coefficients for the proposed filters. When the notch-filter-based band-pass
filter is used, the system works even after a slight increase in ωm.
Table 3 Parameters for the band-pass filter shown in Figure 4.
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Filter
Notch-filter-based band-pass filter
Low-pass + High-pass filters

kd

Coeff
bn
ωm
HPCoeff
LPCoeff1
LPCoeff2
1.0

Values
8000
2π x 50
50
8887.0
3.949e07

The step response and Bode plot of the closed-loop transfer function for the notch-filter-based
band-pass filter are shown in Figure 5 and Figure 6, respectively, and the step response and Bode
plot of the closed-loop transfer function for the case with low-pass filter plus high-pass filter are
shown in Figure 7 and Figure 8, respectively, with kd = 1. These two sets of results reveal that the
two approaches have a similar effect in terms of step-response convergence and stability.

Figure 5 Step response of the closed-loop transfer function for the notch-filter based
band-pass filter approach.

Figure 6 Bode plot of the closed-loop transfer function for the notch-filter-based bandpass filter approach.
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Figure 7 Step response of the closed-loop transfer function for the low-pass filter plus
high-pass filter approach.

Figure 8 Bode plot of the closed-loop transfer function for the low-pass filter plus highpass filter approach.
The load information is presented in Table 4.
Table 4 Load Information.
Load

P (kW)

Q (kVAr)

State

1

120

80

2

100

60

3
4
5

80
80
75
150
80

50
50
50
80
0

Initial: Off
On: 2.00 s
Off: 2.50 s
On: 4.50 s
Off: 5.00 s
Initial: Off
On: 3.50 s
On
On
On
On
On

6

Balanced
Unbalanced
(A-N)
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The steps for curtailing the output power of PV panels are shown in Figure 9. As described in a
previous study [12], the terminal characteristics of the PV panels can be obtained using
MATLAB/Simulink modeling and a table with four-column inputs—irradiance levels, terminal
currents and terminal voltages for maximum power to occur, and maximum power at each
irradiance level—can be built. The polyfit command in MATLAB can then be used to obtain the
coefficients for irradiance (x) against maximum power (y) and coefficients for maximum power (x)
against terminal currents (y). These coefficients are used to produce reference current for
controlling PV panels, as shown in Figure 9.

Inputs: Irradiance (Irr), Vm

PSolarMax = CP_Irr1  Irr 3 + CP_Irr2  Irr 2 + CP_Irr3  Irr1 + CP_Irr4
PrefInverter = Pref0 + K v0  ( K v  Vref − Vm ) + K dc1  (Vdcm − VdcRef )

PrefPV = Pref0 + K v0  ( K v Vref − Vm ) − K dc 2  (Vdcm − VdcRef )

PrefPV <95%Psolar max ?

Yes

No

PrefPV =95%Psolar max
PrefPV is fed into a lowpass filter
to obtain PrefPV1
3
2
1
iref =CP_I1  PrefPV
1 +CP_I2  PrefPV 1 +CP_I3  PrefPV 1 +CP_I4

To I-controller for PV panels
Figure 9 Flowchart showing the steps required for producing current reference for
controlling PV panels.
Furthermore, the ∆-Y transformer at the load side is used to reduce the influence of unbalanced
loads. Negative-sequence current compensation can also be used at the Y side to further reduce the
unbalance degree seen by the inverters.
3. Results and Discussions
3.1 Results
The results for filter 1 obtained using Eqs. (10) and (11) are shown in Figures 10-15. From Figure
10, it can be seen that the voltages settle down within ±5%, especially after 2.5 s, as synchronization
and connection between the AC microgrid and the main grid has been accomplished.
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Figure 10 Variations in the voltage (in percent) at each terminal of the inverter using
filter 1.

Figure 11 (a) Voltages at the inverter’s terminals for a short duration when using filter
1; (b) Unbalance percentage.
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Figure 12 Currents drawn by unbalanced loads using filter 1.

Figure 13 Planned power transfer from the large grid to the AC microgrid using filter 1.

Figure 14 Currents flowing from the large grid to the AC microgrid using filter 1.
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Figure 15 Variations in the irradiance and PV panel outputs using filter 1.
Due to the unbalanced loads, the voltages at the inverter’s terminals become slightly unbalanced.
The percent unbalance is given as follows:
𝑈𝑛𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = √

1 − √3 − 6𝛽
1 + √3 − 6𝛽

,

(15)

4
4
4
𝑉𝑎𝑏
+ 𝑉𝑏𝑐
+ 𝑉𝑐𝑎
𝑤ℎ𝑒𝑟𝑒 𝛽 = 2
.
2
2 )2
(𝑉𝑎𝑏 + 𝑉𝑏𝑐
+ 𝑉𝑐𝑎

Figure 11a shows the inverter’s terminal voltages for a short duration when using filter 1,
whereas Figure 11b shows the unbalance (in percent) for the inverter’s terminal voltages and the
unbalanced load’s terminal voltage. These figures show that due to the 80-kW single-phase load
connected at the load side, there is an unbalance of around 4.0%.
Unbalanced current from Load 6 is shown in Figure 12, where the bottom panel one depicts the
current seen at the unbalanced load and the top panel depicts the current seen from the inverter
side. These figures show that the ∆-Y transformer blocks zero-sequence current and makes the
current at the high-voltage side less unbalanced. With reduced unbalance of the current at the ∆side or high-voltage side of the transformer, the voltage drop along the transmission lines becomes
less unbalanced. Therefore, the voltage seen by the inverter at the generation side also becomes
less unbalanced.
Figure 13 shows the power transfer from the large grid to the AC microgrid, where the red curve
depicts the planned power transfer on the large-grid side, and the blue curve depicts the power
transferred through the inverter on the AC-microgrid side. Figure 13 shows that the power
transferred can follow the planned power transfer closely; the small difference is due to losses in
the AC/DC/AC converter.
The currents flowing for a short duration through the two converters in the AC/DC/AC converter
are illustrated in Figure 14.
Figure 15 shows the variations in the irradiance, and reference power and output power from
each PV panel, PV1, PV2, and PV3. The PV1-powered inverter serves as the grid-forming generator,
while the PV2-powered inverter serves as the grid--supporting generator; both adopt the approach
of real power generation given by Eq. (1) and follow the steps described in Figure 9. Therefore, their
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output power varies with load changes and the power transferred by the AC/DC/AC converter. The
PV3-powered inverter serves as the grid-feeding generator, with the PV panel controlled using the
maximum power point tracking mode. From the right-bottom panel in Figure 15, it can be seen that
the output power of the PV panel follows its reference quite closely.
The results for filter 2 obtained using Eqs. (12) and (13) are shown in Figures 16-21. Similar to
those for filter 1, the voltage level in the system is maintained well, and the inverters can cope with
unbalanced loads.

Figure 16 Variations in the voltage (in pecent) at each terminal of the inverter using filter
2.

Figure 17 (a) Voltages at the inverter’s terminals for a short duration using filter 2; (b)
Unbalance percentage.
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Figure 18 Currents drawn by unbalanced loads using filter 2.

Figure 19 Planned power transfer from the large grid to the AC microgrid using filter 2.

Figure 20 Currents flowing from the large grid to the AC microgrid using filter 2.
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Figure 21 Variations in the irradiance and PV panel outputs using filter 2.
For both cases, the system can work with only PV panels in islanded mode before 1.20 s after
startup. At 1.20 s, the AC/DC/AC converter is synchronized with the AC microgrid and power
transferring from the large grid to the AC microgrid happens at 1.5 s. With more power transferred,
the outputs from each of the PV1 and PV2 are pushed to be smaller. By doing so, the voltage profiles
at each bus in the AC microgrid are maintained relatively good, as can be seen in Figures 10 and 16.
By adjusting Kv, the voltage profiles can be tuned to be better.
From Figures 15 and 21, it can be seen that filter 1 and filter 2 exhibit similar performance in
terms of curtailment of the PV panels’ output.
In the above study, the PV panel control for the grid-forming generator DG1 and the gridsupporting generator DG2 is in curtailment mode, as described in Figure 9. Thus, it is feasible to use
PV panels without energy storage systems to run AC microgrids smoothly on sunny days. Before the
grid connection is performed at 1.2 s, the AC microgrid operates in the autonomous mode. Thus,
such an operation can be off-grid on sunny days and grid-connected mode in other weather
conditions. This approach has practical applications as frequent charging and discharging of battery
storage accelerates its aging. Autonomous or standalone operation is suitable only for sunny days.
By doubling the number of solar panels, the system can operate in autonomous or standalone mode
with sufficient power output even under slightly cloudy weather conditions.
In the operation described above, only PV1 and PV2 used for DG1 and DG2, respectively, adopt
the curtailment operation. Certainly, all the PV panels can adopt curtailment operation.
For practical operation, the PV panel and its DC/DC converter in the grid-forming generator can
be replaced by a DC source such as a battery set or a supercapacitor unit. In a subsequent numerical
experiment, PV1 and its DC/DC converter are replaced by a DC source. The PV panels’ control for
DG2 is still in curtailment mode, and PV panels’ control for DG3 is still in maximum power point
tracking mode. Some of the results for this operation are displayed in Figures 22 and 23. These
results show that such an operation is equally good.
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Figure 22 Variations in the voltage (in percent) at each terminal of the inverter using
filter 2.

Figure 23 Currents flowing from the main grid to the microgrid using filter 2.
In this study, MPPT proposed in previous studies [6-8] was adopted for achieving maximum
power extraction from PV panels. Other MPPT methods [13-15] can also be used.
3.2 Discussions
Although we advocate minimizing the usage of energy storage close to the location of end-users,
large energy storage systems can be built in remote locations where large solar farms and/or wind
farms are located. The storage system can be gravitational potential energy storage plus supercapacitor buffer [16]; alternatively, moderate battery storage capacity with a well-monitored
retrieval system can be employed. These large energy storage systems can provide necessary
support through a high-voltage interface, for example, at 11 kV, as shown in Figure 1. Nevertheless,
they can be operated at low voltages by using multiple SSTs in parallel for interfacing with the AC
grid through a step-up transformer and transmission lines. The step-up transformer increases the
step voltage to 11 kV. On the transmission line side close to the storage farm, one of the SSTs works
as the grid-forming generator with a constant-frequency reference voltage. One or two SSTs work
in tandem with the grid-forming SST to cope with transient reactive power demands. Other SSTs
work as grid-supporting generators. These SSTs can be AC (50 Hz)-DC-AC (medium-frequency)medium-frequency transformers with passive filter-AC (medium-frequency)-DC-AC (50 Hz)
converters if storage units interface with an AC microgrid or DC-AC (medium-frequency)-medium-
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frequency transformer with passive filter-AC (medium-frequency)-DC-AC (50 Hz) if the storage units
are interfaced with a DC microgrid. The storage is charged using another DC microgrid.
Conventional synchronous generators can be employed as a backup; they can be interfaced with
the AC microgrid through multiple parallel SSTs with medium-frequency transformer isolation.
4. Conclusions
In this paper, we proposed a method that involves the use of PV panels without energy storage
to power inverters in an AC microgrid. The proposed system is operated at a constant frequency.
With sufficient daylight intensity, such a system can be operated either in standalone mode or in
grid-connected mode.
When the intensity of daylight is low, power can be imported from the main grid through an
AC/DC/AC converter to compensate for the shortage. Numerical results revealed that with an
accurate prediction of the weather and the power to be imported from the large power system, AC
microgrids could be run smoothly.
Furthermore, in this paper, we proposed the construction of large energy storage farms at more
convenient locations. They can be used to replace large grids to transfer power to multiple AC
microgrids when necessary.
By using a three-phase transformer in Δ-Y connection with Y’s neutral connected to its local
grounding system, the effect of unbalanced loads on the stability of the AC microgrid can be
minimized. To power more unbalanced loads, we proposed the use of negative-sequence current
compensators for minimum change in the existing power system infrastructure at the user end.
By operating the microgrid at a high voltage, more power can be transferred.
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Abstract
Acidic aqueous lithium-air batteries are attractive candidates for use as energy sources in
electric vehicles because of their high energy and power densities and ability to operate under
ambient conditions. An aqueous lithium-air battery with an acetic acid catholyte has a high
theoretical energy density of 1,478 Wh kg–1, and the reaction product is soluble in the
catholyte. In this study, we have studied the cell performance of a Li/interlayer
electrolyte/NASICON-type solid lithium-ion conductor/acetic acid catholyte/air electrode cell
at high pressure and room temperature under air. The cell was successfully operated at 0.5
mA cm–2 and 0.2 MPa.
Keywords
High energy density battery; lithium-air battery; aqueous battery, solid lithium-ion conductor;
acetic acid
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1. Introduction
The demand for higher energy power density rechargeable batteries for electric vehicle (EV)
applications has increased [1, 2]. Many types of advanced rechargeable batteries beyond lithiumion batteries have been proposed and developed, such as non-aqueous lithium-air [3], aqueous
lithium-air [3], lithium-sulfur [4], multivalent [5], and lithium solid-state batteries [6]. The
theoretical energy densities of these advanced batteries are several times higher than those of
conventional lithium-ion batteries. However, these batteries have serious problems to solve before
their practical use as power sources in EVs, such as the elimination of water in the air in the nonaqueous lithium-air battery, dissolution of the reaction product into the electrolyte in the lithiumsulfur battery, and poor contact between the electrolyte and cathode active materials in the solidstate battery. Of the options available, the aqueous lithium-air battery is particularly attractive for
EVs because the battery has the potential for high energy and power densities, but no serious
problems to be solved. The aqueous lithium-air battery consists of a lithium anode, an interlayer
non-aqueous electrolyte, a water-stable lithium-ion conducting solid electrolyte, an aqueous
catholyte, and an air electrode. Two types of aqueous lithium-air batteries have been developed;
one contains an alkaline catholyte of LiOH [7], and the other contains an acid catholyte such as
acetic acid, CH3COOH (HAc) [8]. The cell reactions are as follows:
for alkaline catholyte
4Li + 6H2 O + O2 = 4(LiOH ∙ H2 O),

(1)

2Li + 2CH3 COOH + 1⁄2 O2 = 2CH3 COOLi + H2 O.

(2)

and for acid catholyte

The theoretical energy densities of the alkaline and acid systems with HAc are 1910 and 1478
Wh kg–1, respectively, which are lower than that of the non-aqueous lithium-air system at 3458 Wh
kg–1, but more than three times higher than that of the conventional lithium-ion battery. Alkaline
type aqueous lithium-air batteries have shown susceptibility to contamination from CO 2 in the air
and produced Li2CO3 on the air electrode surface, which resulted in degradation of the cell
performance. The acid aqueous lithium-air battery (ALAB) is not susceptible to contamination from
CO2. Several types of ALAB with various catholytes such as HAc aqueous solution [9], 0.1 M H 3PO4LiH2PO4 buffer solution [10], and a 1 M LiNO3 aqueous solution [11] have been proposed. The waterstable NASICON-type and perovskite lithium-ion conducting solid electrolytes are unstable in strong
acid aqueous solution [12]; therefore, weak acid aqueous solutions have been used for ALAB. ALAB
with an HAc aqueous solution showed the highest specific energy density among the previously
reported aqueous systems. The first ALAB was operated at 60 °C because a polyethylene-based
polymer electrolyte was used as the interlayer electrolyte to suppress lithium dendrite formation at
the lithium electrode [8]. A room temperature ALAB with a HAc catholyte was reported using a
lithium dendrite-free interlayer electrolyte by Imanishi and co-workers [9]. One of the issues of ALAB
with HAc is the evaporation of the catholyte over a long operation period. In this study, the cell
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performance of an ALAB at 0.2 MPa was examined with the goal of suppressing catholyte
evaporation.
2. Experimental
Figure 1 shows a schematic diagram of the in-house-built Swagelok-type ALAB test cell and a
high-pressure vessel. The cell consists of a 200 µm thick lithium anode (Honjyo Metal, Japan), an
interlayer electrolyte of 1 M lithium bis(fluorosulfonyl)imide (LiFSI) (Central Glass, Japan) in 1,4
dioxane (DX)-1,2 dimethoxyethane (DME) (1:2 v/v), a 250 µm thick Li1+x+yAlx(Ti, Ge)2-xSiyP3-yO12 (LATP;
Ohara, Japan) separator, a HAc-saturated CH3COOLi (LiAc) aqueous solution (9:1 v/v) catholyte, and
a platinum-loaded porous carbon (Pt/C; Tanaka Kikinzoku, Japan) with vapor growth carbon
nanofiber (VGCF; Showa Denko, Japan) or Ketjenblack (KB; Lion Special Chemicals, Japan) mixture
air electrode. The electrolyte volumes of the catholyte and anolyte were approximately 1 mL, and
their thicknesses were approximately 0.9 cm. The interlayer electrolyte of 1 M LiFSI in DX-DME (1:2
v/v) was reported to be free of lithium dendrite formation at a high current density [13]. The waterimpermeable NASICON-type LATP glass-ceramic is acceptable as the separator for the ALAB because
it is stable in weakly acidic aqueous solution and has a high lithium-ion conductivity of around 10–4
S cm–1 at room temperature [12]. The air electrode was prepared by mixing Pt-C, VGCF (or KB), and
polytetrafluoroethylene (PTFE) (Daikin, Japan) of around 0.2 mg, which was then was pressed onto
a titanium mesh of 1.5 cm2 (Nikora, Japan). A carbon paper gas diffusion layer (Toray, Japan) was
attached to the air electrode.

Figure 1 (a) Schematic diagram of the test cell of Li/1 M LiFSI in DX-DME (1:2
v/v)/LATP/HAc-saturated LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE, air; and (b)
photograph of the high-pressure chamber.
The performance of the air electrode was measured using a half cell with the air electrode, a Ptblack counter electrode, and an Ag/AgCl reference electrode in an air atmosphere at 0.2 MPa and
25 °C. The full cell was set up using the in-house-built Swagelok-type cell. The pressure was
controlled using a Swagelok return check valve, and the flow rate of air was kept at 80 mL min–1,
which was checked using a gas flow meter. The evaporation rate of the catholyte was estimated
from the weight change with time at 0.2 and 0.1 MPa and with an airflow rate of 80 mL min –1.
The electrochemical performance of the half and full cells was investigated using a battery cycler
(Nagano BTS, 200H, Japan) and a multichannel potentio/galvanostat (Bio-Logic Science Instrument
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VMPX). The cell impedance was measured using a frequency analyzer (Solartron 1260) in the
frequency range from 1 MHz to 0.1 Hz.
3. Results and Discussion
Figure 2 shows the evaporation rate of HAc-saturated LiAc aqueous solution (9:1 v/v) under 0.1
MPa and 0.2 MPa. The evaporation rate of 1.6 × 10–3 g cm–2 h–1 at 0.1 MPa is considerably
suppressed to 5 × 10–4 g cm–2 h–1 at 0.2 MPa. An aqueous cathode can easily circulate in a flow
through the configuration proposed by Goodenough and co-workers [14]. The system can
individually store a large amount of cathode active materials in a fuel tank. The evaporation loss of
the cathode active material for 1,000 h is around 0.5 g cm–2. The capacity loss for 5 g of the cathode
active material is around 10% for 1,000 h operation, which may be acceptable for a practical battery.

Figure 2 Weight loss of HAc-saturated LiAc aqueous solution (9:1 v/v) at 25 °C and 0.2
MPa and 0.1 MPa air with time. The flow rate of air was 80 mL min –1.
The non-aqueous lithium-air battery shows high polarization for the oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) [15]. To reduce the high polarization, a new concept of
a highly soluble redox shuttle was proposed [16]; however, the reported current density of the cell
was less than 0.5 mA cm–2 under pure oxygen. The aqueous lithium-air battery operates at a higher
current density than that of the non-aqueous system. Minami et al. recently reported that an
alkaline aqueous lithium-air cell of Li/4.5 M LiFSI in DME/LATP/1.5 M LiOH-10 M LiCl/LiMnO2, the
air was successfully cycled at 2.0 mA cm–2 and room temperature [7]. An ALAB of Li/(LiFSI-2
tetraethylene glycol dimethyl ether)-50 vol% 1,3 dioxolane/Li1.4Al0.4Ge0.2Ti1.4(PO4)3/HAc-saturated
LiAc aqueous solution (9:1 v/v)/Pt-C-VGCF-PTFE, air was successfully cycled at 0.2 mA cm–2 and 25 °C
[9]. In this study, the cell performance at a high pressure of 0.2 MPa was employed to reduce the
evaporation of HAc and improve the cell performance at a high current density. Transition metal
oxide-based catalysts cannot be used for the ALAB due to instability in the acid aqueous solutions.
In this study, we have employed the platinum-loaded porous carbon air electrode used for fuel cells
[17]. Figure 3 shows the polarization behavior of the Pt/C-VGCF (or KB)-PTFE composite electrodes
for the ORR and OER at 25 °C and 0.2 MPa, where the overvoltage was measured after 1 h
polarization at each current density. The lowest overvoltage was observed for the Pt/C-VGCF-PTFE
(5:3:2 w/w) air electrode, which was used for the full cell performance test. Paganin et al. [18]
reported that the NAFION loading in the catalyst layer of the air electrode for polymer electrolyte
membrane fuel cells improved the polarization behavior for the ORR. However, no significant
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improvement of the ORR and OER for the Pt/C-VGCF-PTFE air electrode in the acetic acid catholyte
was observed by NAFION loading. Figure 4 compares the polarization behavior of the ORR and OER
for Pt/C-VGCF-PTFE (5:3:2 w/w) at 0.1 and 0.2 MPa. The polarization of the ORR at 0.2 MPa was
slightly improved compared with that at 0.1 MPa.

Figure 3 Overvoltages for the ORR and OER vs. current density curves for the mixture of
Pt/C, VGCF (or KB), and PTFE air electrodes in HAc-saturated LiAc aqueous solution (9:1
v/v) at 25 °C and 0.2 MPa air. (a) Pt/C:VGCF:PTFE = 5:3:2 and Pt/C:KB:PTFE = 5:2:3, and
(b) Pt/C:VGCF:PTFE = 5:3:2 and Pt/C:KB:PTFE = 5:3:2. The overvoltages were recorded
after 1 h polarization.

Figure 4 Overvoltages for the ORR and OER vs. current density curves at 25 °C for the
mixture of Pt/C, VGCF, and PTFE (5:3:2 w/w) air electrodes in HAc-saturated LiAc
aqueous solution (9:1 v/v) at 0.1 MPa and 0.2 MPa air. The over-voltages were recorded
after 1 h polarization.
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Figure 5 shows a cyclic voltammogram (CV) for the Pt/C-VGCF-PTFE (5:3:2 w/w) electrode in HAcsaturated LiAc aqueous solution (9:1 v/v) measured at a scan rate of 1.0 mV s –1 and 0.2 MPa. The
CV result shows a trace oxidation current above 1.2 V vs. NHE. The calculated OER potential of the
HAc-saturated LiAc aqueous solution (9:1 v/v) (pH = 2.7) at 0.2 MPa is 1.07 V vs. NHE. Wu et al.
observed no oxidation of HAc in 0.25 M HAc + 0.5 M H2SO4 on a PtRuSn/C (60:30:10 w/w) electrode
[19], which agreed with the results reported by Sine et al. [20]. Hence, the observed oxidation
current in the CV curve is attributed to the OER.

Figure 5 CVs measured at a scan rate of 1.0 mV s–1 for Pt/C-VGCF-PTFE (5:3:2 w/w) in
HAc-saturated LiAc aqueous solution (9:1 v/v) at 25 °C and 0.2 MPa.
Figure 6 shows charge and discharge overvoltage vs. current density curves for the Li/1M LiFSI in
DX-DME (1:2 v/v)/LATP/HAc-saturated LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w),
air full cell at 0.2 MPa and 25 °C, where the airflow rate was 80 mL min–1. The overvoltages after 1
h polarization at each current density are plotted. The open-circuit voltage (OCV) of 3.8 V is lower
than the calculated OCV of 4.10 V using reaction (2) at a pH of 2.8 for the HAc-LiAc saturated
aqueous solution (9:1) at 0.2 MPa. The low OCV may be due to the low activity of oxygen and lithium
ions at the air and lithium electrodes, and the junction potentials between LATP and the liquid
electrolytes. A discharge overvoltage of 0.58 V at 0.4 mA cm–2 corresponds to an approximate 15%
energy loss of the discharge process.

Figure 6 (a) Charge and discharge overvoltage vs. current density curves and (b) chargedischarge curves at various current densities for the Li/1 M LiFSI in DX-DME (1:2
v/v)/LATP/HAc-saturated LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w)
cell at 25 °C and 0.2 MPa air. Overvoltages were recorded after 1 h polarization.
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Figure 7 shows impedance profile of the Li/1M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-saturated
LiAc aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w), air full cell at 0.2 MPa and 25 °C. The
impedance profile shows two semi-circles. The semi-circle in the high-frequency range of 1 M Hz to
13 k Hz can be assigned to be the grain boundary resistance of LATP (R g) and the solid electrolyte
interlayer resistance at the lithium anode; while the semi-circle in the low-frequency range of 13 k
Hz to 3 Hz can be assigned to the charge transfer resistance (Rc). The contribution of the bulk
resistance of LATP (Rb) was out of the frequency range of the analyzer [21]. The intercept of the
high-frequency semi-circle with the real axis is the sum of Rb and the resistances of the liquid
electrolytes of 1M LiFSI in DX-DME (1:2 v/v) (R1) and the HAc-saturated LiAc aqueous solution (9:1
v/v) (R2). The bulk and grain boundary resistances of the 0.25 mm thick LATP were 31 and 290 Ω
cm2, and the charge transfer resistance was 89 Ω cm2. The main part of the total cell resistance of
725 Ω cm2 is the resistance of the anolyte, catholyte, and bulk LATP (447 Ω cm2). The electrical
conductivities of the anolyte and the catholyte were 2 × 10–2 and 3 × 10–3 S cm–1, respectively. The
electrolyte volumes of the catholyte and anolyte in the Swagelok-type cell were approximately 1
mL, and the contact area with LATP was 1.13 cm2. The estimated resistance of the catholyte and
anolyte were 42 and 286 Ω cm2, respectively. The sum of these resistances is 359 Ω cm2. The
estimated resistance of R1+R2 +Rg was slightly lower than the observed one. R1 could be reduced
considerably by the cell design, such as a laminate type, and R2 could be reduced by the use of a
catholyte flow system [14].

Figure 7 Cell impedance of Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-saturated LiAc
aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w), air cell at 0.2 MPa and 25 °C.
The charge and discharge cycle performance of the Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAcsaturated LiAc aqueous solution (9:1 v/v) full cell at 0.2 MPa, 25 °C and 0.07 mA cm–2 for 5 h
polarization (0.38 mAh) is shown in Figure 8. Excellent cycle performance at 0.07 mA cm–2 for more
than 50 cycles was observed at 0.2 MPa and 25 °C under an air atmosphere. No carbon dioxide
contamination was observed for more than 500 h, while the cell performance of an alkaline aqueous
lithium-air cell degraded after 70 h operation in the air due to carbon dioxide contamination [22].
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The discharge overvoltage at 0.07 mA cm–2 was 0.2 V, which corresponds to an energy loss of around
5%.

Figure 8 Cycle performance of the Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-LiAc
saturated aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w) air cell at 0.07 mA cm–
2 for 5 h at 25 °C and 0.2 MPa.
Figure 9 also shows the cycle performance at 0.2, 0.5, and 1.0 mA cm–2 for 5 h polarization and
0.2 MPa under air. Excellent cycle performance was observed at room temperature. The discharge
overvoltage at 0.2 mA cm–2 was 0.27 V after the 1st cycle, which gradually increased by cycling to
0.3 V after 20 cycles. The overvoltage was steady with further cycling. The energy loss for the
discharge process is around 8%. The initial discharge overvoltage of 0.58 V at 0.5 mA cm–2 gradually
increased by cycling to 0.94 V after 20 cycles. With further cycles, the overvoltages were steady. At
1.0 mA cm–2 for 5 h polarization, the cell was successfully cycled for 20 cycles under air. The
discharge overvoltage at 1.0 mA cm–2 was 1.0 V after the 1st cycle and 1.4 V after 20 cycles. The
increase in the overvoltage by cycling may be due to degradation of the air electrode structure, as
carbon particles were observed in the catholyte after the cycling tests – LiAc deposited in the air
electrode may break the carbon-polymer network. The 1.4 V overvoltage corresponds to an energy
loss of around 30%. The previously reported non-aqueous lithium-oxygen cells were operated at a
lower current density [15]. Zhang et al. reported a high discharge overvoltage of a Li/0.5 M
Li(CF3SO2)2N-30 mM tetrathiafulvalene-50 mM LiCl in diethylene glycol dimethyl ether/graphene
oxide, O2 cell as 0.75 V at 0.2 mA cm–2 for 5 h polarization [23]. Bergner et al. reported the cell
performance of a Li/10 mM TEMPO (2,2,6,6 tetramethylpiperdinyloxyl)-0.1 M Li(CF3SO2)2 in
diglyme/KB, O2 cell – the discharge over-voltage at 0. 1 mA cm–2 was around 0.75 V after 50 cycles
[24]. The discharge overvoltages of the ALABs are lower than those of the non-aqueous lithiumoxygen batteries. The discharge overvoltages for the ALABs may be reduced considerably by
reducing the thickness of the liquid electrolytes because the bulk of the cell resistance is due to the
liquid electrolyte resistances, as shown in Figure 7.
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Figure 9 Cycle performance of the Li/1 M LiFSI in DX-DME (1:2 v/v)/LATP/HAc-LiAc
saturated aqueous solution (9:1 v/v)/Pt/C-VGCF-PTFE (5:3:2 w/w), air cell at (a) 0.2 mA
cm–2, (b) 0.5 mA cm–2, and (c) 1.0 mA cm–2 at 25 °C and 0.2 MPa.
4. Conclusion
The cell performance of the ALABs with acetic acid as the catholyte was studied at 0.2 MPa under
an air atmosphere and room temperature. The evaporation of acetic acid was considerably reduced
with operation at 0.2 MPa, and the cell was successfully operated at 0.5 mA cm–2 for 5 h polarization
with 27 cycles in air. The ALABs showed no CO2 contamination for 500 h operation. The steady
discharge over-voltage at 0.5 mA cm–2 was around 1 V. The overvoltage for the charge, and
discharge processes may be improved by reducing the thickness of the anolyte and catholyte.
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Abstract
Herein, we report the coating of nanostructured germanium using a polypyrrole (PPy)
polymer coat as a composite anode material for the fabrication of lithium-ion batteries. The
Ge/PPy composites were synthesized following the direct electrochemical deposition method
in an ionic liquid (IL). The results revealed that the coating of PPy on Ge helped realize stable
battery cycling and reversible capacities, which were not observed in uncoated Ge. The PPy
layers could effectively inhibit side reactions between the electrode and electrolyte. The
composition of the solid electrolyte interphase (SEI) formed after lithiation/delithiation cycles
were analyzed using the X-ray photoelectron spectroscopy (XPS). Compact SEI layers
consisted of decomposed TFSI− anion products such as LiF, Li2S, Li2NS2O4, and Li2CO3 at the
Ge-PPy/IL interphase. In contrast, thick SEI layers consisted of not only decomposed TFSI−
© 2022 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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anion and [Py1,4]+ cation products but also chemically or physically adsorbed IL compounds at
the Ge/IL interphase. In addition, the PPy coating could effectively inhibit Ge oxidation,
resulting in improved battery capacity.
Keywords
Ionic liquid; germanium; Polypyrrole; Li-ion battery; SEI; XPS

1. Introduction
Lithium-ion batteries (LIBs) are widely used in portable devices, electric vehicles, and grid-scale
stationary energy storage systems [1-3]. However, the low theoretical capacity of traditional
graphite anode limits its capacity [4]. Other group IV element-based anode materials, such as silicon
(Si) and germanium (Ge), exhibit significantly high lithium-ion storage capacities [5-6]. Therefore,
they are regarded as promising alternatives to commercial graphite anodes that are used for the
fabrication of LIBs. The capacity of Ge (theoretical capacity: 1384 mAh g-1) is less than the capacity
of Si (3579 mAh g-1). It is more expensive than Si [7-9]. However, Ge is still a promising anode
material for high-power LIBs, as its conductivity is 104 times higher than the capacity of Si. Li ions
diffuse 400 times faster in Ge than in Si at room temperature (~20 °C)[10-12].
A significant change in the volume of Ge during lithiation and delithiation has been observed,
and this results in severe pulverization [13]. The development of nanostructured Ge such as
nanoparticles, nanowires, and nanotubes could improve the battery performance as those
nanomaterials can adjust to the volume changes without significant loss of structural integrity [1420]. However, Ge nanomaterials tend to merge into micrometer-sized particles during the Li-ion
insertion/extraction processes [21]. Therefore, thin and robust solid electrolyte interphase (SEI)
layers are needed to stabilize the interphase [22]. However, it has been observed that the SEI layers
crack during cycling. The Ge anode gets exposed to the electrolyte, resulting in the growth of SEI
and oxidation of the anode material. This decreases the battery performance over time. It was
revealed that a stable SEI layer could be formed on graphite anodes using carbonate electrolytes
(such as ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC)). The
layer could not be formed on Ge anodes [23]. It has also been reported that fluoroethylene
carbonate (FEC) can effectively stabilize the Ge/electrolyte interphase and improve battery cycling
[9]. FEC is less susceptible to oxidation, and the reduction of FEC results in the generation of fluoride
ions and the formation of LiF, which in turn results in the formation of a relatively stable SEI layer
[24-25].
Recently, polypyrrole (PPy), such as SnO2-PPy [26], CoP3@PPy [27], and α-Fe2O3/PPy [28], have
been used as additives for the fabrication of anodes used in lithium-ion batteries to improve the
battery cycling performance. The introduction of conductive polymers on Ge was also reported to
be an effective method to stabilize the SEI layer as the polymer could buffer the volume changes
during the cycling process [4, 29-30]. Inspired by these findings, we have fabricated PPy-coated
nanostructured Ge composite electrodes.
The process of synthesis of nanostructured Ge is normally expensive and complicated, and this
limits the use of Ge-based electrodes. Therefore, the electrodeposition of Ge thin film has gained
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immense interest, as it is a low-cost method. Due to their limited electrochemical window, aqueous
solutions are not suitable for the realization of Ge electrodeposition [31]. The electrodeposition of
Ge thin film (from organic solutions) also showed low current efficiency, and this could be attributed
to the evolution of hydrogen during the deposition process [32-33]. To address the problem posed
by the evolution of hydrogen, ionic liquids (ILs) were used as solvents for Ge deposition.
We introduce the process of fabrication of PPy coated nanostructured Ge composite electrodes.
The fabrication process was realized following a simple two-step electrodeposition process in 1butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([Py1,4]TFSI) ionic liquid. The
obtained Ge-PPy composite electrode could be used as an anode material in fluorine-containing IL
electrolytes. The electrochemical performance and the composition of the Ge-PPy/IL electrolyte
interphase were investigated. The Ge/IL and the Ge/PVdF-HFP-IL polymer gel electrolyte
interphases, formed during lithiation/delithiation processes, were also studied.
2. Materials and Methods
2.1 Electrodeposition of Ge from an Ionic Liquid Electrolyte
The ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [Py1,4] TFSI, was
purchased in its most pure form from Io-Li-Tec (Germany). It was used after drying under a vacuum
at 100 °C. The water content was reduced to < 2 ppm (Metrohm, Germany). GeCl4 (99.9%; 0.2 mol/L)
was purchased from Alfa Aesar. The electrochemical cell was made of Teflon and clamped over a
Teflon-covered Viton O-ring onto the substrate, yielding a geometric surface area of 0.3 cm2. The
Teflon cell and the O-ring were cleaned using a mixture of concentrated H2SO4 and H2O2 (35%)
(50:50, vol%). Subsequently, the sample was refluxed in distilled water. The working electrode in
the experiment was a copper plate. Prior to conducting the experiments, the copper plate was
cleaned using isopropanol and acetone to remove surface contaminants. Platinum wires were used
as the counter and quasi-reference electrodes. For germanium deposition, a constant potential
deposition method was conducted for 30 min in an argon-filled glove box. The water and oxygen
contents were < 2 ppm (OMNI-LAB from Vacuum Atmospheres). Following electrodeposition, the
residual ionic liquid in the cell was removed, and the electrodeposited germanium was cleaned
using the pure ionic liquid kept inside the glove box.
2.2 Germanium-Polypyrrole (PPy) Composite Anode
The PPy films were coated onto the electrodeposited Ge following the process of anodic
oxidation of pyrrole in the [Py1,4]TFSI electrolyte (concentration: 0.05 mol/L pyrrole/IL). To be
specific, a three-electrode cell was used to conduct the oxidation experiment. Cu, electrodeposited
with Ge, was used as the working electrode. Pt wires were used as reference and counter electrodes.
The PPy film was grown potentiostatically at 0.5 V vs. Pt for 30 min. Following the deposition process,
the PPy-coated Ge electrode was washed thrice with acetone.
2.3 Ionic Liquid-Polymer Gel Electrolyte
The ionic liquid electrolyte for the battery test was prepared by dissolving 1 mol/L of LiTFSI in
[Py1,4]TFSI. The polymer poly (vinylidenefluoride hexafluoropropylene) (PVdF-HFP) was dissolved in
acetone. The weight of the polymer was 7.5 wt.%. Subsequently, the ionic liquid was mixed with the
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PVdF-HFP/acetone solution and stirred magnetically over a period of 30 min. The weight ratio of
the ionic liquid electrolyte to PVdF-HFP was at 7:3. Thereafter, the solution was poured into a small
evaporation pan and dried at 60 °C in a vacuum for 4 h to allow the evaporation of acetone.
2.4 Assembling the Cell and Cell Characterization
The sandwich cell consisted of a metallic Li electrode, a glass fiber separator, and a Ge or a GePPy composite electrode. The mass loading corresponding to the active materials was ~5.2 mg/cm2.
The charge--discharge profiles were studied on a battery test instrument (Arbin BT2000, USA). The
electrochemical measurements were performed using a VersaStat II (Princeton Applied Research,
USA) potentiostat/galvanostat controlled by powerCV and power-step software. The obtained
deposits were characterized using the scanning electron microscopy (SEM, JSM 7610F, JEOL, Japan)
technique. The X-ray Photoelectron Spectroscopy (XPS) technique was used for sample analysis and
a Specs Phoibos 150 hemispherical analyzer equipped with a Specs XR50 M monochromatic Al Kα
source (1486.6 eV) with a base pressure of < 5 × 10−10 bar (SPECS, Germany) was used to conduct
the experiments.
3. Results
3.1 Synthesis and Characterization of the PPy Coated Ge
Figure 1a presents the results obtained using the cyclic voltammetry (CV) technique.
GeCl4/[Py1,4]TFSI (0.2 M) was used to study the Cu substrate in the cathodic regime at a scan rate of
10 mV/s. The electrode potential was scanned starting from the open circuit potential (OCP) in the
negative direction. The presence of two significantly intense reduction peaks was observed. The
first peak appearing at −1.7 V was attributed to the reduction of Ge(IV) to Ge(II), and the second
peak at −2.2 V was attributed to the reduction of Ge(II) to Ge(0) [12]. Chronoamperometry
experiments were performed to understand the reduction and growth mechanisms of Ge. The
current density vs. time profile recorded at a potential of −2.2 V (recorded over 30 min) is shown in
Figure 1b. A charged double-layer formed at the electrolyte/electrode interface in the presence of
applied voltage. The sudden increase in the current was attributed to the formation and growth of
the nuclei on the substrate. The nuclei continued to grow until the maximum current was attained
[34, 35]. The concentration gradient resulted in a rapid decrease in the cathodic current density
within a short time. Subsequently, the current density became stable, and the growth of the Ge
nuclei was controlled via a diffusion process.
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Figure 1 a) Cyclic voltammetry measurements for 0.2 mol/L GeCl4/[Py1,4]TFSI on Cu. The
scan rate was 10 mV s−1, b) Chronoamperogram used to analyze 0.2 mol/L of
GeCl4/[Py1,4]TFSI (on Cu) at a potential of −2.2 V (time: 30 min).
The SEM images with different magnifications of the Ge deposits obtained by electrodeposition
at −2.2 V for 30 min are shown in Figures 2a and 2b. The diameters of the grains are in the range of
a few micrometers and form a more or less compact film. Figure 2b revealed that the pristine Ge
particle was with diameter approximately 300 nm and these particles clustered into large
agglomerates. The Ge deposit was washed thrice with acetonitrile and transferred directly from the
glove-box to the XPS chamber. Contact with air was avoided. Analysis of the XPS survey spectral
profile revealed that only Ge was present on the surface, and oxidized products were absent. The
elemental Ge 2p 3/2 peak appeared at 1217.6 eV, which was typical for Ge (0). This indicated that
high-quality Ge was prepared.

Figure 2 a) and b) SEM images with different magnifications of the electrodeposited Ge
obtained at −2.2 V over a period of 30 min; c) XPS survey profiles recorded for the Ge
deposits.
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The morphological features of the PPy-coated Ge are presented in Figures 3a and 3b. Analysis of
the SEM image of the PPy coatings (Figure 3a) reveals the presence of micrometer-sized particles
that were uniformly distributed on the Ge surface. The surface morphology presented in Figure 3b
shows that the polypyrrole films consist of cauliflower-like structures. The EDX patterns in the inset
of Figure 3a present peaks corresponding to C, Ge, and Cu. The residual electrolyte on the surface
contributes to the generation of the Cl, F, S, and O peaks. The XPS results also show the presence of
residual ionic liquid. Analysis of the high-resolution N 1s spectral profile revealed that PPy was
successfully coated onto Ge. The XPS profile recorded for [Py1,4]TFSI shows the presence of two N
1s peaks. The one at the higher binding of 403.1 eV was attributed to the [Py1,4]+ cation, and the
one at a lower binding energy of 400 eV was assigned to the TFSI− anion [36]. The area ratio of the
two peaks should be roughly 1:1. In this case, the N 1s peak at 400 eV has a much higher integrated
area than that at 403.1 eV, suggesting that the N 1s of PPy contributes to the peaks at 400 eV.

Figure 3 a) and b) Morphologies of the PPy-coated Ge deposits; c) XPS survey profiles
and the detailed C 1s and N 1s profiles of the Ge-PPy composite.
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3.2 Electrochemical Performance of the Electrode
The electrochemical performances of Ge and Ge-PPy anodes for LIBs were subsequently
investigated by conducting lithiation and delithiation cycles using the cyclic voltammetry technique.
The cyclic voltammograms recorded for 1 mol/L LiTFSI-[Py1,4]TFSI on Ge and Ge-PPy substrates are
depicted in Figure 4. In both cases, the cyclic voltammograms recorded during the first cycle differ
from those recorded in subsequent cycles. In the first cycle, two reduction peaks at 1.75 V and 0.85
V were observed, which could be attributed to the formation of SEI. In the subsequent cycles, a
redox couple appeared at 0.45 V and 0.6 V, as indicated by the red arrow in Figure 4, and this could
be attributed to the intercalation of Li and the formation of the LixGe alloys.

Figure 4 a) Cyclic voltammetry cycles recorded for 1 mol/L LiTFSI-[Py1,4]TFSI on the
electrodeposited Ge and b) on the Ge-PPy composite electrode. The scan rate was 10
mV s−1.
Subsequently, galvanostatic charge-discharge cycles were performed at a current density of 0.15
A g−1. Figure 5 compares the first charge/discharge curves of 1 mol/L LiTFSI-[Py1,4]TFSI on the
electrodeposited Ge (Ge/IL), Ge-PPy composite electrode (Ge-PPy/IL), and Ge with IL-PVdF-HFP
polymer gel electrolyte (Ge/PVdF-IL). The specific capacities for lithiation were 1930 mAh g−1, 1330
mAh g−1, and 1040 mAh g−1, and the discharge capacities were 656 mAh g−1, 851 mAh g−1, and 665
mAh g−1, for Ge/IL, Ge-PPy/IL, and Ge/PVdF-IL, respectively. The Coulombic efficiencies recorded
during the first charge-discharge cycle were approximately 34%, 64%, 64%, respectively. The
irreversible capacity fading observed during the first cycle might be attributed to the irreversible Li
insertion process, decomposition of the electrolyte, and the formation of the SEI.
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Figure 5 First galvanostatic charge-discharge capacity for Ge/IL, Ge-PPy/IL, and
Ge/PVdF-IL at a current density 0.15 A g−1.
These cells were cycled at ~0.3 C to compare the electrochemical performances observed during
the charge-discharge cycles and study the process of SEI formation. The cell was first charged at a
low current to activate the cell and then cycled at 0.3 C. The charge-discharge capacity and
Coulombic efficiency of these cells are shown in Figure 6. In Figure 6a (red points), the initial
discharge capacity is 480 mAh g−1 for Ge/IL, and the capacity decreases significantly during the
subsequent cycles. After undergoing 13 discharge/charge cycles, the discharge capacity was
recorded to be 400 mAh g−1 and the Coulombic efficiency improved from 90% to 97.3%. The cell
maintained a discharge capacity of 266 mAh g−1 after 150 cycles. Figure 6a (black points) shows the
discharge capacity of Ge-PPy/IL, which reduced from 560 mAh g−1 to 440 mAh g−1 over the first 20
cycles. In addition, the Coulombic efficiency oscillated during the first 20 cycles, which might be
attributed to the formation of the unstable SEI. The PPy coating might have cracked, and fresh GexLi
or Ge phases could have been exposed to the electrolyte, which could have released Li or consumed
Li to form the SEI. The discharge capacity faded to 285 mAh g−1 after 150 cycles. The Ge/PVdF-IL cell
also exhibits a capacity fade, as shown in Figure 6a (blue points). The capacity gets reduced from
461 mAh g−1 to 200 mAh g−1 after 150 cycles. However, the Coulombic efficiency was quite stable at
~98%. It can be seen that Ge-PPy/IL has a higher discharge capacity than Ge/IL and the Ge/PVdF-IL
polymer gel electrolytes in the Li|Ge cells. However, the voltage profiles in Figures 6b, 6c, and 6d
do not present significant differences.
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Figure 6 a) Charge-discharge capacity and Coulombic efficiency of Ge/IL, Ge-PPy/IL, and
Ge/PVdF-IL at 0.3 C; Voltage profiles of b) Ge/IL, c) Ge-PPy/IL, and d) Ge/PVdF-IL,
respectively.
3.3 SEI Analysis
The X-ray photoelectron spectroscopy (XPS) technique was used to evaluate the interfacial
processes and the composition of the SEI after charge-discharge cycles. The survey spectral profiles
recorded for the Ge/IL interphase after ~150 cycles are presented in Figure 7. The surfaces were
etched under conditions of Ar sputtering to remove residual electrolytes. The XPS survey profiles
primarily reveal the presence of decomposed ionic liquids products. The detailed spectral profiles
of F 1s, N 1s, O 1s, C 1s, and S 2p were fitted to identify the components, and the results are shown
in Figure 8. The binding energies of the components were calibrated using the C 1s peak appearing
at 284.8 eV as a reference. Two F 1s peaks of significantly high intensity were observed in the
spectral profile presented in Figure 8. The peak appearing at the high binding energy of 690.0 eV
was assigned to the TFSI− anion, and the peak appearing at 686.5 eV was attributed to LiF. Three
nitrogen peaks were present at 403.8 eV, 400.9 eV, and 399.5 eV, which were attributed to the
[Py1,4]+ cation, TFSI− anion, and Li3N, respectively, were observed in the N 1s profile. The [Py1,4]+
cation might also be decomposed by Li to form pyridine. This could potentially result in the
generation of the N 1s peak at 400.9 eV. The O 1s profile presents a peak at 534.1 eV and a small
peak at 531.8 eV, which were assigned to the TFSI− anion, and Li2SO3, respectively. The
decomposition of the TFSI− anion results in the formation of SO2 [37]. In the C 1s regime, four peaks
were observed, which were attributed to the two CF3 groups of the TFSI− anion (294.2 eV), Chetero
(288 eV), Calkyl (286.6 eV), and adventitious carbon (284.8 eV). The peaks at 170.7 eV and 165.3 eV
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in the S 2p spectrum were assigned to the TFSI− anion, and Li2SO3, respectively. The peak
corresponding to Li 1s was weak, and this could be attributed to its relatively low sensitivity and the
fact that it was partially covered by the electrolyte. It can be concluded from the results that the SEI
of Ge/IL mainly consists of inorganic Li salts such as LiF, Li2SO3, Li3N, and adsorbed and decomposed
IL.

Figure 7 Survey spectral profiles recorded for the Ge/1 mol/L LiTFSI-[Py1,4]TFSI
interphase after 150 cycles (in the Li|Ge cell).

Figure 8 XPS profiles recorded for the F 1s, N 1s, O 1s, C 1s, and S 2p of the Ge (in 1 mol/L
LiTFSI-[Py1,4]TFSI electrolyte) interphase after 150 cycles (in the Li|Ge cell).
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Figure 9 and Figure 10 display the XPS profiles recorded for the Ge-PPy/IL interphase after ~150
charge/discharge cycles. The survey spectral profiles in Figure 9 show the presence of Ge 2p and Ge
3d peaks, indicating that the SEI of the Ge-PPy/IL interphase is more compact than that of the Ge/IL
interphase. The F 1s spectrum in Figure 10 reveals the presence of only one peak (at 686.0 eV). This
was assigned to LiF. At the cycled Ge/PPy surface, signals of carbonate species (likely to be Li2CO3)
were detected, as indicated by the O1s peak at 532 eV and C1s peak at 290.0 eV (not shown here).
The presence of small amounts of Li2O was indicated by the O 1s peak at 529.2 eV. The peaks at
169.9 eV and 162.5 eV in the S 2p regime can be attributed to Li2NS2O4 and Li2S, respectively.
Analysis of the Ge 3d spectral profile reveals that the Ge surface is partly oxidized. The peak at 31.8
eV was assigned to GeO, and the one at 29.4 eV was attributed to elemental Ge. The reactivity of Li
or the Ge/IL alloys (with the electrolyte) was largely suppressed by the PPy coatings. The SEI layer
was compact and primarily consisted of inorganic Li salts.

Figure 9 Survey spectral profiles recorded for the Ge-PPy/IL interphase after 150 cycles.
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Figure 10 XPS profiles recorded for F 1s, O 1s, S 2p, Li 1s, and Ge 3d of the Ge-PPy/1
mol/L LiTFSI-[Py1,4]TFSI interphase recorded after 150 cycles (in Li|Ge-PPy cell).
The XPS profiles recorded for the Ge/IL-PVdF polymer gel electrolyte interphase (in the Li|Ge cell)
recorded after ~150 charge/discharge cycles are shown in Figure 11 and Figure 12. The compositions
of the Ge/IL-PVdF polymer gel electrolyte interphase are quite similar to the compositions of the
Ge-PPy/IL interphase. The SEI was compact and consisted of the decomposed products of LiF, Li2S,
Li2CO3, and Li2NS2O4. However, the detected Ge 3d was completely oxidized, and this was validated
by the presence of only two peaks at 33.0 eV and 31.0 eV in the Ge 3d spectral profile. These peaks
were assigned to Ge2O and GeO, respectively. This can potentially explain why Ge/IL-PVdF exhibits
a reduced discharge capacity than Ge-PPy/IL.

Figure 11 Survey spectral profile recorded for the Ge/IL-PVdF polymer gel electrolyte
interphase after 150 cycles.
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Figure 12 XPS profiles recorded for F 1s, O 1s, C 1s, Ge 3d, and S 2p of the Ge/1 mol/L
LiTFSI-[Py1,4]TFSI electrolyte interphase after 150 cycles (in Li|Ge cell).
4. Conclusions
A composite Ge/polypyrrole (PPy) electrode was prepared for application in Li-ion batteries, and
the composition of the SEI layer after charge/discharge was analyzed using the XPS technique. Ge
particles (grain size: ~300 nm) were obtained following the process of electrodeposition using 0.2
mol/L of GeCl4/[Py1,4]TFSI. Polymerization was carried out using 0.05 mol/L of pyrrole/IL. The
charge/discharge cycles were performed in 1 mol/L of LiTFSI/[Py1,4]TFSI. The Ge-PPy composite
electrode in IL-based electrolyte showed an initial capacity of 560 mAh g-1, which was significantly
higher than that of Ge in IL electrolyte (400 mAh g-1) and that of Ge in the PVdF-IL polymer gel
electrolyte (461 mAh g-1). Although a significant extent of capacity fade can be observed in all Ge
electrodes and Ge-PPy composite electrodes during the cycling process, Ge-PPy exhibited the
maximum capacity retention of 285 mAh g-1 after 150 cycles. Meanwhile, the Ge-PPy composite
electrode exhibited a stable Coulombic efficiency at approximately 98%. The interphases of the
Ge/IL, Ge-PPy/IL, and Ge/Il-PVdF polymer gel electrolytes after 150 charge-discharge cycles were
analyzed using the XPS technique. The results indicated the presence of a thick SEI layer primarily
consisting of the decomposed TFSI- anion and absorbed IL present at the Ge/IL interphase. Compact
SEI layers made of inorganic Li salts such as LiF, Li2S, Li2SO3, and Li2CO3 were present at the Ge-PPy/IL
and Ge/IL-PVdF interphases. It was inferred that PPy-coated Ge could effectively suppress the
oxidation of Ge, resulting in a significant improvement in the discharge capacity.
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Abstract
We fabricated three thermo-rechargeable batteries using low-cost transition metal
hexacyanoferrate and determined the thermal voltage (Vcell) and discharge capacity (Qcell) per
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compared with the calculated values, which were determined by analyzing the temperature
and capacity coefficients of the redox potential.
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1. Introduction
Thermal energy harvesting technology is indispensable for the reduction of carbon consumption.
Among the various energy harvesting devices in use, the battery-based device is promising because
the low-cost mass production of the devices is possible. Recently, numerous researchers have
reported that a battery can be charged by heating or cooling [1-11] by exploiting the difference in
the temperature coefficients (α) of the redox potential (V) between the cathode and anode. The
battery is a kind of thermo-rechargeable battery. In this paper, we label such a battery as a "tertiary
battery." The cell voltage (vcell) increases from 0 V to Vcell (thermal voltage) under conditions of
warming while the vcell decreases from 0 V to - Vcell under conditions of cooling. The electric energy
charged under conditions of heating or cooling works during a discharge process. Like a heat engine,
the tertiary battery converts thermal energy to electrical energy during the thermal cycle occurring
between low (TL) and high (TH) temperatures. This is in sharp contrast to the function of the
secondary battery, which is charged using external power. Similar to the secondary battery, the
important performance parameters of the tertiary battery are Vcell and discharge capacity (Qcell) per
unit weight of the total active material in the cathode and anode. This is because the product of Vcell
and Qcell governs the energy density per unit weight of the total active material. The larger the
product, the higher the efficiency of the tertiary battery to convert thermal energy into electrical
energy. The thermal voltage is determined by α and is expressed as Vcellcalc = (α+-α-)(TH-TL), where α+
(α-) represents the α of the cathode (anode) material. On the other hand, the discharge capacity is
governed by α and the charge coefficient (β) of V and is expressed as Qcellcalc = (α+-α-)(TH-TL)/[ β+/(1r)+ β-/r], where β+ (β-) and r [= m+/m+ + m-, where m+ (m-) is the weight of cathode (anode) material ]
are β of the cathode (anode) material and the weight ratio of the cathode material [11].
Prussian blue analogs, NaxM [Fe(CN)6]y (M-PBAs, where M = Mn, Fe, Co, Ni, and Cu), and
Na2Zn3[Fe(CN)6]2 (Zn-HCF) are prototypical transition metal hexacyanoferrates. These compounds
were investigated as electrode materials for the fabrication of Na+/Li+ secondary batteries [12-16].
They are promising electrode materials for tertiary batteries [4-11]. M-PBAs consist of a jungle-gymtype host framework and guest species (Na+ and H2O). The nanopores of the framework reversibly
accommodated the guest species for efficient fabrication of batteries. They could also be used for
selective ion adsorption and gas storage. Ni-PBA, Fe-PBA, and Cu-PBA containing small M2+ exhibit
face-centered cubic (fcc) structure (Fm3̅m; Z = 4). In the fcc structure, the crystallographic Na site is
located at the center of the nanopore. The number (N) of the crystallographic Na site increases with
an increase in the ionic radius of the M2+ ion [17]. On the other hand, Zn-HCF [18-20] consists of a
zeolite-like host framework and guest species in a trigonal structure (R3̅c; Z = 6). Importantly, the α
values of these compounds significantly depend on M, and the values range from -1.18 mV/K in CdPBA to 0.57 mV/K in Co-PBA [17]. The material dependence of α can be ascribed to the material
dependence of the redox site and N. The resultant material-dependent constraint depends on the
Na+ configuration.
To date, the performance of the tertiary batteries made of transition metal hexacyanoferrates,
such as the Co-PBA/Ni-PBA [10, 11], Co-PBA/Mn-PBA, Co-PBA/Cu-PBA, and Co-PBA/Zn-HCF have
been investigated [11]. The disadvantage of these tertiary batteries is that Co and Ni are relatively
expensive elements. It is desirable to develop tertiary batteries using materials composed of only
cheap metal elements, such as Fe, Cu, and Zn. Among the transition metal hexacyanoferrates, FePBA, Cu-PBA, and Zn-HCF are composed of cheap metal elements. In addition, the synthetic cost of
Page 207/218

JEPT 2022; 4(1), doi:10.21926/jept.2201011

Fe-PBA, Cu-PBA, and Zn-HCF are low because they are easily synthesized in an aqueous solution at
room temperature.
In this study, we determined the Vcell and Qcell of tertiary batteries made of low-cost transition
metal hexacyanoferrates (NaxFe [Fe(CN)6]0.893.8H2O (Fe-PBA), NaxCu [Fe(CN)6]0.885.8H2O (Cu-PBA),
and NaxZn3[Fe(CN)6]1.967.2H2O (Zn-HCF)). We compared the observed Vcell and Qcell values with the
calculated Vcellcalc and Qcellcalc values.
2. Materials and Methods
2.1 Sample Preparation
Fe-PBA, Cu-PBA, and Zn-HCF were synthesized following the protocols reported in the literature
[17]. The aqueous solution I was slowly dipped into aqueous solution II at a speed of 100 mL/h at
40 °C. The solution I contains 10 mM of MCl2 and 4 M of NaCl, whereas solution II contains 10 mM
of Na4[Fe(CN)6] and 4 M of NaCl. The mixture was stirred at 40 °C for 12 h. The synthesized powder
was filtered, washed, and dried. Figure 1(a) shows the synthesized Fe-PBA, Cu-PBA, and Zn-HCF
powders. The chemical composition of the metal elements was evaluated using a scanning electron
microscope (SEM: JST-IT 200; JEOL, Ltd.) equipped with an energy-dispersive X-ray spectrometer
(EDS). The content of the crystal water was evaluated using a CHN organic elementary analyzer. To
investigate the crystal structure, X-ray diffraction (XRD) patterns were investigated using an X-ray
diffractometer (MultiFlex; Rigaku). The experiments were conducted at room temperature. The Xray source was CuKα. In Fe-PBA and Cu-PBA, all the diffraction peaks can be indexed to the fcc cell
(Fm3̅ m; Z = 4). We refined the lattice constant “a” following the Rietveld method (Reitan-FP
program [21]): a = 10.275(3) Å for Fe-PBA; a = 10.118(9) Å for Cu-PBA). In Zn-HCF, all the diffraction
peaks can be indexed with the trigonal cell (R3̅c; Z = 6). We refined the lattice constants (a = 7.430(2)
Å and c = 17.526(5) Å) following the Rietveld method.

Figure 1 (a) Synthesized powder (upper) and electrode (lower) corresponding to Fe-PBA,
Cu-PBA, and Zn-HCF. (b) Fe-PBA/Zn-HCF tertiary batteries. Fe-PBA, Cu-PBA, Zn-HCF
represent
NaxFe
[Fe(CN)6]0.893.8H2O,
NaxCu
[Cu(CN)6]0.885.8H2O,
and
NaxZn3[Fe(CN)6]1.967.2H2O, respectively.
2.2 Electrode Preparation
The electrodes for Fe-PBA, Cu-PBA, and Zn-HCF were prepared. First, the sample powder,
acetylene black, and polyvinylidene difluoride (PVDF) were mixed in the ratio of 7:2:1 with N,NPage 208/218
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dimethylformamide (DMF). Then, the mixture was pasted on an indium tin oxide (ITO) electrode
coated on a polyethylene terephthalate (PET) substrate. The electrode was well dried in a vacuum
at 60 °C. The electrodes area was 1.0 cm2. The sample weights for each electrode were in the range
of 0.1-0.8 mg. Figure 1(a) shows the electrodes corresponding to Fe-PBA, Cu-PBA, and Zn-HCF. The
charge and discharge curves of the electrodes were determined using a potentiostat (HJ1001SD8;
HokutoDENKO) in a three-pole beaker-type cell. The sample, Pt, and Ag/AgCl standard electrodes
were used as the working, counter, and referential electrodes, respectively. An aqueous solution of
NaClO4 (17 mol/kg) was used as the electrolyte. The charge and discharge rates were approximately
0.3 C. The rate was evaluated from the ideal capacity. The current densities are 36.0, 18.2, and 20.1
mA/g for Fe-PBA. Cu-PBA, and Zn-HCF, respectively. The upper and lower cut-off potentials were
1.2 and 0.2 V, respectively, for Fe-PBA, 1.1 and 0.3 V, respectively, for Cu-PBA, and 1.0 and 0.1 V,
respectively, for Zn-HCF. The internal resistivity (R) of the electrode was evaluated by analyzing the
potential drop against the current density (I <200 mA/g). We confirmed ohmic relation between
Vdrop and I. The tertiary batteries were fabricated with electrodes whose R was less than 0.2 kΩ.
Figures 2 show the first discharge curves of (a) Fe-PBA, (b) Cu-PBA, and (c) Zn-HCF electrodes at
20 °C. The shapes of the discharge curves are consistent with data presented in the literature [12].
The discharge curve corresponding to (a) Fe-PBA exhibits a two-plateau structure. The upper (V =
0.6-0.8 V vs. Ag/AgCl) and lower (= 0.2 V) plateaus were ascribed to the reduction process of
[Fe(CN)6]3- and Fe3+, respectively [12]. The discharge curves corresponding to (b) Cu-PBA and (c) ZnHCF exhibit a single-plateau structure. The observed capacities were ascribed to the reduction
process of [Fe(CN)6]3-. We summarized the discharge capacity (Q) and calculated the capacity (Qcalc).
The Qcalc values were calculated assuming the redox reactions, Na1.56FeII[FeII(CN)6]0.893.8H2O →
Na0.56FeIII[FeII(CN)6]0.893.8H2O + 1.00 Na+ + 1.00 e- (low-V plateau), Na0.56FeIII[FeII(CN)6]0.893.8H2O →
FeIII[FeIII(CN)6]0.56[FeII(CN)6]0.333.8H2O
+
0.56
Na+
+
0.56
e(low-V
plateau),
II
II
II
III
+
Na1.52Cu [Fe (CN)6]0.885.8H2O → Na0.60Cu [Fe (CN)6]0.885.8H2O + 0.88 Na + 0.88 e-, and
Na1.84ZnII3[FeII(CN)6]1.967.2H2O → ZnII3[FeIII(CN)6]1.84[FeII(CN)6]0.127.2H2O + 1.84 Na+ + 1.84 e-. The
results are presented in Table 1. The observed Q is well reproduced by the calculated Qcalc.
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0

Figure 2 First discharge curves corresponding to (a) Fe-PBA, (b) Cu-PBA, and (c) Zn-HCF
at 0.3 C and 20 °C against capacity (q). The current densities are 36.0, 18.2, and 20.1
mA/g for Fe-PBA. Cu-PBA, and Zn-HCF, respectively. Downward arrows indicate the
initial potential of the pre-oxidized electrodes. Thin curves are q-derivatives of the redox
potential (V).
Table 1 Temperature coefficient (α) of V, range of V, discharge capacity (Q), and
calculated capacity (Qcalc) of low-cost transition metal hexacyanoferrates. Fe-PBA, CuPBA, and Zn-HCF represent NaxFe [Fe(CN)6]0.893.8H2O, NaxCu [Cu(CN)6]0.885.8H2O, and
NaxZn3[Fe(CN)6]1.967.2H2O, respectively. In Fe-PBA, the electrochemical parameters for
the respective plateaus are listed.
Compound
α (mV/K) V (V vs. Ag/AgCl) Q (mAh/g) Qcalc (mAh/g)
high-V plateau of Fe-PBA
-0.16
0.60-0.80
52
43
low-V plateau of Fe-PBA +0.26[17]
0.20
67
77
Cu-PBA
-0.35[17]
0.70 - 0.90
62
61
Zn-HCF
-0.83[17]
0.94
43
67
2.3 Determination of α
The α value corresponding to the high-V plateau of Fe-PBA was determined using a two-pole
beaker-type cell connected by a salt bridge. The two electrodes were the same, and they were preoxidized to the central position of the high-V plateau. An aqueous solution of NaClO4 (17 mol/kg)
was used as the electrolyte. The temperature of one electrode was controlled using a thermos-bath,
while the temperature of the other electrode was maintained at room temperature. Voltage
difference (ΔV) between the electrodes was measured against the temperature difference (ΔT)
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between the electrodes in the open-circuit condition. At each ΔT, we waited for several minutes
until ΔV stabilized.
2.4 Choice of Cathode and Anode for Tertiary Battery
Table 1 presents the α values and the range of V corresponding to Fe-PBA, Cu-PBA, and Zn-HCF.
Fe-PBA in the low-V plateau exhibits positive α, while Fe-PBA in the high-V plateau, Cu-PBA, and ZnHCF exhibit negative α. The difference in the sign of α can be ascribed to the difference in the redox
sites. The redox site is Fe in the low-V plateau of Fe-PBA, while it is [Fe(CN)6] in the high-V plateau
of Fe-PBA, Cu-PBA, and Zn-HCF [17]. We note that, in a working tertiary battery, the potentials of
the cathode and anode should be the same because the thermal cycle operates at approximately 0
V. Usually, the material (or plateau) with positive α, e. g., the low-V plateau of Fe-PBA, is suitable
for use as a cathode. However, the potential (V = 0.2 V vs. Ag/AgCl) of the low-V plateau of Fe-PBA
significantly deviates from the V ranges of the other materials (or plateaus), i.e., the high-V plateau
of Fe-PBA, Cu-PBA, and Zn-HCF. So, we selected the high-V plateau of Fe-PBA as the cathode, as the
V range (= 0.6 -0 0.8 V) was close to the range corresponding to Cu-PBA and Zn-HCF. The fabricated
Fe-PBA/Cu-PBA and Fe-PBA/Zn-HCF tertiary batteries exhibit finite offset voltages (Voff) between
the cathode and anode. From the viewpoint of performance evaluation, we evaluated the values of
Vcell and Qcell during the thermal cycle performed around Voff as the reference voltage.
2.5 Fabrication and Evaluation of Tertiary Battery
The tertiary batteries were fabricated as two-pole beaker-type cells, whose cathodes and anodes
were the pre-oxidized Fe-PBA electrode and pre-oxidized Cu-PBA (or Zn-HCF) electrode, respectively.
An aqueous solution of NaClO4 (17 mol/kg) was used as the electrolyte. Both the electrodes were
pre-oxidized [4, 10] in the three-pole beaker-type cells (described in sub-section 2.2). Figure 1(b)
shows an example of a tertiary battery. Table 2 presents the battery parameters. β+ (β-), m+ (m+), R+
(R-), and V+ (V-) are the q-coefficient of discharge curve, active material weight, internal resistivity,
and initial potential of the cathode (anode), respectively. Voff is defined by V+-V-.
The thermal cycle measurements were performed between TL (= 20 °C) and TH (= 40 °C) around
Voff. Each cycle consists of four processes, that is, (i) warming, (ii) discharge at TH, (iii) cooling, and
(iv) discharge at TL. The temperature (T) of the cell was monitored with a Pt resistance thermometer
and controlled in a thermobath. During the process (i), we slowly increased T from TL to TH and then
maintained the temperature at TH for 15 min in the open circuit condition. The process increases
the cell voltage (vcell) from Voff to Voff + Vcell. During the process (ii), we allowed the flow of a constant
current until vcell reached Voff. During the process (iii), we slowly decreased T from TH to TL and
maintained the temperature at TH for 15 min in the open circuit condition. During the process, vcell
was decreased from Voff to Voff-Vcell. During the process (iv), we allowed the flow of a constant
current until vcell reached Voff. For the convenience of explanation, we will refer to processes (ii) and
(iv) as the "discharge" processes.
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Table 2 Parameters of the fabricated tertiary batteries. β+ (β-), m+ (m+), R+ (R-), and V+
(V-) are the q-coefficient of discharge curve, active material weight, internal resistivity,
and initial potential of the cathode (anode), respectively. The β values are determined
at 20 °C. Voff (= V+-V-) is the offset voltage. The thermal cycle measurements were
performed at approximately Voff.
Name
Cu1
Cu2
Zn1
name
Cu1
Cu2
Zn1

Material
Fe-PBA
Fe-PBA
Fe-PBA
material
Cu-PBA
Cu-PBA
Zn-HCF

Cathode
Electrolyte
+
+
+
m (mg) V (mV) R (kW)
-16.2
0.43
960
0.20
17 mol/kg NaClO4
-16.2
0.30
960
0.10
17 mol/kg NaClO4
-16.2
0.36
980
0.18
17 mol/kg NaClO4
Anode
Voff (V)
β (Wg/h) m (mg) V (mV) R (kW)
-2.1
0.15
700
0.17
260
-2.1
0.22
700
0.17
260
-0.2
0.78
942
0.14
42

β+ (Wg/h)

3. Results
3.1 α in the High-V Plateau of Fe-PBA
Figure 3 shows the ΔV-ΔT plot for the high-V plateau of Fe-PBA. Open and filled circles represent
the data obtained under conditions of the ΔT-increasing and ΔT-decreasing runs, respectively. No
serious thermal hysteresis was observed in ΔV. We evaluated α following the least-squares fitting
(straight line) method. The α value corresponding to the high-V plateau of Fe-PBA was determined
to be 0.16 mV/K.
1

Fe-PBA in high-V ptateau

V (mV)

0
-1
-2
-3
-4
0

warming
cooling
10
T (K)

20

Figure 3 Voltage difference (ΔV) against temperature difference (ΔT) between cathode
and anode. Open and filled circles represent the data obtained in the ΔT-increasing and
ΔT-decreasing runs, respectively. The straight line represents the result of the leastsquares fitting.
It is interesting that Fe-PBA shows positive α in the low-V plateau and negative α in the high-V
plateau region (Table 1). From a thermodynamic point of view, α is expressed as (Sre-Sox)/e, where
Sre (Sox) and e represent the system entropy in the reduced (oxidized) state and elementary charge
(>0), respectively. The difference in the sign of α can be ascribed to the difference in the redox sites.
The redox site is Fe ([Fe(CN)6]) in the low-V (high-V) plateau [17]. The reduction process changes the
nominal charge (qn) in Fe or [Fe(CN)6] and modifies the configuration entropy of Na+ near the redox
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site. A large |qn| imposes strong restrictions on the Na configuration and reduces the Na+
configuration entropy. In the low-V plateau region, |qn| (= 2) in the reduced state (Fe2+) is smaller
than |qn| (= 3) in the oxidized state (Fe3+). Under these conditions, Sre is larger than Sox, resulting in
the generation of positive α, as observed. In the high-V plateau region, |qn| (= 4) in the reduced
state ([Fe(CN)6]4-) is larger than |qn| (= 3) in the oxidized state ([Fe(CN)6]3-). Under these conditions,
Sre is smaller than Sox, resulting in the generation of negative α, as observed.
3.2 Thermal Cycle of Tertiary Battery

vcell (mV)

Figure 4(a) presents the cell voltage (vcell) of the Cu1 cell during the first thermal cycle between
T L (= 20 °C) and TH (= 40 °C). A broken straight line represents the offset voltage (Voff). During the
process (i), the cell was slowly warmed from TL to TH. During this process, vcell increases from 260
mV to 265 mV. During the process (ii) at TH, the cell was discharged at a rate of 0.89 mA/g per unit
weight of the total active material. During the process (iii), the cell was cooled from TH to TL. During
this process, vcell decreases from 260 mV to 256 mV. During the process (iv) at TL, the cell was
discharged at a rate of -0.89 mA/g. Similar characteristics were observed for the Cu2 [Figure. 4(b)]
and Zn1 [Figure. 4(c)] cells. We determined Vcell and Qcell during the first thermal cycle and listed the
results in Table 3. The tertiary batteries, however, become unstable after the second thermal cycle
(results not shown). The change in vcell becomes asymmetric between the warming and cooling
processes with an increase in the cycle number. Eventually, the vcell rise in the warming process
disappears. Such a deterioration in the thermal cycle is ascribed to the vcell drift toward 0 V with
time.
270
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TL= 20°C, TH= 40°C
(iii)

260
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Figure 4 Cell voltage (vcell) of the tertiary batteries during the first thermal cycle between
T L (= 20 °C) and TH (= 40 °C): (a) Cu, (b) Cu2, and (c) Zn1. Broken straight lines represent
the offset voltages (Voff). The cycle consists of four processes: (i) heating and waiting, (ii)
discharge at TH, (iii) cooling and waiting, and (iv) discharge at TL.
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Table 3 Observed thermal voltage (Vcell) and discharge capacity (Qcell) per unit weight of
the total active material in the cathode and anode. Vcellcalc and Qcellcalc represent the
calculated values. Experimental error in Vcell is 1 mV (2 mV) for the Cu1 and Cu2 (Zn1)
cells. Experimental error in Qcell is approximately 10%. Vcellcalc is expressed as Vcellcalc =
(α+-α-) ΔT, where α+(α-) is the T-coefficient of V for the cathode (anode) material. Qcellcalc
is expressed as Qcellcalc = (α+-α-) ΔT/[β+/(1-r)+β-/r], where β+ (β-) and r [= m+/m+ + m-,
where m+ (m-) represents the weight of the cathode (anode) material] are the qcoefficients of V for the cathode (anode) material and the weight ratio of the cathode
material. The values above and below slash in the observed columns means values at TL
and TH, respectively.
name

Cu1
Cu2
Zn1

observed
|Vcell| (mV)
TL/TH

Qcell (mAh/g)
TL/TH

4.7/4.3
4.2/4.6
5.3/10.3

0.1/0.1
0.2/0.1
0.2/0.3

calculated
|Vcellcalc| (mV)

Qcellcalc (mAh/g)

4.0
4.0
13.4

0.1
0.1
0.5

Figure 5(a) presents the cyclability of the charge and discharge curves corresponding to Fe-PBA
(a) at 10 °C and (b) at 50 °C, Cu-PBA (c) at 10 °C and (d) at 50 °C, and Zn-HCF (e) at 10 °C and (f) at
50 °C. The cycle data at 10 °C were obtained using freshly prepared electrodes, while the data at
50 °C were obtained using fully discharged electrodes. The first charge curve corresponding to (a)
Fe-PBA at 10 °C presents only the high-V plateau region. This is because Fe is in its trivalent state in
the as-grown Fe-PBA system [12]. In (a) Fe-PBA at 10 °C, a small deterioration in the capacity is
observed at the 10th cycle. The capacity deterioration becomes significant at 50 °C [(b)]. The capacity
deterioration at 50 °C may cause the potential drift observed in the tertiary batteries. A comparable
capacity at 50 °C is also observed for Cu-PBA [(c) and (d)] and Zn-HCF [(e) and (f)].
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Figure 5 Cyclability of the charge and discharge curves corresponding to Fe-PBA (a) at
10 °C and (b) at 50 °C, Cu-PBA (c) at 10 °C and (d) at 50 °C, and Zn-HCF (e) at 10 °C and
(f) at 50 °C. The cycle data at 10 °C were obtained using fresh electrodes, while the data
at 50 °C were obtained using fully discharged electrodes.
4. Discussion
Let us compare the observed Vcell and Qcell values with the calculated Vcellcalc and Qcellcalc values.
Vcellcalc is expressed as Vcellcalc = (α+-α-) T. In the present experiment, T is fixed at 20 K. The α values
corresponding to Fe-PBA, Cu-PBA, and Zn-HCF are listed in Table 1. Qcellcalc is expressed as Qcellcalc =
(α+-α-)(TH-TL)/[β+/(1-r)+β-/r], where r [= m+/m+ + m-] is the weight ratio of the cathode material. The
β and m values of the investigated cells are listed in Table 2. The calculated Vcellcalc and Qcellcalc values
are summarized in Table 3. The observed values have also been presented.
For the case of the Cu1 cell, Vcell and Qcell were well reproduced (within the range of acceptable
experimental error) by the calculated values. For the Cu2 cell, except for Qcell at TL, Vcell and Qcell
values were well reproduced by the calculated values (within the acceptable range of experimental
error). The high Qcell value at TL could be attributed to the negative shift in the referential voltage.
For the Zn1 cell, the Vcell and Qcell values were smaller than the calculated values. The significantly
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small Vcell value at TL can be attributed to the drift in the vcell toward 0 V with time. The small Qcell
value can potentially be ascribed to the capacity deterioration of Fe-PBA and Zn-HCF at hightemperature conditions.
5. Conclusions
We determined the Vcell and Qcell values for thermos-rechargeable batteries fabricated from lowcost Fe-PBA, Cu-PBA, and Zn-HCF systems. For the Fe-PBA/Cu-PBA tertiary batteries, the Vcell and
Qcell values were well reproduced by the calculated values. For the Fe-PBA/Zn-HCF tertiary batteries,
the Vcell and Qcell values were smaller than the calculated values.
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