
Energy Technologies and

CO2 Management

VOLUME II

EDITORS

Fiseha Tesfaye

Lei Zhang

Donna Post Guillen

Ziqi Sun

Alafara Abdullahi Baba

Neale R. Neelameggham

Mingming Zhang

Dirk E. Verhulst

Shafiq Alam



The Minerals, Metals & Materials Series



Fiseha Tesfaye · Lei Zhang · Donna Post Guillen ·
Ziqi Sun · Alafara Abdullahi Baba ·
Neale R. Neelameggham ·Mingming Zhang ·
Dirk E. Verhulst · Shafiq Alam
Editors

REWAS 2022: Energy
Technologies and CO2
Management (Volume II)



Editors
Fiseha Tesfaye
Åbo Akademi University
Turku, Finland

Donna Post Guillen
Idaho National Laboratory
Idaho Falls, ID, USA

Alafara Abdullahi Baba
University of Ilorin
Ilorin, Nigeria

Mingming Zhang
Wood Mackenzie
Chicago, IL, USA

Shafiq Alam
University of Saskatchewan
Saskatoon, SK, Canada

Lei Zhang
University of Alaska Fairbanks
Fairbanks, AK, USA

Ziqi Sun
Queensland University of Technology
Brisbane, QLD, Australia

Neale R. Neelameggham
IND LLC
South Jordan, UT, USA

Dirk E. Verhulst
Reno, NV, USA

ISSN 2367-1181 ISSN 2367-1696 (electronic)
The Minerals, Metals & Materials Series
ISBN 978-3-030-92558-1 ISBN 978-3-030-92559-8 (eBook)
https://doi.org/10.1007/978-3-030-92559-8

© The Minerals, Metals & Materials Society 2022
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-92559-8


Preface

Volume II of the REWAS 2022 proceedings contains peer-reviewed papers presented
at the REWAS 2022: Energy Technologies and CO2 Management symposium, orga-
nized in conjunction with the TMS 2022 Annual Meeting & Exhibition and REWAS
2022.The symposiumwas sponsored by theTMSExtraction andProcessingDivision
(EPD), Light Metals Division (LMD), and Energy Committee.

The papers in this volume intend to address issues related to intricacies, chal-
lenges, and development of new strategies as the reliance on fossil fuels for energy is
unsustainable and has released an unprecedented amount of carbon dioxide into our
atmosphere. The continual research and development effort into clean and sustain-
able energy technologies and efficient carbon dioxide management are of paramount
importance to ensure the responsible progress of human civilization and innovations.

The REWAS 2022: Energy Technologies and CO2 Management symposium was
open to participants from both industry and academiawith a focus on energy-efficient
technologies including innovative ore beneficiation, smelting technologies, recycling
and waste heat recovery, as well as emerging novel energy technologies. The topics
cover various technological aspects of sustainable energy ecosystems, processes that
improve energy efficiency, reduce thermal emissions, and reduce carbon dioxide
and other greenhouse emissions. Contributions from all areas of non-nuclear and
non-traditional energy sources are discussed.

Topics include renewable energy resources to reduce the consumption of tradi-
tional fossil fuels; emerging technologies for renewable energy harvesting, conver-
sion, and storage; new concepts or devices for energy generation, conversion, and
distribution; waste heat recovery and other industrial energy efficient technolo-
gies; energy education and energy regulation; scale-up, stability, and life cycle
analysis of energy technologies, and improvement of existing energy intensive
processes; theory and simulation in energy harvesting, conversion, and storage;
design, operation, and optimization of processes for energy generation (e.g., carbon
capture) and conversion of energy carriers; energy efficiency improvement in process
engineering (e.g., for biomass conversion and improved combustion) and elec-
trical engineering (e.g., for power conversion and developing smart grids); thermo-
electric/electrolysis/photoelectrolysis/fundamentals of PV; emission control; CO2
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vi Preface

capture and conversion, carbon sequestration techniques, CO2 and other greenhouse
gas reduction metallurgy in ferrous (iron and steel making and forming), non-ferrous
and reactive metals including critical rare-earth metals; sustainability and life cycle
assessment of energy systems; and thermodynamics and modelling for sustainable
metallurgical processes.

We hope this volume will serve as a reference for materials scientists and engi-
neers as well as metallurgists for exploring innovative energy technologies and novel
energy materials processing.

We would like to acknowledge the contributions from the authors of the papers in
this volume, the effort of the reviewers involved with the manuscript review process,
and the help received from the TMS staff.

Fiseha Tesfaye
Lead Organizer, REWAS 2022: Energy

Technologies and CO2 Management
Åbo Akademi University

Turku, Finland
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Development of a Thermodynamic Model
for Chromates, Molybdates, Tungstates,
and Vanadates Involved in the Corrosion
of Steels (Fe, Cr, Ni, Mo, W, and V)
at High Temperatures in Atmospheres
Containing O–H–S–C–Cl and Alkaline
Salts

Sara Benalia, Christian Robelin, and Patrice Chartrand

Abstract This research work falls under the generic theme of modeling
high-temperature processes, during energy conversion, flaking, and corrosion
phenomenon, for systems converting mainly organic matter into energy. Energy
conversion facilities are made of a metal alloy of the type Fe–Cr–Ni–V–Mo–W and
are exposed to gaseous species from combustion, or from the flying of ashes. Under
certain conditions, highly corrosive molten salts may be formed, causing the protec-
tive oxide layer of the steel to be transformed into either chromates, molybdates,
tungstates or vanadates, or their mixture. This is called “catastrophic” corrosion.
The presence of ash deposits limits the maximum operating temperature and the
energy efficiency of the process. Thus, this research aims to develop a thermody-
namic model including chromates, molybdates, tungstates, and vanadates that may
form in environments containing O–H–S–C–Cl and alkaline salts, to predict the
limiting conditions at which ash deposition and corrosion can occur.

Keywords Thermodynamic modeling · Energy conversion processes ·Molten
salts · Alkaline salts

Introduction

In this context, our research focuses on the high-temperature modeling of “hot
corrosion” products (600–950 °C) in combustion energy conversion processes. This
phenomenon occurs most often in combustion furnaces, coal gasification, or biomass

S. Benalia (B) · C. Robelin · P. Chartrand
Centre for Research in Computational Thermochemistry (CRCT), Department of Chemical
Engineering, Polytechnique Montréal, Station Downtown, Box 6079, Montréal, QC H3C 3A7,
Canada
e-mail: sara.benalia@polymtl.ca
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F. Tesfaye et al. (eds.), REWAS 2022: Energy Technologies and CO2 Management
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conversion units and recovery boilers. The major challenge for manufacturers is to
maximize the energy efficiency of these processes [1–12].

To do this, the fuel should be burned with excess oxygen under conditions of high
steam pressure and temperature. On the other hand, this trend, which targets such
operating conditions, accelerates the risk of corrosion, which consequently limits
energy efficiency gains [1–12].

Hot corrosion manifests itself specifically on the coldest parts of installations,
where the water vapor circulating under pressure is heated by heat exchange with
combustion gases such as furnace walls, tubes of parts of thermal power plants, and
steam generators [13].

Environmental corrosiveness is largely related to the amount of air that must be
available for combustion and the nature of the fuel used containing impurities (S,
Cl, Na, K, V, Zn, Pb, etc.), thus determining the compositions of gases and ashes
[12, 14–16]. High-temperature corrosion is usually the result of a combination of
oxidation and sulfuration. Indeed, fly ash or alkaline salts can adhere to the metal
walls, thus forming deposits.

This results in a change in the chemical potential of the environment at its interface
with the metal. Due to the contact of oxygen and sulfur, the deposit has the effect
of decreasing the oxygen potential and increasing the sulfur potential, which will
prevent the formation of a protective and durable oxide layer [12]. The formation of
these types of deposits, often rich in salts, increases the risk of corrosion and even
more so when they become liquid, since they can dissolve the protective oxides and
attack the metal surface.

Case Study of a Corrosion Problem in the Manufacture
of Pulp by the Kraft Process

Figure 1 shows a representative case of corrosion that occurs during pulp manufac-
turing, mainly at the recovery boiler. This corrosion phenomenon is due to either
molten salts or corrosive gases [9]. Figure 1 includes the main reactions that occur
in a recovery boiler as well as their location.

The problems caused by corrosion in recovery boilers are complex. Indeed, the
burned black liquor regenerates mainly mixtures of the molten salts Na2CO3 and
Na2S in the bottom of the furnace on the hearth [17]. The particulate residues during
the combustion of the black liquor are mainly mixtures of sodium sulfate, sodium
carbonate, and sodium chloride [18].

On the other hand, the reduction of sulfur to sulfide also produces hydrogen
sulfide, small amounts of which may escape with the flue gases when the air supply
is insufficient orwhen the airmixing in the furnace is incomplete. Large instantaneous
emissions of hydrogen sulfide can occur as a result of deposits falling from the furnace
walls [19].
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Fig. 1 Chemical reactions
in a recovery boiler (inspired
from reference [19])

In the upper part of the tubes and in the superheater, corrosion is mainly due to
gases containing water vapor, carbon dioxide, oxygen, some hydrogen sulfide H2S,
and sulfur dioxide SO2 [17]. Sulfur dioxide reacts with sodium in the gas phase to
form sodium sulfate.

Since the higher dry matter content of the black liquor leads to an increase in
temperature in the furnace, there is a decrease in hydrogen sulfide emissions and an
increase in sodium emissions.

The sulfidebound in greater quantities to the sodiumsulfate form therefore induces
a decrease in the sulfur dioxide emissions [19].

Context of Investigation

The formation of volatile ash and corrosive gases is mainly due to the elements
K, Na, Ca, Mg, Fe, Al, Si P, S, Cl, C, H, and O [14, 15]. These elements, in an
incinerating environment, can form complex ionic liquids, molten salts as well as
multicomponent gases. A chemical analysis of the solid deposits formed on the heat
exchangers revealed the presencemainly of KCl, K2CO3, andK2SO4 as well as small
amounts of NaCl, Na2CO3, and Na2SO4.

Presently, there are models that can predict the melting properties of K+, Na+ ||
Cl−, SO2−

4 , and CO2−
3 mixtures with good accuracy [16]. However, thermodynamic

models for chromates, molybdates, tungstates, and vanadates are still lacking.
We will focus on developing such models relevant for the corrosion of Fe, Cr, Ni,

Mo, W, and V steels in contact with oxygen, hydrogen, sulfur, carbon, chlorine, and
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alkaline salts (KCl, K2SO4, NaCl, Na2SO4, etc.). We will consider the system K+,
Na+ || Cl−, SO2−

4 ,CO2−
3 , (CrO2−

4 , Cr2O
2−
7 ), (MoO2−

4 ,Mo2O
2−
7 ), (WO2−

4 ,W2O
2−
7 ),

and O2− including in particular chromates, molybdates, and tungstates. The two
anions VO2−

4 and V2O2−
7 related to vanadate-based corrosion will not be included

in our model since the corresponding literature on corrosion mechanisms as well as
the thermodynamic data required for calibration are extremely limited.

The developed thermodynamic model will permit to predict the boundary condi-
tions under which corrosive deposits can occur and avoid their formation, so as
to preserve the facilities, and optimize the energy conversion rate while increasing
temperature (reduction of the burned fuel consumption for the same energy effi-
ciency). The main challenge is to avoid the fusion of ash deposits which is favored
by higher temperatures.

Corrosion Related to Alloying Elements (Cr, Mo, W, and V)

Chromates

Thermodynamic model of 6+ oxidation state of chromium takes into account the
presence of the following compounds: K2CrO4, Na2CrO4, K2Cr2O7, and Na2Cr2O7.
Indeed, the interaction ofKCl orNaCl from combustion processeswith the protective
layer of Cr2O3 generates a whole sequence of corrosion reactions forming K2CrO4

and Na2CrO4 [7, 10] according to:

24KCl(s)+ 10Cr2O3(s)+ 9O2(g) = 12K2CrO4(s)+ 8CrCl3(s)

2Cr2O3(s)+ 8NaCl(s)+ 5O2(g) = 4Na2CrO4(s)+ 4Cl2(g)

During the reaction, chromium oxide converts to sodium chromate (Na2CrO4) or
potassium chromate, which results in further oxidation of chromium from state III
to VI [2]. In addition, the protective oxide will be affected by the emitted chloride,
which attacks the steel aggressively [4].

Potassium dichromate (K2Cr2O7) is formed as a result of the interaction of KCl
with Cr [2]. The latter is involved in the formation of eutectic mixtures with K2CrO4

and KCl [2]. The melting temperatures of these mixtures are even lower than the
melting points of the pure compounds. Therefore, their presence induces the dissolu-
tion of the Cr2O3 protective film in the form of chromate or dichromate ions (CrO4

2−
or Cr2O7

2−) [2].
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Molybdates

Studies by [8, 20] have highlighted the effects of Mo on the hot corrosion of superal-
loys. The formation of Na2MoO4 and a molten mixture of Na2MoO4-MoO3 causes
catastrophic corrosion. The mechanism of the latter remains unclear [21].

Leslie and Fontana [22] investigated the oxidation of Fe-25Ni-16Cr-6Mo (Mo >
3%) nickel-based superalloys at 900 °C and noted that the corrosion of steel had been
catastrophic, with a significant accumulation of MoO3 gas on the metal surface.

Further studies revealed that MoO3 combines with Na2SO4 to produce an acidic
SO2-rich salt, generating an acidic flux at the deposit/metal interface.

In addition, the evidence of Na2MoO4–MoO3 and Na2MoO4–2MoO4 liquid
solutions, indicates that those exhibit high Cr2O3 solubility [8].

Tungstates

Catastrophic corrosion can also originate fromNa2WO4 [21], which leads to the self-
sustained acidic dissolution of the protective oxide layer when the salt film contains
WO3 (a strongly acidic oxide).

Vanadates

Dissolution of Cr2O3 protective layers can occur in the presence ofmolten vanadium-
based deposits. This is because V2O5 is a strongly acidic oxide that can promote the
automatic dissolution of the protective oxide [9].

Oxides forming acidic solutes of much higher solubility in the presence of vana-
dates would lead to more rapid attack by molten sulfate-vanadate mixtures than by
molten sulfate [10].

Strategy and Description of Our Methodology

Thermodynamic models allow to better investigate the chemistry of ash deposits
and heat exchanger alloys, since the combined ash/gas/alloy chemistry controls the
melting behaviour of ashes.

For this purpose, a thorough literature review on chromates, molybdates,
tungstates, and vanadates was carried out for pure compounds, and binary, ternary,
quaternary, and reciprocal (i.e. systems with two or more cations and two or
more anions) sub-systems to gather the available data from the literature, and to
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perform thermodynamic optimizations. We have identified and collected all rele-
vant articles containing experimental data that can be used for the calibration of the
thermodynamic model (phase equilibria, heat contents, heat capacities, etc.).

The most reliable data have been identified and selected, and the thermodynamic
properties of the following pure compounds have been estimated: Na2CrO4, K2CrO4,
Na2Cr2O7, K2Cr2O7, Na2MoO4, K2MoO4, Na2Mo2O7, K2Mo2O7, Na2WO4,
K2WO4, Na2W2O7, and K2W2O7.

The Modified Quasi-Chemical Model in the Quadruplet Approximation [23–
26] is used for the liquid phase; it simultaneously considers the short-range order
between first-nearest neighbours (cation/anion) and between second-nearest neigh-
bours (cation/cation and anion/anion). The Compound Energy Formalism (CEF)
[27, 28] is used to model the solid solutions. A CALPHAD (CALculation of PHAse
Diagrams) approach is adopted (see Fig. 2): the model equations allow to describe
the Gibbs energy of every phase as a function of temperature and composition.

Predictions can be made for the multicomponent system of interest from the
model parameters obtained for the binary sub-systems (and possibly also the ternary
and ternary reciprocal sub-systems) using appropriate interpolation techniques.
Thermodynamic properties and phase equilibria are calculated using the FactSage
thermochemical software, which includes a Gibbs energy minimization algorithm.

Fig. 2 Flowchart representing the core of the CALPHAD method [29, 30]
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For some systems, there are limited or no data available in the literature, or some-
times conflicting data. Therefore, additional experiments are required in order to be
able to best calibrate the thermodynamic model.

Experiments are in progress at Åbo Akademi Process Chemistry Centre (Turku,
Finland) until the end of April 2022. The number of experiments that can be
conducted will depend on the restrictions related to the COVID-19 pandemic and on
the accessibility of the DSC/DTA apparatuses. XRD and DTA/DSC measurements
are being performed for the relevant pure compounds A2MO4 and A2M2O7 (with A
= Na or K, and M= Cr, Mo, or W). For a given compound, the crystal structures of
the various allotropes will be determined by XRD, thus permitting to define properly
the various solid solutions (in binary and higher-order systems), and DSC/DTA will
permit to measure the temperatures and enthalpies of the solid–solid transitions as
well as the temperature and enthalpy of fusion.

Thereafter, DSC/DTA measurements will be conducted for the relevant binary
sub-systems and ternary (common-cation, or ternary reciprocal with Na+, K+ and
2 different anions) sub-systems. Systems involving chromates, molybdates, or
tungstates are being prioritized since reactions of the type 2A2MO4 = A2M2O7

+A2O (with A=Na or K, and M= Cr, Mo, or W) are calculated to be very limited.
Then, predictions can be made in higher-order sub-systems from the corresponding
optimized binary model parameters.

Results

As an example, Fig. 3 shows the calculated Na2CO3–Na2CrO4 phase diagram along
with the available data from the literature. The two compoundsNa2CO3 andNa2CrO4

have several allotropes; the high-temperature forms both have the same crystal
structure (hexagonal) with the same space group (P63/mmc) [31, 32].

Thus, the experimental eutectic plateau observed over a wide composition range
corresponds to a solid solution miscibility gap (that is, the formation of two solid
solutions with the same crystal structure, and different compositions).

Summary and Conclusions

The relevance and original contributions of this project consist in the development
of a new thermodynamic model applicable to a wide range of problems mentioned
previously, in particular, related to combustion energy conversion.

The thermodynamic model developed by including chromates, molybdates, and
tungstates will permit researchers to better understand the phenomenon of catas-
trophic corrosion and avoid the formation of a corrosive liquid phase. Indeed, the
predictive capability of the model will be fully employed, allowing to optimize
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Fig. 3 Calculated Na2CO3-Na2CrO4 phase diagram

the operating parameters and improve the efficiency (energy and environmental) of
various industrial processes.

Additionally, this model will permit to calculate all thermodynamic properties
(especially phase equilibria) in every sub-system of the multicomponent system of
interest K+, Na+ || Cl−, SO2−

4 ,CO2−
3 , (CrO2−

4 , Cr2O
2−
7 ), (MoO2−

4 ,Mo2O
2−
7 ) andO2−.
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Copper in Biomass Fuels and Its Effect
on Combustion Processes

Fiseha Tesfaye, Daniel Lindberg, Mykola Moroz, Mikko Hupa,
and Leena Hupa

Abstract The role of Cu-based phases in combustion processes has boldly emerged
with the drastic increase in waste combustion, initiating the need to update ther-
modynamic databases for a better understanding and control of problems arising at
high temperature. In the present work, we have reviewed the content and sources
of Cu in selected biomass fuels and ashes, and examined the mechanisms through
which it affects combustion processes and the environment. Phase equilibria and
thermodynamic properties of phases in the CuCl-CuSO4 system and their effects on
the melting behavior of chlorides and sulfates of Na, K, Cu, Pb, Zn, and Fe were
investigated. The observed results are presented and discussed.

Keywords Renewable fuels · Copper · Eutectic melt formation · High
temperature · Thermochemical data

Introduction

The major greenhouse gas emissions come from the energy sector globally.
Increasing the generation of energy from renewable resources in different economic
sectors is essential to protect the environment. Solid biomass, municipal waste, and
industrial waste utilization for energy generation is one of the options available for
reducing the use of fossil fuels. Furthermore, in an attempt to increase self-sufficiency
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in energy, fossil fuel importing countries have been planning to enhance energy
generation from renewable resources and improve existing renewable-energy power
plants. One of the driving forces to enhance the usage of renewable-energy sources
is the target set by the European Union (EU) [1]. In biomass-rich countries such as
Finland, the energy produced from wood-based fuels (solid biomass) accounted for
>25% of the total energy consumption in 2020 [2]. A large share of this energy comes
from the forest industry’s byproducts, including bark, black liquor, and sawdust. In
2019, the share of solid biomass in the heating sector of the EU was about 17%
[3]. Combustion of biomass for heat and electricity is generally carried out in large
industrial combustors such as fluidized bed boilers and grate-fired boilers.

In biomass combustion processes, alkali metal elements in the biomass fuels and
the ash fusion behavior are the two main factors contributing to fouling and slagging
during high-temperature processing. These fouling and slagging problems threaten
the long-term operational availability and economics of power plants [4–6]. For
instance, renewable-energy power plants built recently in Northern China have to
shut down for cleaning the boiler almost every month because of the fouling in the
intermediate-temperature superheaters [6, 7]. Problematic low-temperature fouling
also often occurs on or near the bag filters of some boilers [7]. One of themain effects
of the formation of slagging and fouling deposits is that they reduce the heat transfer
process between the flame side and the water steam side and accelerate corrosion and
erosion on the surfaces of superheaters and boiler tubes. These deposits also result
in an increase in the flue gas temperature that reduces the efficiency of the plant
system and increases corrosion and erosion problems in the boilers [8, 9]. Corrosion
control is considered as a piece of a big puzzle for the economics of power plants;
controlled corrosion minimizes the need for tube replacement (reduced maintenance
cost), minimizes plant shut-down frequencies, and maintains a good level of plant
efficiency during operations [8].

A high alkali metal concentration in renewable fuels is known to result in the
formation of compounds with low melting temperatures. Considerable amounts of
the highly corrosive alkali chlorides in the flue gases are agglomerated in these
processes [10]. The main objective of this work is to review the content of copper in
biomass and waste-derived fuels and their ashes, and examine mechanisms through
which copper affects combustion processes, including deposition/melt formations
and environmental aspects. Effects of CuClx and CuSO4 on the other salts to induce
melt formations are investigated.

Copper in Combustion Processes

As much as Cu plays a crucial role in modern society, it is considered problem-
atic when it comes to combustion processes. Cu in biomass fuels exists as a trace
metal. According to Vassilev et al. [11], Cu in various biomass ashes (ash samples
generated under laboratory conditions) is typically around 100 ppm. The effect of
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Cu in combustion processes has boldly emerged with the drastic increase in waste
combustion.

Undesired copper levels in biomass combustion processes usually emanate from
contaminations and co-firing with other fuels. In waste-derived fuel combustion
processes, copper was reported to occur in oxidation states of zero, +I, and +II:

• the bed ash mainly contains a mix of Cu and Cu- oxides [12], and
• the cyclone ash may contain a mix of copper metal, Cu2O, CuClx, Cu(OH)2, and

CuSO4·5H2O [12].

Copper halides are known to have a catalyst role in the formation of the envi-
ronmentally harmful PCDD/F emissions in the de novo mechanism. The behavior
of copper in fly ash in the oxychlorination cycle is illustrated in Fig. 1. CuCl2 is an
active catalyst compared to CuSO4 [12]. This catalytic effect of Cu halides is the
most intense in the lower temperature range 200–400 °C.

On the other hand, the relatively higher Cu contents in municipal solid waste
incineration (MSWI) ash can be a potential source of metal recovery. Cu in different
forms was reported up to 1 wt% in MSWI bottom ash, and around 1000 ppm in
MSWI fly ash [14].

Fig. 1 The formation of PCDD/F (dioxins and furans) in the de novo mechanism catalyzed by
CuClx, modified from [13]
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Composition of Copper in Fuels and Ashes

The approximate concentration level of copper in softwoods and hardwoods
(excluding carbon, hydrogen, nitrogen, and oxygen) is in the range of 1–10 ppm
[15]. The average concentration of Cu in the inner and outer barks of birch, spruce,
and pine is 2 ppm, with higher content in the outer surfaces [16].

The content of Cu in different biomass varies significantly; for example, wheat
straw contains 0.06 ppmCu [17], beech wood contains 43 ppmCu [17], phyto remed
from plants in contaminated sites contains 70 ppm Cu [18], sewage sludge contains
330 ppm Cu [19], chicken litter contains 71 ppm Cu [20], and paper sludge contains
310–450 ppm Cu [21, 22]. According to Saarela et al. [16], the pine bark obtained
nearby the metal industry in Kokkola, Finland, contained about 515 ppm of Cu.

According to Grasso and Atkins [23], recycled wood fuels including telephone
poles, pallets, and shipping containers can contain above 1000 ppm Cu. Their result
indicates that waste-derived fuels contain a significantly higher concentration of Cu,
compared to the <10 ppm concentration of Cu in non-recycled woody biomass. The
main sources for copper in waste-derived fuels and ashes are:

• brass and copper wires;
• “impregnated wood”—CCA (Chromated copper arsenate (CrAsO4 +

Cu3(AsO4)2));
• plastic catalyst and colorant; and
• pigments.

During combustion processes, all heavy metals except mercury are retained in
the ash effectively [24]. However, the heavy metals including Cu are significantly
enriched in the finer aerosol particles formed during combustion [25]. The parti-
tioning of metals between the bottom ash and the fly ash depends on the type of
furnace [26]. Thermodynamic equilibrium is attained in larger bottom ash particles
from grate furnaces because of the length of exposure to high temperature of the
particles. However, in fluidized beds, there is insufficient time for equilibrium, and
mass transport effects dominate [24]. Table 1 shows the composition of copper in
ashes of different fuels. The reported results also suggest a higher concentration of
copper in the fly ashes than the bottom ash.

Results and Discussion

Thermodynamic Considerations in Combustion Processes

To avoid the liquid phase formations, phases and phase mixtures that lie along the
solidus and liquidus linesmust be determined. These datawill also help to understand
corrosion mechanisms on the superheater surfaces. When the composition of the
feedstock is known, accurate data on the ash melting behavior together with furnace
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Table 1 Concentration of copper in different types of ash

Fuel source of ash Type of ash Cu content (ppm) Reference

Spruce wood Ash samples generated under laboratory
conditions, after combustion at 500 °C for
4 h in a muffle furnace

42.7 [27]

Beech wood 29.3

Oak wood 37.9

Spruce wood bark 16.1

Beech wood bark 12.4

Beech wood bark 12.6

Boiler biomass Bottom 12.8 [28]

< 10.0 [29]

Cyclone 31.6 [28]

Filter 18.9 [28]

60.0 [29]

gas temperature can help to identify the sticky temperature range, a temperature
range in which fly ashes contain a certain amount of melt that leads to sticking and
deposits build up on the surfaces of superheater and boiler tubes [30].

Copper Salts Containing Mixtures and Their Melting Behavior

The effect of CuCl on melt formation of Na-, K-, Cu-, Pb-, Zn-, and Fe- chlorides
were investigated. Figure 2 shows how the melt-forming temperatures of the salts
drop as the amount of CuCl increases in a binary mixture. For example, the melting
temperature of KCl is 771 °C. In the presence of 22 mol.% CuCl, the melt-formation
temperature drops to 550 °C.

Fig. 2 Effect of CuCl on eutectic melt formations with Na-, K-, Cu-, Pb-, Zn-, and Fe- chlorides
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Fig. 3 Effect of CuSO4 on the eutectic melt formations with K- and Na sulfates

The effect of CuSO4 on the eutectic melt formation with sulfates of K and Na
were investigated, and the results are presented in Fig. 3. As observed in the case of
mixing CuCl with the other metal chlorides, adding CuSO4 to the K- and Na- sulfates
forms eutectic melt that drops the melting temperature of the mixtures significantly.

Thesemixturemelt formations at a relatively lower temperature than the individual
phases could favor the sticking of fly ashes on the surfaces of the superheater and
boiler tubes, causing problematic deposit build-up that could eventually disrupt the
combustion process.

Summary and Conclusions

In this paper, the amount of copper in selected fuels and ashes, environmental aspects
of copper in the combustion processes, and the role of copper in undesired melt
formations on the surfaces of boiler tubes were reviewed.

It has been observed that the average amount of copper in woody biomass fuels is
between 0.5 and 10 ppm, in biomass ashes it is between 10 and 100 ppm, and inwaste-
derived fuel ashes it is between 1000 and 10,000 ppm. The main forms of copper in
combustion processes areCu, CuOx, CuClx, andCuSO4. Copper halides are observed
to be highly volatile and suspected to be key catalysts for dioxin formation via the
de novomechanism. The catalytic effect is reported to be higher at low temperatures
(200–400 °C).

The effect of CuCl and CuSO4 on the melting behavior of commonly known
chlorides and sulfates in combustion processes was examined, and all the studied
phases were found to form eutectic melt with both Cu salts. The effect of CuCl on
the low-temperature eutectic melt formation with KCl is the most significant.
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Synthesis Methods for Nanoparticle
Morphology Control in Energy
Applications

Joy Morin, Kiyo Fujimoto, Arin Preston, and Donna Post Guillen

Abstract Lightweight nano-compositematerials, nano-coatings, nanocatalysts, and
nano-structured materials have demonstrated an ability to reduce emissions and
maximize clean energy production. Nanoparticles play an important role in engi-
neering and decarbonization for energy applications, and a wide range of nanopar-
ticle synthesis methods have been developed to include those that enable control
over particle morphology. The ability to control nanoparticle morphology allows the
tailoring and improvement of material properties that will accelerate efforts towards
lowering carbon emissions by developing advanced catalysts for carbon seques-
tration and will enhance energy-efficient processes and technologies. Synthesis
methods aimed towards shape control of nanoparticles have demonstrated an ability
to form spheres, rods, flower-like shapes, cubes, plates, shells, and chiral geome-
tries. Processing methods used to form these morphologies include microwave-
assisted synthesis, solvothermal, hydrothermal, and a wide range of capping agents.
A discussion of a few of these methods is given along with results and applications.

Keywords Nanoparticles ·Morphology control · Synthesis · Decarbonization ·
Clean energy

Introduction

Nanoparticles are classified as “a particle that ranges from 1–100 nm in size [1].”
Specific mechanical properties of a material, like stiffness, tensile strength, and
hardness [2], vary and are determined by the size and shape of the nanoparticles
[3]. Some common shapes that a nanoparticle can form are spheres (Fig. 1), rods
(Fig. 1), flower-like shapes (Fig. 2), cubes (Fig. 3), plates (Fig. 4), shells (Fig. 5),
and chiral geometries (Fig. 6). Although these shapes can naturally form, there are
ways to control which shapes particles form. To intentionally achieve and control
these shapes, shape-control processes must be used. Many shape-control methods
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Fig. 1 Rod-shaped fluorescent mesoporous silica nanoparticles (a–d) and sphere-shaped fluo-
rescent mesoporous silica nanoparticles (e–f) [26] Used under a Creative Commons CC-BY
License

use a “bottom-up” approach, where the formation begins with atomic agglomeration,
or by modification of simple “seed” particles, and builds up into a shaped particle.
Such bottom-up methods proceed by atomic deposition in chemical, microwave, or
thermal environments using supplied capping agents and precursors. When using
a top-down approach, the shape is harder to control during synthesis [4]. In the
top-down approach, the material is taken away to form a product which is more
difficult to precisely control than synthesizing and building up material chemically.
The top-down approach is also typically more expensive [5]. Both thermodynamics
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Fig. 2 Flower-like SEM
images of PbS obtained in
the presence of glucose
(capping agent) [27] Used
under Open Access Creative
Commons Attribution-
NonCommercial-NoDerivs
3.0 Unported license

and kinetics are driving forces in nanoparticle synthesis. Kinetics refers to a stabi-
lized facet leading to the “most favorable pathway towards the final product,” while
thermodynamics refers to said stabilized facets as leading “to the most stable final
product [6].” During a thermodynamic process, the surface free energy of the parti-
cles decreases and forces the particle into a certain shape. Shape-control processes
can use either thermodynamics, kinetics, or a combination of the two during synthesis
[7]. The ability to control the shape of a particle provides numerous advantages such
as self-assembly [8, 9], increased plasmonic absorbance [10], and improved catalytic
activity [5, 11]. Multiple materials can be formed using shape synthesis. Metals and
ceramics are synthesized for electronic improvements [12], clean energy applications
[9, 13], and decarbonization efforts, among other applications [14].
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Fig. 3 Silver nanocubes synthesized at different growth times from [28]. Reprintedwith permission
from AAAS [28]

Fig. 4 Micrographs of shapes made by using scheme showing different platelet shapes (e, f, g, and
h) from [29]. Copyright (2007) National Academy of Sciences, U.S.A. Reprinted with permission
from PNAS [29]

Motivation

The ability to control nanoparticle shape during synthesis has several benefits. Things
like carbon emissions [13], catalysis [5, 11], self-assembly [9], battery efficiency
[12], and more can be improved. Although clean energy has made advances in the
past, specific nanoparticle geometry can providemore benefits than before. “Shape…
plays a major role in how particles are transported through a fluid, especially within
narrow tubes [15]” which is the environment of nanofluids used for heating and
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Fig. 5 (a)–(c) TEM images of Au@Ag (Core–shell bimetallic plasmonic NPs consisting of
gold NPs as core material and silver as shell) nanoparticles showing shell geometry (d) UV-
VIS absorbance spectrum [30] Used under the Creative Commons Attribution-NonCommercial-
NoDerivs License

Fig. 6 (a)–(b) 3D and SEM images of nanoparticles with chiral geometry, (c) magnetic B near-
fields, and (d) circular dichroism signals [31]. Used under the Creative Commons Attribution
License

cooling systems. An example of how shape is important in decarbonization specif-
ically can be seen in solar collection that takes advantage of nanoparticles [14].
Shapes with more sharp corners and edges can support larger plasmonic electric
field enhancements than shapes without [10]. In another study by Zhu, W., et al., it
was found that Pd nanoparticles with an octahedral shape showed higher CO selec-
tivity (up to 95%) and better activity than Pd nanoparticles that were synthesized
as cubes [16]. These Pd particles are used to reduce CO2 into a synthesis gas. With
higher CO selectivity, this process can be done more efficiently.
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Catalysts are also a large part of the motivation for shape control. Different shapes
of particles will have different surface facets. These surface facets will respond
differently with other molecules and can lead to more efficient interaction with said
molecule [5]. This will cause an increase in catalytic activity which can save time
and energy by having a faster reaction that may not require something like heat to
act as a catalyst. Catalysts play a major role in reducing carbon emissions. They can
be used to convert carbon into other useful materials like alcohol, so the better the
catalyst, the more carbon that can be converted. Catalysts can also be used in the
production of hydrogen. With improved catalysts, water can be split in a renewable
way to create hydrogen [11].

Another important factor of shape control is the promotionof self-assembly among
the nanoparticles. When particles are in a certain shape like cubes, there is more self-
assembly than other shapes like a sphere. This increased self-assembly can be used
to create networks of nanoparticles that can help fabricate functional devices like
catalysts [3]. Applications of these self-assembled networks include oil spill clean-
up, toxic metal removal, and removal of dyes in water [9]. Because of the bottom-up
formation of these nanonetworks, the pathways can be potentially controlled by
programming molecular-scale information by simple organic synthesis [9]. Some
of these self-assembled networks allow solid-like phases to interact with liquids,
leading to the removal of pollutants in water.

Improving battery efficiency is another area benefitted by shape-control synthesis.
A study by Seher, J., et al. showed that when LiFePO4 nanoparticles had a plate-like
shape, they showed an increase in electrochemical performance and fast-charging
capability compared to nanoparticles with a rod-like shape [12]. This means that
batteries using plate-like particles would have a faster charging time and improved
reliability, leading to less wasted energy and less contribution to pollution.

Other energy efficiency improvements in electricity play a role in reducing carbon
emissions while being affected by nanoparticle shape control. Thermoelectric power
generation is a process that takes waste heat and converts it to usable electric power
[13]. The conversion efficiency in this process can be improved based on the shape
of nanoparticle used. In a study by Han, L., et al., Al-doped ZnO particles were
synthesized into rods and platelets [13]. Platelets that had aligned laminar grains had
a better conversion efficiency than the rods and other platelets synthesized, which
would benefit the reduction of carbon emissions.

Methods and Outcomes

There are numerous ways to control the particle shape during nanoparticle synthesis.
Fourmain types of synthesis exist under the umbrella of thermodynamics and kinetics
including using different capping agents, microwave heat treatment, autoclave heat
and pressure treatment, and using different solvents and precursors at different
concentrations.
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Capping agents not only provide stability to nanoparticles by preventing agglom-
eration of colloidal particles but also restrict their growth. Capping agents have
a hydrophobic tail and a hydrophilic head that bond to the nanoparticles. Some
capping agents that are used in nanoparticle synthesis include small ligands, surfac-
tants, polysaccharides, cyclodextrins, polymers, and dendrimers [17]. One way that
capping agents are used is in creating electrocatalysts to increase the efficiency
of polymer electrolyte fuel cells (PEFCs) [18]. A study by Safo, I. A., et al.
attempts to accelerate the oxygen reduction reaction (ORR) by creating shape-
controlled nanoparticles to “modify the adsorption of reactants to the surface [18].”
Polyvinylpyrrolidone (PVP) and oleylamine (OAm) were the two capping agents
that were used and compared for the Pt nanocubes that were synthesized. The PVP
capping agents created smaller particles than the OAm capping agents, and the OAm
particleswere synthesized as spheres that “showed significantly higher electrochemi-
cally active surface area andORRactivity than the PVP” particles [18]. This spherical
shape created a better catalyst for the ORR. This is because the surfaces of cubes are
comprised of (100) facets, which are very low-index, low surface energy. The surface
of a sphere will have numerous facet types, and many of those will have high surface
energy. Another example of capping agents being used to synthesize nanoparticles
while controlling shape is called solution-phase synthesis. A study by Sun, Y., et al.
uses metal nanoparticles to synthesize hollow interior nano-structures [19]. A shape
that has a hollow interior will have higher surface areas compared to an equivalent
solid structure, which often leads to greater reactivity [5]. An oxidation–reduction
(redox) process called the galvanic replacement reaction was used to control the
“molar ratio between Ag and AuCl4-(aq) precursor added into the reaction mixture
[20].” This allowed for control of the structure of the final material.

Microwave synthesis is a method that provides a temperature change when
forming the nanoparticles. The reduction rate of the precursor monomer rapidly
increases in the solution, and this affects the particle formation shape. This process
is used over other heating methods like heating in a water or oil bath because of
the decrease in processing time [21]. A study conducted by Wang, W., et al. on zinc
oxide particle synthesis showed that different microwave temperatures produced
different particle shapes when using an ionic liquid [BMIM]BF4 [22]. When the
microwave was set to 50 °C, flower-like particles of ZnO were synthesized. While
under the same conditions but changing the temperature to 125 °C, needle-like shapes
were synthesized. In between those temperatures at 90 °C, both flower-like and
needle-like particles of ZnO were synthesized, showing that changing the tempera-
ture duringmicrowave synthesis can affect the shape of the particle being synthesized.
While the advantages of the flower-like shape compared to the needle-shape particles
were not studied in this experiment, it proves that microwave synthesis is a form of
shape-control synthesis.

An autoclave is another tool used for shape control during nanoparticle synthesis.
Autoclaves can reach temperatures and pressures that other methods can’t. Shape
synthesis using an autoclave is beneficial due to the fact that “the controlled envi-
ronment provided by the autoclave ensures that the best possible physical properties
are reputably attainable and repeatable [23].” A study by Mi, Y., et al. used the
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hydrothermal method in an autoclave to produce carbon micro-spheres [24]. By
using a combination of a water and glucose precursor (50 ml and 4.0 g, respectively)
with a 500 °C furnace, carbon micro-spheres were obtained after 12 h in the oven.
When the experiment was repeated at lower temperatures of 300 and 400 °C, no
carbon micro-spheres were obtained. These spheres are beneficial in the produc-
tion of lithium-ion secondary batteries, and “high-density and high-strength carbon
artifacts [24].” Cha, H. G., et al. show how pressure can affect nanoparticle shape
in a study where “different shaped metal nanocrystals were prepared by annealing
time and vacuum pressure and each have a highly crystalline structure [25].” When
under a vacuum pressure of 500 mTorr, multiple shapes of crystalized nanoparticles
were produced from Fe3O4 including rods, spheres, triangles, and diamond shapes.
It was observed that as pressure increases, nanocrystals will nucleate. This synthetic
process that Cha, H.G., et al. studied “is environmentally friendly and economical
because it uses nontoxic and inexpensive reagents and solvents,” so when applied to
a larger industrial scale, there will be less pollution than other methods [25].

The concentration of precursors and type of solvent used can also be used to affect
the shape. The concentration of the reducing agents, ion sources, or capping agents
will affect the growth rate, changing the particle shape.Using different solvents offers
different functional groups that can react with the precursor monomer. By changing
the solvent used in the synthesis, the particle shape that forms can be controlled
[4]. Rosenfeldt, S., et al. conducted a study where they used sodium-oleate and iron
salt to synthesize a metal-oleate precursor. It was found that when using a greater
excess of sodium-oleate, the particles would synthesize as cubes instead of spheres
like they formed with a smaller excess of sodium-oleate [3]. This is one example of
how changing the solvent/concentration can contribute to shape-control synthesis.
An example of how precursors can be used for shape synthesis is shown in a study by
Han, L., et al. A solution of 0.49 M Zn(CH3COO)2*H2O, 0.01 M Al(NO3)3, (Zn/Al
= 98: 2), 0.1 MNaOH, and 0.17 mM sodium citrate was used with Al-doped ZnO to
formplatelets,while a solution of 0.49MZnCl2, 0.01mMAlCl3, (Zn/Al=98: 2), and
0.1 mM PEG20 000 after adjusting the pH value to 7–8 using aqueous ammonia was
used to form rods [13]. Both methods used a hydrothermal technique to synthesize
the shapes, the platelets at 95 °C for 24 h, and the rods at 160 °C for 20 h which
also shows again how heat can also have a part in controlling particle shape during
synthesis. The method of concentration of materials and type of solvent is also used
in a study by Sofianos, V. M., et al. where synthesized zinc oxide is used to produce
hydrogen in a renewable way [11]. This is conducted by using sodium hydroxide to
form ZnO nanoparticles in the shapes of cuboids, spheres, and wires. The sodium
hydroxide was added to a solution of zinc acetate and absolute ethanol at three
different concentrations to achieve pH levels of 8, 10, and 12 which formed nano-
wires, cuboids, and spheres, respectively [11]. It was concluded that the spherical-
shaped nanoparticles had the highest electrocatalytic activity; however, all three
particle shapes had higher electrocatalytic activities towards hydrogen production
(splitting of water) than unloaded carbon control. Due to the high catalytic activity
shown by this method, advancements can be made to produce clean hydrogen.
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Becausemethods like these have been studied and proven towork in shape-control
synthesis, they can be further studied and applied to the cleaner energy solutions
outlined previously under the “Motivation” heading. Although these methods have
been shown to be effective in shape-control synthesis of nanoparticles, the progress
and development of shape control ismostly trial and error [5]. The reproducibility can
be challenging due to the number of variables like material, heating method, temper-
ature, and environment. By using more controlled environments such as autoclaves
or humidity-controlled rooms, some of these inconsistencies can be irradicated.

Conclusion

As can be seen, shape-control synthesis of nanoparticles is an important part of engi-
neering and innovation in the decarbonization process. The shape of a nanoparticle
affects properties like stiffness, tensile strength, and hardness as well as functions
like the particles’ ability to distribute, improve adhesion and catalysis, and promote
self-assembly. These improved abilities are being used to combat carbon emissions,
improve solar technology, and create more efficient batteries. Methods that use ther-
modynamics and kinetics including the use of capping agents, microwave synthesis,
the use of an autoclave, and different concentrations and types of solventswere shown
to have the ability to control the shape of nanoparticles during synthesis. While each
method produced different shapes, all showed that you can start with one shape and
have it change to another depending on the variables that are modified like temper-
ature, concentration, and materials used. By proving these methods are successful,
shape-control synthesis can be better implemented into combatting energy waste
and carbon emissions. Although these methods were successful at shape-control
synthesis in nanoparticles, the shape-control process remains complex and requires
trial and error to produce desired results.
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Silicon Production from SiO Gas
via Gas-Phase Reactions

Halvor Dalaker

Abstract The production of silicon with hydrogen is very challenging, although it
is possible to get partway there, as SiO gas can form from SiO2 and H2. For some
applications, metallurgical grade silicon is only an intermediary to gas-phase silicon
species and “not needed” from a value-chain point of view. This work explores
the possibility of going directly from SiO gas to useful Si-based gases with gas-
phase chemistry. In particular, it looks into reactions between SiO gas and Cl2 gas
to form SiCl4, which can be turned into raw materials for polysilicon production
in the Siemens process. If successfully implemented, this would make CO2-free
polysilicon production possible. The work is theoretical in nature and is based on
thermodynamical calculations using FactSage. Assessing the process steps in isola-
tion, calculations show that both SiO formation from H2 and SiO2 and the formation
of SiCl4 from SiO are thermodynamically favourable. Combining the two steps in
a process is likely to be challenging however, since if H2/H2O from the first step
is present during the second, this will interfere with the chlorination of SiO, repre-
senting a serious bottleneck. Unless SiO can somehow be separated from H2/H2O
at very high temperatures, success seems to be dependent on rapid quenching while
suppressing back-reactions.

Keywords Silicon · Hydrogen · Silanes · Sustainability

Introduction

Silicon production is associated with large CO2 emissions. In current industrial
processes, SiO2 is reacted with carbon into CO2 and Si, which means that CO2 is a
natural by-product that is hard to avoid. The options for CO2-abatement are to either
capture the emitted CO2, to use sustainably sourced and CO2-neutral biologically
based carbon (charcoal, biogas, etc.), or to invent new processes without carbon.
Hydrogen is a gas that is predicted to play a role in the decarbonisation of many
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sectors, including metallurgy, with particular attention on iron and steel. Unfortu-
nately, as opposed to the iron oxides, which react with hydrogen to form metallic
iron, silicon oxide cannot easily be reduced to silicon by hydrogen, and the reac-
tion between SiO2 and H2 to Si is thermodynamically unfavourable below 4500 °C.
However, the part-reaction to SiO gas, SiO2 + H2 → SiO + H2O, has been reported
experimentally by several groups [1–3].

In the Siemens process for high-purity polysilicon production, the main raw
materials are typically either trichlorosilane (SiHCl3) or monosilane (SiH4). In the
process steps leading up to these species, silicon tetrachloride SiCl4 is an unavoid-
able by-product, which can be turned into trichlorosilane through hydrogenation
reactions.

According to calculations in FactSage [4], the reaction between SiO gas and chlo-
rine gas into silicon tetrachloride is thermodynamically favourable at temperatures
below 2740 °C. Thus, the prospect arises of a new process in which hydrogen is used
to produce SiO gas, which is then chlorinated to SiCl4, which is further upgraded
into trichlorosilane and used in polysilicon production. This would remove the need
to produce metallurgical grade silicon as an intermediary and make the value chain
independent of carbon. If such a value chain could be realised, it would make silicon
production without process-related CO2 emissions possible. No investigations of the
concept of chlorination of SiO gas were found in the literature.

The aim of the present work is to explore some key reactions and concepts
surrounding this new hypothetical process. The objectives are: to assess to what
extent such a process is theoretically feasible and deserving of further study; and if
applicable to identify the main bottlenecks against realisation, which should be the
focus of follow-up studies.

The work is based on thermodynamic calculations using FactSage [4]. The
databases used were FactPS and FToxid.

Thermodynamics of Key Process Steps

In this section, the different steps from SiO production to SiCl4 production are
discussed. Once an overview of the different reactions has been presented, the next
section will present a possible flowsheet for a potential process.

SiO Production with Hydrogen

Figure 1 shows the equilibrium partial pressure of SiO in a system with a surplus of
SiO2 and H2 at one atmosphere total pressure, as calculated using FactSage. It can
be seen that depending on the temperature at which the reaction takes place, the SiO
will make up only around 1–10% of the total gas. This indicates that a large surplus
of hydrogen will be needed in an industrial process and that looping of this hydrogen
will likely be critical.
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Fig. 1 Partial
pressure/activity of SiO gas
in equilibrium with SiO2 and
H2 as a function of
temperature, as calculated
from FactSage. Total
pressure is 1 atm

Chlorination of SiO Gas

Having generated SiO gas, the next step will be to react it to useful gaseous species.
In this work, only chlorine-based species have been considered, but it is possible
that other halides could also offer some potential. Considering chlorine, SiO gas can
react with chlorine species to form chlorinated silanes according to several reactions,
some examples of which are shown in Table 1.

Since SiO is unstable at low temperatures (Stable above 1870 °C in a pure SiO
atmosphere), the most relevant reactions are those between SiO and Cl2. A common
feature is the presence of SiO2 on the right-hand side of these reactions. This means
that in a real process, there would be a need to loop the SiO2 back to the SiO
production step.

Table 1 Some potential
reactions between SiO gas
and chlorinated species, and
the temperature range in
which they are
thermodynamically
favourable. Also included in
the last line is the reaction to
silane in the chlorine-free
SiO-H2 system

Reaction Temperature range for G < 0
(°C)

SiO + Cl2 → SiCl4 + SiO2 T < 2740

4 SiO + 3 Cl2 → 2 SiCl3 + 2
SiO2

T < 2752

2 SiO + Cl2 → SiCl2 + SiO2 T < 2692

4 SiO + Cl2 →SiCl + 2 SiO2 T < 1898

6 SiO + 3 HCl → SiHCl3 + 2
SiH + 3SiO2

T < 1420

6 SiO + 3 HCl → 2 SiHCl3 +
SiH4 + 3SiO2

T < 1572

2 SiO + 2 HCl → 4 SiH2Cl2 +
2SiO2

T < 1609

6 SiO + 6 HCl → 2 SiH3Cl +
SiCl4 + 3 SiO2

T < 1563

2 SiO + 2 H2 → SiH4 + SiO2 T < 1276
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Fig. 2 Amount of different
Si-Cl species in a SiO-Cl2
mixture as a function of
temperature. SiClx denotes
the sum of all Si-Cl species.
At higher temperatures, the
product SiO2 (not shown) is
not stable, so the various
Si-Cl species do not form.
Calculated using FactSage

In a real reaction between significant amounts of SiO and Cl2, no single reaction
will dominate, and the different Si-Cl species SiCl4, SiCl3, SiCl2, and SiCl will
all occur among the products in varying amounts. For simplicity, the nomenclature
“SiClx” is introduced. It is taken to mean the sum of all Si-Cl species:

SiClx = SiCl4 + SiCl3 + SiCl2 + SiCl.

Figure 2 shows the different amounts of SiCl4, SiCl3, and SiCl2 as a function of
temperature in a reaction between SiO and Cl2 (SiCl exists only in trace amounts). It
is seen that at lower temperatures, SiCl4 is the preferred product and that this changes
towards SiCl3 and SiCl2 at higher temperatures. The total amount of Si-Cl species,
SiClx, is also included in the figure. It is seen that the total amount of Si-Cl species is
constant at temperatures below approximately 2000 °C, but then starts to drop. This
is because, at very high temperatures, monoatomic Cl and SiO are both relatively
stable, so SiO will not react as easily with Cl2. This means that there is probably an
upper limit to the temperature at which a chlorination process would need to take
place, but it is unlikely that such a limit would be significant in industrially relevant
conditions. Calculations show that at 2100 °C, more than 97% of the chlorine will
still react with SiO, dropping to 90% around 2200 °C, and even at temperatures as
high as 2370 °C, 50% of the SiO still reacts.

Chlorination of SiO Gas in the Presence of H2/H2O

As Fig. 1 shows, if hydrogen gas is used to produce SiO from SiO2, only a small frac-
tion of the resulting gasmixturewill be SiO.An equal fractionwill beH2O (assuming
temperatures are low enough to avoid H2O disassociation), and the remainder will be
unreacted H2. This has a massive impact on the subsequent chlorination step since
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H2 can react with Cl2 to form hydrochloric acid, HCl:

H2 + Cl2 ↔ 2 HCl.

As Fig. 3 shows, this reaction is more thermodynamically favourable than the
desired reaction between SiO and Cl2 at temperatures above approximately 1750 °C.
It could be conceived that this could be circumvented by having a two-step process:
First generating SiO gas at high temperature, and then doing the chlorination at
a lower temperature. The problem then is that the SiO-generating reaction is an
equilibrium reaction involving hydrogen and water:

H2 + SiO2 ↔ H2O + SiO.

As has been shown, increasing the temperature drives this reaction towards the
right, so with both SiO and H2O in the system, lowering the temperature would drive
it back to the left. Furthermore, even at lower temperatures, it is unlikely that the
chlorination of SiO would completely dominate HCl formation since both reactions
are still thermodynamically favourable and there is much more H2 than SiO in the
system. Since HCl formation consumes hydrogen, this would further act to drive
the SiO-formation reaction towards the left. Under equilibrium conditions above
1750 °C, therefore, no chlorination of SiO would be expected to take place in the
presence of H2 and H2O. Equilibrium calculations bear this out. Figure 4 shows the
equilibrium composition of a gas mixture initially consisting of 0.8 mol H2, 0.1 mol
SiO, and 0.1 H2O, to which increasing amounts of Cl2 are added. It is seen that at
low amounts of Cl2, HCl formation dominates. At higher amounts of Cl2, there is
also some back-reaction between SiO and H2O to SiO2, but at no point does any
significant amount of Si-Cl species form.

Fig. 3 Gibbs energy of
reaction for the reaction of
chlorine with SiO and
hydrogen, as calculated
using FactSage
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Fig. 4 Equilibrium composition, at 2150 °C of a gas mixture initially composed of 0.8 mol H2,
0.1mol H2O, and 0.1mol SiO, with additions of varying amounts of Cl2. The products are displayed
in two different charts due to the order of magnitude difference in the amounts of products (note
the difference in scale on the Y-axes). The SiHxCly curve represents the total combined amount of
SiCl4, SiCl3, SiCl2, and SiHCl3. It is always below 0.002

Flowsheet of Potential Process

It was mentioned above that chlorination of SiO gas in the presence of H2 and/or
H2O is impossible and that the quenching of SiO gas prior to chlorination in the
presence of H2O would likely lead to back-reaction and loss of SiO. Successful
implementation of the ideas presented herein is thus thought to depend on either:

• the development of new high-temperature gas-separation technologies or
• the successful quenching of SiO gas while suppressing back-reaction of SiO and

H2O to SiO2.

For the purposes of this discussion, it is assumed that SiO can be separated fromH2

andH2O, in order to lay outwhat a process could look like should such a technological
solution become available in the future.

Figure 5 shows a flowsheet for a potential process based on our current under-
standing of the phenomena. The flowsheet is based on a production unit of 1 mol of
SiCl4. This requires an input of 1 mol SiO2 and 2 mol Cl2. In addition, hydrogen
is needed for the SiO-formation step. The SiO formation can be expected to have a
hydrogen utilisation rate of around 10% (see Fig. 1), so some 10 mol of hydrogen
will be needed per mol of SiO2.With such a low utilisation grade, it will be necessary
to loop the hydrogen, and only 2 mol of fresh H2 will be needed per mol of SiCl4
produced.With that in mind, it is suggested that hydrogen is supplied from an on-site
electrolyser, where the recycled water vapour can be used as feed to the electrolyser,
although other solutions are of course also possible. The electrolyser would require
about 0.1 kWh per mol of H2 produced or about 0.2 kWh per mol of SiCl4 product.

In the SiO-production step, 20 mol H2 reacts with 2 mol SiO2, resulting in a gas
mixture of 18 mol H2, 2 mol SiO, and 2 mol H2O. As outlined above, based on the
current evaluation, it does not seem possible to perform chlorination of SiO gas in the
presence of H2 and/or H2O. A gas-separation step is therefore necessary, to separate
the SiO from the H2 and H2O.
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Fig. 5 Potential flowsheet of process based on SiCl4 production from SiO2 via SiO formation
through hydrogen reduction. The need to separate SiO from H2 and H2O at high temperatures is
expected to be a potential showstopper. See the text for further details

From here, the H2-H2O mixture goes through a condensation step, resulting in
18 mol pure H2 that is returned to the SiO-production step. The condensed water can
be returned to the electrolyser and turned back into hydrogen, and then added to the
recycled hydrogen to maintain the correct ratio in the SiO-production unit.

Returning to the SiO gas, after the SiO-H2/H2O-separation step, 2 mol of SiO
is reacted with 2 mol of Cl2 gas. This causes half the SiO to be turned into SiO2

(likely liquid droplets), which can be collected and returned to the SiO-production
unit. The remainder of the SiO is turned into SiCl4 product. In addition to the mass
flows described above, the electrolyser will produce 1 mol of O2 per 2 mol of H2.
This mass stream is not included in Fig. 5.

Since it is likely that the separation of SiO from H2 and H2O at high temperature
is impossible, the total energy consumption of the process (heating, etc.) has not been
estimated at the present stage.

A final challenge that has not been discussed or looked into in detail is whether
realistic reactor materials exist that can withstand the corrosive gases like HCl and
Cl2 at the very high temperatures involved.

Conclusions

The idea of sidestepping the last reduction step in silicon production is an attractive
one. Thermodynamic calculations have shown that it is possible to.

• produce SiO gas from SiO2 with hydrogen:
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SiO2 + H2 ↔ SiO + H2O;
• produce silicon tetrachloride, SiCl4, a potential raw material for polysilicon

production, from SiO gas:

2 SiO + 2 Cl2 ↔ SiO2 + SiCl4.

However, some important bottlenecks remain. The most important at present
seems to be that the SiCl4 formation from SiO gas is not possible in the presence
of hydrogen gas, since Cl2 and H2 will preferentially react to form HCl. This could
conceivably be solved either by separating the SiO and H2 gas at a very high temper-
ature (~2000 °C), but we are not aware of any known technology that could handle
this issue. Another solution could be to quench the gas mixture while somehow
suppressing the back-reaction SiO + H2O → SiO2 and the condensation reaction 2
SiO → Si + SiO2. If quenched sufficiently below 1750 °C, it is possible that SiCl4
formation could dominate HCl formation.

Any solution would also need to solve the material integrity challenges associated
with corrosive gases at high temperatures.
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Introduction

The sixth Intergovernmental Panel on Climate Change report (IPCC) recently
released predicts a deep reduction in emissions to meet global goals of 1.5 °C reduc-
tion in temperature. It states that concentrations of CO2 have continuously increased
in the atmosphere reaching averages of 410 ppm in 2019 [1]. Therefore, it becomes
imperative to reduce CO2 in any way possible. Silicon, which is an important mate-
rial for renewable energy, electronics, and metallurgy, is primarily produced by the
carbothermic reduction of quartz. This metallurgical grade silicon is then refined by
the Siemens Process to solar grade silicon using hydrogen chloride. The by-product
of trichlorosilane from this process is highly volatile and unstable [2].

This work aims to achieve the above process of reduction in a single step
using electrochemistry. This would eliminate multiple steps and save energy and
cost and reduce emissions if a suitable inert anode is used in production. Under-
standing electrochemical cell characteristics therefore is needed to prove and scale
this technology.

Macroscopicmodels help engineers to design, develop, and improve the efficiency
of electrochemical cells. They solve conservation equations ofmass,momentum, and
energy and help determine electrode current distribution, fluid flow, heat distribution,
and stability of the cell [3]. They also help in correlating experimental work and
understanding measurements in cells from a lab scale to a plant scale. However, they
do not predict the microstructure and plating of material on the cathode. This can
be calculated using phase field models. These phase field models predict interface
stability and depositionmorphology in the cell. In this work, we present thesemodels
in addition to proof-of-concept experiments.
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Materials and Methods

Cell Design

The cell design followed here for the macroscopic models is described in Moudgal
et al. [4]. The lab scale experimental apparatus complements the model except a
carbon anode with a Yttria Stabilised Zirconia solid oxide membrane tube [5] with
silver is used in the place of an inert anode.The carbon anode is currently beingused as
it provides higher conductivity. A new oxygen evolving porous lanthanum nickelate
(LaNiO3) electrode with comparable conductivity is currently under development.
The molten salt electrolyte used is a fluoride-based salt with a CaF2–MgF2 eutectic
with CaO, YO1.5, and SiO2. This salt was developed by Uday Pal et al. [6]. It has
been shown that silicon can be reduced using a liquid tin cathode using this salt [7].

Macro Models

The goal of themacromodels is to solve conservation equations ofmass, momentum,
and energy to gain a better understanding of the cell. The model uses COMSOL
version 5.6, and themodules used are the electrochemistrymodule, electrodeposition
module, and the fluid flow and heat transfer modules.

Phase Field Model

The phase field model solves the Cahn–Hilliard equations for cathode growth with
electric field concentration and cathode growth as described by Pongsaksawad et al.
[8]. It uses one or more field variables of C to describe the composition and differ-
entiate between the Si deposit and electrolyte in accordance with Eqs. (1) and (2)
below.

F = ∫
[
H(C) + K |∇C |2 + zFρ

M
(1 − C)φ

]
(1)

DC

Dt
= ∇ ·

(
κ∇

(
∂H

∂C
− K∇2C

)
+ κ

zFρ

RT M

1 − C

1 + C
∇φ

)
(2)

where H(C) is homogeneous free energy, K is gradient penalty coefficient, and κ is
mobility.
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Fig. 1 a Diagram of the proposed process. b Experimental setup of electrochemical cell at lab
scale consisting of a stainless steel crucible

Experimental

Experiments are conducted in a standard two-electrode high-temperature electro-
chemistry setup as shown in Fig. 1. Electrodes are completely immersed in the
salt composition mentioned above, i.e., CaF2–MgF2–CaO–YO1.5–SiO2. The base
eutectic with the calcium oxide and yttrium oxide in composition by weight 45.5%
CaF2, 36.4% MgF2, 9% CaO, and 3.6% YO1.5 are mixed first and dried in an inert
environment of argon gas at 350 °C before being fused together at 1100 °C and
crushed. 5 wt.% SiO2 is added, and the salt is dried again in argon before being elec-
trolysed at 1100 °C. There is a low potential pre-electrolysis step carried out before
successive electrolysis is carried out in multiple intervals. Characterization was done
using scanning electron microscopy and energy-dispersive x-ray spectroscopy.

Summary and Conclusions

In this work, the main goal is the decarbonization of silicon production to produce
high-purity solar grade silicon at low costs. We have shown and described methods
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that can be used to achieve this primary production in a single step. Further develop-
ment and analysis of the anode and flux is currently underway. We anticipate that the
methods described can be applied to a scaled-up electrochemical cell in the future.

Conflict of Interest The authors declare that they have no conflict of interest.

References

1. AR4 Climate Change 2007: the physical science basis—IPCC. https://www.ipcc.ch/report/ar4/
wg1/. Accessed 23 Aug 2021

2. Cowern NEB (2012) 1—silicon-based photovoltaic solar cells. In: Kilner JA, Skinner SJ, Irvine
SJC, Edwards PP (eds) Functional materials for sustainable energy applications. Woodhead
Publishing, pp 3–22e. https://doi.org/10.1533/9780857096371.1.1

3. Powell AC, Shibuta Y, Guyer JE, Becker CA (2007) Modeling electrochemistry in metallurgical
processes. JOM 59(5):35–43. https://doi.org/10.1007/s11837-007-0063-y

4. Moudgal A et al (2021) Finite element analysis and techno-economic modeling of solar silicon
molten salt electrolysis. JOM 73(1). https://doi.org/10.1007/s11837-020-04468-y

5. Pal UB, Powell AC (2007) The use of solid-oxide-membrane technology for electrometallurgy.
JOM 59(5):44–49

6. Pal U, Su S, Villalon T (2017) Molten flux design for solid oxide membrane-based electrolysis
of aluminium from alumina. In: Applications of process engineering principles in materials
processing, energy and environmental technologies, pp 35–44

7. Villalón Jr T (2018) Zero-direct emission silicon production via solid oxide membrane
electrolysis. PhD, Boston University, Boston, MA, USA. https://hdl.handle.net/2144/30729

8. Pongsaksawad W, Powell AC, Dussault D (2007) Phase-field modeling of transport-limited
electrolysis in solid and liquid states. J Electrochem Soc 154(6):F122–F133

https://www.ipcc.ch/report/ar4/wg1/
https://doi.org/10.1533/9780857096371.1.1
https://doi.org/10.1007/s11837-007-0063-y
https://doi.org/10.1007/s11837-020-04468-y
https://hdl.handle.net/2144/30729


Design of a Molten Salt Metal-Air
Battery with High-Energy Density
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Abstract Decarbonizationof long-haul transportation, i.e., ships and trains is among
the toughest challenges toward eliminating greenhouse emissions, but metal-air
batteries have extraordinary potential to meet this challenge. More specifically, Mg-
air batteries have the potential for 30–40 times the energy of lithium-ion batteries
at very high efficiency, and their Mg anode and molten salt materials are abundant
in seawater. The two main criteria for these batteries are stability of the cathode
material and removal of MgO product from the electrolyte through directional solid-
ification. This talk will present experimental and modeling results for a novel molten
salt magnesium-air battery with an MgCl2–NaCl–KCl electrolyte operating at 420–
620 °C. O2− dissolves at the cathodes and Mg2+ at anodes. Experimental results
show 1.9 V open-circuit voltage, which is the highest to date for an Mg-air battery.
Modeling shows up to 1.17 W/cm2 at 73% efficiency and 2.89 W/cm2 at 36% effi-
ciency. This work illustrates the proof of concept of Mg-air batteries and discusses
the requirements for larger-scale cells.

Keywords Metal-air battery · Directional solidification · Oxygen reduction ·
Zero-emission shipping

Nomenclature

ηact Activation polarization
V Actual cell voltage
T0 Ambient temperature
j0a Anodic exchange current density
ASRohm Area-specific resistance for ohmic polarization
j0c Cathodic exchange current density
αa Charge transfer coefficients of anodic reactions
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αc Charge transfer coefficients of cathodic reactions
αi Charge transfer coefficients of substanceswhere i represents each species

in the reactions
ηconc Concentration polarization
Dcathode Diffusion coefficient of cathode
D Diffusion coefficient of charge carrier
F Faraday’s constant (96,485.3329 C/mol)
G Gibb’s free energy
HEF Heat exchanger efficiency
jL Limiting current density
CL,cathode Limiting MgO molar density
Lel Lorentz number (2.44e-8 W. �.K−2)
C Molar density
j Net current density
ncells Number of cells
n Number of electrons participating in the reaction
nleads Number of leads
ηohm Ohmic polarization
T Operating temperature
OCR Oxygen consumption ratio
η Polarization
�T Temperature above that of environment
Eth Theoretical open-circuit voltage
L Thickness of electrode
�Vlead Voltage loss from the leads

Introduction

Literature Review

Lithium-ion batteries (LIBs) have a wide variety of applications. They are used
as portable battery-powered electronic devices, especially in notebook computers
and mobile phones applications as well as electric vehicle (EV) and electric motor
bicycles [1]. Despite the widespread use of LIBs, they face several challenges. These
challenges include high cost, low energy density, safety, and environmental hazard
which makes them less favorable for future high-efficiency energy storage demand
[2]. Metal-air batteries on the other hand have been studied since the 1960s [3] and
have been intensely focused upon as promising next-generation high-energy batteries
[4].

Metal-air batteries use metal as the anodic reactant and oxygen from the air as
the cathode. This cathode allows battery weight to drop and makes valuable space
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Table 1 Comparison of potential fuels and batteries for long-range transportation. The red color
illustrated the cons of the energy sourcewhile green illustrates optimal property. (Color table online)

available for storing energy. Table 1 provides an overview of metal-air batteries’
properties and their costs along with other common or potential shipping energy
sources. It is important to note that H2 with the highest fuel-specific energy (39.7
kWh/kg) has very low stored fuel-specific energy which is around 1–3 kWh/kg. The
next highest fuel-specific energy is for bunker fuels; however, they emit CO2 as well
as SO2, the former being the principal greenhouse gas contributing to global warming
[5]. Similarly, Alumina (Al2O3) is produced when using Al as the anode which can
accumulate in organs and lead to health problems.With a molten salt electrolyte, this
process also produces aluminum salts (AlCl3) which are highly toxic [6]. However,
considering resource availability, Magnesium is an emission-free energy source that
has high fuel and storage-specific energy as well as high-energy density and minimal
toxicity which make it a suitable alternative for high-energy applications.

Current Metal-Air Battery Challenges

Despite the acceptable range of specific energy of metal-air batteries, efficient direct
recovery of electrical energy from most of the metal oxidation enthalpy in a fuel cell
is challenging for four primary reasons:

(1) Metal oxidation forms a passive oxide film, and in the case of aqueous elec-
trolytes presence, a hydroxide film. Oxide or hydroxide films slow or shut
down the reaction.

(2) Reactive metals with the highest energy per ion such as Li, Ca, Mg, and Al
undergo a parasitic reaction with aqueous electrolytes to form hydrogen [7].

(3) The oxygen reduction reaction requires precious metal catalysts such as
platinum or palladium.

(4) It is necessary to remove the oxidation product from the electrolyte [8].
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These challenges have been addressed in this design. Starting with the first
challenge, the electrolyte also has sufficient metal oxide solubility to avoid oxide
film formation. Moreover, an anhydrous molten salt electrolyte eliminates hydrogen
productionwhich helps with both the first and second challenges. The third challenge
is resolved by having operating conditions like high temperature which removes the
need for precious metal catalysts [9–11]. The most common cathode material is
nickel, which is oxidized in situ to NiO [9–12]. Finally, to face the last problem,
one can remove the metal oxide reaction product from the electrolyte by directional
solidification or filtration as in [8].

Magnesium Properties

Magnesium metal is potentially a viable zero-emission fuel for shipping propulsion
due to: higher energy density than liquid fuels, higher specific energy than alkanes,
high potential battery efficiency, the prevalence in seawater, fewer health issue than
Al and Si, and recyclable products such as MgO, Mg(OH)2, and MgCO3 (Fig. 1).
As presented in Table 1, an efficient Mg-air battery could cleanly deliver the energy
needed for long-haul shipping, and the Mg is an ideal energy shipping medium: Mg
specific energy is 3.7 times that of methylcyclohexane-toluene hydrogen storage.

Fig. 1 Mg properties
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Fig. 2 Mg-air battery setup

Mg-Air Battery Technology

The Mg-air battery presented here consists of the Mg metal anode, the air cathode,
and the molten salt electrolyte as shown in Fig. 2. The molten salt electrolyte consists
of NaCl–KCl–MgCl2 with ~0.5%MgO solubility.Moreover, its eutectic temperature
and Mg melting point bound the operating temperature range of 420–620 °C.

Cathode: O2 (air) + 4 e− (cathode) → 2 O2− (bath).
Anode: Mg (anode) → Mg2+ (bath) + 4 e− (anode) .
Total reaction: 2 Mg + O2 = 2MgO.

Overview

This study discusses an Mg-air battery designed to address prior challenges. The
modeling section of this study includes a numerical model elaborated to estimate
the Voltage/Current relation of the cell. The experimental setup is then tested which
showed the highest open-circuit voltage for an Mg-air battery to date: 1.9 V.

Materials and Manufacturing

Electrochemical Model

The energy balance modeling of the proposed Mg-air battery was calculated based
on former solid oxide fuel cell studies [13–17]. Pure magnesium was used as the
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anode material and porous nickel was used as cathode. MgCl2–NaCl–KCl (20-32-48
wt%)molten saltwas used as the electrolyte.Due to deviations frommodeled ideality,
such as MgO product concentration in the electrolyte„ the actual cell voltage (V) is
less than the theoretical open-circuit voltage [13], Eth, and illustrated in Eq. 1 where
η shows the polarization and�Vlead shows the voltage loss from the leads.Moreover,
Kakac et al. found these polarizations by categorizing them into three separate groups:
activation polarization, ohmic polarization, and concentration polarization which are
shown by ηact, ηohm, and ηconc, respectively. The ηact is insignificant and ignored
in this study. According to electromotive force (EMF), the theoretical open-circuit
voltage can be calculated based on Gibbs’s free energy of the cell reaction as shown
in Eqs. 2 and 3.

V = Eth − Losses = Eth − η − �Vlead (1)

V = Eth − ηact − ηohm − ηconc − �Vlead (2)

V = −�G

nF
− ηact − ηohm − ηconc − �Vlead (3)

Furthermore, one can calculate the three polarizations using Eqs. 4–6. In the later
equation, jL is the limit current density of electrode which is calculated using Eq. 7.

ηact = RT

nF

(
1

αa
ln

(
j

j0a

)
− 1

αc
ln

(
j

j0c

))
(4)

ηohm = jASRohm (5)

ηconc = RT

nF

(
1 + 1

αi

)
.ln

(
jL

jL − j

)
(6)

j = nF
D�C

L
(7)

Finally, the voltage corresponding to energy loss in the leads (�Vlead) is calculated
using Eq. 8.

�Vlead = 2
√
LelT�T (8)

The parameters and assumptions used for this study are shown in Table 2 [16,
18]. Using this information, the limiting current density of anode and cathode was
found as 7.72 and 2.92 A/cm2, respectively. Oxygen consumption ratio and heat
exchanger efficiency are model parameters assumed as 50% and 90%, respectively.
Furthermore, the energy loss per cell was 0.04 V. As shown by Fig. 3, the −�H

nF value
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Table 2 Battery performance model parameters

L Thickness of electrode 0.5 cm

Eth Theoretical open-circuit voltage 2.624195 mol

T0 Ambient temperature 293 K

T Operating temperature 823 K

Dcathode Diffusion coefficient of cathode 0.96 cm2/s

CL,cathode Limiting MgO molar density 3.94E-06 mol/cm3

αMgO Charge transfer coefficients of MgO for cathode 2

αMg Charge transfer coefficients of Mg for anode 2

nleads Number of leads 2

ncells Number of cells in a “stack” 10

AS Rohm Electrolyte area-specific resistance for ohmic polarization 0.56 � · cm2

OCR Oxygen consumption ratio 50%

HEF Heat exchanger efficiency 90%
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Fig. 3 The voltage loss through entropy, lead loss, and Mg and air heat exchange

for the designed cell was 3.2 V. The theoretical voltage was found as −�G
nF = 2.62 V.

Similarly, the voltage after lead loss and air heat exchange loss was found as 3.07 V.

High-Temperature Experimental Setup and Procedure

The high-temperature experiments explained in this section were designed as a proof
of concept for the described Mg-air battery and to measure the open-circuit voltage
(OCV) of the battery. Compared to the energy balance modeling, the voltage was
expected to be around 2.6 V.

Figure 4 shows the experimental setup schematic. The salt (MgCl2 20 wt%, NaCl
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Fig. 4 Experimental setup for Mg-air battery

32 wt%, and KCl 48 wt%) was added to the crucible and placed into the furnace.
The anode and cathode were set up to stay above the crucible at the start of the
process. The Mg anode was in the shape of a cylinder with 2.5 cm diameter and 1.5–
8 cm height. Nickel mesh, with a 2 cm2 exposed area, was attached at the end of the
cathode.Before the start of the experiment, the oxygenpartial pressure of the chamber
was verified to stay below 0.05 bar through injecting Argon gas. This prevented the
burning of the graphite components as well as oxidation of the other components.
The furnace temperature was then increased and kept at 450 °C to stabilize. Next,
the temperature was ramped up to 500 °C and stabilized. Similarly, two more steps
were taken to stabilize the temperature to 550 and 600 °C. All temperature ramping
up rates in this experiment were 10 °C/min. The setup was ready to start the test once
all the salt was molten. Then, the anode and cathode were inserted into the molten
salt bath, air flow through the nickel mesh cathode began at 1 standard liter/minute,
and the voltage and current were measured at variable resistance using the voltmeter.
Both anode and cathode were drawn out of the bath before shutting off the furnace
and ending the experiment.

Results and Discussion

Experimental Results

To identify the performance of theMg-air battery discussed in this work, the voltages
measured from the experiments were compared with modeling results and are shown
in Fig. 5a. Figure 5b compares the calculated power from the experiments with the
modeling results. As discussed in Section “Electrochemical Model”, OCV expected
from the cell was 2.62 V. As the current increases, the voltage decreases due to the
concentration and ohmic polarization. The result from the electrochemical modeling
illustrated that the Mg-air battery can operate under 0.5 A/cm2 current density and
1.17W/cm2 power density at 73% efficiency. Similarly, 36% efficiency was achieved
when operating under 2.5 A/cm2 current density and 2.89 W/cm2 power density.
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The two experiments showedhigh accordancewith the expectation from themodel
as shown in Fig. 5. The first experiment reached a very high current density of 2.9
A/cm2 which is almost equal to the limiting current density (2.92 A/cm2). Moreover,
the second experiment reached 1.86 V which is 71% of the theoretical OCV. In both
experiments, following the initial run, both OCV and current density fell over time.
After each experiment, the nickel mesh cathode was partially blocked, with most
pores filled with solid salt and some remaining open.

Discussion

The results found from the experiments of the Mg-air battery were aligned with
the modeling expectations. This shows the proof of concept for the Mg-air battery.
The designed Mg-air battery for transpacific zero-emission cruising will have a 20-
foot standard shipping container with ten pairs of anodes and cathodes in series
to increase the voltage and current produced while limiting the energy losses from
cell leads. Such a battery could potentially deliver 90–120 MWh over up to 800 h
(112–150 kW) at 60–80% efficiency, with the higher bound representing the model
maximum OCV, and the lower bound representing the measured OCV in the second
experiment above. This compares with just 3 MWh from the Tesla Megapack which
is the highest-capacity containerized lithium-ion battery.

In the experiments,we believe that open-circuit voltage declined due to an increase
in MgO concentration in the molten chloride electrolyte, and maximum current
declined due to blockage of cathode pores by solidification due to cold input air.
Future experiments will pre-heat incoming air and attempt to remove MgO from the
electrolyte, in order to achieve long-term stable performance.
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Summary and Conclusions

Key Findings

With global warming being one of the most critical challenges of today’s world,
this paper proposes an innovative Mg-air battery as an emission-free alternative
to conventional energy sources. This work includes modeling and experimental
investigation of Mg-air batteries. The key findings of this work are listed below:

• Mg-air batteries can provide the high-energy density required for long-haul
transportation.

• The OCV of this battery was calculated as 2.62 V.
• Experiments were able to reach as high as 71% OCV of Mg-air battery.
• Themaximum current density reached in the experiments was 2.9 which is almost

equal to the modeling expectations.
• At 73% of efficiency, the Mg-air battery is expected to operate under 0.5 A/cm2

current density and 1.17 W/cm2 power density.
• At a current density of 2.5 A/cm2, power increases to 2.89 W/cm2, but efficiency

falls to 36%.
• For reaching the highest performance of the battery,MgO concentration should be

kept as low as possible in the electrolyte. This can be achieved by either freezing
the MgO from the bottom or filtering it out.

Future Work

The current set of tests was designed to illustrate the applicability of the theoretical
Mg-air battery concepts. This setup did not include a mechanism to remove MgO.
However, such a system will be included in the next set of tests to lower MgO
concentration in the electrolyte. Following that, it will be important to demonstrate
the ability to recharge this battery system.
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Circored Fine Ore Direct Reduction Plus
DRI Smelting: Proven Technologies
for the Transition Towards Green Steel

Sebastian Lang, Timo Haimi, and Max Köpf

Abstract The hydrogen-based direct reduction of iron ore combined with EAF
smelting is being widely discussed as a possible replacement for the commonly
used BF/BOF route in steelmaking when targeting carbon footprint reduction. One
alternative to shaft furnaces is Metso Outotec’s Circored process, which uses fine
ore as feed for fluidized bed reactors, eliminating the cost and energy-intensive
pelletizing step. As a direct reduction process using 100% hydrogen as the reductant,
Circored has already proven its functionality in an industrial-scale demonstration
plant. Direct charging of hot DRI to a smelter would further increase the energy
efficiency of the process. Metso Outotec’s rectangular six-in-line smelting furnace
combines a flash smelter body and the Söderberg electrodes. This DRI smelting
solution can replace small/medium-sized BFs and produce hot metal with the desired
carbon content in existing steel plantswithBOF converters. The large furnace volume
enables the processing of low-grade iron ore with high gangue content and thus the
use of BF-grade feed for DRI production.

Keywords Iron and steel · Environmental effects · Process technology

Introduction

In 2019, the United Nations announced that over 60 countries had committed to
carbon neutrality by 2050 [1]. The European Green Deal, proclaimed inMarch 2020,
translated this declaration into a legally binding target, significantly accelerating the
dynamics for the development of carbon–neutral or green steelmaking technologies.

About 70% of the world’s steel is produced via the blast furnace/basic oxygen
furnace (BF/BOF) route, an efficient but highly carbon-intensive production method.
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With this process, on average 1.8 tons of CO2 are produced for every ton of crude
steel. In total, the steel industry is responsible for about 8% of global CO2 emissions
[2].

With limited investment cycles left until 2050, the steelmaking industry must
decide within the next five to ten years which alternative technology for the reduc-
tion of iron ore to invest in. One widely discussed alternative to traditional carbon-
intensive BF/BOF steelmaking is the hydrogen-based direct reduction of iron ore
combined with electric arc furnaces (EAF). Most of the current projects focus on
applying shaft furnaces for direct reduction with hydrogen. However, applying this
method will generate the need for several hundred million tons of additional high-
quality DR-grade pellets annually, with the associated impacts on the demand on
high-grade iron ore concentrates, pellet availability, and consequently pellet prices.

An alternative is hydrogen-based direct reduction using fine ore instead of pellets.
Metso Outotec’s Circored technology is the first process for iron ore reduction based
on 100% hydrogen and has proven its functionality and performance in an industrial-
scale demonstration plant.

In addition, Metso Outotec has a proprietary technological solution for direct
reduced iron (DRI) smelting in a six-in-line furnace, which links the new develop-
ments to the existing processing infrastructure of steel plants.

As the frequently discussed steelmaking route direct reduction in shaft furnaces
followed by EAF steelmaking relies on the use of very clean raw material, it is
evident that this will increase the already visible shortage of high-quality, clean raw
material. The Metso Outotec DRI smelting furnace to produce hot metal would be
able to handle large slag volumes without excess Fe-unit losses, thereby allowing
the use of lower-quality raw materials. As a continuously operating process, this
solution would secure constant production at the steel plant. By combining Circored
with smelting and feeding the hot DRI product fromCircored directly into a smelting
furnace, the energy efficiency of the process route can be further improved.

This concept is new in the global framework and can be very competitive regarding
both investment costs and technological risks and is an important enabler in decar-
bonizing steel production, thus contributing directly to the transition towards green
steel.

In this paper, the principle of theCircored process and the results of the demonstra-
tion plant operation are described. The paper also introduces the six-in-line furnace
technology and its possible application to treat low-grade iron ores. Finally, the
possible role of the Circored process and DRI smelting in the industry’s transition
toward green steel will be outlined.



Circored Fine Ore Direct Reduction Plus DRI Smelting … 63

The Concept

Advantages of Fluidized Bed Technology

Metso Outotec has been involved in the direct reduction of iron ore (Lurgi legacy)
since this technology was first introduced as one of the inventors of the SL/RN-
process based on the rotary kiln and as a successful licensee of the Midrex shaft
furnace process.

Circored is based on fluidized bed technology, which Metso Outotec has been
leading the development of for several decades. The technology is state of the art for
processes such as coal combustion in a circulating fluidized bed (CFB) with inherent
SO2 absorption and alumina calcination; in these applications, a CFB is used in place
of rotary kiln technology because of the significantly lower energy consumption and
lower CAPEX and maintenance costs.

The main advantages of fluidized bed processes are excellent heat and mass
transfer conditions, precise temperature control, short solids retention times leading
to higher plant capacities, and lower investment and operating costs.

The technology can also be applied for the direct reduction of iron ore to eliminate
the cost and energy-intensive agglomeration step of iron ore fines in the form of
sintering or pelletizing.

The Circored Process

The generic Circored process is based on the reduction behavior of iron ore, shown
in Fig. 1.

Fig. 1 Performance of
H2-based direct reduction
process in fluidized beds
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Fig. 2 A simplified process flow diagram of the Circored process including microgranulation

For the direct reduction of fine iron ore, Circored applies a two-stage reactor
configuration with a CFB followed by a bubbling fluidized bed (FB) downstream.
Below is a brief description of the Circored process, which is also visualized in the
simplified process flow diagram in Fig. 2.

The preferred grain size for the process is 0.1–2.0 mm, though depending on
decrepitation behavior, a grain size of up to 6 mmmight also be acceptable. Ultrafine
concentrate and in-plant fines can be microgranulated. The iron ore fines are dried
and preheated in a CFB preheater to a temperature of approximately 850–900 °C
before being introduced into the first-stage CFB reactor.

The initial reduction step is fast and controlled by the outer mass transfer of
the reductant to the iron oxide particle. The CFB is the ideal reactor to achieve
a prereduction degree of 65–80%, offering the following characteristics: high gas
velocities of 4–6m/s and high differential velocities between gases and solids leading
to short solids retention times of 20–30 min, and the optimum lateral and vertical
mixing of solids and gases ensuring uniform temperature distribution throughout the
reactor.

For processing ultrafine ores (<50 µm) or scrubber dust, Metso Outotec has a
patented a very simple microgranulation process. In this process, the ultrafine parti-
cles are agglomerated to microgranules to an average size of approximately 350 µm
with the addition of a binder. The process does not require any additional heat-
hardening equipment as the hardening of the granules takes place in the preheating
section of the Circored plant (also shown in Fig. 2).
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After prereduction, the material is discharged into the secondary FB reactor,
which is compartmentalized for better process control. For the prolonged diffusion-
controlled final reduction step, the bubbling FB reactor offers optimum conditions
for achieving reduction degrees in excess of 93–95%, with low gas velocities of 0.5–
0.6 m/s and longer solids retention times of 60–180 min depending on the nature of
the ore. Operation at 4 bar(a) avoids the excessive equipment and piping costs that
would result from large gas volumes needing to be recycled within the process.

For the Circored process, hydrogen was selected as the sole reducing agent. Its
specific reduction reaction temperature characteristic lowers the temperature of the
process to 630–650 °C and avoids particle sticking in the reduced material. Because
of this, at the time of its development, hydrogen was the enabler for a new process;
today, with the steel industry under pressure to decarbonize, the use of hydrogen as
the sole reductant is much more significant. One could say that the hydrogen-based
Circored process was developed 20 years too early.

For better briquetability, the reduced fines, which are discharged from the FB
reactor at a temperature of about 630–650 °C, are heated in a flash heater up to
about 700–720 °C, where preheated make-up hydrogen is utilized for heating and
transporting the reduced fines to the top of the continuous discharge system.

Within the discharge system, the hydrogen atmosphere is gradually replaced
by nitrogen and the pressure lowered to atmospheric level, thereby ensuring safe
conditions for briquetting. A minimum briquetting temperature of around 680 °C is
required to obtain high-density hot briquetted iron (HBI, >5.0 g/cm3).

As the reduction of iron ore with hydrogen is an endothermic reaction, the energy
must be supplied by heating both the ore and recycled gases. In the past, this was
done using natural gas and process gas bleed. To achieve a totally carbon emission-
free process, it is now foreseen to replace natural gas with electric heating by (green)
power using renewable sources.

The off-gas from the recycle cyclone of the CFB reactor is passed through a
process gas heat exchanger and amulticlone to recover ultrafine dust particles, which
are recycled. The off-gas is then scrubbed and quenched simultaneously to remove
any dust and water produced during reduction. The cooled and cleaned process gas
is then recompressed and subsequently preheated to a temperature of approximately
750 °C before being reintroduced into the reactor system.

A further significant advantage of the CFB reactor is the ability to inject dust-
laden, partially reacted gas from the second-stage FB reactor,which creates a counter-
current flow of gases and solids throughout the dual-reactor system. This has a two-
fold advantage: the nozzle grate of the CFB reactor is only exposed to clean recycled
process gas, thereby minimizing nozzle wear, and the overall gas utilization of the
entire process is maximized. The Circored process generates no residues or relevant
emissions besides water and unavoidable heat release.



66 S. Lang et al.

Key features of the Circored process

• Preheating the iron ore fines to 850–900 °C in a separate CFB reactor for
calcining prior to charging in the primary CFB reduction stage. This method
also allows the processing ofmagnetite ores, which can be difficult to reduce
as the preheating stage oxidizes the magnetite to hematite. In addition, the
microgranules produced can be hardened to avoid the generation of ultrafine
particles in the reduction stage

• Prereduction in a CFB in about 20–30 min to a reduction degree of 65–80%
• Final reduction in a compartmentalized FB reactor to 93–95% reduction
• The use of hydrogen as the sole reductant enables low temperatures of 630–

650 °C in the CFB and the FB; this low temperature avoids particle sticking
and means that the reaction is easy to control

• A zero-carbon process variant is possible with electrical heating from
renewable sources to provide the energy for the endothermic reduction
reactions.

Comparison of Different Steelmaking Routes

When comparing the Circored/EAF steelmaking route with other state-of-the-art
routes, especially in terms of CO2 emissions and cost, common battery limits need
to be defined. We look here at the conversion of an iron ore concentrate to raw steel
with all the required intermediate steps, forming the references for this comparison
(see Fig. 3). Both Circored and shaft furnace direct reduction technologies produce

Fig. 3 A comparison of the main components, feeds, and products of different steelmaking routes
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DRI or HBI that can be used directly in an EAF. The product from the blast furnace,
pig iron, is fed to an oxygen converter (BOF). These downstream processes are
considered in the CO2 and cost figures.

Generally, theCircored process can handle feedswith a particle size of up to 2mm;
depending on the decrepitation behavior, particle sizes of up to 6 mm are possible. If
an ultrafine concentrate is used, amicrogranulation step should be applied tomake the
material fluidizable. Alongwith this option comes the opportunity to recycle any kind
of dust or fines originating at different points in the plant. The Circored process uses
a natural gas reformer to provide the hydrogen for reduction. For future scenarios, we
further included a Circored + process variant that applies green hydrogen produced
from renewable sources for direct reduction and electrical heaters for drying and
preheating.

It is apparent that the BF/BOF route is by far the largest emitter of CO2; further-
more, the technical solutions to minimize emissions are limited for this route. While
the CO2 emissions of the Circored process and shaft furnace direct reduction are in
the same order of magnitude, Circored benefits from the omission of the pelletizing
step. As the Circored + process is designed to produce fully green steel, the CO2

emissions of the reduction process are negligible.
When it comes to cost, Circored is a very competitive route, partly because the

CO2 taxes are lower than for theBF/BOF route and because there is no pellet premium
(versus the shaft furnace route). In terms of CO2 emissions and cost, the ‘regular’
Circored process is already competitive today, and the Circored+ variant is predicted
to be even more so.

The Circored Plant in Trinidad

Therewere twomain drivers for the development of theCircored process: the growing
demand for a direct reduction process utilizing iron ore fines directly to decrease HBI
production cost by avoiding a costly agglomeration step, and Lurgi’s desire to apply
its vast experience of utilizing fluidized bed technology also for direct reduction.

After an extensive period of test work and process development, the investigations
showed that the use of pure hydrogen as a reducing agent in a two-reactor (CFB
and FB) combination would ideally suit the direct reduction characteristics of iron
ore fines. Shortly after finishing test work and a conceptual engineering study, a
contract for the first Circored plant, to be built in Trinidad, was awarded by Cliffs
and Associates Limited in 1996. The plant started operation in May 1999; after the
discharge system was modified, it reached its process design parameters in March
2001 and was operating at up to 105% of its design capacity.

Despite functioning normally, the plantwas unfortunately idled after a short period
of successful operation, which produced 300,000 tons of high-quality HBI. This was
due to several changes in ownership and to economic and political reasons including
steel-market developments and the lack of availability of natural gas. The Trinidad
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Fig. 4 Trinidad plant with HBI stockpile

plant shown in Fig. 4 fulfilled process expectations in terms of a high and uniform
degree of metallization achieved from the outset.

Key achievements of the Circored plant in Trinidad

• Over 300,000 tons of high-quality HBI were produced and were subse-
quently processed in electric arc furnaces located in the US.

• Plant design HBI production of 63 t/h periodically exceeded.
• HighHBI product quality withmaximummetallization degrees greater than

95% and constant briquette densities above 5.2 g/cm3.

DRI Smelting

By utilizing the existing products and wide experience of theMetso Outotec Ferroal-
loys and Non-Ferrous Smelting organization, a new solution has been developed for
smelting DRI that has been produced from low-grade iron ore to produce hot metal
for further use in BOFs. Such DRI feed would be a challenge for standard steel-
making EAFs because of the excess slag volume, which causes unacceptable losses
of Fe-units to the slag. In addition, incorporating this type of process into existing
steel plant facilities using BOF converters can be a challenge, at least on a larger
scale and for more demanding steel grades.
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TheMetsoOutotec solution therefore aims to replace the blast furnace and achieve
continuous production of suitable hot metal quality for an existing steel plant, to
enable the use of existing BOF converters. The main idea is to use a closed EAF for
the smelting of the pre-reduced iron ore feed (DRI from Circored). For fossil-free
production, sustainable sources of carbon reductant would be needed for the smelting
furnace, since the final reduction takes place there.

The main driver of this solution is that there is no need to use high-quality DRI-
grade pellets or to increase usage of external (high-quality) scrap. It can use DRI
produced from standard BF-grade pellets by direct reduction in a shaft furnace or
Circored-DRI produced from low-grade iron ore fines and even utilize recycling
of waste material like dust briquettes. Also, the slag can be modified to remove
impurities and achieve the desired slag chemistry, targeting very good metal yields
and good-quality slag products that can be used as raw materials by the cement
industry. Furnace off-gas can be either utilized as combustible off-gas (in a similar
way to coke oven gas/blast furnace gas in the possible existing power plant) or
combusted to produce steam for other heating purposes.

The Metso Outotec DRI smelting furnace design uses six self-baking Söderberg
electrodes, which are standard in ferroalloy and non-ferrous processes. The furnace
body is familiar from flash smelting furnaces. Therefore, all equipment is proven
technology and has many reference projects. Figure 5 shows an illustration of the
furnace.

The feed can be fed into the feed bins on top of the smelting furnace, either hot or
cold. There are several possibilities for the feeding system, but the most commonly
used systems are conveyors and buckets. The hot feeding is highly efficient in terms of
electrical energy consumption since a feed temperature of < 600 °C reduces specific
smelting electrical energy consumption by as much as 20%. In case of hot feed, the
reductants and fluxes need to be fed from separate bins to the hot DRI.

Fig. 5 The Metso Outotec DRI smelting furnace design
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Table 1 Features and benefits of the Metso Outotec DRI smelting solution

Furnace feature Benefits

Flexible feed systems Allows a wide variety of feed materials to be used
(HDRI, CDRI, HBI), reductants, fluxes, briquettes

Continuous process High availability, similar to blast furnace

Blast furnace type hot metal Only small adjustments needed to existing steel plant
logistics

Large furnace volume Enables high material flow and BF-grade pellets

Can be used as a buffer

No need for extra scrap Low level of tramp elements

Gastight construction Low level of gaseous impurities

Long retention time High metal yields

Separate metal/slag tap-holes Optimal metal/slag separation

Black-top operation Decreased heat flow to the roof

Spring-loaded furnace refractories Expansion is easy to control

Six electrodes Smaller electrodes needed; more active area, less
passive area

Direct slag granulation from launders No need for slag pots

The furnace is lined with refractories and cooled with water via different copper
cooling elements. Table 1 describes the key features of the Metso Outotec DRI
smelting solution and their respective benefits.

The carbon and silicon levels of the hotmetal producedwith the furnace need to be
configured to the needs of each steel plant. Additionally, all DRI pellets use different
iron ore feeds, which means that the solution needs to be optimized according to the
needs of each individual steel plant.

Perspectives

Since the design, erection, and operation of the first Circored plant in Trinidad,
numerous modifications to the original setup were investigated and developed:

• Plant capacity increased to 1.25 Mt/y per line, now considered the technical and
economical optimum for an industrial-scale plant.

• Replacing natural gas with green electricity for preheating to achieve complete
carbon neutrality.

• Microgranulation: for processing ultrafine (<50 µm) ores and scrubber dust,
Metso Outotec has patented a very simple microgranulation process. In this
process, the ultrafine particles are agglomerated to microgranules to an average
size of approximately 350 µmwith the addition of a binder. The process does not
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require any additional heat-hardening equipment as the hardening of the granules
takes place in the preheating section of the Circored plant.

• Direct feeding of hot DRI into an EAF to further improve energy efficiency.
• For low-grade ironores, a combinationof a single reduction stageCircoredprocess

(metallization degree of 75–85%) with smelting reduction in an electric smelter
for hot metal production is feasible.

Circored technology is flexible in its production setup. Besides merchant cold
HBI, which can easily be shipped, hot and cold DRI can be produced and directly
linked to EAFs and BOFs as a substitute for hot metal and/or other virgin iron
units. This guarantees the production of the high-quality steel products that have
traditionally been the strength of integrated steel plants.

From discussions with clients, it became obvious that—at least for the transition
period in existing steel plants—the feed material for the EAF is expected to be a
mixture of different materials like HBI, DRI, and scrap. The carbon content can be
adjusted to the required level in the EAF operation.

With the Circored process, Metso Outotec provides an alternative process route
for the reduction of iron ores, using hydrogen as the sole reductant and fine ore instead
of pellets as feed material. Circored is currently the only process for iron ore direct
reduction based on pure hydrogen and has proven its functionality and performance
in an industrial-scale demonstration plant with a capacity of 500,000 t HBI/y.
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Abstract Increased usage of lithium in lithium-ion batteries to power portable elec-
tronic devices as well as electric vehicles has resulted in a considerable global
increase in demand for the metal. Consequently, the treatment of a Lepidolite ore
was investigated for lithium extraction and purification through a combination of
sodium carbonate roasting and water leaching. Various parameters such as ore: salt
ratio, roasting temperature, and reaction time were studied. Experimental results
showed the formation of various compounds as the roasting+water leaching process
proceeded, yielding 91.2% lithium extraction efficiency, subsequently beneficiated
to produce 99.1% pure Zabuyelite (Li2CO3: 83–1454, m.p. 720 °C). The product as
characterized could be used as a precursor in lithium-ion batteries.

Keywords Lepidolite · Lithium · Leaching · Lithium batteries · Sustainable
energy

Introduction

In view of its unique electrochemical and other properties, lithium has become
cardinal as an anode material in lithium batteries [1, 2]. As a result of these proper-
ties, lithium has found its peak application in Li-ion batteries, which represents the
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major and fastest growing industrial application. Demand for this element results
from the increased production of mobile electronic devices and the diversifica-
tion of electric vehicles (EVs) [3]. Presently, the primary sources of lithium are
ores and brine deposits. The brine exploration has been given more attention so far
because the brine deposits are available and necessitate substantially lower operating
costs [4, 5]. This has, however, resulted in the extraction of most of the Li-bearing
minerals, like spodumene, lepidolite, and petalite, together with other silicates, being
neglected. With the increasing interest in lithium, these sources are again taken into
consideration for producing lithium compounds with high purity [6–8].

Different hydrometallurgical routes have been developed to extract lithium from
lepidolite but because of the very refractory nature of Li-bearing silicates to chem-
ical attack, the best of these routes involves roasting techniques such as chlorina-
tion roasting, sulfate roasting, limestone roasting, and sulfuric acid leaching. These
methods work on the principle of a displacement reaction by roasting at moder-
ated energies with some additives, i.e. chloride, sulfate, limestone, or digestion with
concentrated sulfuric acid followed by leaching, to obtain a lithium-bearing solution
[5, 9–15]. Consequently, the present study treated an indigenous Nigerian sourced
lepidolite ore by moderate carbonate roasting and water leaching to obtain a product
that could be used as a precursor in lithium-ion batteries while studying the ore: salt
ratio, roasting temperature, and reaction time as the process progresses.

Materials and Methods

Materials

The lepidolite ore samples for this study were sourced from the Awe Local Govern-
ment Area of Nassarawa State, Nigeria, through Ibrag Nigeria Limited, Ilorin,
Nigeria. The sample was crushed, milled, and levigated into different particle dimen-
sions (−57 + 63 μm, −63 + 75 μm, and −75 + 90 μm) using the ASTM standard
sieves. The levigated samples were characterized using the Spectro Arcos ICP-OES
equipped with the ORCA Optical System; MINI PAL 4 EDXRF spectrometer; and
EMPYREANX-ray diffractometer and scanning electron microscopy (SEM) model
Leo1450withLaB6filament to determine the elemental composition,material purity,
and the structural morphology of the ore, respectively.

Leaching and Dissolution Process

Lithium extractionwas carried out by first mixing the ground ore samplewith sodium
carbonate at different molar ratios and then roasting at different temperatures for 1 h
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in a Carbolite CWF 3000 muffle furnace. After roasting, calcines were cooled to
ambient temperature (27–29 °C), finely ground, and then water leached [12, 16–18].

Treatment of Roasted Products

The cooled and finely ground calcines were leached in a 250-mL, three-neck flask
glass reactor connected with a condenser pipe and agitated by a mechanical stirrer
with a temperature control unit that keeps the reaction temperature constant. All
the experiments were conducted in batches with a solid-to-liquid ratio of 10 g/L.
After the reaction, the slurry was separated by filtration and the leaching residue
was washed, dried, and weighed. Selected residues after appropriate treatments were
fully characterized [18, 19].

Results and Discussion

The elemental analysis by ICP-OES and EDXRF showed the ore sample to be made
up of 12.75% Al2O3, 29.74% SiO2, 0.43% P, 9.02% K, 3.64% Rb, and 1.60% Li,
while theXRDaspresented inFig. 1 showed themain phases present in the ore sample
as lepidolite (96–900–0629), albite (96–900–1633), and quartz (96–901–2604).

Fig. 1 XRD of raw lepidolite ore
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Roast Leaching Studies

The mixture ratio of the lepidolite + Na2CO3 was studied over a range of 1:1 to
1:4 at 500 °C for 60 min. The calcines were then cooled and ground with subse-
quent leaching with distilled water for 120 min at 75 °C. The leaching results are
summarized in Fig. 2 where L represents the % leached and R as the % residue
obtained.

As shown in this figure, the results confirm the favorable influence of roasting
on the leachability of Li from lepidolite as the leachability increases dramatically
with an increase of the mixing ratio. The leachability increased steadily to 76.1% as
the mixing ratio reached 1:3 and, subsequently, decreased slightly to 72.2% as the
mixing ratio was adjusted to 1:4, even though the roasting temperature and leaching
conditions remained constant.

A range of roasting temperatures from 500 to 900 °C was chosen for investigation
while the leaching time (60 min) remained constant. The results shown in Fig. 3
indicate that roasting temperature has a considerable influence on lithium extraction.
The extraction rate of lithium had its peak at 750 °C and then decreased. This could
be attributable to the fact that as the roasting temperature increased, less leachable
lithium compounds probably formed.
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The effect of roasting time on lithium leachability at a fixed molar ratio of Li:
Na2CO3 (1:3) (Fig. 4) showed similar trends to those of leachability at different
roasting temperatures.As the roasting time increased, the efficiency of lithiumextrac-
tion improved. However, there appeared a sharp decline at 120 min with the lithium
recovery rate dropping to 81.1%. Therefore, the optimal roasting and leaching condi-
tions were set at lepidolite: Na2CO3 molar ratio of 1:3, roasting temperature and time
of 750 °C and 60 min, respectively, and leaching temperature and time of 75 °C and
120 min, respectively.

Residual Analysis

XRD analysis was performed to evaluate the components of the roasted samples.
Figure 5 shows the XRD patterns of the ore and Na2CO3 after roasting with a molar
ratio of Li: Na2CO3 of 1:3 at different roasting conditions. At a roasting tempera-
ture of 500 °C, the main components of the unleached sample + Na2CO3 (Fig. 5A)
were Lepidolite (JCPDS file no. 96–900–0025), Calcite (JCPDS file no. 96–900–
9668), and Quartz (JCPDS file no. 96–901–1496). In addition, peaks of Sanidine
(JCPDS file no. 96–901–0842), Nepheline (JCPDS file no. 96–100–8762), and Lepi-
dolite (JCPDS file no. 96–900–0835) appeared when the roasting temperature was
increased to the optimum750 °C (Fig. 5B) owing to phase transition at higher temper-
atures. Accordingly, after water leaching, the XRD pattern of the product (Fig. 5C)
by the evaporation of the leaching solution gave peaks that correspond solely to
Zabuyelite (JCPDS file no. 96–83–1454). This signifies that the whole process has
successfully transformed the sample into a lithium-containing product.

The SEM image of the initial sample +Na2CO3, after being reground by a plan-
etary ball mill, is shown in Fig. 6A, where it is seen that the particles exhibit a
large unsmooth surface. Figure 6B shows that the calcined mixture after processing
now possesses smaller, uneven, and porous surfaces, evidence of the complete and
successful extraction and conversion of the lepidolite into an easily broken-down
lithium-containing structure.
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Fig. 5 XRD patterns of the a lepidolite + Na2CO3 at 500 °C; b lepidolite + Na2CO3 at 750 °C;
C: leached product

Fig. 6 SEM image a initial sample +Na2CO3, b calcined mixture after processing

Conclusion

In conclusion, the possibility of treating aNigeria-sourced lepidolite ore by carbonate
roasting and subsequent water leaching process was studied. The main components
of the lepidolite ore were lepidolite, albite, and quartz. At optimal roast-leaching
conditions of lepidolite: Na2CO3 molar ratio of 1:3, roasting temperature and time
of 750 °C and 60 min, respectively, and leaching temperature and time of 75 °C and
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120 min, respectively, 91.2% lithium extraction efficiency was established. Evapo-
ration of the filtrate obtained gave zabuyelite of 99.1% purity, which could serve as
a precursor in lithium-ion batteries.
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Abstract The main contributor to global warming is carbon dioxide (CO2), here-
with referred to as a greenhouse gas, with a growth of nearly 2.7%, 60% above
that recorded around late twentieth century. Globally, the regulation and minimiza-
tion of CO2 have consequently become a consensus. In South Africa (SA), most
CO2 releases are from burning coal and future forecasts show that CO2 releases
will increase more and more should there be no counter-progress in the creation
of carbon capture technologies (CCT). Additionally, by integrating CCT into the
main sources of anthropogenic CO2 releases, like coal power plants (CPPs), chal-
lenges of CO2 releases will be brought to the barest minimal. Despite the challenge it
presents, yet an inherent research opportunity therein, with possibility of developing
a novel CCT.Hence, this paper presented a review on the theme “hydrotalcite-derived
material from waste metal dust, a solid adsorbent for CO2 capture: Challenges and
opportunities in SA’s CPPs”. This theme was subdivided into the following sub-
themes: challenges and opportunities inherent in SA’s CPPs; review of past and
current publications on CO2 capture from CPP. The conclusions reached are that the
use of waste metal dust and/or coal fly ash to produce solid adsorbents will go a long
way to saving significant cost of managing CO2 emissions, while the conversion of
this waste to product amongst other benefits will strengthen the goal of achieving a
circular economy in the mining industry.
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Introduction

South Africa (SA) may not have 250 years [1] of coal reserves, nonetheless, SA is
endowed with significant amount of coal to discover for export and domestic use.
Premised on the availability of significant coal reserves, 95% of SA’s electricity
supply comes from non-renewable energy sources, of which coal-fired power plants
(CPP) top the list [2]. There are currently 18 operating CPPs in SA (see Fig. 1)
differing in producing ability. Twelve CPPs are situated in theMpumalanga Province
(MP), twoCPPs are situated in the Limpopo Province, while the remaining four CPPs
are situated in the Gauteng Province (GP). These CPPs are located in the highveld
of SA. The highveld is known for its various human activities, which include power
generation, coal dumps, transportation, petrochemical operations, agriculture, and
metallurgical and mining operations [3, 4].

Based on the data obtained fromFig. 1, it can be deduced that SA is a fast-evolving
country with an energy budget that is highly reliant on coal. Consequent upon this,
according to a 2021 report by Kuang [5] and SA’s environment department, which
estimated that in 2017, SA emitted 556-million metric tonnes of greenhouse gases
(GHG). The breakdown of this GHG showed that 84.75% was from CO2, 9.28%
from methane (CH4), 4.81% from N2O, and 1.16% from fluorinated gasses (i.e.
hydrofluorocarbons (HCF3), perfluorocarbons (CHCl2F), sulfur hexafluoride (SF6),
and nitrogen trifluoride (NF3). The sources of these four GHG (CO2, CH4, N2O),
and (HCF3, CHCl2F, SF6, and NF3) can be divided into five categories of economic
sectors (Fig. 2).

Table 1 illustrates the countries that are accountable for the emission of CO2 in a
ranking series.According toKuang [5], SA ranks amongst the 8 countries categorized
as developing countries. Based on author’s concept (Kuang [5]), developing countries
account for 14.2 GT CO2 emission, roughly 49.7% of the gross CO2 emission for the
20 countries accounted for in Table 1, most of which (CO2 emissions) come from
the combustion of fossil fuel like coal in the CPPs [6].

Fig. 1 Sites of CPPs in South Africa [7]
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Fig. 2 Pie chart showing global GHG emissions according to economic sectors (adapted from
Kuang [5])

Table 1 The 20 countries that emitted the most CO2 in 2017 [5]

Rank Country CO2 emissions (Total) Rank Country CO2 emissions (Total)

1 China 9.3 GT 11 Indonesia 0.5 GT

2 United states 4.8 GT 12 Mexico 0.4 GT

3 India 2.2 GT 13 Brazil 0.4 GT

4 Russian
Federation

1.5 GT 14 South
Africa

0.4 GT

5 Japan 1.1 GT 15 Australia 0.4 GT

6 Germany 0.7 GT 16 United
Kingdom

0.4 GT

7 South Korea 0.6 GT 17 Turkey 0.4 GT

8 Islamic
Republic of
Iran

0.6 GT 18 Italy 0.3 GT

9 Canada 0.5 GT 19 Poland 0.3 GT

10 Saudi Arabia 0.5 GT 20 France 0.3 GT

In the most recent past, SA has been making efforts towards decreasing its carbon
footprint by moving its focus to key sources of CO2 emissions, such as the country’s
CPPs. More so, it has included carbon capture technologies (CCT) policies into its
legislation and hasmandated SA’sCenter for CarbonCapture and Storage (SACCCS)
to oversee its implementation. This clearly brings to light that there is a huge potential
of implementing CCT in the country’s CPPs. Somuch so that the pressing challenges
related to CO2 emissions require research for clean and sustainable energy technolo-
gies, such as carbon capture and storage (CCS) in SA. However, according to Beck,
Surridge, and Hietkamp [8], SA will require a portfolio of technologies to meet
its climate change. Within this portfolio, carbon capture is amongst the important
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technology to mitigate CO2 emissions from CPPs. Since 2009, SACCCS has been
investigating the technical feasibility of CCT in SA. SA’s CCS guideline, which was
endorsed by the cabinet of SA on 4May 2012, provides the overarching direction for
the work of SACCCS. The key milestones of the SA’s CCS guideline are as follows:

2004 Assessment of the potential for CCS in SA.
2010 Improvement of SA’s CO2 geological storage atlas.
2017 Inauguration of a CO2 Test Injection Project (10,000−50,000tCO2 stored).
2020 Enable start of a CCS demonstration plant (in the order of

100,000tCO2/year).

2025+ Update the operation of commercial CCS deployment (over
1,000,000tCO2/year).

Hence, this paper will present a review on hydrotalcites-derived material from waste
metal dust as a potential solid sorbent for CO2 capture: challenges and opportunities
in SA’s CPPs.

Challenges and Opportunities Inherent in SA’s CPPs

Challenges

In the most recent times, support has continually been given by way of encouraging
the use of renewable sources to generate power. This is done with the intention of
progressively countering the environmental impact posed through the use of coal to
generate power. Energy from renewable sources made up 25% of the global energy
combination in year 2017 [9], and their application to generate power is gathering
momentum globally at a significant pace. Despite the consequential drop in global
use of coal as an energy source, it remains the leading source of energy in the energy
mixture in SA. In addition to the merits of CPPs in producing electricity, there are
associated environmental impactwith the operation,with particularmention of global
warming, a consequence of releasing GHG into the atmosphere, the consequence of
global warming [10]. Coal cycle (CC)makes up part of the cycles in electricity gener-
ation from CPPs [11], with capacity for substantial environmental threats. However,
research into the environmental impacts as a result of CC, particularly in countries
like SA endowed with coal deposits, is significantly minimal.

Opportunities

Several studies have attempted to evaluate environmental effects of CPPs and its
associated processes with emphasis on GHG releases [12]. As a way of correcting
these effects, several technologies, like the flue gas desulphurization (FGD), CCT,
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and selective catalytic reduction (SCR), have been appraised with the goal of deter-
mining how conceivable it is for them to reduce environmental pollution. Going
by the complete life cycle modelling and comparative assessment of current clean
power generation technologies in China that was investigated by Liang et al. [13],
in which energy and environmental impact assessment with economic implications
of electricity generation employing CPP in advance of final consumption was eval-
uated in the mining industry amongst others, the deductions made was that CCT
has the capacity of bringing CO2 releases from CPP to the barest minimal, notwith-
standing the amount of CO2 produced (significantly high) during operation of these
technologies, a consequence of added energy consumption.

Hence, this literature review will strive to determine where the gap of knowledge
is with respect to this area of study and through this knowledge establish a research
focus that will aim to proffer a cost-effective and energy-efficient approach to CO2

capture in SA. To achieve this objective, this literature review will be carried out
under the following sub-sections:

1. Review of publications on technological routes for CO2 capture.
2. Review of publications on different types of sorbents prepared and characterized

from fly ash
3. Review of publications on other feedstocks for preparation and characterization

of hydrotalcite-derived material.

Review of Past and Current Publications on CO2 Capture
from CPP

Review of Publications on Technological Routes for CO2
Capture

Absorption Technology

The absorption technology (AT) requires use of solvents to capture CO2, a prac-
tice that has been well researched [14–17], making it a robust, mature, and widely
employed industrial technique for CO2 capture. Despite its reputation for CO2

capture, the use of chemical solvents (CS) makes it corrosive and the necessity
to regenerate expensive CS often used makes it energy demanding. Hence, the use
of liquid absorbents is not very suitable for adoption in the SA’s CPPs.

Membrane Separation Technology

Themembrane separation technology (MST) has potential of being used as a conven-
tional membrane separation unit [18–20]. However, it requires further research to
bring its high energy demand during separation to the barest minimal. Apart from its
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high energy demand, it also has challenge of poor selectivity [1, 21–23]. These
setbacks present major disadvantages for CO2 capture. Hence, the use of MST
for post-combustion CO2 capture is not suitable for implementation in SA’s CPPs,
because of high cost and difficulty of achieving high degree of CO2 separation (i.e.
high purity CO2).

Cryogenic Separation Technology

The cryogenic separation technology (CST) for CO2 capture is mainly based on the
principle of condensation and cooling [24, 25]. It is mostly applied in CO2 capture
systems where the gas streams contain a high concentration of CO2. Nevertheless,
the challenge with using MST to capture CO2 from CPPs is the high level of dilute
CO2 stream [25–28]. It is also an energy-intensive CCT, requiring high amounts of
energy for CO2 separation. Since the concentration of CO2 from SA’s CPPs is quite
low, CST will be an inappropriate CCT to use in SA’s CPPs.

Adsorption Technology

The adsorption technology (ADT) is a CCT that has been extensively used in chem-
ical and environmental processes [29–31]. Amongst the adsorbents used in this CCT
are zeolites, activated carbon, polyaspartamide, metal oxides; porous silicates, metal
organic frameworks, and chitosan [7, 32–36]. Despite the low investment cost advan-
tage inherent with using ADT to capture CO2 [37, 38], ADT is limited by poor heat
transfer, especially in packed beds and slow kinetics. Haven’t said that, it is also
important to state that the advantage of using ADT to capture CO2 far out-weighs its
disadvantages [39]. So, therefore, the use of ADT in SA’s CPPs is encouraged, based
on ease of regeneration of the adsorbent together with reduced energy requirements.

Review of Publications on Different Types of Sorbents
Prepared and Characterized from Fly Ash

Potassium-Based Sorbents

In the work of Sanna and Maroto-Valer [40], the authors investigated the potential
of potassium-fly ash (K-FA) sorbents for high-temperature CO2 sorption. Based on
their research findings, authors reported that increased uptake of CO2 and faster
reaction rates in the presence of K-FA can be ascribed to the formation of K-Li
eutectic phase, which favours diffusion of potassium and CO2 in material matrix.
Cyclic experimental results show that K-FA materials sustained stable CO2 uptake
and reaction rates of over 10 cycles.
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Activated Carbon

In words of Alhamed et al. [41], “power and desalination plants are one of the
main anthropogenic sources for CO2 generation, consequently GHG emitters and
thus major contributors to global warming”. In their work fly ash (FA) generated
in desalination and power plants were converted into activated carbon (AC) treated
with KOH at higher temperature and tested for CO2 capturing efficiency. The authors
discovered that surface area of 161 m2g−1 and adsorption capacity of 26 mg CO2/g
AC can be obtained by activation at KOH/FA ratio of 5 at 700 °C and activation time
of 2 h. They therefore concluded that there is great potential in using AC from FA to
reduce global warming.

Sodium Silicate Sorbents

According to Sanna and Maroto-Valer [42], Na silicates are good sorbent at ambient
temperature, nevertheless the understanding of their potential as high-temperature
CO2 sorbent remains an area yet to be investigated thoroughly. Based on the results
from their study authors suggested that carbonate-to-silica ratio used in production
of sorbents significantly affects CO2 sorption capacity and regeneration temperature.
Authors also shared that calcination at 800 °C was preferred due to the formation of
metastable sodium silicate phases, which resulted in higher CO2 uptake. Among the
developed sorbents, sodium silicate (Na)-to-fly ash ratio (FA) of 0.5:1 was preferred
because it maintained CO2 sorption/desorption capacity after five cycles (compared
to 1:1 and 1.5:1). Additionally, NA-to-FA ratio of 0.5:1 presented good capacity at
post-combustion conditions (12.5% CO2, 12% H2O, 700 °C). The presence of 20%
Li2CO3 additive enhanced the CO2 sorption of 20%. Generally, the Na to FA ratio of
0.5:1 sorbent showed a CO2 capture capacity and recyclability comparable to those
of other high-temperature sorbents.

Mesoporous Silica Materials

In the work by Panek et al. [43], the authors synthesized mesoporous silicate molec-
ular sieve, MCM-41, from pulverized coal fly ash (PFA), using silicate filtrate which
is a by-product hydrothermal zeolite production. In this study, rice husk ash was
also used for comparison but fusion with sodium hydroxide was used to prepare the
silicate filtrate, along similar lines to earlier reports of using PFA as a precursor for
MCM-41 synthesis. After polyethyleneimine (PEI) impregnation for CO2 capture,
the ash-derived MCM-41 samples displayed higher uptakes than the commercial
sample with the maximum achievable PEI loading of 60Wt% PEI (dry basis) before
particle agglomeration occurs, approximately 13 compared to 11Wt%, respectively,
the latter being comparable to earlier reports in the literature. The PFA sample that
displays the fastest kinetics to achieve 90% of the equilibrium uptake had the largest
mesopore volume of 1.13 cm3 g−1. Given that PFA-derived MCM-41 uses a waste
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silicate solution for hydrothermal preparation and no prior preparation is needed,
production costs are estimated to be considerably lower where silicate solutions
need to be prepared by base treatment, even if ash is used, as for the RHA-derived
MCM-41 used here.

CO2 Aluminosilicate Sorbents

Zeolites

In theworks ofLiu et al. [44], the authors preparedZeoliteAandA+Xmixtures from
coal fly ash procured from China by using an alkali fusion method. Authors shared
that when comparison exercise was carried on both zeolites with 13X zeolites at
higher temperature (∼90 °C), both the zeolite A+Xmixture and zeolite A prepared
from fly ash showed better performance in CO2 capture from flue gas because they
have higher selectivity of CO2 over N2.

Hydrotalcites (HT)

As mentioned by Muriithi et al. [45], authors reported that synthesis of hydrotalcites
(HT) from mineral waste (e.g. blast furnace slag) continues to receive increasing
attention. In their study, a novel approach for preparing HT from SA’s coal combus-
tion fly ash (FA) was reported. According to findings from this investigation, authors
shared that structural characteristics of HT produced from FA were similar to
those of HT produced from analytical-grade chemicals, except for the presence of
calcite. Authors therefore concluded by sharing that there is a potential in producing
high-quality HT under the optimized process conditions for CO2 capture.

Review of Publications on Other Feedstocks for Preparation
and Characterization of Hydrotalcite-Derived Material

Oil Shale Ash

Galindo et al. [46] reported that hydrotalcite-like compounds were co-precipitated
with diluted sodium hydroxide from an unconventional aluminium source: the
aluminium waste generated by the tertiary aluminium industry, with the assistance
of ammonia and triethanolamine at pH 10. These products were characterized by
several techniques (XRD, FT-IR, UV–vis–NIR, SEM, DTA-TG, and BET methods)
to compare results. The characterisation of products confirmed significant differences
depending on basic reagent selected. Products co-precipitated with ammonia showed
less crystal growth, amore significant iron content in the structure and higher internal
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surface area. Products from triethanolamine showed the entry of organic molecules
into the layered structure. These findings were important for the improvement of
methods based on waste treatment, transforming an aluminium hazardous waste into
a value-added product as layered double hydroxides.

Coal Fly Ash

According to Muriithi et al. [44], very little information is available on the natural
carbon capture potential of wet or dry ash dams. Hence their study focused on inves-
tigating the extent of carbon capture in a wet-dumped ash dam and the mineralogical
changes that promote CO2 capture, comparing this natural phenomenon with accel-
erated ex situ mineral carbonation of fresh fly ash (FA). Outcome shows that up to 6.5
wt% CO2 was captured by the fresh FA with a 60% conversion of calcium to CaCO3

via accelerated carbonation (carried out at 2 h, 4Mpa, 90 °C, bulk ash, and a S/L ratio
of 1). On the other hand, 6.8 wt% CO2 was found to have been captured by natural
carbonation over a period of 20 years of wet disposed ash. It was concluded that
natural carbonation in the ash dumps is significant and may be effective in capturing
CO2.

Mullite-Rich Tailings From Density Separated Copper Smelter Dust

In the study conducted and reported by Linda et al. [47], the authors agreed that
the high cost of metal powders like mullite prohibits use for certain engineering
applications. Hence, authors recommended harnessing mullite from a secondary
copper resource as an approach of countering the high cost of synthesized mullite.
In line with this school of thought, and the outcome of a characterization exercise
of the gravity separation of the copper smelter dust using the Knelson concentrator,
authors reported that recovery of SiO2 in concentrate was 33.04% and in Tailings
(MRT) it was 67.66%, while recovery of Al2O3 into concentrate was 32.82% and
into tailings it was 67.15%. Further characterization of the MRT revealed 80% of
particles were below 75µm,while SEM–EDS confirmedXRDpatterns of quartz and
aluminosilicate minerals (i.e. epidote, plagioclase, chlorite, andmuscovite) as shown
in Fig. 3. It was therefore recommended by authors based on enormity, potential, and
possibility ofMRT that it should be used to reduce the cost of mullite refined powders
in subsequent engineering applications.

Conclusions

Researchers agree that the potential for CO2 capture rest in the hands of key emitting
sources, like the CPPs. Researchers also agree that most suitable CO2 capture route
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Fig. 3 SEM and EDS images of a 150 µm particles, b 106 µm particles, c 75 µm particles, d 53
µm particles, and e-53 µm/Pan particles [47]

for the SA’s CPPs is post-combustion CO2 capture. According to the reports from
researchers, the suitability is premised on ease of retrofitting of capture devices in the
existing CPPs. In line with this claim authors also agree that adsorption technology
(ADT) using solid adsorbents will be ideal and more economically viable for CO2

capture in the SA’s CPPs. Based on reports on research that have been conducted on
the ADT using solid adsorbents, hydrotalcites has been reported as a solid adsorbent
with good promise for CO2 capture even at the industrial scale. However, authors
also agree that despite the ease of synthesizing HT in the laboratory using analytical-
grade chemicals, which eliminate difficulties associated with multiple anions in the
structural matrix, while allowing for trends and characteristics to be more readily
determined, the use of pure chemicals increases their production costs. Authors agree
that high cost of production of HT can be brought to the barest minimal by producing
HT from alternative sources of starting materials. The authors agreed that alternative
raw materials for production of HTs can be CFA and/or WMD. Authors also agreed
that application of a waste material such as (CFA) and/or waste metal dust (WMD)
to fabricate CO2 adsorbents such HTs has its advantages. Hence a gap of knowledge
has been identified in the area of using the SA’s CFA and/or MRT for the synthesis of
HTs. It is therefore recommended that future research should focus on preparation
and characterization of HT-derivedmaterial fromCFA and/orWMD for CO2 capture
from SA’s CPPs.
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Benefits of a Smart Electrical Energy
Management Information System and Its
Impact in Your CO2 Footprint

Hector Linares

Abstract The use of “smart” power meters across a distribution network on an
industrial facility can generate information for product cost allocation, operational
efficiency improvement, reliabilitymetrics (predictivemaintenance), andRootCause
Fault Analysis (RCFA) or troubleshooting. To reach all the potential benefits of the
network, it needs to be designed with a modern digitalization approach, able to
convert electrical power measurement signals into useful business information. This
session will explore the different units that a modern power measurement device can
register and how they can be extrapolated to become useful business information,
for example, power factor and utility bills, demand, curtailment restrictions, Total
Harmonic Distortion (THD), and electrical failures. Then, it will discuss the optimal
network architecture to optimize the level and amount of information collected the
protocols to share that information and the security firewalls to prevent unauthorized
access to the devices to close with the implications this may have in your CO2

footprint.

Keywords Smart meter · Power network · Energy Management Information
Systems (EMIS) · Digitalization · CO2 footprint

Introduction

Current power distribution systems are becoming more complex to a point where
power flow assumed to flow in one direction and generated by a single source of
energy is becoming outdated. The strain on the power generation grid along with the
increase of renewable distributed generation systems requires more advanced power
meters onmultiplemeasuring points with the ability to generate real-time dashboards
to support operating decisions to optimize the use of energy. The traditional approach
of single-point, once-a-month, manual capture readings is no longer effective for
modern power distribution systems with upcoming digitalization requirements. New
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power meter networks need to have expanded metering capacity, digitization ability,
and networking enabled to be able to evolve from a reporting tool to an Energy
Management System foundation.

Smart Power Meters

New technology using solid-state components has expanded the functionality,
accuracy, and connectivity of power meters from traditional electromechanical
equipment.

Functionality

In addition to the instant power and energy consumption indication from first-
generation power meters, current meters have the ability to display, record, and
transmit a wide variety of measurements as shown in Table 1.

Other functionality can include the following:

11. Time real-time clock (Year, Month, Date, Hour, Minute, Second);
12. Alarming over/under limit alarming;
13. Data logging on internal memory;
14. I/O option;
15. Display screen;
16. Backup battery to maintain power meter operation during power outages; and
17. Bi-directional communication to perform actions remotely on the electrical

system like disconnection, fault reset, and/or operation of a closing device.

Accuracy

Recent studies which were able to track the sources of meter bias or shifting allowed
the creation of compensating circuitry for effects from under/overload, temperature,
fast frequencies, and core saturation among other phenomena that can affect the
electrical reading devices. This relates not only to the accuracy of the readings but
also to the ability to capture very fast events related with power quality.

New power meters can be able to comply with standards like ANSI C 12.20;
IEC62053-22 who specify different accuracy classes like 0.1% to 0.5%.

Some of the key standards are IEC 61,000–4-30 Class A and Class S, IEC61000-
4–7 harmonic measurements, and IEC61000-4–15 for flicker. Industry standards
establish a common understanding of power quality in real-world electrical networks
and provide users confidence that they will have accurate data to solve problems and
issues related to events.
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Table 1 Electrical measurements

1. Energy 2. Current Demand

2.1.1. Active Energy Ep 2.1.2. Current Demand Total and each
circuit

2.1.3. Reactive Energy Eq 2.1.4. Peak Current Demand Total and each
circuit

2.1.5. Apparent Energy Es Apparent Power Total and each circuit

3. Time Of Use (TOU) 4 Tariffs (sharp, peak,
valley, and normal), 14 Schedules (14 segments,
weekends, and 10-year holiday settings)

4. Power Factor Total and each circuit

5. Power Demand 6. Frequency F

6.1.1. Active Power Demand Demand_P 6.1.2. Power Quality

6.1.3. Reactive Power Demand Demand_Q 6.1.4 Total Harmonic Distortion THD

6.1.5. Apparent Power Demand Demand_S 6.1.6. Individual Harmonics 2nd ~ 31st
(Voltage and Current)

6.1.7. Peak Power Demand Demand_P_max 6.1.8. Current K Factor KF

7. Real-Time Metering 8. Voltage Crest Factor CF

8.1.1. Phase Voltage V1, V2, V3 8.1.2. Voltage Unbalance U_unbl

8.1.3. Line Voltage V12, V23, V31 8.1.4. Current Unbalance I_unbl

9. Current Total and each circuit 10. Voltage and Frequency Sag/Swells log

10.1.1. Power Total and each circuit 10.1.2. Voltage and Frequency Sag/Swells
log

10.1.3. Reactive Power Total and each circuit 10.1.4. Voltage and Frequency Sag/Swells
log

Connectivity

The previous more common analog measurements of voltage and current that were
translated into power and demand can be digitized now using Analog/Digital (A/D)
converters and signal microprocessors, once the information is converted into digital
data, this can be transferred to big data handling systems, able to log, trend, and store
large amounts of information but this needs to be integrated and transmitted via an
effective communication network that is capable of delivering accurate and reliable
streams of data in a timely manner.

Protocols

There are many protocols currently used for these networks and the definition of the
proper protocol to be used depends on many factors like the hardware compatibility,
distances, media available, number of ports, bandwidth, operating cost, and service
agreements among others. Table 2 shows a list of some of the most used protocols.
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Table 2 Network protocols

+ Built-in Standard Modbus-RTU via RS485 + Dual Ethernet +Wi-Fi

+Modbus-TCP/IP + HTTPs Webserver + HTTP/HTTPs Post

+ BACnet-IP + FTP Post + SMTP

+ SNMP + SNTP +MQTT

Is not uncommon tohavenetworks that usemore thanone communicationprotocol
and media depending on the hierarchy level (front or backbone), media (radio,
fiber optic, Ethernet, etc.), and meter generation (legacy families tend to use serial
protocols while new meters come with Wi-Fi, Cellular, or Ethernet configuration).

Architecture

Depending on the number of nodes, bandwidth, distance, and capacity to serve
other needs, the network architecture more commonly could be point-to-point mesh
configuration, redundant ring, or hierarchical star.

Cybersecurity

Modern powermetering networks cannot longer exist as isolated local area networks,
in order to process the data and generate business decision guidelines, they need to
be connected with process control systems and business wide area networks, this
also expose them to cyberattacks, a reliable firewall needs to be incorporated into
the network to ensure that only approved users and applications can get access to the
information generated by the meters, one of the most effective approach that have
worked with large metering networks like the smart grids is a distributed firewall
framework [1],with the ability to inspect packets from thedifferent layers and identify
security events and critical states, generating real-time event alarms.

The location of the elements of the firewall is critical, most commonly where the
borderline between private and public networks is. An efficient configuration process
as well as appropriate diagnostic tools are essential elements of an adequate firewall.

Energy Management Information Systems

Recent increasing demands are pushing for an integrated network with the automa-
tion, operation, business, and power metering properly segmented, this is the base
for modern digitalization strategies, but collecting and storing the information is just
the first step of the process.
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Conversion

How much impact can have a lower than 80% power factor in the production cost
of a company? What is the impact in the expected life of an electrical equipment if
the THD is greater than 5%? These and other questions require the conversion of
electrical measurements into operational and business implications, a proper analysis
on a case-by-case scheme needs to be performed in order to identify the correlation
between them. In many cases, with enough historical data and depth process and
equipment knowledge, a correlation can be established and this information is very
useful to create standard operating procedures, focus capital investments, design
automated controls, and set benchmarks. This process enables the next sections of
this topic.

Digitalization

It is defined as the use of digital technologies to change a business model and provide
new revenue and value-producing opportunities; it is the process of moving to a
digital business. A concrete example of this could be a production model adapted to
the different tariff levels and schedules in order to minimize the cost of the electrical
energy with automated production controls that prioritize the use of electrical power
to maintain peak demand to the lowest level.

This requires consolidation of production indicators, business priorities, bench-
marks, power measurements, and reliability parameters, the concept of an isolated-
dedicated power network is no longer viable to achieve these goals.

There is a formal tool to implement this digitalization strategy using smart power
metering networks, this tool is described next.

EMIS

An energy management information system (EMIS) is a performance management
system that enables individuals and organizations to plan, make decisions, and take
effective actions to manage energy use and costs. This system makes energy perfor-
mance visible to different levels of the organization by converting energy and utility
driver data at energy account centers into energy performance information. It does
this by using performance equations that are comparedwith the organization’s energy
targets.
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Benefits

Here are some examples of how this data can be converted into useful business
strategic information.

Product Cost Allocation

With the proper distribution of the power meters and using real-time production
rates, the system can calculate electrical energy cost per ton or unit of the different
products of a manufacturing line, this supports accurate cost allocation resulting on a
better price structure impacting revenues of the company, it can also help to find areas
of opportunity in the process when product benchmarks across different producing
facilities are not met.

Efficiency

Real-time monitoring of the use of electrical energy can help to identify inefficien-
cies in the system due to wear, leaks, idle time, sub-optimal rates, re-handling, and
bottlenecks, triggering corrective actions focused on the real issue that will bring
immediate improvements in the process.

Reliability

Power monitoring can track wear trends on pumps, fans, crushers, compressors,
elevators, and other types of equipment, enabling Condition Base Monitoring and
Reliability Centered Maintenance systems to make adequate decisions on interven-
tions; proper setting of alarms can help to identify abnormal conditions before they
become an extended shutdown.

RCFA

If the worst come to the worst and production is impacted by a shutdown, finding
the root cause is key to restore operations and prevent this to happen again, having
historical information about the health of the equipment, operating conditions, and
external phenomena that can influence the equipment like power quality issues can
be a valuable tool to expedite the Root Cause Fault Analysis (RCFA).
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CO2 Footprint

Almost every source of energy used by the industry has implications on its CO2

footprint. This is a strong incentive to optimize the use of energy across the company
but how can you improve what you cannot measure?

Distributed Power Metering Network

With the deployment of smart MCCs, solid-state starters, and variable frequency
drives, the electrical current used for each one of these pieces of equipment is more
readily available, this is not a complete power measurement but, in many cases, can
serve as a very good approximation. Every year there are new instruments available
to measure electrical variables, more advanced, more accurate and smarter, making it
easier and cheaper to deploy a highly segmented network of power meters, allowing
companies to identify major and more variable loads where higher impacts can be
achieved to optimize the use of electrical energy.

Energy savings cannot be directly measured since they represent the absence
of energy use. Instead, savings are determined by comparing measured use before
and after implementation of a project, making appropriate adjustments for changes
in conditions. This implies that a distributed power metering network is the first
step required to implement and evaluate energy saving projects which are becoming
more and more important as the industrial electrical energy cost increases above the
inflation rate [2]. The average component cost for similar projects based on 56 study
cases of utility companies reflects a 47% cost on the power meter, 21% of cost on
the communication network, 17% on the data management, and 15% on other costs
[3].

Net Metering

Legislation to improve the adoption of netmetering (where power produced in excess
by an industrial facility can be sold back to the utility company) [4] creates a larger
incentive for companies to invest in energy-recovering projects, biomass, waste-heat
recovery, solar, and wind are some examples, traditional electrical energy consumers
are evolving to become e-consumers/generators of electricity, being able to monitor
on real time the flow of energy, the total power, and its distribution across the project,
which requires more advanced metering networks and energy management informa-
tion systems, under this circumstances, these systems evolve from cost optimization
tools to strategic business decision support platforms.
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Conclusions

Electrical energy has evolved to become a commodity with the particularities that it
cannot be stored, and it is interchangeable regardless of its origin, but when you take
in consideration its CO2 footprint, the source of electricity makes a large difference.
Also, energy costs had increased five times faster than total inflation in the US during
2021 [5].

These two facts are encouraging largest users (industry) to find better ways to
optimize the use of energy, migrate from traditional sources of energy like coal or oil
to renewable electricity or alternative fuels taking advantage of new technologies,
and, in some cases, become generators of electricity taking advantage of its own
recovered energy sources.

In summary, measuring electrical energy in real time is becoming a critical deci-
sion tool. The two main pillars for a reliable, accurate, and advanced system are a
modern power metering network and a powerful Energy Management Information
System.

There are other sources of energy and utilities used in the industry: fuel, coal, gas,
biomass, compressed air, water, etc. All of them can be measured and incorporated
to an Energy Management Information System, expanding the applicability of these
concepts tomake this a comprehensive system,multiplying the identification of areas
of opportunity in energy use, and this has a double positive impact for the company,
reduction of energy costs, and reduction on the CO2 footprint simultaneously. For
example, every kwh that these projects can reduce will have an impact of up to 1.6
CO2 pounds, for everyMillion CubicMeters (MCM) of natural gas used, 121 pounds
of CO2 is generated, for every gallon of gasoline, 19.6 pounds of CO2 is generated,
and for every pound of coal, 9.8 pounds of CO2 is generated [6]. If these numbers
look small, just multiply them for the actual energy an average company is using. If
we all focus on the same goal, optimize the use of energy, the impact we can make
into this world in terms of sustainability and CO2 reduction is going to be significant.
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Modes of Operation, Design,
and Experiments in a Laboratory Solar
Convective Furnace System

Vishwa Deepak Kumar, Laltu Chandra, Piyush Sharma, and Rajiv Shekhar

Abstract The concept of a laboratory-scale solar convective furnace system (SCFS)
has been proposed in a previous publication (Patidar et al. in JOM 67:2696–2704,
2015). In the present work, hot air generated from concentrated solar radiation heats
ingots in an aluminium soaking furnace. The SCFS consists of the following compo-
nents: an open volumetric air receiver (OVAR) to heat ambient air, thermal energy
storage to address the intermittency of solar radiation, and a retrofitted soaking
furnace. The TES is charged by hot air from the OVAR. Hot air recovered from
the TES heats ingots in the retrofitted furnace. The present paper has three objec-
tives. First, the modes of operation of a SCFS will be explored. Herein, the possible
circuits which depict the interconnection between the components of a SCFS for
day and night operations will be discussed. Second, the design basis and results of a
laboratory-scale SCFS will be shown. Third, a preliminary mathematical model of
a SCFS circuit will be presented.

Keywords Solar convective furnace · Thermal energy storage · Open volumetric
air receiver

Introduction

Tominimize the use of fossil fuels, Patidar et al. [1] have proposed a solar convective
furnace system (SCFS). Here, hot air from an open volumetric air receiver (OVAR) is
used as the heat source in an aluminiumsoaking furnace.TheOVAR, located at the top
of a tower, receives concentrated solar radiation (~ 500 kW.m−2) from a surrounding,
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concentric, heliostat field. An OVAR consists of several metal or ceramic, porous,
absorbers. These absorbers are exposed to the concentrated solar radiation, which, in
turn, heats the ambient air drawn through the pores of the absorbers. Air temperatures
up to 700 °C have been achieved in a 1.5 MWe demonstration plant [1]. Details of
OVAR design are given in [2, 3]. To address the intermittency of solar radiation and
ensure 24 × 7 operation, the SCFS is also equipped with thermal energy storage
(TES). TES is a packed-bed reactor containing high heat capacity solids. The TES
is charged by introducing hot air from OVAR during daytime. During the off-sun
hours, the TES is discharged using ambient air, and the obtained hot air is used for
soaking aluminium ingots.

This study has three objectives. First, the modes of operation of a SCFS will be
explored. Herein, the possible circuits, which depict the interconnection between the
components of a SCFS, for day and night operations will be discussed. Second,
the design basis and results of a laboratory-scale SCFS will be shown. Third,
a preliminary mathematical model will be presented for calculating the SCFS
efficiency.

Fig. 1 One possible mode of operation of SCFS between a 8 AM to 4 PM (sunny hours) and
(b) 4 PM to 8 AM (off-sun hours)
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Modes of SCFS Operation

Figure 1 shows one of the possible modes for operating the SCFS. Here, the day
is divided into two parts: (i) 8 AM to 4 PM when adequate solar radiation, more
specifically direct normal irradiance (DNI), is available and (ii) the off-sun hours, 4
PM to 8AM. This means 8 “sunny” hours are available for charging the TES and 16 h
for discharging. Thus, the charging time is half the discharging time. Consequently,
the air mass flow rate during charging (ṁc) is twice that of the discharging mass flow
rate (ṁd), thatis, ṁd = 0.5ṁc. In Fig. 1, ṁ and T represent the mass flow rates and
temperatures at the inlet and outlet of each unit. Subscripts ov, s1, s2, and f represent
the OVAR, TES-1, TES-2, and the soaking furnace (SF), respectively. The inlet and
outlet of each unit in Fig. 1 is denoted by subscripts i and o, respectively.

Between 8 AM and 4 PM (see Fig. 1a), hot air from the OVAR charges TES-1,
the output from which is split into two streams. One stream is fed into the SF, while
the other stream is fed to the inlet of TES-2. Air stream from the outlet of the SF is
also directed to the inlet of TES-2. Therefore, TES-2 also serves as an in situ heat
recovery system. Since DNI is sufficiently high during 8 AM to 4 PM, hot air from
OVAR is fed to the SF through TES-1. This ensures minimum variation in the air
temperature at the SF inlet, Tf,i [4]. During 4 PM to 8 AM, TES-1 and TES-2 are
discharged to provide hot air to the SF (see Fig. 1b). The mode of operation adopted
in the laboratory-scale SCFS is relatively simple. Different modes of operation and
their viability will be presented in detail in subsequent publications.

Experimental Setup

Figure 2 is a schematic diagram of the experimental setup, which shows the compo-
nents of an SCFS. Because of the absence of a solar simulator, the absorbers were
electrically heated, details of which are given by Sharma et al. [2]. The blower sucks
air into the OVAR. Hot air from the OVAR is used to charge TES-1. Air from the

Fig. 2 Schematic diagram of SCFS facility
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TES-1 outlet, which will be higher than the ambient temperature, is returned to the
OVAR, where a part of the return air is mixed with ambient air and sucked back into
the OVAR. After charging TES-1, electrical heating in the OVAR is switched off.
Thereafter, ambient air is sucked in for discharging TES-1 for providing hot air to
the SF. Air from the SF exit charges the secondary TES-2, and the relatively cooled
air is released to the atmosphere.

A brief description of the SF and TES-1 setups is given below. Details of the
OVAR are given elsewhere [1–3].

Soaking Furnace

The industrial aluminium soaking furnace at Aditya Birla Group, the world’s largest
aluminium rolling company, has two sections, namely, heater and hearth. It operates
in a batch mode wherein air is recirculated within the furnace between the heater
and hearth sections [1]. Air is heated electrically in the heater section, which then
heats the ingots. Figure 3 is a schematic diagram of the laboratory SF, which is a
1:15 scale-down model of the Aditya Birla furnace. It is similar to the Aditya Birla
furnace except that it operates in a continuous mode. Hot air enters the furnace in
the heater section and exits from the hearth section. To ensure uninterrupted soaking
of ingots, back-up electrical heaters have been mounted in the heater section along
with an external heating unit (EHU). Based on dynamic similarity with the Aditya
Birla furnace, a 2-mm-thick steel sheet has been used for the soaking experiments
[1].
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Fig. 3 The laboratory soaking furnace. Dimensions are in mm



Modes of Operation, Design, and Experiments in a Laboratory … 109

Fig. 4 Photographs of the primary energy storage, TES-1

Thermal Energy Storage

Meier et al. [5] have demonstrated the feasibility of a packed bed of rocks for thermal
energy storage with air. Here, the details of the primary thermal energy storage,
TES-1, are presented. Figure 4 shows a photograph of TES-1 (height = 1.0 m, inner
diameter = 0.25 m, insulation thickness = 0.075 m). The inner and outer insulating
layers are resin bonded silicon sealant and ceramic wool, respectively. TES-1 is
divided into four chambers (PC1–PC4), with PC1 being the topmost chamber. Each
chamber is filled with sandstone pebbles with the following physical properties: ρ

= 2200 kg.m−3, cp = 0.7 kJ.kg−1.K−1, and k = 1.3 W.m−1.K−1 [6]. Pebbles with a
maximum dimension of 20 mm were selected to ensure Newtonian heating. The bed
porositywas 0.39. A total of 48 thermocouples were installed tomeasure temperature
in different sections of TES-1. TES-2, the secondary thermal energy storage, is a 1:4
scale-down model of TES-1. Details of TES design are given in [6].

Operation of SCFS

The sequence of operation in the laboratory SCFS is: (i) charging TES-1 with
hot air from the OVAR, (ii) discharging hot air from TES-1 with ambient air for
supplying to the SF. The charging and discharging air flow rates are 0.012 kg.s−1

and 0.00625 kg.s−1, respectively.
Figure 5 illustrates that ambient air is heated in the OVAR from 32 °C to 250 °C

in the first 50 min and then its temperature slowly increases to 310 °C in the next
2.25 h. Lower temperatures at the TES-1 inlet suggests heat loss from the 3-m-long
piping between the OVAR and TES-1. As expected, the temperature of pebbles in
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Fig. 5 The measured air and pebble temperatures during the charging of TES-1

the topmost chamber (PC1) is highest. The temperature of air exiting TES-1 will be
close to the pebble temperature in PC4.

The charging efficiency (ηC ) is defined as the ratio of the energy stored in TES-1
to the sum of energy supplied by air and the energy required for pumping air through
TES-1 during the charging period. Experimentally, ηC = 70%.

During discharging of TES-1, ambient air enters the lowermost compartment PC4
and leaves from the topmost chamber, PC1. Figure 6 depicts the temperature profiles
during the discharging of TES-1. Ambient air is being drawn in through the OVAR
with electrical heating switched off. Surprisingly, initial temperature at the TES-1
inlet rises to 120 °C, then drops to 50 °C in 1.3 h, after which it remains unchanged.
The initial high air temperature is caused by the transfer of heat to the ambient air

Fig. 6 The measured air and pebble temperatures during the discharging of TES-1
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from the preheated 3-m-long pipeline between theOVARandTES-1. Pipe preheating
takes place during TES-1 charging. With time, the pipeline temperature decreases to
the ambient temperature. The discharge air temperature at the TES-1 outlet, which is
fed to the SF, decreases from 225 °C to about 170 °C. This phenomenon is expected
considering the decreasing pebble bed temperature with time.

The experimentally determined discharging efficiency (ηD) was about 75%. ηD

is the ratio of total energy recovered from storage by air and the sum of pumping
energy and energy stored in storage at the end of the charging period.

During discharging, hot air from the TES-1 outlet flows continuously to the SF.
The soaking experiment is divided into two phases: preheating and soaking. During
preheating, hot air heats the heater section of the SF. Figure 7 shows the time-
dependent air temperature profile at the furnace inlet/outlet and along the height
of the steel sheet. Ideally, the temperature profile of air at the furnace inlet should
mirror the temperature profile of air at the TES-1 outlet. A comparison of Figs. 5
and 6 clearly shows that the relatively cold 6-m-long piping network from TES-1 to
the SF results in a significant drop in the air temperature at its inlet. Figure 7 also
shows that there is a 25% drop in temperature in the heater section of the SF. It may
be pointed out that the electrical heaters were switched off during the experiments.

The efficacy of the EHU was also tested. Ambient air at 32 °C was directly fed to
the SF through the EHU. TES-1 was bypassed. Experiments showed that the EHU
increased the ambient air temperature to 130 °C.

The efficiency of the SF (ηF ) is defined as the ratio of the energy required to
achieve a specific temperature increase in the metal sheet and energy supplied to
the furnace by hot air from TES-1 during the discharge period. In the performed
experiment, ηF

∼= 62%.
One major shortcoming of the SCFS has been the low air temperatures in the

furnace, primarily due to heat losses in the piping network and the heater section of

Fig. 7 Temperature profile of (i) air at the retrofitted SF inlet/outlet and (ii) steel sheet as a function
of height (TC2, TC5, TC8). Thermocouples TC2 and TC8 are located near the top and bottom of
the steel sheet, respectively
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the laboratory SF. Consequently, the secondary storage was not analysed in detail.
However, the main purpose of these experiments was to demonstrate the implemen-
tation of a SCFS and collect data for the development of a mathematical model for
designing an industrial SCFS.

Mathematical Model of SCFS Efficiency

The SCFS efficiency (ηSCFS) can be defined in terms of the efficiencies of the sub-
systems, namely, OVAR (ηOV ), TES-1 charging (ηC ), TES-1 discharging (ηD), and
the SF (ηF ):

ηSCFS = ηovηCηDηF (1)

where ηOV is the fraction of concentrated solar irradiance (Q̇ in W.m−2) incident on
the OVAR that is absorbed by air, an expression for which is given below [7]:

ηOV = 0.99
(
Q̇/ṁov

)−0.08
(1 − γ )−0.34 (2)

In Eq. 2, γ is the absorber porosity and ṁov is the air mass flow rate through the
OVAR (see Fig. 1). Thus, ηOV can be calculated as a function of the design (γ ) and
operating parameters (Q̇, ṁov) of an OVAR.

In a subsequent publication, the procedure for calculating ηSCFS for more realistic
modes of operation, such as that shown in Fig. 1, will be presented. This will require
detailed fluid flow and heat transfer simulation of thermal energy storage and the
retrofitted SF.

Conclusions

This work presents the design and operation of a laboratory-scale SCFS. Experi-
ments demonstrated that SCFS is a viable concept. Incorporation of multiple soaking
furnaces in the SCFS, as in industrial practice, will also be a subject of further studies.
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Heat Island Mitigation Strategy
for Urban Areas Using Phase Change
Materials (PCM)

Ganesan Subramanian and Neale R. Neelameggham

Abstract Heat islands are urbanized areas that experience significantly higher day
and night time temperatures than the surrounding rural areas on account of the influ-
ence of the buildings, roadways, and industries on the local weather. Heat islandmiti-
gation strategy depends on the weather patterns at the urban geographical location.
Mitigation of heat island effect has been demonstrated by increased use of shade and
materials that alter the reflectance and emissivity of the surfaces impacted by solar
radiation. Interest in the use of PCM for urban infrastructure for further enhancing
the mitigation through heat storage and liberation is more recent. Key physical prop-
erties needed for PCM use are the latent heat of fusion, thermal conductivity, density,
and specific heat. This paper reviews the physics involved in choosing the right PCM
for buildings, placement of PCM in the infrastructure, and modeling methods for
optimal energy costs.

Keywords Heat island mitigation · PCM

Introduction

The heat island effect [1, 2] is a well-studied phenomenon in urban areas where the
concentration of buildings, roadways, and industries generates local weather condi-
tions that are more extreme than the surrounding rural areas, leading to thermal
discomfort or extreme events like flooding. Mitigation of heat island effect has been
demonstrated by increased use of shade and materials that alter the reflectance and
emissivity of the surfaces impacted by solar radiation. Local weather patterns are
further influenced in recent times on account of global climate change. PCM incor-
poration into urban infrastructure is an efficient, reliable, and inexpensive way to
further mitigate the heat island effect and ensure thermal comfort, at the same time
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reducing emissions from the use of fossil fuels and reducing heating and cooling
loads.

Building construction and operations accounted for the largest share of both global
final energy use (36%) and energy-related CO2 emissions (39%) in 2018 [3] (Fig. 1).
Construction industry is the portion (estimated) of overall industry devoted to manu-
facturing building construction materials such as steel, cement, and glass. Indirect
emissions are emissions from power generation for electricity and commercial heat.
The buildings and construction sector should therefore be a primary target for GHG
emission mitigation efforts, as it accounted for 36% of final energy use and 39% of
energy- and process-related emissions in 2018. Growth of urban areas will increase
this share in the future (Fig. 2).

Thermal energy storage (TES) is the equivalent of a battery that stores electrical
energy and can be used to store heat or cold during overproduction of heat or elec-
tricity for use at a later time, thus improving system efficiency by reducing peak
cooling and heating demands. Thermal energy storage using PCMs takes advantage
of their high energy density available as latent heat at constant temperature with prac-
tical applications using the solid-to-liquid transition. The high latent heat of fusion
allows PCMs to store 5–14 times more heat per unit volume than common sensible
heat storage materials like rock or water [4, 5]. Common applications of different
type of PCMs are shown in Fig. 3.

Any candidate material to be used as PCM shall have first of all large latent heat
and ideally high thermal conductivity. There is however no perfect PCM, and the

Fig. 1 Building industry global share of energy and emissions in 2018 [3]

Fig. 2 How PCMs work as thermal storage materials [6, 4]
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Fig. 3 Emerging
applications of PCM thermal
storage with PCM types and
temperature ranges [20]

choice of material is always a compromise. The main characteristics required for a
useful PCM are as follows:

Thermo-physical properties:

• Phase change temperature within the range appropriate to the application.
• Large latent heat per unit volume.
• Large sensible heat per unit volume.
• High thermal conductivity in both phases.
• Small volume changes due to the phase transition.
• Congruent phase change (no component segregation in the solid phase).
• Sharpness of latent heat release and absorption: should occur over a narrow

temperature.
• Range, depending on the application [8].

Nucleation and crystal growth:
• High nucleation rate (to avoid supercooling of the liquid during solidification and

consecutive temperature hysteresis between solidification and melting).
• High crystal growth rate (enabling fast charging/discharging of the PCM

reservoir).

Chemical properties:

• Entirely reversible solidification/melting process.
• No chemical degradation with time and number of charging/discharging cycles.
• No corrosive properties to the construction/encapsulation materials.
• Non-toxic, non-flammable, and non-explosive.

Economics and usability:

• Easily available at low cost.
• Easily recyclable.
• Good environmental parameters based on Life Cycle Assessment.
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Characteristics of the different types of PCM are summarized in the table below:

For “Green” buildings, inorganic PCMs are preferred if they can be incorporated
into the building infrastructure easily. In practice, however, modifications to over-
come the disadvantages are done through mixing the different types in the form of
composites, encapsulation (macro and micro), or foams, when it becomes a chal-
lenge to estimate the basic physical properties of latent heat, density, specific heat,
and thermal conductivity. In such cases, there are many experimental techniques
available for direct determination of these properties. Temperature range of different
PCM types is shown in Fig. 4 from [6].
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Fig. 4 Working range of enthalpy and temperature of various PCMs [6]

PCM Incorporation into Buildings

Practically, PCMs are incorporated into building envelope elements by one of
the following methods: (a) direct incorporation, (b) immersion, (c) encapsulation
(micro- or macroencapsulation), (d) shape-stabilized PCMs, and (e) form-stable
PCM composites. In the direct incorporation method, the PCM in powder or liquid
state is added directly to the construction material, such as gypsum mortar, cement
mortar, and concretemixture. Thismethod is the easiest andmost economical because
it does not require any experience and is easy to incorporate. On the contrary, the
major drawback of this method is the leakage of PCM during the melting phase.
This leakage causes incompatibility of mixed materials and increases the risk of fire
(for flammable PCMs). In addition, this method weakens the mechanical proper-
ties of constructed elements during high temperatures given that the PCM is added
to the mixture in a liquid state, thereby decreasing the water content ratio. In the
immersion method, a porous construction material immerses into the liquid PCM;
it is absorbed due to capillarity. The main drawbacks of this method are leakage,
construction incompatibility, and the corrosion of reinforced steel when incorpo-
rated with concrete elements, thereby affecting its service life. Encapsulation is a
suitable method to avoid the leakage issues of PCM and to enhance its compatibility
with the building structure. Encapsulation is performed by covering the PCM by a
shell for protection from the outside environment as well as for leakage prevention.
This method is also essential to increase the heat transfer area and, hence, the thermal
conductivity of PCM to ensure effective utilization of its storage capacity. The PCM
can be macroencapsulated using shells, tubes, channels, and thin plates or microen-
capsulated when the microsized PCM is covered by unique polymeric material [7,
8, 13]. In both methods, the encapsulation material should have unique character-
istics, such as preventing leakage, retaining all thermal characteristics of PCM, not
reacting with PCM, compatible with PCM and its application, providing structural
stability and securing handling [9]. Furthermore, it should control any volumetric
change of PCMduring phase changes and provide appropriate protection for the PCM
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against environmental degradation and good thermal conductivity and mechanical
strength over PCM life cycles [10]. Pipes, panels, and foils made from aluminum,
copper, and stainless steel are commonly used for macroencapsulation because they
offer excellent thermal conductivity, compatibility, and support to the mechanical
strength of building materials [11]. More macroencapsulation forms are shown in
Fig. 5. The shape-stabilized method contains the PCM inside a carrier matrix. This
method is promising because it provides better thermal conductivity, large specific
heat, and maintain the shape over many cycles of phase transition. More information
regarding its configurations and preparation techniques have been described by Refs.
[12]. The form-stabilized PCM is also an advanced method of incorporation. It is a
specific definition of composite material, retaining the maximum amount of one or
more types of PCM and showing no leakage at melting temperatures. Although the
two latter methods are expensive to implement, they are the most reliable amongst
others. Reliability indicates that the PCM cycles (melting/solidification) are repeated
in high performance without degradation, and this feature is crucial for applications
that require high performance for long term, such as buildings.

Recently, Peiran Wei et al. [14] examined the direct insertion of PCM into a
building material using 3D printing for scalability. Paraffin wax as PCM was mixed
with liquid resin as the supporting structure, creating a soft, paste-like material that
can be shaped as needed. Once it’s in the desired shape, it can be cured with UV light
to harden the resin. The end result is a solid material strong enough to build with,
containing pockets of PCM inside. Without the need for extra shells, the PCM can be
packed in more densely, comprising up to 63 weight percent of the material, which
boosts its ability to regulate the ambient temperature. But perhaps most importantly,
the material is now easier to make in bulk. Its squishiness means it can be made into
a 3D-printable ink, which could then be made into whatever shape or size is desired,
for much lower cost than other PCM building materials (Fig. 6).

Fig. 5 Different macroencapsulation forms used with building structure [6]



Heat Island Mitigation Strategy for Urban Areas … 123

Fig. 6 Main parameters that influence the optimum position of the PCM application in building
[6]

Air Conditioning Application with PCM as Air Heat
Exchanger

So farwe have reviewedPCMs in a passivemode as part of the building infrastructure.
Chaiyat and Kiartsiriroot [19] experimentally demonstrated that the active mode use
of PCM (Paraffin wax Rubitherm20, RT-20) as an air heat exchanger in conjunction
with the air conditioning system can result in reducing cooling loads asmuch as 10%.
The air conditioner controls the room temperature at around 15–20 °C. The return air
with temperature of around 22–25 °C, slightly higher than the PCMmelting point of
20 °C, is fed to the PCM bed (Fig. 7c) and would enter the evaporator at 20 °C, lower
than the ambient, thus reducing the cooling load. In the charging mode (Fig. 7b),
the supply air from the evaporator is bypassed through the PCM bed, allowing it to
freeze.

Experimental Measurement of PCM Physical Properties

Experimental measurement of specific heat, thermal conductivity, and density can
be done by various techniques and for complex PCMs, for example, microencap-
sulated or composites, this is the only reliable method [7]. Common methods are
conventional calorimetry, differential thermal analysis (DTA), and differential scan-
ning calorimetry (DSC). Although DTA and DSC methods are well developed, the
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Fig. 7 Air conditioning scheme with PCM air heat exchanger [19]

samples tested by them are very small (1–10 mg) and the thermophysical properties
of samples are usually different from those of the bulk materials used in practical
systems.DTAandDSCmeasurement rigs are complicated and expensive; they cannot
measure heats of fusion, specific heats, and thermal conductivities of several PCM
samples simultaneously. Besides, the phase change process of a PCM sample during
a measurement is hard to observe clearly when using conventional methods. Zhang
et al. [15] have developed a “T-history” method, of determining the melting point,
degree of supercooling, heat of fusion, specific heat, and thermal conductivity of
several PCM samples simultaneously. It is especially useful for the selection from
a list of candidate PCMs or for the preparation of new PCMs for use in practical
systems.

Modelling of PCM-Enhanced Building Envelope

In recent years, different types of modelling and simulation tools have been applied
to describe the thermal behavior of PCM and energy saving gained from its incor-
poration with building components. Experimentally, some researchers work on a
laboratory-scale level whilst others work on whole-building level to validate the
tools. The most widely used tools for modelling and simulating PCM behavior are
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compared by Vadiee et al. [16]. ANSYS FLUENT, COMSOLmultiphysics, Energy-
Plus, TRYNSYS, MATLAB, ABAQUS™ solver, and DIANA–finite element anal-
ysis. Although many researchers reported good agreement of computational tools
with the experimental results, IEA states that the confidence level of these tools is still
low and cannot be adapted for designing and coding. To model PCM-incorporated
buildings, most researchers deal with the building element as a 1D convective heat
transfer, unsteady-state without internal heat source to describe the heat behavior
of PCM [16]. Zhang et al. [17] developed a new approach to model the building
envelope that picks the optimum PCM that satisfies the material and energy balances
in the building environment within the thermal comfort constraints (Fig. 8). Some
of their results comparing the savings with PCM are shown in Fig. 9.

Multiphysics modeling of PCMs at different length scales is governed by different
scale-dependentmechanisms. Based on thesemechanisms and empirical parameters,
computational methods are developed to predict, design, and optimize materials,
devices, and systems. Experimental methods provide approaches that enable mate-
rial synthesis and characterization, property measurements, and manufacturing and

Fig. 8 Modeling method for choosing the best PCM by optimizing the right variables (Derived
from [17])

Fig. 9 Results for thermal comfort range and energy savings using new approach for optimal PCM
(derived from [17])
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Fig. 10 Length scales and associated modeling, design, and test methods for PCMs, devices, and
systems [20]

prototype testing. BTE, Boltzmann transport equation; CFD, computational fluid
dynamics; and FDM, finite difference method.

Summary

This paper has surveyed the role of phase changematerial incorporation into buildings
as an inexpensive means of mitigating the heat island effect that has been exacer-
bated in recent times on account of climate change. Recent advances in micro- and
macroencapsulation technology have made the incorporation of PCMs into building
infrastructure practical and economical. The research and development opportunity
for material and building scientists and engineers from the material design stage
through device design to the product and system is captured in Fig. 10 from [20].

Declaration The authors declare no commercial use of the figures referenced and used in this
review paper for personal gain.
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Abstract Wellbore cement is the primary hydraulic barrier material used in well-
bore construction, with properties similar to the formation rock. It serves multiple
purposes such as providing mechanical support and zonal isolation, maintaining
well performance, and restoring sealing barriers during the wellbore abandonment.
However, Portland cement can have a brittle nature making it subject to mechan-
ical failure at downhole conditions. To improve wellbore cement properties that
impact it resistance to failure, three materials are explored as additives: (1) olivine to
prevent chemical attack from CO2-rich geofluids, (2) zeolite for its water storage and
slow moisture release that can potentially prevent drying shrinkage, thus allowing
secondary cement hydration and potentially promoting self-healing capabilities, and
(3) graphene to increase strength and/or decrease tendency of the material to brittle
fracture. Investigation of the mechanism for how each of these micro-nano aggre-
gates contributes to the enhanced performance of the cement matrix indicates that
all can have positive impact on cement properties that enable effective and resilient
zonal isolation.
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Introduction

It has been observed that leakage from oil and gas wells, in 2018, resulted in the U.S.
Environmental Protection Agency Greenhouse Gas Inventory (GHGI) reporting 281
kilotons of methane gas being released into the atmosphere [1]. Further studies
indicate that the amount of leaking methane could be higher than this number by 60–
100 percent [2, 3]. Because of this, one of the most important parts in any wellbore
construction or decommission is maintaining the well integrity. This is achieved
with the use of cement to hold the casing in place, uphold zonal isolation, prevent
circulation loss, and seal the reservoir for plugging and abandonment. A shortcoming
of using cement is its brittle nature that can lead to fracturing and failure when subject
contamination by the drilling fluid, cyclic high temperatures and pressures the well
encounters in subsurface operations [4–8]. To endure these conditions and improve
cement performance, the use of graphenenanoplatelets (GNPs), geothermally formed
zeolite, and olivine are proposed as additives to the cement slurry to form a stronger
and more resilient cement material.

Graphene is made of carbon atoms in a flat two-dimensional hexagonal lattice that
link up to create a honeycomb-like sheet structure that is the thinnest and strongest
material known at this time [9]. The intrinsic properties of these graphene-based
materials, that have high strength, flexibility, surface area, thermal and electrical
conductivity although being lightweight, makes them suitable for applications in
new technologies and material composites [10, 11]. To help prevent fracturing and
failure of the cement, it has been proposed that low percentages (<0.1%) of graphene
nanoplatelets can be added to transfer some of its intrinsic mechanical properties to
the cement matrix.

Zeolite has seen uses in the cement industry beginning with research on chabazite
and clinoptilolite in cement [12–15]. More recent studies have included property
enhancements by the use of zeolites like Ferrieritewhich had even shown self-healing
in geothermal cements [16, 17]. We aim to achieve an improved cement blend with
enhanced performance properties by the addition of these two materials.

Olivine, which is abundant in high-temperature igneous rock with forsterite and
fayalite endmembers of the (Mg, Fe)2SiO4 olivine series, is a nesosilicate having
equal bond strengths in all directions with a specific gravity between 3.27 and 4.37
and hardness of 6.5–7.0 [18]. The purpose of adding olivine into cement is taking
the advantages of olivine’s enhanced carbonation rate at high temperature and high
pressure which will convert CO2 to stable carbonate minerals mitigating the risk
of CO2 leakage and reducing the concerns over long-term monitoring and liability
issues [19, 20].

Thus, the objective of the study reported in this paper is to investigate the impact
of graphene nanoplatelets, micronized zeolites, and olivine as additives to wellbore
cement, understanding the additive impact to mechanical and microstructural prop-
erties that translate to the required field performance. Experiments were carried out
to evaluate the effects of these three additives on reinforcement on the Young’s
modulus, confined compressive strength, and hardness. At the same time, pore-scale
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measurement and imaging were carried out to trace the micromechanical origins of
the observed impacts for these additives on cement properties.

Materials and Methods

Three additives used in this study were purchased from different suppliers. The
graphene was derived from refined biomaterials remanence that supplied by
CarbonEra Platinum. The olivine sandwas ground from ultramafic rock and supplied
byReadeAdvancedMaterials. Zeoliteswere received from the Trabits group as rocks
and were ground into fine micron-sized powders with a particle size of ~95 µm to
be added in cement.

All three additives were first examined as received for nanostructure, compo-
sition, and chemical stability by methods of scanning electron microscopy (SEM)
and Energy-Dispersive X-ray Spectroscopy (EDS). They were then added to Class-H
wellbore cement at 0.008, 0.016, and 0.05%byweight of cement (bwoc) for graphene
and 5, 15, and 30% bwoc for zeolite, and 5, 15, and 30% bwoc for olivine, along
with D-air 5000 at 0.25%bwoc, dispersant CFR-3 at 0.30% bwoc, and bentonite at
2.0%bwoc to make cement at a slurry of density 16.4ppg (1.94 g/cm3) and a water
to cement ratio of 0.38.

Cement Curing and Pre-test Preparations

Cement slurry was cast in both 1 inch and 30 mm diameter molds in order to suit
dimensional requirements of testing equipment. The molds were covered with cling
wrap to prevent any fluid loss by evaporation and set to hydrate at ambient conditions
for 24 h. After 24 h, they were demolded and immediately submerged in calcium
hydroxide solution of ~pH13 and covered with aluminum foil and sealed with saran
wrap. The samples in solution were placed in an environmental chamber and cured at
90 °Cand95%relative humidity to simulate subsurfacewellbore conditions. Samples
were cured at these conditions for 28 days. Hydrated (set) cement cores were first
wet cut using a band saw to trim uneven edges and create flat parallel ends. Samples
used for SEM and indentation were polished starting with a 600-grit silicon carbide
(SIC) abrasive disc used for grinding to remove initial deformations. After each
step, the surfaces are inspected under the microscope to ensure a uniform scratch
pattern. Grinding induced deformation is removed using 6 µm diamond suspen-
sion on Gold Label polishing cloth and 1 µm diamond suspension on White Label
polishing cloth, with Purple-Lube. Samples are sonicated with isopropyl alcohol in
a tabletop sonicating bath for 5 min at the end of each step to remove fragmented
cement, residual diamond suspension, and colloidal silica. The polished samples are
then dried overnight in a drying oven at 50 °C, and further water removal is done
prior to SEM, as samples are coated and analyzed.
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Scanning Electron Microscopy (SEM) and Energy-Dispersive
Spectroscopy (EDS)

A flat and smooth surface for the polished samples of cement was achieved by
following the polishing procedure listed below in Sect. 2.2. Polished and fractured
cement surfaces were iridium-coated to prevent charging effects before imaging
with Thermofisher Scios2 SEM, using secondary electron (SE) at 20 keV and
backscatter electron (BSE) at 12 keV, and EDS, using 12 keV and acquisition time
of approximately 30 min.

Triaxial Compression Test

In this study, a triaxial test was used to determine the ultimate axial strength and stiff-
ness of the specimen. The triaxial tests are performed in a temperature-controlled
Hoek-type triaxial compression cell, which consists of threemain parts: axial loading
system, confining stress system, and temperature system. The experimental approach
entailed applying confining pressure and temperature replicating downhole condi-
tions while simultaneously imposing the increasing axial (deviatoric) load until the
specimen fails. The deviatoric loading was controlled by an INSTRON-600DX load
frame, up to 600KN. The confining stress was maintained by a high-pressure syringe
pump (ISCO-260D), which also allowed precise measurement of the volume change
of the specimen associated with a given confining stress up to 70 MPa. The temper-
ature was provided by wrapping the Hoek cell with the heating tape that provided
a controlled temperature up to 180 °C. After the desired system temperature was
achieved and stabilized, the confining pressure and vertical load were increased to
the targeted downhole pressure value, so the specimen was initially loaded isotropi-
cally, and then the deviatoric load was increased until the specimen failed. Following
ASTM-D7012, the specimen was tested at a constant rate (3.3 × 10−6 m/s) so that
specimen failed approximately 10–15 min into the testing [21–23]. During the test,
the load frame recorded the axial position of the top piston. These data were used to
derive the axial strain (eA) of the specimen.

Computed Tomography Scanning

Samples were scanned using a North Star Imaging M-5000 Industrial Computed
Tomography (CT) scanner after triaxial compression tests. The samples were
received at the National Energy Technology Laboratory submerged in the hydraulic
oil that theywere tested in, and theywere not removed from the oil for scanning. Two-
dimensional radiographswere capturedwith the Feinfocus FXE source at 185 kV and
200 mA, with 12 frames averaged for each radiograph. A 360-degree rotation of the
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sample was performed with 1440 images captured. These scans were reconstructed
with North Star Imaging efX-CT® software and the resultant 3D images had a voxel
resolution of (32.9 mm)3. Image segmentation of the open voids and fractures from
the cement matrix was performed using pixel segmentation with ilastik [24]. Further
post-processing of the images and visualization was performed using ImageJ/FIJI
[25]. Analysis of these images is ongoing.

Results

Scanning Electron Microscopy of Hydrated Cement

SEM imaging of hydrated cement polished surfaces was used to observe the
microstructure and to viewwhere and how the proposed enhancingmaterials behaved
within the cement matrix.

In graphene cement, the platelets are seen within pore spaces and crevices,
protruding from the pore walls. The clusters of platelets appear to be broken up into
monoormultilayered platelets during the slurrymixing or hydration process. Figure 1
shows graphene in a micropore, occupying the space in a variety of orientations to
strengthen the weakest points in the cement matrix.

For ferrierite cement, hollow ferrierite crystalswere observed and identifiedwithin
the cement matrix using EDS showing the elemental composition (Fig. 2).

Figure 3 shows an open-faced crystal from cutting and polishing the sample. In
higher magnification, the crystal appears intact after a surface mechanical test from

Fig. 1 a As-received graphene nanoplatelets imaged before adding to cement. Mono- and multi-
layered platelets stack and cluster together. b Graphene nanoplatelets observed within micro- and
nanopore space of cement
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Fig. 2 EDS maps of cement matrix showing area rich in alumino silicate mineral (Zeolite)
confirming its presence in cement matrix. High magnification at the grain boundaries needs to
be conducted to understand the exact interaction of zeolite with cement

Fig. 3 a Scanning electron micrograph of a single indent done by the indenter on 5% FER added
sample at 1200 × magnification containing ferrierite. b SEM image showing the FER crystal at a
magnification of ~ 6500 × next to the indenter mark highlighting failure of cement on indentation
with the fracture diverting around the ferrierite crystal and could be an indication of how the overall
strength is enhanced in the cement at the macroscale

indentation had been conducted with the cement matrix fracturing around the crystal
rather than breaking through it.
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Ultimate Axial Stress in Triaxial Compression Test

To observe how the enhanced cements will perform in their downhole application,
various percentages of each additive in cement were mechanically tested, simulating
downhole pressure and temperature. For graphene, increasing the graphene content
showed an increasing axial strength with the highest in 0.05%. It was also observed
that GNP cement had a reduced brittle failure even after passing the maximum stress,
indicated by a sharp reduction in axial stress. The highest axial stress of all samples
was seen in 5% ferrierite, with a decreasing maximum stress with further increasing
the ferrierite percentage. The same trend was observed for the olivine cement, with
the 5% olivine sample having the highest ultimate axial stress.

Discussion

The addition of three different additives increases the strength of the cement sample
at various levels but the mechanism by which this is accomplished is not completely
resolved and the optimal additives percentages are still required the detailed studies.
However, the transition from brittle to a stronger and more resilient cement in the
triaxial loading test is the most likely the result of mechanisms by positioning of
strong GNPs in micropores, bridging of fractures, as well as weak van der Waals
forces between platelets allowing them to slide over one another Berman et al. [26].
All of these enable graphene to act as nano springs within the cement matrix which
led to reducing the brittle failure behavior (Fig. 4). In our samples, we observed thin
layers of receivedgraphene stacked together underSEMimages. Imagingof graphene

Fig. 4 Axial stress–strain curve of neat, graphene, and ferrierite cement at simulated wellbore
conditions of 13.7 MPa confining pressure and 90 °C. Neat cement (red) shows a lower failure
strength compared to graphene cement (blue) and ferrierite (yellow) and olivine (green). Post-failure
CT scans are taken to view the fracture network of for each cement type (right)
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mixed with the cement indicated that most of the graphene is distributed within the
pore spaces orweakest parts of thematerial (Fig. 1),which alters the fracture initiation
and propagation during mechanical stress and thus altering the failure behavior. In
addition, all ferrierite cement samples showed improved strength with 5% having
the greatest ultimate stress for all the samples tested. This possibly achieved by the
hollow needle crystals of the ferrierite that are imbedded throughout the cement
matrix. Olivine added showed to have reduced the cement brittleness with greater
percentages added, but with only 5% resulting in withstanding a higher stress than
the baseline of neat cement. The addition of these three additives shows encouraging
results to improve the mechanical properties of cement with other potential benefits
of reducing fracture propagations, leakage, and chemical attack.

Conclusion

From this study, the following conclusions were made for the performance of well-
bore cement with the addition of graphene nanoplatelets, micronized ferrierite, and
micronized olivine to mitigate the risks of well leakage:

• Graphene nanoplatelets were identified within the walls of the pore structure to
reinforce weak points in the cement.

• Ferrierite crystals were observed to strengthen the cement microstructure.
• All cases of cement enhancement resulted in increased ultimate stress compared

to neat cement when mechanically loaded at simulated downhole conditions of
13.7 MPa and 90 ˚C.

• The addition of GNPs in 0.05% or less resulted in an increased ultimate stress of
12–25% when tested at simulating conditions.

• All percentages of GNPs reduced the abrupt brittle failure seen in neat cement.
• 5% ferrierite and 5% olivine cement resulted in the highest ultimate strength of

all samples.
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Solidification of Salt Hydrate Eutectics
Using Multiple Nucleation Agents

Sophia Ahmed, Robert Mach, Haley Jones, Fabiola Alamo,
and Patrick J. Shamberger

Abstract Salt hydrates are a class of phase-change materials (PCMs) capable
of storing thermal energy at a high volumetric energy density for a low cost
(<$10/kWhth), making them of interest for improving the energy efficiency of
buildings and displacing peak load associated with environmental control systems.
However, select salt hydrates are susceptible to irreversible degradation associated
with phase segregation, and to undercooling—the occurrence of a metastable liquid
below the melting point due to a lack of nucleation sites for the crystalline solid.
Here, we present a study of phase-specific epitaxial nucleation agents which miti-
gate undercooling in eutectic nitrate salt hydrate systems.While eutectics can depress
melting temperatures into favorable ranges, metastable eutectics experience under-
cooling. We demonstrate that the nucleation of multiple phases in systems which
are susceptible to undercooling can increase the potential for phase segregation and
chemical stratification to occur. Furthermore, we illustrate the utility of multiple
nucleation agents in these systems to co-crystallize multiple crystalline phases.

Keywords Salt hydrates · Solidification · Thermal energy storage · Eutectic ·
Phase segregation · Thermophysical properties

Introduction

Phase-change materials (PCMs) are a class of materials that absorb and release
a large amount of heat during reversible phase transformations and are great for
thermal energy storage (TES) applications. Thus, PCMs offer an approach to (1)
buffer transient temperature rises in pulsed power electronics [1], automotive [2],
and aerospace systems [3], with minimal additional mass and volume to a system,
or (2) to displace load on environmental control systems for buildings, allowing for
shifting of load demand on the power grid, and ultimately, improving the penetration
or intermittent renewable power sources. Salt hydrates are a class of inorganic PCMs
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of particular interest due to their high volumetric energy density, moderate thermal
conductivity, and low cost [4]. Furthermore, stoichiometric salt hydrate and anhy-
drous salt endmembers can be combined to form a large number of eutectic systems,
allowing for fine control of the melting temperature of the material, and affording
an approach to develop customized PCMs for particular applications. Despite this
potential, salt hydrates are subject to two principal limitations: (1) phase segregation
can potentially result in irreversible changes to the melting behavior with cycling
and (2) nucleation limitations in salt hydrate systems can require additional under-
cooling prior to the onset of solidification on cooling. The confounding effects of
phase segregation and undercooling on the stability of salt hydrate eutectics is poorly
understood.

Phase segregation refers to the physical separation of liquid and solid phases due
to buoyancy-driven processes and tends to occur during periods in which both solid
and liquid phases coexist (i.e., during solidification and melting processes). Thus,
phase segregation is associated with repeated cycling of a PCM between solid and
liquid states. Phase segregation is problematic, in that it has the potential to result in
chemical stratification, or compositional inhomogeneity within the system, when the
phases that segregate have dissimilar compositions. Compositional inhomogeneity
can cause the overall melting behavior of a volume to change, as thermal equilibrium
is achieved at different temperatures within different portions of the volume. This
situation occurs in some salt hydrate systems, most notably sodium sulfate decahy-
drate (Glauber’s salt) [5], but is not an intrinsic property of all salt hydrates. Several
approaches have been taken to avoid issues associated with phase segregation, most
notably including the use of additives which increase the viscosity of a PCM, or form
a viscoelastic gel, thereby limiting the separation of phases in the phase segregation
process [6]. Despite these attempts, in systems that are thermodynamically predis-
posed to phase segregate, degradation of properties with cycling can be delayed, but
generally not entirely avoided [7].

In addition, salt hydrates are susceptible to undercooling, which refers to a
phenomenon where a material does not solidify at the equilibrium melting temper-
ature, but rather requires additional cooling before a solid phase nucleates. Under-
cooling results from a nucleation-limited process, in which substantial energetic
barriers to nucleation limit the initiation of solidification. To overcome undercooling,
additional solid phases may be introduced into a system, which are selected due
to their tendency to nucleate the solid phase of interest [8]. One of the principal
approaches to identify active nucleation agents is the use of materials with epitaxial
relationships with the PCM phase that is solidifying; this approach affords a conve-
nient approach to identifying candidate phases and has shown broad utility across
multiple classes of materials. Nucleation agents with epitaxial relationships have
been demonstrated in different classes of PCMs (e.g., the addition of borax to sodium
sulfate decahydrate [5]), as well as in the processing of polymers (e.g., the addition
of talc to PET [9]) and metals (e.g., seeding during casting of metals [10]).

In this publication we assess the potential impact of phase segregation, together
in concert with metastable solidification, to result in changes in the melting behavior
of eutectic systems. It has previously been noted that eutectics, due to their tendency
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to solidify multiple solid phases simultaneously and often in an inseparable inter-
penetrating manner, are robust to issues associated with phase segregation. However,
this claim neglects the potential impact of metastable solidification. Here, we assess
the issue from a rigorous consideration of solidification behavior and phase rela-
tionships and illustrate with examples from different salt hydrate eutectic systems.
We demonstrate that metastable solidification can result in chemical segregation and
degradation of melting properties and assess the use of multiple nucleation agents to
help mitigate this issue.

Solidification in Multi-component Salt Hydrate Systems

As a salt hydrate solidifies or melts, different solidification reactions can occur
depending on the composition of the system and the characteristics of the phase
diagram (Table 1). In all cases, coexistence of a liquid phase and one or more
solid phases can potentially result in phase segregation, as solid phases generally
have dissimilar densities from the liquid brine phase. However, the primary mecha-
nism which results in degradation of the thermophysical properties of a PCM is not
the phase segregation process itself, but rather the tendency for phase segregation
to result in chemical stratification. Furthermore, this chemical stratification can be
exacerbated by the formation of additional metastable phases which are very weakly
soluble inwater (e.g., lower hydrates of the salt), butwhich do not undergo the desired
phase transition process at the invariant reaction temperature. Thus, the tendency for
phase segregation to result in irreversible changes to the melting and solidification
behavior in a PCM depends on (1) the tendency for phase segregation to result in
compositional stratification and (2) the potential for additional metastable phases to
form that don’t readily revert to stable phases above or below the transition temper-
ature. Three main types of melting/solidification reactions have been considered for
potential use as PCMs, and are discussed here: congruent melting, eutectic melting,
and incongruent melting (Fig. 2). The relative behavior of these three systems is
described below.

Table 1 Comparison of various types of melting reactions that can occur in salt hydrate systems

Type of
melting
reaction

Example
(Fig. 2)

Reaction Type of Eutectic
composition

Phase
Segr.
possible?

Compositional
strat. possible?

Congruent C L ↔ β Yes No. Xβ = XLiq

Eutectic E1 L ↔ β + γ Equilibrium Yes No. Xeutsol. =
Xβ+γ = XLiq

E2 L ↔ β(+γ ) Metastable Yes Yes. Xsol. =
Xβ �= XLiq

Incongruent
(peritectic)

I L + δ ↔ γ Yes Yes.
Xγ �= Xδ �= XLiq



142 S. Ahmed et al.

Congruent solidification occurs when the liquid phase transforms into a single solid
phase at an invariant temperature, where the solid phase and the liquid have the same
compositions (e.g., L ↔ β, Fig. 2, point C) [7]. In this case, during melting or during
solidifying, phase segregation may occur, due to buoyancy differences between the
two coexisting phases (L , β). However, as these two phases have the same chemical
composition, phase segregation cannot result in compositional stratification (Fig. 2).
Furthermore, in a congruent reaction, there is no tendency for additional metastable
phases to form. Thus, materials which exhibit congruent melting reactions are robust
over large numbers of cycles and exhibit no change inmelting/solidification behavior
as a result of phase segregation. It is worth stressing that, while phase segregation still
occurs in these cases, it does not generally impact the reversibility of the system. One
example of a congruently melting PCM, lithium nitrate trihydrate (LiNO3:3(H2O))
melts congruently at 30.1 °C [11]. While solid LiNO3:3(H2O) has a greater density
than the liquid phase, and therefore phase segregation may occur, chemical stratifi-
cation will not result. Thus, this reaction is stable over hundreds of cycles with no
measurable change in melting behavior [12]. Other examples of phases of interest
in salt hydrates which exhibit congruent melting include zinc nitrate hexahydrate,
Zn(NO3)2:6(H2O) [13], andmagnesiumnitrate hexahydrate,Mg(NO3)2:6(H2O) [14].

Incongruent solidification occurs when a solid phase melts, producing a composi-
tionally different liquid than the original solid. This occurs at a peritectic point, where
the liquid phase and one solid phase together transforms to form a solid phase at an
invariant temperature (e.g., L + δ ↔ γ , Fig. 2, point I). Importantly, the liquid and
the solid (δ) have different compositions in the region of phase coexistence above
the peritectic point. Phase separation can occur with this reaction due to buoyancy
differences between phases, and compositional inhomogeneity would result. This
results in melting over a broader range of temperature, and in extreme cases will
cause some portions of the volume to no longer melt. Additionally, if the solid (δ) is
weakly soluble in water, its dissolution above the liquidus can be kinetically limited,
resulting in some volume not participating in transformations during future cycles.
One example of a salt hydrate that experiences incongruent solidification if brought
to temperatures above its melting point of 31.9 °C is sodium sulfate decahydrate,
Na2SO4:10(H2O) [15]. It undergoes a peritectic reaction as it incongruently solidifies,
making it unstable for use throughout many cycles.

Eutectic solidification occurs when a liquid phase transforms to two or more solid
phases at an invariant temperature and composition (e.g., L ↔ β + γ , Fig. 2,
point E2). In the case of a eutectic, the composition of the liquid is the same as
the composition of the aggregate solid mass. Phase segregation may occur due to
buoyancy differences as well as how the eutectic solidifies. In the case of equilibrium
solidification, both solid phases crystallize simultaneously, often in an intimately
interpenetrating fashion. In this case, the aggregate composition of the solid mass
is the same as the composition of the liquid, and chemical inhomogeneities do not
result (Fig. 1a). In the case of metastable solidification, one phase nucleates and
begins solidifying, while the second phase is kinetically limited. This results in a
liquid line of descent that moves away from the eutectic composition (Fig. 2, dashed
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Fig. 1 α and β phases segregating from the liquid brine phase due to differences in density. Compo-
sition will be uniform as there is a lack of compositional stratification occurring. a Represents
solidification, b eutectic solidification under equilibrium conditions, and c eutectic solidification
with metastable solidification at one phase

line), and can result in compositional heterogeneities (Fig. 1c). Unlike incongruent
melting, additional solid phases are not introduced at the eutectic reaction, and thus
eutectics do not tend to be susceptible to formation ofweakly soluble phaseswhich no
longer transform. An example of an equilibrium eutectic is the LiNO3–LiClO4–H2O
pseudobinary eutectic where it melts at a local minimum of 27 °C [16]. A metastable
eutectic is studied with the LiNO3·3(H2O)–LiNO3–NaNO3 system described below,
which experiences a high degree of undercoolingwithout the aid of nucleation agents.

Fig. 2 Example phase
diagram demonstrating
congruent (C), eutectic (E1,
E2), and incongruent melting
(I) at a peritectic. The dashed
line near E2 represents the
metastable extension for the
liquidus of phase β below
E2. In the case where
solidification of phase γ is
kinetically limited at E2, this
line represents the change in
the liquid composition with
cooling. This is an original
figure made for this
publication by the authors



144 S. Ahmed et al.

Case Study: LiNO3–NaNO3–H2O Eutectic

LiNO3:3(H2O) has been identified as a salt hydrate of interest for near room-
temperature heating and cooling applications because of its melting temperature
of 30.1 °C and also its relatively large specific heat of fusion of 287 J/g [11]. The
eutectic composition of binary and ternary systems based on LiNO3:3(H2O) has
been predicted using a modified BET method [17, 18]. Based on these predictions,
we synthesized the ternary eutectic in the system LiNO3–NaNO3–H2O that corre-
spondswith equilibrium solidification of the phases: LiNO3·3(H2O)–LiNO3–NaNO3

(henceforth referred to as the LiNaW eutectic). Solidification behavior in this system
was investigated through both DSC (Fig. 3), and by tracking the internal temperature
of a 3mL volume cooled and heated continuously (at 0.1–1 ºC/min) in a recirculating
water bath (Fig. 4).

Nucleation agents were added to the solution to decrease the undercooling
observed in the solidification of the LiNaW eutectic. Nucleation agents are mate-
rials which introduce low interfacial energy between the solid particle and the
solidifying material, which serve as nucleation sites and therefore, reduce under-
cooling. The nucleation agents, zinc hydroxy nitrate hydrate, Zn(OH)(NO3):H2O,
and Cu3(NO3)(OH)5·2(H2O), otherwise known as the mineral likasite, have been
demonstrated to reduce undercooling in LiNO3:3(H2O) systems down to 6.3 °C
[19]. Here, we illustrate the solidification behavior of both the pure LiNaW eutectic
and in the presence of the nucleation agent likasite, which reduces undercooling
specifically in the solidification of LiNO3:3(H2O). In both cases, solidification is
observed to occur in two distinct pulses, each associated with distinct exothermic
peaks (Fig. 3). Addition of likasite decreases the primary undercooling, �T1, which
is defined as the temperature difference between the equilibriummelting temperature

Fig. 3 DSC Curves of two cycles of neat LiNO3·3(H2O)–LiNO3–NaNO3 and two cycles of the
same neat LiNO3·3(H2O)–LiNO3–NaNO3 including the nucleation agent likasite. In both cases,
two distinct peaks are observed on cooling, suggesting that solidification occurs
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Fig. 4 Cycling of LiNO3·3(H2O)–LiNO3–NaNO3 eutectic with likasite and BaCO3, CaCO3, and
SrSO3. a Features a more stressed system with cycling occurring at a higher temperature than (c).
b and d are individual cycles of (a) and (c), respectively

and the onset of solidification. However, the impact of likasite on the temperature
of the secondary solidification peak is relatively minor. This observation supports
the observations that in systems which are subject to metastable nucleation-limited
solidification, solidification of a eutectic does not necessarily result in simultaneous
solidification of all equilibrium phases.

To determine the impact of metastability on the cycling behavior of the LiNaW
eutectic, a larger volume (3 mL) was sealed in a stainless-steel tube and cycled for
hundreds of cycles. Importantly, the system was intentionally stressed by cooling
to progressively higher and higher minimum temperatures, to attempt to induce
solidification of just one phase at the eutectic point, and therefore, push the system
into a regime in which phase segregation can induce compositional heterogeneities
(Fig. 4).Over a sufficiently large number of cycles under stressing conditions,melting
is observed to occur over a larger range in temperature, and solidification is observed
to occur at two distinct temperatures, suggesting that compositional heterogeneities
have been induced within the solidifying volume, resulting in degradation of cycling
behavior.
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Conclusion

Degradation in thermal properties in PCMs due to phase segregation is a known chal-
lenge in incongruently melting systems. It is generally assumed that eutectic systems
are robust to this issue, due to the tendency for all phases to co-solidify at equilibrium
in a eutectic system. However, in the case where one or more phases are kinetically
delayed, relative to other phase(s) solidifying at the eutectic, the opportunity exists
for phase segregation to result in composition inhomogeneities within a volume, and
for this to result in unstable behavior with cycling. We demonstrate these poten-
tial challenges in one candidate ternary eutectic system: LiNO3·3(H2O)–LiNO3–
NaNO3. Despite the inclusion of nucleation agents included expressly to decrease
themagnitude of undercooling, the system illustrates solidification of different phases
at different temperatures on cooling, and furthermore, after cycles which are inten-
tionally designed to push the system into a metastable solidification regime, melting
behavior changes with progressive cycling, and the system no longer exhibits a single
well-defined solidification or melting temperature. Thus, phase segregation can still
represent a technical limitation in at least some eutectic systems. Further exploration
of this phenomena is required to assess howgeneral or specific of a case the illustrated
case represents, as well as approaches to best mitigate the issue for technological
applications.
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the elemental hydrogen has to be produced from these compounds and/or mixtures
of compounds by spending energy. A detailed thermodynamic analysis revealed that
this spectrumof costs exist primarily from the energy conversion costs and economics
of such energy conversions. This analysis leads to the simple low-cost possibilities
of hydrogen from hydrocarbons called ‘orange’ hydrogen, which is CO2-free, along
with the ease of making it from the ground using present-day renewable energy as
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The basis of ‘Energy Technology and Carbon Dioxide Management’ is energy
efficiency and manage of CO2 in a gainful manner or avoid formation of CO2, using
Energy Conservation law, Thermodynamic Equilibrium principles, and most of all
noting that it costs money to convert matter or energy from one form to another.
Waste thermal energy causes Global Anthropogenic warming, as atmospheric air
mass is a finite known constrained quantity [1, 2].

Orange H2 is a pragmatic path to a carbon neutral future, based on sound
thermoeconomics and dynamics. Orange Hydrogen is a low-cost, energy-efficient,
easily instrumented, chemical process that breaks down traditional hydrocarbon and
biofuels (e.g., crude oil, natural gas, gasoline, biogas, etc.) into hydrogen with no
carbon dioxide byproduct [3]. While other solutions to produce H2 exist, such as
Blue Hydrogen and Green Hydrogen, Orange Hydrogen is superior because: no
CO2 byproduct, portable implementation, minimal energy requirements, it provides
byproduct battery graphite, carbon nanotubes, ink grade or other specialty carbons. In
the net zero emissions 2050world, Orange Hydrogenwill play an important role. It is
necessary to understand all forms of hydrogen production to appreciate the benefits of
OrangeHydrogen.Most important is to note that the activation energy and the process
heat can all be supplied to these using present day renewable electricity—similar to
what can be applied to water electrolysis.

Our comprehensive study ofmultipleways ofmaking hydrogen, simple schematic
shown in Fig. 1, and in little more details are shown in three technical pagelets which
can be seen from theOrangeHydrogenwebsite courtesy of Ind LLC [3], with follow-
up notes. Pagelet 1 describes a look at many colors of hydrogen with the described
thermochemistry model Table in Pagelet 2 following Hess’s Laws of component
additivity [4]. The thermoeconomic dynamics of different colors of hydrogen are
summarized in Pagelet 3 along with estimates of cost of hydrogen production and
CO2 to sequester. There are limited amounts of native hydrogen found worldwide.
The thermochemistry table highlights the free energy of formation of several natu-
rally found compounds from which hydrogen is typically produced—such as water,
H2O, hydrocarbons, HC, and hydrogen sulfide, H2S. Higher negative value for the
compound’s free energy of formation means, the reversal into its elements will be
a higher positive value for the free energy of reaction of splitting, and the reaction

Hydrogen Produc on is mostly from Compounds HpXq

X in natural hydrogen compounds are usually C, S and O  - others are usually man-made 

Chemical Equa on:  HpXq  = p/2 H2  + q X 

Thermodynamic Energy Required = - [Free Energy of Forma on of Compound HpXq] 

[Thermoeconomics] Economic Equa on: Produc on Cost = Raw material + Energy + Labor 

Fig. 1 Schematic of Hydrogen production Thermoeconomics Dynamics
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is endothermic. The compound is in a stable form with higher negative free energy
of formation. In addition to providing, the endothermic energy, one has to supply
activation energy to initiate the reaction. All hydrocarbons are alloys of hydrogen
and carbon, they have different element to element bonds with distinct bond ener-
gies. We will not go into that—here we follow simple Hess’s Law principle in our
discussions.

The presentation discuss historic costs of different ways of making hydrogen and
have found that time and again the highest cost method is mainly due to highest
cost of energy to convert the compound of hydrogen, mainly due to thermodynamic
constraint of highest energy required. This has not changed in 130 years of industrial
hydrogen production including using renewable energy. Water electrolysis costs are
the highest as one has to split the most stable compound H2O unlike less stable
and meta-stable hydrocarbons. Thermodynamic energy required decreases in the
order of splitting water > splitting hydrocarbons with water or an oxidant > splitting
hydrocarbons into other hydrocarbons, hydrogen, and carbon. Sustainable production
will come from processes which consume less energy, near zero effluents of matter
and energy following METZERO principles.

Pyrolysis of hydrocarbons containing more than one carbon atom with their
metastable positive free energy of formation is anticipated to take the lead in future
hydrogen production along with co-products and near zero wastes. More references
are shown about work done in this field, including novel approaches using adiabatic
thermodynamic principles of compression expansionwork during chemical splitting,
which are usable in storage of renewable energy which are of intermittent nature [5–
10]. Anothermethodwithminimal follow-upwork is the protolytic decomposition of
n-octane near room temperature. [11]. Variations of these approaches may be appli-
cable in extracting the stored energy in the alloys of carbon and hydrogen. It is also
possible to make bio-hydrogen from natural carbon–hydrogen crude oils by applying
principles studied in biodegradation of paraffins [12]. It is of value to read the recent
article on uncovering the true cost of hydrogen by a lifecycle monetisation approach
which includes besides the operating costs, the monetized costs of environmental
impacts on human health, ecosystem quality, and resources [13].

The overall costs of raw material, its energy content, and energy costs of conver-
sion dictates the economics, and the energy costs of conversion is dictated by ther-
modynamics. Once the world and industry realize the basic thermoeconomics and
dynamics we may find more applications of the silent ‘orange hydrogen’ which
has been produced and used for over a century. Economic stability also follow
thermodynamic stability and minimization of entropy increases.
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Power to Hydrogen: The Prospects
of Green Hydrogen Production Potential
in Africa

Nour Abou Seada and Tarek M. Hatem

Abstract Africa is rich with an abundance of renewable energy sources that can
help in meeting the continent’s demand for electricity to promote economic growth
and meet global targets for CO2 reduction. Green hydrogen is considered one of the
most promising technologies for energy generation, transportation, and storage. In
this paper, the prospects of green hydrogen production potential in different countries
in Africa are investigated along with its usage for future implementation. Moreover,
an overview of the benefits of shifting to green hydrogen technology is presented.
The current African infrastructure and policies are tested against future targets and
goals.

Keywords Green · Hydrogen · Electrolysis · Power to X · Renewable energies ·
Policy · Hydrogen

Introduction

The world is facing many challenges regarding climate changes coming from green-
house gases and CO2 emissions which threaten Earth’s viability for individuals [1].
Based on the Paris Agreement, for limiting of the global warming issue below 2 °C,
the greenhouse gas emissions must be declined by 25% in 2030, while it’s prefer-
able to limit them below 1.5 °C for reaching net zero gas emissions by 2050 [1,
2]. Due to the increase of world population and high energy consumption, the world
researchers are exerting efforts for exploring ecofriendly renewable energy resources
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as green hydrogen to be sustainable and withstand the development of nations and
for investigating economically a clean energy technology for storing, converting, and
generating electricity [3, 4].

According to the world agreements and many partnerships across borders
green hydrogen started to be gradually implemented inmany regions, countries as the
EuropeanUnion, Japan, Spain, Australia, Finland, France, Germany, Portugal, Chile,
and Norway [5]. According to IEA’s Hydrogen Projects Database, green hydrogen
demonstration projects accounts with a weekly basis increase around 320 projects
worldwide. In case of Africa, it has a great potential for green hydrogen implemen-
tation since it is a well-suitable place that is rich with abundant energy sources [4].
Additionally, maintaining a clean hydrogen economy would not only decrease expo-
sure to geopolitical and oil price instability but also decrease the cost of energy for
countries which depend on diesel [3]. In order to overcome weakness and disparity
in some areas and to provide them with permanent energy supply, excess renewable
energy will be stored to green hydrogen’s capacity [6].

Benefits of Implementing Green Hydrogen to the African
Infrastructure

Green hydrogen will be an ideal solution to be the long-term promising alternative
for fuel cells but with providing a cleaner energy economy that fossil fuel cell has
failed to deliver as well as solving the electrification problems in Africa. According
to [6], As shown, Fig. 1 describes different regions facing different challenges in
Africa. It was indicated that about half of the people on West Africa, 60% of South
Africa, 2% of North Africa, and most of Eastern and middle Africa lack the access
to electricity. Besides, the Gross Domestic Product (GDP) per capita is the highest
in North Africa [7].

The present infrastructure might be repurposed for green hydrogen production
since that 1 kg of green hydrogen production can serve about 57 kwh/kg H2 [range

Fig. 1 Africa energy landscape [7]
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51–84kwh/kgH2]whichmeans that the electrificationproblem inmost of theAfrican
region as shown in Fig. 1 can be solved by producing a range of 2–10 kg H2 per
capita using renewable energy [8].

With no efforts, integrating hydrogen into the African energy delivery infras-
tructure can be done easier than other energy storage technologies because of
the hydrogen high specific testing, preparation and characterization of promising
materials such as metal oxides, energy content between all conventional fuels [9].
Hydrogen is utilized as a fuel source and light energy carrier [5]. In the African future
eras, it will be a promising alternative energy path that can be used in various applica-
tions as shown in Fig. 2 and will be a key for decarburization to numerous pathways
with applications across many sectors such as chemical production, e.g. oil refining
methanol, ammonia and iron and steel production, power sector and transportation,
e.g. aviation shipping and heavy-duty vehicle market. In addition to that, it can be
injected with a certain share to the existing natural gas grids up for minimizing the
consumption of natural gas, thereby reducing gas emissions in end-use sectors as gas
turbines in the power sector and heat demand in buildings [10–15].

Besides, the green hydrogen can be utilized in the decarburization of the iron
and steel industry with direct reduction of iron ore with green hydrogen. In a study,
a mass and energy flow model was done using Python, which is an open-source
software for testing the viability for utilization of hydrogen as a direct reduction
of iron ore (HDRI) coupled with electric arc furnace (EAF) for carbon-free steel
production, it showed that this model will decrease the emissions of steel industry by
35%. However, the energy consumption for one ton of liquid steel (tls) production

Fig. 2 Current major uses of hydrogen in Africa [19–21]
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using the process of blast furnace (BF) basic oxygen furnace route (BOF) is 3.48
MWh, while for HDRI-EAF route was found to be slightly more by 3.72 MWh [16].

Furthermore, hydrogen can be used on the approaches for enhancing the photo-
catalytic water splitting towards hydrogen production in Africa by developing the
photo-catalysts, fabrication of novel-heterojunction constructions, titanium dioxide,
TiO2, andgraphitic carbonnitride, g-C3N4, with other semiconductorswithZ-scheme
was found to be a promising and an efficient photo-catalyst in water splitting [17].
Also, it can be used in the generation of liquid fuels by means of solar energy
coupled with their use in direct liquid fuel cells. Moreover, the performance of the
CO2 reduction products, for instance, methanol and formaldehyde, nitrogen fixation
(e.g., ammonia and hydrazine), used a as solar liquid fuels and hydrogen storage
materials [18]. Moreover, there are some polices that are driving the use of green
hydrogen for future implementation including the joint effort and partnership across
borders such as (AHP), “Agenda 2063” and European Hydrogen Strategy [5].

The Performance of Green Hydrogen in Different Countries
of Africa

The production of green hydrogen economy potential from renewable sources
in many countries was investigated by different studies. First, a study was done
in Pakistan showing the availability of different renewable resources available in
Pakistan such as wind, solar, biomass, geothermal, and municipal solid waste. Also,
regarding the estimation of generating hydrogen form the current technologies which
showed that the most viable feedstock for generating hydrogen supply chain is as
follows: biomass with 6.6 million tonnes of hydrogen’s annual production, solar
photovoltaic (PV) with 2.8 million tonnes of hydrogen’s annual production, and
municipal solid waste with 1 million tonnes of hydrogen’s annual production Simi-
larly, for Argentina, the same estimation was analyzed. This shows that Argentina
has only 10% of land proper for the renewable projects, and this is enough for
replacing the total fuel used in transportation [21]. Additionally, green hydrogen
production potential was tested in Venezuela using electrolysis of water from wind
and mini hydro energies. It was obtained that a total production of 2.073 × 1010 kg
of H2 per year, which is approximately 95% of solar photovoltaic energy [22]. In
Algeria, an analysis of renewable energies (i.e., solar photovoltaic and wind) was
done both statically and graphically using geographical information system (GIS) to
test the potential for the hydrogen production. The analysis showed the following:
(1) the highest irradiation was found in Tamenrasset equal to 2413 KiloWatt Hours
(kWh)/m2/year; (2) the highest wind speed was found in Adrar equal to 6.38 m/s;
(3) the lowest irradiation was found in Al-Taref equal to 1692 kWh/m2/year; and
(4) the lowest wind speed was found in Tizi Ouzou equal to 1.6 m/s [23]. While in
South Africa, Egypt, and Nigeria, comparing the availability of different renewable
sources available such as hydro, solar, wind, and biomass [28]. It was found that
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South Africa is a very promising model for solving energy challenge utilizing wind
and solar energy. On the other hand, Egypt has high potential in using hydropower
and emergent solar power base, and Nigeria has promising sectors of hydro, solar,
and wind power respectively [24].

Likely, under several Moroccan climate zones, the yield and making cost for elec-
trolytic hydrogen obtained from different solar technologies was studied. This study
showed that Morocco have high competitive potential in generating green hydrogen
specifically for PV technology with a levelized cost of Hydrogen production LCOH2

of 5.57 $/Kg, and the optimal technology for hydrogen production is the 1-axis
tracking because it is capable in generating high amounts of hydrogen close to the
amount of 2-axis PV with lower cost [25]. Additionally, an assessment was studied
in Durban, South Africa for building of the solar resource that showed that Durban
contain a significant solar energy source [7]. Furthermore, an estimate in Ukraine on
resource potential for wind–hydrogen powerwas done, which shows that wind power
plants will generate 2174 billion kWh that can produce (43 million tons) of green
hydrogen per year. This estimation is nearly about 15 times greater than the yearly
electricity consumption in Ukraine [26]. Moreover, the potential in Ecuador was
analyzed, which tested the production of green hydrogen by a PEM electrolizer of
75% efficiency. The results showed a production of 4.55× 108 kg/year [27]. Finally,
an overview for South African hydrogen infrastructure (HySA-infrastructure) for
fuel cells and energy storage showed that the associated hydrogen infrastructure and
fuel cells will be promising new market that will not only enhance the growth for
platinum but also will found significant new opportunities internationally and locally
in RSA since that. SA is rich with extraordinary amount of platinum deposits found
in SA which represents 75% of the world platinum deposits [28].

Conclusion

Regarding the catastrophic climate changes and global warming issue, the steady
stream of greenhouse gases and CO2 emissions have to be widely reduced by
replacing the fossil fuels by any source of renewable energy. As agreed to many
experts the implementation of green hydrogen will meet the Paris Agreements goals
and electrolysis which is powered using the renewable energy can be used for
the novel development of green hydrogen evolution in Africa. This approach, if
successful, will provide a new generation of green hydrogen which will shift Africa
to a whole new level. Some of key findings showed that as green hydrogen is carried
out in Africa with a massive range, there are lots of challenges that will take place;
however, many benefits will occur socially and economically such that it will imple-
ment a clean mode of water, transportation and air; furthermore, the electrification
rate will gradually increase. Africa can also use electricity or thermal energy from
renewable sources to direct cooking, where it may be more energy-efficient avoiding
energy consumed in compressing, storing, and transporting compressed energy in
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hydrogen for basic needs. Finally, the most important benefit is that this prospec-
tive will create a lot of job opportunities thus will increase the wealth and bring
socioeconomic benefits.
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The Influence of H2 and CO
Atmospheres on SiO Formation

Trygve Storm Aarnæs, Merete Tangstad, and Eli Ringdalen

Abstract Producing silicon with H2 would be advantageous from an environmental
viewpoint because it opens up a potentially CO2-free process. This study investigated
the interplay between atmosphere and the reaction between SiC and SiO2 pellets.
Process gasses containing Ar, H2, and CO were examined at 1650 and 1750 °C. In
pure Ar, the reaction was slow and found to be limited by mass transfer. The reaction
was faster in the presence of H2, and, in this case, it was instead slow reaction
kinetics that was rate limiting. However, the effect disappeared when adding CO
together with H2. Both H2 and CO produced SiC whiskers at 1650 °C, but H2 to a
greater degree than CO. The whiskers reinforced the pellets, which resulted in up
to 20 times higher strength for a CO and H2 containing process gas. Process gasses
without of CO resulted in weaker pellets instead.

Keywords Hydrogen · SiO formation · Silicon · SiC whiskers

Introduction

The current process for producing silicon reduces silica (SiO2) with carbon in
submerged arc furnaces [1]. SiO2 is supplied as quartz; it reacts with silicon carbide
in the hot region of the furnace following Reaction (1). This generates SiO gas, which
flows up and reacts with carbon in the relatively cool top region of the furnace. Reac-
tion (2) transforms SiO gas and carbon to SiC, which flows downwards. Finally, the
elemental Si forms through Reaction (3) from a reaction between silicon carbide and
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SiO gas.

SiC + 2SiO2 = 3SiO + CO (1)

SiO + 2C = SiC + CO (2)

SiC + SiO = 2Si + CO (3)

SiO2 + H2 = SiO + H2O (4)

Because this process is carbothermal, CO2 emissions are inevitable, even if there
is a completely green energy source powering the process. As such, the ways to
remove CO2 emissions from silicon production requires either replacing 100% of
fossil carbon with bio-carbon, or using something else than carbon as the reductant.
Formany othermetals, hydrogen (H2) is suggested as a possible substitute for carbon.

SiO2 is a very stable oxide, and as a result, fully reducing it to silicon is challenging
withH2 as the reductant. However, a partial reduction, whereH2 only reduces SiO2 to
SiO gas might be possible. Several researchers have reported Reaction (4) to proceed
to the right with modest reaction rates, but it was only investigated up to 1630 °C [2–
4]. Further reduction from SiO to Si needs a more potent reductant, such as carbon.
As a result, a silicon process utilizing H2 may end up as a carbon/H2 hybrid process.

Thiswill require detailed knowledgeon the difference between theSi–O–Csystem
and the Si–O–C–H system. Research into this system has shown that many reactions
from the Si–O–C system exhibit faster reaction rates in the Si–O–C–H system. Li
et al. reported that when H2 is present, SiC formation from carbon and quartz begins
at a lower temperature, and that silicon formation from SiC and SiO2 raw material
gives a higher yield [5, 6]. Improved SiC whisker growth is also a difference between
the two systems [7]. This is suggested to follow from the presence of small amounts
of CH4 produced by H2 equilibrating with carbon, which improves carbon transfer
through the gas phase. If a sufficiently high methane pressure is achieved it can even
be used as the primary carbon source which was shown by Monsen et al. [8]. They
also reported SiO and methane to react at a lower temperature than SiO and carbon
does.

The aim of this study is to examine the effect H2 containing atmospheres has on
Reaction (1). Because silicon reduction with H2 will likely take place in the presence
of carbon, it is necessary to understand the advantages and disadvantages of being in
the Si–O–C–H system. In addition, Ar and CO was used in the process gas. Ar as a
comparison to H2, and CO because it is present in current silicon producing furnaces.
The holding temperature varied between 1650 and 1750 °C,which is below and above
the melting point of SiO2 as there may be different reaction mechanisms occurring
at the two temperatures.
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Experimental

Raw Materials

SiO and COwas produced through Reaction (1), from pellets made from a 2:1 molar
ratio of SiO2 and SiC powders. The SiC powder was provided by Washington Mills
and was at least 95% pure, with the main impurities being SiO2, Al, and Fe. The
quartz was “Quartz type A” described by Jusnes [9], which is 99,98% pure. The
powders were mixed in a Turbula Type T2C Shaker Mixer for 6 h, then the powders
were pelletised in a steel-rotating mill with water as binder and sieved to a size range
of 1–1, 5 mm. Finally, the pellets were dried for 6 h at 120 °C and then heated to
1200 °C for 30 min for strength.

Setup

Figure 1 shows a drawing of the reactor used for the experiments; it is constructed out
of graphite, with the exception being the top part of the gas lance. The upper part of
the reactor is the condensation chamber, and the lower part is the reaction chamber.
The crucible is inside the reaction chamber, it has a ledge 1 cm above its bottom and
a perforated disk rests on that ledge. The perforated disk holds the SiO2/SiC pellets.
The process gas enters through a lance that extends from above the condensation
chamber, through the reaction chamber and into the space between the perforated
disk and the crucible floor. The gas flows through the perforated disc, through the
raw materials where it affects Reaction (1). After leaving the reaction chamber, the
gas passes through the condensation chamber where remaining SiO, and some of
CO, is converted to SiO2 and SiC. A type C thermocouple measures the temperature
within the reaction chamber. It is placed at the same height as the perforated disk the
raw material rests on.

The setup was heated in a resistance heated vertical graphite tube furnace. A flow
of 1 slpm (litres per minute at 0 °C and 1 bar) Ar was used during the 30-min heating
step and during cooling. During the 60min of holding time, the gasses used are shown
in Table 1. Once the setup cooled to room temperature, the crucible was weighed to
determine the weight loss. The setup clogged somewhat frequently, and in the cases
where a too high pressure built up within the furnace the experiments were aborted
before finishing the full holding time. These instances are written in parenthesis in
the experimental matrix shown in Table 1, additionally, they are noted in figures as
a cross.

A SEM (Zeiss-Supra 55VP, Scanning Electron Microscope) was used to inves-
tigate the used crucibles and remaining raw material after the experiments. The
crucibles were first sawed vertically to investigate the interior crucible wall. They
were examined with a secondary electron detector, and with EDS (energy-dispersive
x-ray spectroscopy) to determine the chemical composition of the reaction products.
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Fig. 1 Experimental setup
used during the
high-temperature
experiments

Table 1 Experimental matrix for high temperature experiments. Numbers outside of parenthesis
is the number of experiments that completed the full holding time, numbers in parenthesis is the
number of experiments that had to be stopped before completing the holding time

Argon 100% H2 25% CO 75% Ar 25% CO 75% H2

1650 °C 2 2 2 2

1750 °C 2 2 4 (3)

In addition, a press was used to measure the pellet strength. Pellets were taken from
experiments at 1650 °C because it is below the melting point of SiO2. Some of the
pellets that had a large strength increasewere gently split into several pieces to expose
the pellet interior to imaging.
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Results and Discussion

Effect of Gasses on SiO Production

During each experiment, the SiO2/SiC pellets reacted and produced SiO and CO gas
that left the crucible. Thus, the weight loss recorded after each experiment indicates
the extent of SiO and CO gas production occurring in the setup. A greater weight
loss means greater gas production. By varying the atmosphere in the setup, the gas

Fig. 2 Weight loss relative to the starting raw material when the different process gasses are used,
a compares Ar to H2, b compares Ar to 75% Ar with 25% CO, c compares H2 to 75% H2 with 25%
CO, and d compares 25% CO and 75% Ar to 25% CO and 75% H2. Squares signify experiments
that completed the full holding time and crosses show the experiments that was aborted before
completing the holding time
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production from the pellets also changed. Figure 2 shows the weight loss during the
experiments.

H2 leads to greater gas production than Ar; this is evident from Fig. 2a which
compares weight loss in 100% H2 to weight loss in 100% Ar. This might be due to
H2 reducing the viscosity of the gas and thus increasing mass transfer, or due to its
effect on the reaction mechanism. This was further investigated by adding CO to the
process gas. Increasing the CO pressure in the setup should reduce the reaction rate
because it lowers the driving force for Reaction (1). However, the CO content does
not affect the gas production in an Ar atmosphere. Figure 2b shows that a process gas
with 100% Ar sees roughly the same SiO gas production as 25% CO with 75% Ar.
Thus, for 100%Ar the SiO formation is limited by mass transfer, because adding CO
to the process gas did not affect the SiO generation. Figure 2c compares a process gas
with 100% H2, to one with 25% CO and 75% H2. CO causes the SiO gas production
to drop significantly. This means for a process gas with 100% H2 the SiO formation
is limited by the reaction rate. Figure 2d shows that the gas production in 25% CO
and 75% H2 is almost the same as in 25% CO with 75% Ar. An additional effect
of CO was that process gasses containing both CO and H2 resulted in a clogged
condensation chamber due to too much condensation. For example, all experiments
at 1750 °C with 25% CO and 75% H2 had to be aborted after 30 min holding due to
pressure buildup.

Possible Mechanisms

At 1750 °C, the SiO2 in the raw material is liquid, which allows Reaction (1) to
proceed through a liquid–solid reaction. But at 1650 °C, SiO2 is still a solid so the
contact area is much more limited, as such it is more likely Reaction (1) happens
through gas–solid reactions. Three candidates for the reactionmechanisms are shown
in Fig. 3. Figure 3a and Reactions (5) and (6) shows the reaction mechanism and
gas–solid reactions in an atmosphere free from H2, in this case CO2 is the molecule

Fig. 3 Three candidates for reaction mechanisms, a shows the reaction mechanism in an H2-free
atmosphere where CO2 is the only species available to performmass transfer between SiC and SiO2,
b shows the reaction mechanism if mass transfer is performed by H2O, and c shows the reaction
mechanism if mass transfer is performed by CH4
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Fig. 4 Equilibrium partial pressures of CO2, CH4, andH2O at 1 bar total pressure. Initial conditions
were 1 mol carbon, 0.5 mol CO, and 0.5 mol H2. Calculated with the software HSC9

carrying out the mass transfer between the particles. Figure 3b and Reactions (7)
and (8) shows an analogous reaction mechanism to Fig. 3a, analogous in the sense
that oxygen atoms are being transported from SiO2 to SiC, but by H2O instead of
CO2. Figure 3c and Reactions (9) and (10) are different from the other mechanisms,
because carbon is being transported instead of oxygen. As a result, mass transport
proceeds from SiC to SiO2 instead. Figure 4 shows the equilibrium partial pressures
of CO2, CH4, andH2O in a systemwith carbon calculatedwithHSC9. It indicates that
there is roughly 10 times more CH4 and H2O present relative to CO2, yielding many
additional molecules available for mass transfer. Ksiazek et al. attempted reducing
quartz with an H2/CH4 gas mix through Reaction (9) [10]. They did not find the
reaction to proceed at any significant rate, instead the CH4 deposited carbon on the
quartz particles. This might indicate that CH4 is not very reactive towards SiO2.
Several studies have reported that H2O restricts the reaction rate of Reaction (7) due
to desorption of H2O from SiO2 being slow [2, 4]. Thus, if SiO2 and SiC reacts
through Reaction (7) and (8), then Reaction (8) must happen at a much faster rate
than Reaction (7) in order to maintain a sufficiently low H2O content. Moisture may
also slow down other reactions, Bootsma et al. reported H2O to prevent formation
of SiC whiskers grown in an H2 atmosphere [7].

SiO2 + CO = SiO + CO2 (5)

SiC + 2CO2 = 3CO + SiO (6)

SiO2 + H2 = SiO + H2O (7)

SiC + 2H2O = SiO + 2H2 + CO (8)



168 T. S. Aarnæs et al.

SiO2 + CH4 = CO + SiO + 2H2 (9)

SiC + 4H2 + CO = SiO + 2CH4 (10)

All three reaction mechanisms interact with the graphite setup. By reacting with
the process gas, graphite may produce CH4 through Reaction (11), while H2O and
CO2 can be consumed through Reaction (12) and Reaction (13). These side reactions
causes the graphite setup to react with SiO2 from the raw material, as a result it is not
uncommon for the overall rawmaterial reaction to not quite follow the stoichiometry
[5, 11, 12]. In addition, SiC can react with SiO which produces elemental Si, but this
usually does not occur below 1800 °C [13].

C + 2H2 = CH4 (11)

C + CO2 = 2CO (12)

C + H2O = CO + H2 (13)

Pellet Strengthening

Some process gasses resulted in SiC whisker formation within the SiO2/SiC pellets.
Figure 5 shows this for an experiment with 5% CH4, 25% CO and 70% H2 as
process gas. Figure 5b shows the pellet interior, which contains a large amount of
SiC whiskers in the space between the SiC and SiO2 particles. These SiC whiskers
had a notable effect on the strength of the pellets, and process gasses that promotes
SiC whiskers reinforced and strengthened the pellets. Figure 6 shows the maximum
load the pellets withstood prior to breaking as a function of the process gas. The
pellets that experienced 100% Ar or 100% H2 had a large reduction in strength, in
fact, they were so weak most broke while being placed into the press. The process
gas containing 25% CO and 75% Ar resulted in a moderate strength increase, while
a large strength increase occurred for process gasses containing both CO and H2.
The strength increase was up to 20 times higher than the fresh pellets. These process
gasses resulted in an upper section of the pellets covered by a faintly blue layer
of reaction product, which loosely connected the pellets. This upper region had
significantly higher strength than the lower region. Figure 5c shows that pellets from
this region have a surface layer of SiO2 droplets resting on a layer of SiC whiskers.
A structure reminiscent of SiC–SiO2 core shell whiskers, which is commonly seen
for SiO condensation [14]. This structure grows as SiC whiskers surrounded by a
shell of SiO2, where only the tip is molten. Due to the high temperature, the SiO2

layer melts and then contracts from surface tension, which forms the droplets. The
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Fig. 5 SEM images of a pellet used with a process gas containing 5% CH4, 25% CO, and 70% H2.
Prior to being imaged to was crushed to reveal its interior. a Shows an overview image of the pellet
and how part of its outer layer broke off, b shows the interior of the pellet, and that SiC whisker
formation has occurred within it, c shows the surface of the pellet, which is covered by a layer of
SiO2 droplets suspended by a layer of whiskers

center of the pellet was filled with SiC whiskers, but was absent of the SiO2 seen on
the surface layer.

The biggest strength increase occurred when the process gas contained both CO
and H2, with a smaller effect seen in 25% CO and 75% Ar. Thus, both CO and H2

have separate effects on the strength of the reinforced pellet structure. The main
driving force for weakening the pellet is how much of it reacts. As the individual
particles shrink there ismore room tomove and thepellet disintegratesmore easily.As
discussed earlier, the strength increase results from SiC whisker reinforcement. With
this in mind, the effect of H2 is summarized as, increasing the pellet consumption
and increasing the degree of whisker formation. Likewise, CO also increases the
whisker formation, albeit to a lesser extent, but it suppresses the increased pellet
consumption of H2-containing atmospheres. Thus, it is no surprise that CO with H2

has the highest strength, while 100% Ar or H2 has the lowest, and that Ar with CO
ranks in the middle.
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Fig. 6 The maximum load applied to pellets before breaking. CO and H2 in combination gave rise
to a substantial pellet strength increase, which was not seen when the gasses were used separately.
The strength also varied between the surface pellets and the lower pellets. The bars show the
average, and the red squares are individual data points. The 5% CH4, 25% CO, and 70% H2 is from
a different experimental series not yet published, but is included as CH4 does not seem to affect
pellet strengthening

Conclusions

This study has investigated reactions taking place in the Si–O–C–H system. Despite
H2 itself not reducing the raw materials it had a noticeable effect on kinetics and the
overall behavior of the system. Particularly:

• H2 leads to faster gas production from the SiO2/SiC pellets. However, adding
25% CO suppresses the increase in gas production caused by H2, resulting in an
equivalent reaction rate as in Ar.

• Both H2 and CO resulted in the formation of SiC whiskers at 1650 °C. But, H2

to greater extent than CO, which is possibly due to H2 promoting Reaction (1)
which gives a larger SiO pressure, or it may be a result of CH4 formation.

• A CO-containing process gas resulted in increased pellet strength. 25% CO and
75% Ar yielded a 5 times increase in strength, whereas 25% CO and 75% H2,
or 5% CH4, 25% CO, and 70% H2 resulted in a 20 times increase in strength
in comparison to fresh pellets. Examining the pellet interior with a SEM showed
that SiC whiskers created a reinforced structure of SiC and SiO2 particles within a
mesh ofmechanically strongSiCwhiskers,which kept the structure frombreaking
apart. However, if H2 is used without adding CO the pellets weaken instead due
to increased pellet consumption.
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