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A Letter from AMPERE's President 
Cristina Leonelli 

Dept. of Materials & Environmental Engineering  
University of Modena and Reggio Emilia Modena, Italy 

E-mail: Cristina.Leonelli@unimore.it 
 
Dear AMPERE Members, 
Another year has passed waiting for the 3rd 
GCMEA-Global Congress on Microwave 
Energy Applications for the first 6 months of 
2016, and then enjoying for the last 6 months 
the nice memories of this unforgettable event, 
organized by Prof. Juan Monzó-Cabrera and 
his group in Cartagena, Spain. His superb 
group had count on Prof. Alejandro Díaz 
Morcillo, the actual Rector of the Universidad 
Politécnica de Cartagena, Dr. José Fayos 
Fernández, Prof. Antonio Martínez González, 
Prof. Juan Luis Pedreño Molina, Prof. Antonio 
José Lozano Guerrero plus other five 
engineers and many students supporting the 
hard tasks of the Local Organizing Committee. 

The magnificent port area of the old 
town and the excellently restored university 
building where the conference was held, made 
us felt the passionate work on RF and MW 
applications and theory of the hundreds of 
scientists, technologists and industrialists 
convened to Cartagena from all over the globe.  

Once more, our non-profit international 
Association, AMPERE EUROPE  
(http://www.ampereeurope.org), has confir-
med the presence of more than 100 active 
members involved in aspects of high power 
microwave and radio frequency technology.  

The Management Committee (MC) has 
worked hard to help the Cartagena friends to 
reach an outstanding level of this meeting 
aspired by the MAJIC federation every four 
years. I’d like to acknowledge once more also 
the efforts of many AMPERE members who 
contributed to the success of this global event. 

The friends in Delft, The Netherlands, 
have already started to prepare the next 
AMPERE Meeting, the 16th International 
Conference on Microwave and High 
Frequency Heating, which will take place on 
18-21 September 2017. Once more, this event 

will enrich your professional experience with 
the most updated news on special themes on 
chemical and material process engineering, 
which will be highlighted during this 
conference, in particular: 
• Microwave assisted chemistry & 

processing 
• Process intensification with 

electromagnetic energy 
• Sustainable chemistry& biochemistry 
• Biomass and waste processing 
• Material processing 
• Medical and biological applications 

An updated view on the usual topic of 
the conference will also be presented by 
plenary and invited speakers: 
• Dielectric properties measurement 
• Microwave and high frequency material 

interaction 
• Industrial applications and scale-up 
• Microwave and high-frequency supply 

design 
• Modeling of microwave and RF power 

applications 
• Microwave and RF plasma applications 

 
As usual, our Association members and 

MC have been successful in promoting the 
knowledge and technology of MW and RF 
heating in national and international 
conferences and in endorsing workshops and 
Ph.D. schools. The present year is full of very 
important event for our small community, 
trying to reach out to induction heating, 
ultrasonic treatments, plasma and terahertz 
waves technology. AMPERE supports these 
events with grants for students, so please stay 
tuned on AMPERE website for the Call for 
students grants. 

mailto:Cristina.Leonelli@unimore.it
http://www.ampereeurope.org/
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Please mark in your agenda the 
following events planned for the 2017 (in a 
calendric order): 
19th Seminar on Computer Modeling in 
Microwave Power Engineering – Solid State 
Energy Generation: Modeling Systems and 
Applications  

March 9-10, 2017, Padua, Italy 

https://web.wpi.edu/academics/math/CIMS/I
MMG/Seminars/Current/ 

18th International UIE-Congress on Electro-
technologies for Material Processing 

June 6-9, 2017, Hannover, Germany 

http://uie2017.org 

IMPI 51st Annual Microwave Power Symposium 
(IMPI 51) 

June 20-22, 2017, Miami, FL, USA 

http://impi.org/symposium-short-courses/ 

10th International Workshop “Strong Microwaves 
and Terahertz Waves: Sources and Applications”  

July 17–22, 2017 on board of a river boat 
starting from Nizhny Novgorod, Russia 

http://www.smp.sci-nnov.ru/ 

4th Summer School in Ultrasound and 
Microwaves for Chemical Processing – Ultra-
sound & Microwave Technologies  

Sept. 4-8, 2017 Leuven, Belgium 

AMPERE 2017 – 16th International Conference on 
Microwave and High-Frequency Heating  

Sept. 18-21, 2017, Delft, The Netherlands 

http://www.ampere2017.nl/ 

Let me conclude this message adding 
few words on the visibility of our 
Association’s activities via website and 
Newsletter. 

On the website we are still missing a lot 
of your links, my dear members! We would 
like to promote your activities, projects, papers 
with the 10 to 15 visitors logging in per day, 
from 129 countries worldwide. I strongly 
invite you all to send me the links to your 
research group or to your company. The same 
applies to the AMPERE Newsletter, which 
provide us extremely interesting themes on a 
regular basis of 4 Issues per year.  

Last thought goes to an unfortunate 
event. This year we have lost one of our more 
active and enlightened members and a good 
friend to many of us, Prof. Dr. Monika 
Willert-Porada, Universität Bayreuth, 
Germany. My most sincere condolence to her 
colleague and family members from part of 
AMPERE. 
 
My best wishes for the New Year! 
 
 
 

Cristina Leonelli 
AMPERE EUROPE 
President  

 
 
 
 

 

 

     
 
 
 
 
 
 
 
 
 
 

https://web.wpi.edu/academics/math/CIMS/IMMG/Seminars/Current/
https://web.wpi.edu/academics/math/CIMS/IMMG/Seminars/Current/
http://uie2017.org/
http://impi.org/symposium-short-courses/
http://www.smp.sci-nnov.ru/
http://www.ampere2017.nl/
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Obituary 
Prof. Monika Willert-Porada 

1955 - 2016  

Monika A. Willert-Porada, 
professor of material science 
and processing at the 
University of Bayreuth, 
Germany, died on Sunday, 
Dec. 11, of cancer at the age 
of 61.  

With great sadness we take leave of a 
highly esteemed person who has worked with 
unfailing dedication during her academic career 
to pushing forward the materials processing and 
microwave society. 

Monika Willert-Porada was born on Aug. 
28, 1955, in Gliwice, Poland. She obtained a 
diploma in chemistry from the Ruhr University 
of Bochum in 1980. In 1983 she earned a Ph.D. 
in chemistry from the same university. After a 
post-doctoral fellowship at the University of 
Iowa in the group of Prof. Donald J. Burton, 
she returned to Germany in 1989. At the 
University of Dortmund, she set up a research 
group at the Chair of Materials Science at the 
Faculty of Chemical Engineering. She 
habilitated in 1995 on the use of microwaves on 
processing of ceramic materials, and qualified 
as a University lecturer. In 1997, she founded 
the research institute for Engineering, 
Microwave & Plasma Technology, InVerTec 
e.V., at the University Bayreuth.  Since 1997, 
she was the Chairwoman of the executive board 
of InVerTec. In 1998, she joined the University 
of Bayreuth as a professor for materials 
processing. During 2000-2001, she was the 
Founding Dean of the faculty of Applied 
Sciences at the University Bayreuth. Since 
2012, she was co-chair of the Glass-
Technology Center in Spiegelau, and board 
member of the Deggendorf Institute of 
Technology (both in Germany). 

Monika Willert-Porada was awarded the 
Bennigsen-Foerder-Award for young scientists 
in 1990, the KESS-Award in 1997, and the 
European Energy Industry Innovation Award 
with Kennametal-WIDIA in 2000.  

Prof. Willert-Porada’s research dealt with 
the development of new processes, by 
implementation of new sources of energy, like 
lasers, microwave radiation, and different types 
of plasma, into processing of materials with the 
aim at selective heating, low temperature 
processing and synthesis of materials for energy 
conversion. Her teaching focused on 
environmental aspects of raw materials 
synthesis as well as on high quality materials 
for batteries, fuel cells and PV systems. 

The development of sustainable and 
energy efficient technologies was another major 
motivation for her scientific work which 
explains her broad interest in multi-disciplinary 
research initiatives. She initiated and 
coordinated several national and European 
research associations like FORGLAS (multi-
functional materials of glass for energy efficient 
building technologies), ForOxiE² (new catalytic 
active and stabile materials for electrochemical 
energy systems) with the Bavarian Research 
Foundation, and the EU projects HarWin and 
InDeWaG on energy-efficient technology for 
building application.  

Prof. Willert-Porada’s studies contributed 
to substantial progress in the use of microwave 
radiation in material processing and chemical 
processing. She wrote more than 200 journal 
and conference papers, and supervised 38 
doctoral students.  

Monika Willert-Porada was member of 
the board of Ampere from 2001 to 2005. Her 
colleagues at Bayreuth University mention “her 
joy on intellectual exchange and her generous 
hospitality, which has always been the intention 
for inviting scientists from all over the world to 
Bayreuth”. One example was the Int’l Ampere 
Conference that Monika Willert-Porada 
organized and hosted in Bayreuth in 2001. 

Colleagues at Karlsruhe Institute of 
Technology (KIT) recall how “Already in 1993, 
Prof. Monika Willert-Porada and her team 
provided important guidelines to Prof. Dr. rer. 
nat. Dr. h.c. Manfred Thumm and his team for 
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the start of the research activities on microwave 
materials processing at the former Nuclear 
Research Center Karlsruhe (now Karlsruhe 
Institute of Technology, KIT). This was 
underlined by the first personal contact during 
the first European Workshop on “Microwave 
Processing of Materials” organized by Prof. 
Dieter Vollath at Karlsruhe in 1994, for which 
Prof. Monika Willert-Porada was providing a 
very inspiring keynote lecture. 

As an important impetus for many 
microwave processing activities in Germany 
and worldwide, she was always interested in 
related activities ongoing at the other teams and 
she was always outstandingly supportive in the 
information sharing and discussion on latest 
research results among these teams. Highlights 
have been the two excellent German 
Microwave Workshops she organized in 
Dortmund, Germany in 1995 and 1998.  

In 2009 and 2010, as member of the 
appointment committee and in charge of 
finding a successor for Prof. Manfred Thumm 
as the director of the Institute for Pulsed Power 
and Microwave Technology (IHM) at KIT, her 
strong support for the continuation of the 
microwave materials processing activities 
within the KIT was essential for the 
continuation of those activities until today. 
Since 2013 she was an advisory board member 
of the Helmholtz Programme “Energy 
Efficiency, Materials and Resources”. She 
strongly supported the strategic development 
within the programmatic research activities of 
the Helmholtz Association. 

 The fact that Prof. Monika Willert-
Porada passed away, is an extremely painful 
loss for the University of Bayreuth and KIT, in 
particular, but, also for the microwave materials 
processing community worldwide. We lost an 
open minded, highly interdisciplinary and 
innovative expert and a very kind person at the 
same time. With all her resolute efforts, we all 
owe an immense debt of gratitude to Prof. 
Monika Willert-Porada. We mourn with her 
relatives and will always keep her in 
honourable memory.”  

Prof. Cristina Leonelli, the President of 
AMPERE, also wrote in memory of Prof. 
Willert-Porada that “Monika had a natural 
sympathetic attitude that turned her colleagues 

into affectionate friends. She was an excellent 
scientist with courageous attitude towards 
opening new fields of research and with a 
sincere critical thought on her own results. As 
teacher, she has always had a respectful and 
encouraging approach to young researchers. I 
remember her asking questions to students 
presenting oral contribution at AMPERE 
conferences, while asking questions she always 
directed them towards deeper understanding 
and awareness of their own work. A colleague, 
a friend, an advisor and an active member of 
our small community, this is the Monika I want 
to remember.” 

Mr. Bob Schiffmann, the President of 
IMPI, adds his personal slant: “The Monika I 
knew was both a serious and very capable 
scientist, and a fun-loving person. I have two 
strong memories to share - the first when my 
wife and I attended her wonderful 50th birthday 
party at her house and with her family and 
friends. My second memory is from the 2001 
AMPERE meeting in Bayreuth. Monika 
decided to entertain the delegates at the banquet 
with a Renaissance dance and she got Jon and 
Jane Binner and me to agree to perform. The 
three of us went into town to pick out our 
costumes, but Monika was too busy to come 
along. I put together a dance and the three of us 
rehearsed, but no Monika… She arrived at the 
banquet location with her costume minutes 
before we were to perform, but with no 
rehearsal - I did my best to quickly teach her 
the dance and then we did it twice for the 
audience, each time I whispered the steps to 
her. It was a great success and afterward I 
complemented her to which she replied - “You 
know, I wanted to be an actress..." I will miss 
Monika forever!” 

Monika Willert-Porada is survived by her 
husband, Gottfried Porada, her son Philipp 
Porada, and her two grandchildren. 

 
 
On behalf of the AMPERE and IMPI Associations: 

Dr. Guido Link and Prof. John Jelonnek  
Karlsruhe Institute of Technology (KIT), 
Karlsruhe, Germany 

Dr. Andreas Rosin 
Bayreuth University, Bayreuth, Germany 



AMPERE Newsletter                                 Issue 91             January 16, 2017 

 
   - 6 - 
  

Microwaving Wastes for Producing Syngas 
J. Angel Menéndez 

Instituto Nacional del Carbón, CSIC, Apartado 73, 33080 Oviedo, Spain  

E-mail: angelmd@incar.csic.es 

 

Several thousands of million tons of wastes are 
generated worldwide every year. Of these, 
organic solid wastes have the potential to 
partially satisfy the production of chemicals, 
whilst the environmental impact can be 
minimized and the sustainability of the 
processes increased compared to those based 
on fossil resources. However, these wastes are 
complex due to their high heterogeneity, and 

new conversion processes are necessary before 
they can be converted into high value products. 
One possibility is to process these wastes using 
the microwave-induced pyrolysis (MIP), as an 
alternative to the conventional pyrolysis or 
gasification processes, that lead to the 
production of simple molecules, mainly H2 and 
CO, a mixture known as synthesis gas or 
syngas (see Figure 1). 

 

 
Figure 1. The MIP syngas production concept. 

 
MIP provides the following advantages 

over conventional gasification and pyrolysis 
processes: (i) easy conditioning and handling of 
the biomass, (ii) higher gas yields (and, in 
consequence, lower oil and solid fraction 
yields) compared to conventional pyrolysis, (iii) 
no need of gasifying agent, (iv) no need of 
catalysts (v) high concentration (up to 95 vol% 
in some cases) of the syngas in the resulting gas 
fraction.  

A major drawback of MIP is, however, 
the scaling up of the process. At present, there 
is yet no commercially available microwave 
equipment able to process several tons of 
wastes in a reasonable time. Nevertheless, a lot 
of investigation is being made in this field and 
some promising prototypes or demo plants are 
currently working. Some of these are shown in 
Table 1.  

Table 1. Energy consumption of different 
technologies for producing syngas 

 
 
Process Processing 

Capacity 

Energy 
Consumption 

[kWh/kg] 
Scandinavian Biofuel1 70 T/day 0.15  
Payakkawan et al.2 1 T/day 1.5  
Rotawave Ltd.3 3-12 kg/load 0.5-1.3 
 

What follows is focused on the use of 
MIP for producing syngas i.e., maximizing the 
gas fraction and, at the same time, the H2 and 
CO content of this fraction.  
 
Why syngas from MIP? 
Pyrolysis is defined as a thermochemical and 
irreversible decomposition of organic materials 
at elevated temperatures in the absence 
of oxygen. It involves the simultaneous change 

mailto:angelmd@incar.csic.es
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of physical phase and chemical composition. 
Pyrolysis gives rise to three end products: gas, 
oil and char, which all have the potential to be 
further refined if required (see Figure 2). The 
relative amounts and characteristics of each 

product vary considerably depending on the 
feed and the operating conditions of the process 
(i.e., temperature, heating rate, inert gas flow, 
presence of catalysts, etc.).  

 
Figure 2. Pyrolysis-derived products 

 
The main properties and applications of 

each fraction are the following: 
 
Solid fraction 
The pyrolysis char is a carbonaceous residue 
mainly composed of elemental carbon originated 
from thermal decomposition of the organic 
components, unconverted organic compounds, 
e.g. solid additives, and even carbon 
nanoparticles produced during secondary 
reactions between the evolved volatiles and the 
char itself. This carbonaceous residue plays an 
important role in the pyrolysis process since it 
also contains other inorganic compounds (i.e., 
ashes or mineral matter) of the original feed 
material, which are relevant in specific catalytic 
processes. The importance of the char cannot be 
understated as it may be involved as a reactant 
or catalyst in heterogeneous reactions. On the 
other hand, the utilization of the char depends 
considerably on its characteristics. Some 
possible uses of char are: (i) as solid fuel for 
boilers, either directly converted to pellets or 
mixed with other materials such as biomass, 
carbon, etc., (ii) as feedstock for the production 
of activated carbon, (iii) as feedstock for the 
gasification process to obtain hydrogen rich gas, 
(iv) as additive for soil amendment. 

However, these char fractions often 
contain an important amount of heavy metals 
making difficult their industrial use. When MIP 
is aimed to produce syngas, the solid fraction is 
minimized. Moreover, part of this fraction can 

be recirculated into the process acting both as 
microwave susceptor and as catalyst of certain 
reactions to promote syngas production4-6. 
Depending on the operational conditions of MIP 
it is possible to attain very high temperatures at 
the end of the pyrolysis process and so obtain a 
solid residue which is partially vitrified (see 
Figure 3). Unlike other methods aimed to 
maximizing the porous texture of the solid 
residue in order to produce adsorbents, this 
particular MIP process is designed to obtain a 
solid residue with minimal porous textural 
development, where the heavy metals present in 
the residue are occluded in a glassy-like matrix7. 
The advantages of this technique are the 
substantial volume reduction with respect to the 
initial feedstock and a solid residue that is more 
resistant to the leaching of organic substances 
and heavy metals than the char obtained by 
conventional pyrolysis. This can be of particular 
interest to process organic residues containing 
high amounts of toxic heavy metals.  

Liquid fraction 
Pyrolysis oil is a complex mixture of several 
organic compounds which may be accompanied 
by inorganic species. In the case of biomass, the 
liquid or oil fraction (bio-oils) is found to be 
highly oxygenated and complex, chemically 
unstable and less miscible in conventional fuels. 
Thus, the liquid products still need to be 
upgraded by lowering the oxygen content and 
removing residues.  
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Figure 3. SEM microphotographs of the solid residues obtained after conventional pyrolysis in  
(a) an electric furnace and (b) high temperature MIP7. 

 
The oil obtained from pyrolysis can have 

the following uses: (i) combustion fuel, (ii) 
power generation, (iii) production of chemicals 
and resins, (iv) transportation fuel, (v) 
production of anhydro-sugars like levoglucosan, 
(vi) binder for pelletizing and briquetting 
combustible organic waste materials, (vii) fuel 
for diesel engines, normally by blending with 
the diesel oil.  

However, this liquid fraction is composed 
of a complex mixture of organic compounds 
making it difficult to upgrade for use as biofuel. 
It may also contain hazardous compounds such 
as polycyclic aromatic hydrocarbons (PAH). In 
the case of MIP for syngas production, the high 
temperatures reached during the process also 
minimizes the production of oils, which, in 
addition, contain less hazardous compounds8,9.  
 
Gas fraction 
The gas produced in a pyrolysis process is 
mainly composed of permanent gases, such as 
H2, CO, CO2, CH4, C2H2, C2H4, C2H6, etc. The 
gas fraction collected from pyrolysis can be used 
directly as fuel for various energy applications, 
such as: (i) direct firing in boilers without the 
need for flue gas treatment, and (ii) in gas 
turbines/engines associated with electricity 
generation. Moreover, pyrolysis gas containing 
significant amounts of hydrogen and carbon 
monoxide might be used for syngas applications. 
These range from the production of ammonia, 
methanol and the Fischer-Tropsch process to 
produce hydrocarbons, biopolymers, etc.  

In the case of MIP, depending on the 
operating conditions and the organic substrate, 
the gas yield can be as high as 58 wt%, while the 
maximum gas yield attained in conventional 
pyrolysis at a similar temperature (800 ºC) is 
only 37.6 wt%. Moreover, the amount of syngas 
(H2 + CO) can reach values up to 95.2 vol% in 
the case of MIP, while the maximum value 
obtained when the same substrate is pyrolyszed 
in an electric furnace at similar temperatures is 
79.8 vol% (see Table 2). That is, MIP not only 
gives rise to a higher production of gases but 
also these gases have a higher proportion of 
syngas than the equivalent process carried out in 
an electric furnace. 

 
Use of microwave susceptors  
The dielectric properties of the dried biomass 
(and organic wastes, in particular) are very poor, 
i.e., it is very difficult to heat it, up to the high 
temperatures needed, by microwave radiation, 
unless very high power is used12. In order to 
achieve the high temperatures required to carry 
out the pyrolysis, it is necessary to use very high 
powers, if possible. One way to overcome this 
problem is to use microwave susceptors. Among 
the different microwave receptors than can be 
used, carbonaceous materials are particularly 
good microwave absorbers (see Figure 4).  

Thus, recycling part of the char produced 
in the pyrolysis to the pyrolysis process itself 
can be a smart solution. The heating process 
during MIP of two different biomass/microwave 
susceptor blends is sketched in Figure 5. 
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Table 2.  Comparison between MIP and conventional pyrolysis (both at 800 ºC) for different substrates10,11.  
 

  Microalgaea MSWb Strawc 

MIP Gas Yield  [wt%] 57.2 48.3 55.9 
Conv. Gas Yield  [wt%] 34.7 36.1 37.6 
Increment  [%] 64.8 33.8 48.7 
MIP Syngas  [vol%] 94.0 94.6 95.2 
Conv. Syngas  [vol%] 53.0 72.5 79.8 
Increment  [%] 77.4 30.5 19.3 

a Microalgae: A residue, after methanol extraction, of the microalgae scenedesmus almeriensis. 
b MSW: Municipal solid wastes 
c Straw: Agricultural residue, used in a biodiesel production plant, that is mainly composed by straw. 

 

 
Figure 4. Char from organic feedstock pyrolysis is a 
microwave-absorbent material due to the delocalized 
π-electrons, which cannot couple to the phase 
changes of the electric field, hence the accumulated 
energy dissipates as heat6. Eventually, electrons may 
jump out of the material, ionizing molecules of the 
surrounding atmosphere, and form micro-plasma13. 

 
Obviously, the more homogeneous is the 

blend, the more homogeneous the temperature of 
the bed will be, and, in consequence, the MIP 
process will be completed faster and in a 
reproducible way. 

It is worth mentioning that there is a 
minimum concentration of the microwave 
susceptor below which MIP does not take place 
unless a higher power is used. But, interestingly, 
this is also the optimal concentration, since at 
higher concentrations the pyrolysis progresses in 
an uneven way. This is due to a decrease of the 
skin depth, or penetration of microwaves, 
because of the formation of an outer layer of 
good microwave absorber char that hinders the 
penetration of microwaves into the bed of 
biomass12. This effect is schematized in Fig. 6. 

 

 

 

Figure 5. Evolution of organic particles (white circles) and microwave susceptor particles (black circles) during 
MIP, creating second, third and more generations of microwave receptors (gray circles)5,12. 
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Figure 6. Evolution of organic particles (gray circles) and microwave susceptor particles (black circles) during 

MIP, for high and low concentrations of primary susceptors (upper and lower rows, respectively)12. 
 
 

Triple role of char as susceptor, reactant and 
catalyst 

As microwave energy is transferred directly to the 
material that is heated (volumetric heating), the 
temperature inside the material is usually higher 
than the temperature of the surrounding 
atmosphere, unlike conventional heating. Figure 7 
shows an illustrated comparison between 
temperature gradients caused by microwave and 
conventional heating. 
 
 

Conventional
Heating

Microwave
Heating

 

↓↓T

↑↑T

 
 

Figure 7. Temperature gradients produced by 
microwave and conventional heating. 

 
 

 
In MIP, gases evolve from high temperature 

regions, inside the particles, to the lower 
temperature of the surroundings. This gives rise to 
different cracking and recombination reactions 
than in the case of conventional heating. For 
instance, the following heterogeneous 
endothermic gasification reactions are favored 
(with respect to conventional heating) since the 
solid reactant is being directly heated by the 
microwaves: 

C (s) + CO2 (g)  ↔ 2CO (g)   (1) 

C (s) + H2O (g) ↔ CO (g) + H2 (g)
.  (2) 

In this case, the char used as susceptor (and 
that being formed as MIP progresses) is also a 
reactant. Moreover, this char can also act as 
catalyst favoring the endothermic gasification 
reactions14-16: 

(-CH2-) (g) + H2O (g) ↔ CO (g) + 2H2 (g)  (3) 

(-CH2-) (g)+ CO2 (g) ↔ 2CO (g) + H2 (g)  (4) 

and the exothermic water gas shift reaction: 

 CO (g) + H2O (g) ↔ CO2 (g) + H2 (g)   (5) 
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Since the char added as susceptor and that 
produced in the pyrolysis acts as catalyst, the MIP 
can be considered as a self-catalytic pyrolysis16. 
Moreover, it seems reasonable to suppose that the 
direct heating of microwaves reinforces the 
catalytic performance of the catalyst (char). On 
the other hand, recombination of light molecules, 
once they are released from the material, is 
unpaired by the lower temperature (compared to 
the core of the particle) of the surrounding 
atmosphere15. More important than these effects 
might be, however, the presence of micro-plasma 
during the MIP.  
 
The pseudo-catalytic effect of micro-plasma 

The microwave heating of carbon-based material 
can give rise to hotspots, which appear here as 
small sparks or electric arcs (considered as micro-
plasma since confined to a >1-mm space and last 
for a fraction of a second). These electric arcs are 
caused by uneven distribution of the EM field and 
by preferential heating (due to differences in 
dielectric properties, impurities or geometric 
defects within the particle). These hotspots may 
cause ionization of the surrounding atmosphere. 
Moreover, in the case of carbons, the increase in 
the kinetic energy of the delocalized π electrons, 

which are free to move in relatively broad regions 
trying to align themselves with the alternating 
electric component of the microwave field, may 
give rise to the ionization of the surrounding 
atmosphere caused by electrons that eventually 
jump out of the material (see Fig. 4). 

Evidence of the micro-plasma is presented in 
Fig. 8. It may appear in a quasi-spherical shape 
(ball lightning) or as an arc discharge. Although 
the temperature of these hotspots is orders of 
magnitude higher than the mean temperature of 
the bed, because of its ephemeral nature the 
average bed temperature remains virtually 
unaltered. This is quite an interesting fact since 
the “chemistry” inside the micro-plasma differs 
from that in a non-ionized atmosphere. Thus, 
complex gas molecules are ionized when they hit 
the micro-plasma, and these ions are then 
recombined resulting in simpler molecules like H2 
or CO rather than CH4 or CO2. This can explain 
why MIP favors the production of gases in 
general, and syngas in particular, when compared 
with conventional pyrolysis at similar 
temperatures. In this sense, one may consider a 
pseudo-catalytic effect of micro-plasma that 
selectively favors the production of syngas. 

 

                                      
 

Figure 8. Different types of micro-plasma occurring in MIP and some of the species formed in it (down right)13 
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The energy costs of producing syngas by MIP 

Since most of the data available in scientific 
literature are obtained from lab experiments, it is 
difficult to establish the energy required for 
producing syngas using a possible MIP industrial 
process. However, a rough approximation based 
on an extrapolation of several microwave 
heating processes can be done in order to have a 
first estimation of the energy consumption to 
scale up a MIP process17. Comparatively, the 
energy cost for producing syngas from MIP 
processes is higher than the energy consumed in 
other conventional processes (see Table 3).  

Table 3. Energy consumption of different 
technologies for producing syngas 

Process [Ref.] kWh/m3 
of syngas 

Steam CH4 reforming [18] 1.46 
Partial oxidation of CH4 [18] 0.01 
Auto-thermal CH4 reforming [18] 0.14 
Microwave-assisted dry CH4 reforming [19] 2.20 
Pyrolysis-gasification of MSW [20] 0.38 
Gasification of refused-derived fuel [20] 0.41 
MIP of straw [21] 1.88 
MIP of biowastes [21] 1.63 – 3.89 
 

Nevertheless, this comparison is somewhat 
uneven since some of these processes use CH4, 
light hydrocarbons or alcohols as raw material, 
which has to be previously produced. This can 
have an important impact in the total energy 
consumption of the process, depending on the 
method of production. In addition, these 
processes need the application of specific 
catalysts to induce the production of H2 and CO. 
Moreover, an exhaustive care must be taken to 
avoid catalyst deactivation; for instance, a higher 
steam/C ratio than expected from the stoichio-
metry of the reaction is usually required to drive 
the steam-methane reforming in order to avoid 
coke deposition onto the catalyst surface. The 
comparison is more even in the case of 
gasification. However, it is important to bear in 
mind that gasification needs a gasifying agent 
like steam, oxygen, CO2, etc. In addition, char 
combustor and reformer reactors are usually 
required. These hurdles are absent when it comes 
to the MIP process, as no operating costs 
regarding to pre-treatment steps, gasifying 

reagents (hence additional capital expenditure if 
air separation units are required to produce O2), 
or expensive catalysts are envisaged. This leaves 
some room to the higher energy consumption 
reported for the MIP processes. 
 
Concluding remarks 

Syngas production by microwave induced 
pyrolysis of organic wastes and other bio-solids 
is an attractive technology from an 
environmental point of view, giving that 
hazardous and pollutant materials are converted 
into a clean and valuable gas. Moreover, the 
collateral pollution released (in the oil and solid 
sub-products) is lower as compared to other 
alternatives used for valorizing organic residues. 
This is due to the high degree of cracking of the 
organic molecules because of the micro-plasma 
occurring during pyrolysis, which in turn gives 
rise to a high syngas production. If the saving 
that represent the cost of getting rid of the 
organic residues is not contemplated, the energy 
costs of using this technology are still higher than 
other conventional technologies for producing 
syngas. However, this is an incipient technology 
that largely depends on the advances in the 
design of new microwave furnaces able to 
operate efficiently at a large scale. Therefore, the 
viability of this technology will be linked to the 
evolution of the waste management cost and to 
the development of new microwave equipment 
capable of operating on large scales. 
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Abstract 

Recent advances in solid state LDMOS and GaN power transistors have enabled the production of 
transistors that can generate 250 watts in a single die and package, at a cost comparable to a single 
magnetron. Cooking with solid state power transistors enables precise control of the field patterns 
generated within the cavity to the point where cooking can become high quality, simple and fast all at 
once. The solid-state power transistor requires many supporting elements that are needed for its 
operation. One such element is the thermal management system which must be small, quiet, and low 
cost if the use of solid state cooking is to become widespread.  In this paper, we present the trade-offs 
in the design of such a thermal management system. 
 
 
1. Introduction 

The art of cooking has always been a 
compromise between simplicity, speed and 
quality. The ability to deliver heat energy to food 
is key to all cooking techniques, the oldest of 
which are based on heat transfer through 
temperature gradients. These cooking techniques 
allow very high quality cooking, but at the 
expense of speed and/or simplicity. During the 
1960’s the microwave oven was introduced. 
Using electromagnetic waves to carry the heat 
energy along the wave propagation direction, it 
enabled cooking without dependence on 
temperature gradients within the food, but with 
very little control over the resulting heating 
patterns. In many cases, this reduces the quality 
if the cooking speed is too high.  

Current microwave ovens utilize 
magnetrons as an RF power source. The 
magnetron is a high voltage vacuum tube in 
which perpendicular electric and magnetic fields 
cause the repetitive motion of electrons in a 
resonant cavity, which in turn generate radio-
frequency (RF) power. It is constructed of metals 
and ceramic insulators, with the hottest internal 
part being the filament which generates the 
electron cloud, reaching temperatures of 900°C. 
Constructed as such, the magnetron is able to 
work with case temperatures reaching 140°C and 
above (see Fig. 1). 

Such high temperatures, coupled with a 
heat dissipation of several hundred watts, place 
low requirements on the magnetron’s thermal 
management system, enabling its widespread use 
in microwave ovens. A complete magnetron RF- 
power source, along with its cooling system and 
power supply, can reach a cost of $15 at 
production volumes of millions of units. 
 

 

Figure 1. Thermal image of a magnetron operating in 
a microwave oven after 400 seconds of operation 
with a cavity load of one liter of water. 
 

Compared to the magnetron, solid-state 
power transistors are much smaller devices, 
comprising a semiconductor die attached to a 
metal base, packaged and connected with bond 
wires to external conductors. The maximum 
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operating temperatures of the die can reach 
around 200°C, translating to allowable metal 
base temperatures of about 100°C. The heat 
dissipation of a 250 watt RF output power solid 
state RF power transistor, which can reach 200 
watts of dissipated heat, coupled with the 
transistor’s small size, results in stringent 
cooling system requirements. 

A comparison between the cooling 
requirements of the two technologies is provided 
in Table 1. Requirements for the cooling system 
heat-transfer coefficient are more stringent for 
the solid state power transistor compared to the 
magnetron. 
 

Table 1. Cooling system requirements comparison for a magnetron and solid state power transistor 

 

 
2. Thermal Management 

One of the advantages of using solid-state power 
transistors is the ability to precisely control RF 
output to cook each different food load 
appropriately. Such control is also advantageous 
in synchronizing operation of several transistors 
feeding the same cooking cavity, operating them 
in a manner whereby each transistor emits the 
same frequency, but at a different phase and/or 
amplitude. This, in turn, enables RF power 
reflections back to the transistors to be 
minimized (these are additional transistor 
heating sources when operating several 
transistors feeding the same cavity).  

Another critical aspect of thermal 
management is the design of the cooling system 
hardware. When designing a cooling system, 
there are several main factors to consider: 

• Heat transfer coefficient 
• Cost of goods 
• Noise level 
• Size and shape 

Extreme solutions from both ends of the 
spectrum are divided into two main categories: 

(1) Noise-limited systems 
Such systems employ high-speed fans which 
generate very high airflows that are able to cool 
the power transistor, despite its high heat 

dissipation per unit area. The high air flows 
generate acoustic noise which must be limited. 
 

(2) Cost-limited systems 
Such systems employ very high heat 
conductivity solutions based on vapor chambers, 
heat pipes or copper blocks. The very high heat 
conductivity helps spread the generated heat 
over a large surface area, which can then be 
easily cooled either by natural convection or low 
air speed fans. High heat conductivity solutions 
are expensive due to the cost of raw materials 
(mainly copper) and the need for complex 
production methods. 

 
3. Heat Sink Design Optimization 

Solid-state power transistors are typically 
connected to a signal generation and 
measurement system, incorporated into a single 
solid-state RF power module that is integrated 
into an oven appliance. These modules have a 
metallic base plate support structure for the 
electronics, which is typically constructed from 
die-cast aluminum in order to minimize cost. It 
is also desirable to utilize the entire surface of 
the module’s base plate for cooling the RF 
power module, in which the main heat source is 
the solid-state power transistor.  

Parameter  Magnetron 
Tube 

Solid-State  
Power Transistor 

RF output power [W] 900 250 
Average heat dissipation [W] 400 200 
Cooling surface area [cm2] 20  1 
Maximal baseplate temperature [⁰C] 140 100 
Cooling system heat transfer coefficient [W/(cm2∙⁰C)] 0.2 3.3 
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Cooling may be better accomplished by 
embedding a copper insert in the aluminum base 
plate due to the higher heat conductivity of 
copper (380W/(m∙⁰K)) compared to that of 
aluminum (205W/(m∙⁰K)). However, since 
copper cost-per-unit is about ten times higher 
than that of aluminum, care must be taken to 
select the optimal amount and shape of copper. 

We can study the amount of copper needed 
using the model shown in Fig. 2. This consists of 
a radially symmetric RF-power module with a 
fixed radius of 60 mm, an aluminum heat sink 

with a variable height, and a copper insert with 
variable height and radius. The simplified model 
behaves similarly to the actual RF system, but 
allows simulations to be run quickly in 
comparison to a detailed model, thereby 
enabling multiple thermal simulations with 
different model parameters. In this model, we 
were able to run over 9000 thermal simulations 
within hours, using the thermal simulation 
module in the FEMM simulation software 
written by David Meeker. 

 
Figure 2.  Model base plate design with radial symmetry, in which a solid-state power transistor is placed at the 

center of the RF power module. The colors indicate temperatures. 

 
The simulation results are shown in Fig. 3. 

All system parameters are shown versus raw 
material costs, for both worst and best-case 
thermal performance. The worst performing 
thermal design gives the highest chip case 
temperature for a given raw materials cost, while 
the best gives the lowest case temperature for the 
same raw materials cost. Additionally, the 
differences between die-cast and CNC-based 
aluminum processing are shown and are found to 
be negligible in this model. It is notable that, in 
almost all cases, selecting a copper insert which 
covers the entire aluminum metal base plate is 

the worst possible use of the copper raw 
material. 

To conclude, we can see in Table 2 that the 
cost difference between an optimal (best-case) 
and worst-case thermal design with the same 
cooling performance is a $3.3 increase in raw 
materials cost, and a 440 gram increase in 
overall base plate weight. When dealing with 
low-cost home appliances, such cost savings are 
critical and need to be implemented across all 
design disciplines, in order to reach mass 
consumer market. 
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Figure 3. Optimal (blue) and worst-case (red) design outcomes versus base plate allocated raw material costs. 

Both CNC (dashed line) and die-cast (solid line) production methods are shown. 
 

 
Table 2. Comparison table showing an increase in raw materials cost of $3.3 between worst-case and best-case 

design with the same chip temperature (this difference is significant when considering target costs which are 
suitable for the mass consumer market). 

 

Design Parameters Raw Materials Cost   
$2 Best Case $2 Worst Case $5.3 Worst Case 

Chip Temperature [⁰C] 100.6 112.0 100.6 
Overall Weight [g] 760 490 1220 
Heat Sink Height [mm] 19 7 14.5 
Copper Insert Height [mm] 16 4 11 
Copper Insert Radius [mm] 25 60 60 
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4. Summary 

The goal of bringing the precision and speed of 
solid-state RF cooking to the mass consumer 
market requires design optimization, taking in a 
compromise between cost and performance. In 
this paper, we presented a sample of such 
optimization as it relates to the thermal 
management of solid state RF power 
amplifiers. This work was undertaken at Goji’s 
research center, the first to introduce a fully-
integrated complete solid-state RF cooking 
system into a home appliance, using its 
Vecton™ RF module. 
 
 
About Goji Food Solutions 

Goji develops and markets RF cooking technologies 
for household, commercial and industrial 
applications, and provides a full range of licensing, 
design and manufacturing services to commercial 
and white goods appliance manufacturers. 
For more information, visit: 
www.gojifoodsolutions.com 
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Microwaves often exhibit enhanced reaction rate and 
improved product selectivity in a broad range of 
organic and inorganic reactions as compared to 
conductive heating1,2. The microwave enhanced 
reaction are considered due to thermal effects (super 
heating, selective heating, and rapid heating) as well as 
non-thermal effect, however, there are very few papers 
dealt with their detailed mechanism under precisely 
controlled reaction condition. This paper briefly 
introduces the recent advances in Wada’s group in 
Tokyo Institute of Technology, Japan, regarding 
insight into the mechanisms involved in microwave-
enhanced reactions at the interface of solid catalyst, 
especially focusing on non-equilibrium local heating 
and acceleration of electron transfer. 
 
Non-equilibrium local heating at the solid 
catalyst 

Selective heating of solids due to microwaves 
generates local thermal non-equilibrium at the vicinity 
of solid catalyst and enhances chemical reactions. 
However, the local temperature of the catalyst is hardly 
measured by the existing thermometers. Molecular 
thermometer was, therefore, used to measure the local 
temperature of the heterogeneous catalyst under 
microwaves. Photoluminescent (PL) probes can be 
used as a molecular thermometer by detecting their 
temperature-dependent PL lifetime3. First, BaTiO3 core 
was covered with SiO2 shell particle and subsequently 
rohodamine B (RhB) was loaded into the SiO2 

mesopores to obtain BaTiO3-RhB@SiO2 probe (Fig. 
1a). In this system, BaTiO3

 core becomes the heat 
source under microwaves. The calibration line between 
temperature and PL lifetime of RhB on BaTiO3-
RhB@SiO2 was obtained in heptane using conventional 
heating with good validity (R2 = 0.9880). In situ 

temperature measurement of BaTiO3-RhB@SiO2 was, 
then, conducted by the fluorescence lifetime 
spectrometer equipped with semiconductor microwave 
generator and TM110 mode microwave cavity (Fig. 1b). 
BaTiO3-RhB@SiO2 gave 28°C higher than the bulk 
heptane temperature under microwave irradiation (at 
24 W, Fig. 1c) demonstrating the existing of local 
thermal non-equilibrium at the particle.  

The microwave-induced local thermal non-
equilibrium can be effectively applied to heterogeneous 
catalytic systems. For instance, dehydration of alcohols 
was enhanced by using a core-shell, carbon filled 
zeolite@zeolite, which was prepared by carbon filling 
at the core of the Y-type zeolite (Fig. 2a). Both inter- 
and intra-molecular dehydration of 1-phenyethanol was 
enhanced by carbon filled zeolite under microwaves as 
compared to conventional heating due to heat 
generation at the carbon filled core by microwaves 
(Figs. 2b, c). In contrast, sole zeolite gave the same 
reaction behavior regardless of microwave irradiation 
since zeolite exhibit very low dielectric loss. The local 
temperatures at the reaction spaces in the shell zeolite 
were then estimated from the Arrhenius plot obtained 
by oil bath heating. The temperature rises were 
estimated as +6 k for intramolecular dehydration and 
+11 K for intermolecular dehydrations. These results 
strongly suggest the generation of local thermal non-
equilibrium at the heterogeneous catalyst to enhance 
chemical reactions under microwaves. 
 
Electron-transfer acceleration at the solid 
interface 

In addition to the local thermal non-equilibrium, 
electron transfer can be accelerated by microwave 
oscillating electromagnetic field. Recently, microwave-
accelerated photoinduced electron transfer was 
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observed for photocatalytic reduction of bipyridinium 
ion over CdS quantum dots (QD)5. CdS QD was 
immobilized on SiO2 thin film, and their PL life time 
was measured in a presence of electron acceptor under 
microwave irradiation. Microwaves gave shorter PL 
lifetimes due to enhanced electron transfer from CdS 
QD to the electron donor, than conventional heating. 
According to the Marcus theory, microwaves were 
found to affect electronic coupling matrix element 
(HAB

2) rather than reorganization energy (λ). 

 

Figure 1. (a) Synthesis of BaTiO3-RhB@SiO2. (b) The 
fluorescence lifetime spectrometer with a solid-sate 
microwave generator and a TM110 mode resonance 
cavity. (c) In-situ temperature measurement of BaTiO3-
RhB@SiO2 under microwaves (dots: local temperature, 
lines: bulk temperature measured by fiber optic 
thermometer). Reproduced from Ano et al.3 with 
permission from Royal Society of Chemistry. 

Microwave-accelerated electron transfer was also 
observed for oxygen evolution reaction over α-Fe2O3 
deposited FTO electrode6. The pulsed microwave 
irradiation exhibited increased anodic current which is 
attributed to oxygen evolution by water splitting (Fig. 
3). This process was too instantaneous so that it cannot 
be explained by temperature increase due to microwave 
heating. Then, continuous microwave irradiation for 6 
seconds gave slight increase in current density due to 
elevation in the temperature as measured by the fiber 
optic thermometer. Since electron transfer process is 
the rate determining step in the water oxidation 
reaction, the increased anodic current can be attributed 
to enhancement in electron transfer under microwaves. 
 
Conclusions 

In the present paper, non-equilibrium local heating and 
acceleration of electron transfer was proposed as the 
two key mechanisms involved in the microwave 
enhanced reaction (Fig. 4). The non-equilibrium local 
heating can be observed in binary mixing system where 
high loss-factor material and low loss-factor material 
exist. Local thermal non-equilibrium can be generated 
at higher loss-factor materials and generates 
temperature gradient in the reaction system which 
cannot be reproduced by conventional heating. In 
contrast, microwaves can enhance these electron-
transfer processes irrespectively to alternation in the 
reaction temperature. The electron transfer is an 
important elementary step for photocatalysis, as well as 
oxidation-reduction reactions. The synergistic 
application of these two mechanisms are expected to 
open new ways to use microwaves as an external field 
to enhance heterogeneous catalytic reactions. 
 
For further reading: 
1. D. M. P. Mingos, D. R. Baghaurst “Applications of 

microwave dielectric heating effects to synthetic 
problems in chemistry” Chemical Society Reviews, 20, 
pp. 1-47, 1997.   

2. A. Loupy, Microwaves in Organic Synthesis, Wiley-
VCH Verlag GmbH & Co., KGaA 2006. 

3. T. Ano, F. Kishimoto, R. Sasaki, S. Tsubaki, M. M. 
Maitani, E. Suzuki, Y. Wada, “In situ temperature 
measurements of reaction spaces under microwave 
irradiation using photoluminescent probes” Physical 
Chemistry Chemical Physics, 18, pp. 13173-13179, 2016. 

4. D. Mochizuki, R. Sasaki, M. M. Maitani, M. Okamoto, 
E. Suzuki, Y. Wada, “Catalytic reaction enhanced under 
microwave-induced local thermal non-equilibrium in a 
core-shell, carbon-filled zeolite@zeolite” Journal of 
Catalysis, 323, pp 1-9, 2015. 

5. F. Kishimoto, T. Imai, S. Fujii, D. Mochizuki, M. M. 
Maitani, E. Suzuki, Y. Wada, “Microwave-enhanced 
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photocatalysis on CdS quantum dots – evidence of 
acceleration of photoinduced electron transfer” Scientific 
Reports, 5, 11308, 2015. 

6. F. Kishimoto, M. Matsuhisa, S. Kawamura, S. Fujii, 
S. Tsubaki, M. M. Maitani, E. Suzuki, Y. Wada, 

“Enhancement of anodic current attributed to 
oxygen evolution on α-Fe2O3 electrode by 
microwave oscillating electric field” Scientific 
Reports, 6, 3554, 2016 

 
 

 

Figure 2. (a) Synthesis of carbon filled core shell zeolite. (b) Intramolecular dehydration and (c) intermolecular 
dehydration of 1-phenylethanol (CY: Carbon core zeolite, HY: Sole zeolite, MW: Microwave heating, CH: 

Conventional heating). Reproduced from Mochizuki et al 4 with permission from Elsevier B.V. 

 

 
Figure 3. The potentiostatic amperometry at 1.966 V 
vs RHE with pulsed microwave irradiation. 
Reproduced from Kishimoto et al6 with permission 
from Nature Publishing Group. 

 

Figure 4. Schematic illustration of non-equilibrium 
local heating and acceleration of electron transfer at 
the interface of solids. 
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Research and Technological Application (SRTA), New Borg Al-Arab City, Alexandria 21934, Egypt. 
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Electrical energy storage systems have attracted a 
lot of attention in the past decades because of the 
urgent need and the development of alternative 
energy sources. New generations of energy storage 
systems with large battery modules that are needed 
for the future electrical grid should have higher 
safety standards. The development of clean and 
highly efficient energy storage systems is 
becoming an even more urgent goal. As an 
electrochemical energy storage device, recharge-
able lithium-ion batteries have been the dominant 
power sources for portable electronic devices due 
to their high energy density. They are also being 
pursued intensively for automotive and stationary 
storage applications. 

Solid-state electrolytes made of phosphate 
based ion conducting glass-ceramics are thermally 
more stable, non-flammable with higher melting 
points compared to the commercially used liquid 
and polymer based electrolytes. They also have 
good mechanical stability that could stop the 
dendrite growth which causes serious problems in 
some liquid electrolyte based batteries. Lithium 
aluminum-germanium phosphate glass-ceramics 
(LAGP: Li1+xAlxGe2−x(PO4)3) have a NaSICON 
(Sodium Super Ionic Conductor) structure. 
Lithium aluminum-germanium phosphate (LAGP) 
glass-ceramics are considered as promising solid-
state electrolytes for Li-ion batteries. 

LAGP glass was prepared via the regular 
conventional melt-quenching method. Thermal, 
chemical analyses and X-ray diffraction (XRD) 
were performed to characterize the prepared glass. 
The crystallization of the prepared LAGP glass 
was done using conventional heating and high-
frequency microwave processing. A 30-GHz 
microwave (MW) processing setup was used to 
convert the prepared LAGP glass into glass-
ceramics, as shown in Fig.1.  

 

 

 
Figure 1. A 30-GHz microwave gyrotron system, and a 
schematic of the lithium aluminum-germanium 
phosphate (LAGP) glass crystallization setup. 

The results were compared with 
conventionally crystallized LAGP glass-ceramics 
that were heat-treated in an electric conventional 
furnace. The ionic conductivities of the LAGP 
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samples obtained from the two different routes 
were measured using impedance spectroscopy. 
These samples were also characterized using XRD 
and scanning electron microscopy (SEM). 

A 30-GHz microwave processing was used 
successfully to crystallize lithium aluminum- 
germanium phosphate glass composition into ion-
conducting glass-ceramic materials without the aid 
of hybrid heating. The ionic conductivities of the 
optimized heat-treated LAGP glass-ceramics 
samples at 800 °C for 6 h, using microwave and 
conventional heating, are shown in Fig. 2.  
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Figure 2. Ionic conductivity of LAGP glass-ceramics 
samples heat-treated at 800 °C for 6 h using 30-GHz 
microwave and conventional heating. 

From the impedance measurements of both 
samples, the corresponding Nyquist diagrams at 
room temperature (RT) were derived, as shown in 
Fig. 3 along with the standard equivalent circuit 
model (ECM).  

From both figures, it is concluded that the 
30-GHz MW crystallized LAGP sample had 
higher total ionic conductivity at room temperature 
(2.77×10−4 S/cm) compared to the conventionally 
treated LAGP sample (1.3×10−4 S/m). This trend 
was also observed at higher temperatures. So, the 
MW crystallized samples at the optimum heat-
treatment conditions exhibited (i) higher total ionic 
conductivity values over the measured temperature 
range with lower activation energy, (ii) relatively 
larger-grained microstructure with less porosity as 
shown in Figs. 4 and 5, as well as (iii) higher 
grains and grain boundaries conductivities when 
compared to the corresponding conventionally 
crystallized LAGP sample at the same conditions, 
as shown in Table 1 and 2.  
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Figure 3. Impedance spectrum and equivalent circuit 
at room temperature (25 °C) of LAGP glass-ceramics 
samples heat-treated at 800 °C for 6 h using 30 GHz 
microwave and conventional heating. 

The enhanced ionic conductivity values 
(namely the total, grains and grain boundary ionic 
conductivities) along with the reduced activation 
energy that occurred in the MW treated samples 
was considered as another experimental strong 
evidence for the existence of the microwave effect 
in the LAGP crystallization process. Since 
microwaves can interact with materials via 
different types of conductions and polarizations 
losses, it is believed that microwaves interfacial 
(grain boundary) polarization and relaxation have 
contributed significantly to the observed enhanced 
grain boundary and total ionic conductivity values 
in the MW treated sample, as compared to the 
conventionally treated sample.  

Microwave processing technology is an 
attractive tool which offers new opportunities and 
promising alternatives in the production of solid-
state electrolyte for Li-ion batteries. It might lead 
to faster and greener LAGP production process, 
reduce its production cost, and save considerable 
amount of energy. 
 
For further reading: 
1. M. M. Mahmoud, Y. Cui, M. Rohde, C. Ziebert, G. Link, 

H. J. Seifert, “Microwave crystallization of lithium 
aluminum germanium phosphate solid-state electrolyte” 
Materials (MDPI Open Access), 9 (7), 506, 2016.  

2. Morsi M. Mahmoud, Proc. 3rd Global Congress on 
Microwave Energy Applications (3GCEMA), Cartagena, 
Spain, July 25-29, 2016. 
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Figure 4. SEM micrographs with EDX data of LAGP glass-ceramics sample heat-treated at 800 °C for 6 h 
using 30-GHz microwave heating. 
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Figure 5. SEM micrographs with EDX data of LAGP glass-ceramics sample heat-treated at 800 °C for 6 h 
using conventional heating. 
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Table 1. Total, grains and grain boundaries ionic conductivities of the optimized conventionally and 
MW heated-treated LAGP samples at room temperature 

Sample 
Total Ionic 

Conductivity  
(S/cm) @ RT 

Grains Ionic 
Conductivity  
(S/cm) @ RT 

Grain Boundaries 
Ionic Conductivity  

(S/cm) @ RT 
LAGP Conv. (800 °C/6 h) 1.3 × 10−4 3.06 × 10−4 2.25 × 10−4 

LAGP 30 GHz MW (800 °C/6 h) 2.77 × 10−4 6.49 × 10−4 4.83 × 10−4 

Table 2. Activation energies of optimized conventionally and MW heated-treated LAGP samples below 
and higher than 70 °C 

Sample Below 70 °C Above 70 °C Overall Range 
LAGP Conv. (800 °C/6 h) 0.44 eV 0.34 eV 0.37 eV ± 0.010 

LAGP 30 GHz MW (800 °C/6 h) 0.38 eV 0.32 eV 0.33 eV ± 0.008 
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The use of microwaves in the industrial  sector 

Microwave heating is used routinely in the 
domestic and catering sectors for cooking and 
reheating a variety of foodstuffs. However, what is 
the penetration of microwave heating in the 
industrial sector? There are routine applications 
such as tempering of foodstuffs, drying of 
pharmaceuticals and drugs under vacuum and 
rubber curing. Other notable applications include 
cooking of bacon, drying of pasta, drying of 
complex automotive parts or sludge and in plasma 
etching or enhanced CVD operations. Its sister 
technology of RF heating, has routine installations 
for drying of textiles, moisture levelling of biscuits 
and in plastics welding.  
  The above applications take place at 
relatively low temperatures as contrasted to 
applications of microwaves at high temperatures 
such as the processing of ceramic and other 
materials where surprisingly the penetration into 
the industrial sector has been extremely small. The 
latter sector can be considered as an emerging 
technology, where its potential has not yet been 
fully exploited despite a concerted effort for the 
past thirty years. 

In all potential microwave applications, it is 
necessary to consider the nature of the material, 
which involves the understanding of any variation 
or transformation taking place by the constituents 
as well as the processed material itself during 
exposure to the intense electromagnetic fields, 
within the applicator system. 

For such applications to be successful, one 
has to pay special attention to applicator design, 
the monitoring and control systems, dielectric 
properties of the material as well as put in place 
protection and safety means thus resulting in an 
efficient industrial application. 

A systemic approach is needed for the 
processing of material with microwave energy. In 

the specific case of high temperature furnaces1, the 
following aspects should be considered:  
• The system conditions for heating the material. 
• Material transformation due to the heating. 
• Changes in the overall conditions of the system 

during the transformation 
• Capacity to modify the conditions during the 

transformation. 
• Monitoring and identification of changes during 

the treatment. 
 

The dynamic interaction of the materials 
processed with high electromagnetic fields alters 
the spatial temperature distribution, which may 
subsequently lead to transformations within the 
materials as well as variations to their properties. 
The induced changes during microwave heating of 
mineral materials at high temperatures1, may 
include mass transfer, decomposition, chemical 
reactions, recrystallization, textural changes, as 
well as other physical chemistry phenomena. 

Some of the changes during microwave 
heating are progressive, such as the molecular 
vibration due to the high temperature (which also 
leads to variations in the microwave absorption) 
while other changes may take place abruptly. 
Consequently, data of the dielectric properties 
during the process are needed as one of the 
fundamental inputs for a proper design of both the 
applicator and the process. 

Our contribution to industrial applications 

The proposed systemic approach to industrial 
microwave applications, may lead to new 
opportunities in the market when processing at 
high temperatures. In particular, CEINNMAT is 
focused in material processing in continuous flow 
using microwave and hybrid systems for industry 
(or yet for the scalability from the laboratory). 
Some applications are also developed directly for 
materials characterization. 

mailto:angel.lopez@ceinnmat.com
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The development of a microwave application 
combines the knowledge of the specific application 
with the relevant material science, as follows: 
• Study of the material transformations during the 

application of microwave power, and evaluate 
the chemical and physical transformations and 
properties modifications.  

• Active and passive materials in the configuration 
of the kilns. 

• Solution of material transport during microwave 
heating. 
The portfolio of CEINNMAT consists of a large 

number of potential applications. In this paper we 
highlight the treatment at high temperatures in raw 
material processing (Fig. 1). Each application 
developed is dependent on the material to be 
treated, as well as to the specification of each 
process. It makes the microwave technology a 
typical tailor-oriented development. Eventually, the 
raw material is also treated to facilitate the 
microwave treatment3.  

 

 
 
Figure 1. Proprietary technologies developed by 
CEINNMAT and partners, in different levels of 
implementation (at TRL 5-9). 
 

To guarantee the successful application, a 
previous study to adapt the process to the solution 
must be performed, considering the treatment 
requested, as well as the industrial parameters, 
such as, production speed, quality and cost-
efficiency. It is evident therefore that potential 
microwave applications in industry require a 
multidisciplinary approach.  

We have developed several new technologies 
offered to the market (Fig. 1), including high 
temperature for calcination, sintering and melting, 

but also other specific applications with the 
knowledge of the process, as follows: 
• Chemical reactors: a continuous microwave 

reactor with good homogenous heating and 
effective control of power. 

• Complex applications in continuous processes: 
Restrictive and demanding applications, such as, 
homogenous temperature profile and control, 
very soft drying, ultra-fast drying, curing of 
resins and multi-materials treatment. Figures 2 
and 3 show examples of planar materials which 
are non-confidential in the pilot stage3. 

• Metallurgy: A unique technology for extractive 
and advanced metallurgy (Fig. 4) where factors 
other than heating are also produced and 
exploited. 
 

 
 

 

Figure 2. Examples of microwave applications (a) for flat 
materials, and (b) for granular materials with a conveyor 
belt for a cost-effective low temperature continuous flow. 

 
Prior to the implementation process but also 

as part of its development, CEINNMAT offers 
customers the service to examine the full feasibility 
and implementation study so as to minimize the 
risk in the new technology. 

CEINNMAT is working in cooperation with 
customers and a wide group of complementary 
research institutions concerned with microwave, 
materials science, engineering, electronic and 
control, robotic as well as processing to assure the 
quality of the study, as our collaboration with the 
ITACA Institute.  
 

  

 

  

 
 

    

(a) 

(b) 
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Figure 3. Example of application of microwave in granite 
slab industry. 

 

 
 
Figure 4. Example of application in metallurgy 
processing (proprietary technology). 
 
Calcination of silicates with microwaves 

The industrial applications of calcined and fired 
silicates are very wide, particularly in the ceramic 
and cement industries, but also in the 
pharmaceutical and in the food industries. 

Calcined clays are widely used in cement 
industry, where they are produced to replace parts 
of the clinker content as supplementary 
cementitious materials (SCM) and hydraulic lime 
because they exhibit pozzolan activity. 

Fired clays are used in the ceramic industry, 
usually between 890 ˚C and 1250 ºC but also up to 
1700 ºC, to obtain sintered ceramic materials. 

The evaluation of the material response to the 
microwaves is needed to design and adjust the 
microwave kiln in order to obtain a successful 
industrial production. Apart from the knowledge of 
the mineralogical reactions, the dielectric 
properties characterization with temperature is 
essential for the industrialization of the microwave-
assisted calcination and firing processes. 

Figure 5 shows a dielectric thermal analysis 
heated using microwave energy (MW-DETA) of a 
kaolinitic illite clay sample1. A powdered sample 
was analysed in a dual mode cavity, using two 
independent microwave sources for heating and 
measurement, developed by DiMaS at ITACA 
Institute5. A cylindrical sample holder filled with 
1.2 cm3 of clay was heated and monitored for 
complex permittivity and temperature 
measurement by optical pyrometer. The clay 
material was heated up to primary mullite 
formation (Mu) at 1000 °C for characterization. 
After minor restructuration by losing crystalline 
water of clays, the major mineral transformation 
starts with the structural disordering by 
dehydroxylation. At higher temperatures, the 
crystal reorganization is competing with the 
amorphous glass formation.  

 

 
Figure 5. Microwave dielectric thermal analysis (MW-
DETA). Dielectric constant (blue) and loss factor (red) 
vs. temperature during heating in a kaolinitic illite clay.  

 
During the heating of clays, one can identify 

a sequence of changes in the domain of mass 
transfer changes and mineral transformations, as 
follows:  
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(1) Free-water evaporation evidenced by the loss 
factor increasing during its phase change;  

(2) Crystalline water sublimation;  
(3) Dehydroxylation of kaolinite and liberation of 

OH- groups, hence microwave absorption.  
In the example shown in Fig. 5, a 

transformation from kaolinite mineral to an 
amorphous metakaolinite (MK) is evidenced. The 
disordering continues with the temperature, with 
the presence and changes in the amorphous phases 
(A). Minor reorganization during transitional spinel 
(Sp) formation show small decreasing in the loss 
factor and dielectric constant. The formation of 
Mullite as major crystalline ordering is evidenced 
from 950 °C measured up to 1100 °C. 

 

 
 
Figure 5. Rotary kiln interior during silicate calcination 

  
A new pilot plant will be constructed for 

different applications to have it available for trials, 
as well as the service for full scale trials for 
existing or new applications. Cooperation of the 
end-user with our research team is strongly 
recommended in order to develop and implement 
successful applications. In some applications, we 
would also welcome additional qualified partners. 
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An Interview with Dr. Stuart Nelson 
 

We recently met Dr. Stuart Nelson during the 50th Annual Microwave Power Symposium (IMPI-50, Orlando 
Florida, June 21-23, 2016), where he gave a plenary talk in the opening session. His spotlight presentation 
reviewed his agriculture-oriented research on dielectric properties, conducted in the US Department of 
Agriculture, Agriculture Research Service (USDA/ARS). Dr. Nelson, a Fellow of AAAS, IEEE and IMPI, agreed to 
share with our AMPERE-Newsletter readers some aspects of his rich experience in the fields of dielectrics and 
microwave heating, spanned over more than 6 decades. Though Dr. Nelson is very well known to many of us 
(and his pioneering studies and papers have surely been learnt by many other researchers worldwide), we 
first present a brief summary of his professional biography and achievements, as a preface to the Interview. 

Stuart Nelson was born in 
1927. He grew up on a 
farm in northeastern 
Nebraska, U.S.A., where 
he attended a one-room 
country elementary school 
and graduated from High 
School in the small town 
of Pilger, NE, in 1944.  He 
enrolled immediately in 
Engineering on a Regents 

scholarship at the University of Nebraska to 
secure more education before expecting to serve 
in the U. S. military service during World War II. 
Two years later, he enlisted in the U. S. Navy and 
spent one year in the Navy electronics school at 
Treasure Island Navy Base in San Francisco Bay. 
Upon graduation, he served the remainder of his 
2-year enlistment as the senior Electronics 
Technician aboard the U.S.S. Bausell, flagship of 
Destroyer Division 12 in the Pacific theater.  

Upon discharge from the Navy, Stuart 
returned to the University of Nebraska where he 
completed a B. S. and M. S. in Agricultural 
Engineering, and an M.A. in Physics. He joined 
the U.S. Dep’t of Agriculture (USDA) research 
program at the University of Nebraska in 1954. 
Several years later, he took leave for a year’s 
study at Iowa State University, and a few years 
later completed the Ph.D. in Engineering with a 
dissertation on the Frequency Dependence of the 
Dielectric Properties of Wheat and the Rice 
Weevil. 

Research 
Dr. Nelson’s research with the USDA dealt with 
the use of radio-frequency (RF) dielectric heating 
for agricultural applications.  It was conducted in 

the Dep’t of Agricultural Engineering at the 
University of Nebraska, Lincoln, and involved 
dielectric properties measurements and use of RF 
energy for stored-grain insect control, seed 
treatment to improve germination and control 
fungi, RF treatment of soybeans to improve 
nutritional value, and sensing moisture content of 
grain and seed.   

In 1976, Dr. Nelson moved his laboratory 
to the USDA Russell Research Center, Athens, 
Georgia, continuing dielectric properties 
measurements research, and initiating studies on 
fruits, vegetables and pecans. Advances in 
techniques for measuring moisture content in 
grain and seed with RF and microwave techniques 
followed, along with quality sensing research on 
fruits and vegetables, pecans, and food and 
poultry products.  Contract research on dielectric 
properties of coal and minerals for the U.S. Dep’t 
of Energy and the U.S. Bureau of Mines 
supplemented these studies. 

Publications 
Dr. Nelson has about 800 publications to his 
credit, including articles in more than 50 different 
engineering and scientific journals, in conference 
and symposia proceedings, book chapters, 
patents, and a book summarizing 65 years of 
research on dielectric properties of agricultural 
materials and their applications.   

Recognition and Awards 
Dr. Nelson’s work has been recognized by 
election as a Fellow of the American Society of 
Agricultural and Biological Engineers (ASABE), 
the Institute of Electrical and Electronics 
Engineers (IEEE), the International Microwave 
Power Institute (IMPI), and the American 
Association for the Advancement of Science 
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(AAAS). Additional significant honors include 
election to the National Academy of Engineering, 
the IMPI Decade Award, the National Society of 
Professional Engineers Founders Gold Medal as 
the 1985 Federal Engineer of the Year, the 
ASABE McCormick-Case Gold Medal for 
Significant Engineering Achievement in 
Agriculture, the Georgia Engineering Foundation 
Medal of Honor, an Honorary Dr. Sc. from the 
University of Nebraska, induction into the 
University of Nebraska Biological Systems 
Engineering Hall of Fame, and the USDA, ARS 
Science Hall of Fame.  Dr. Nelson was also 
selected to receive the 2016 IEEE Instrumentation 
and Measurement Society’s Career Excellence 
Award.  

Current position 
Dr. Nelson retired in 2007 with 55 years of 
federal service and has continued working as a 
Collaborator in the USDA laboratory that he 
established at the Russell Research Center in 
Athens, Georgia. 

Early research 
Studies on dielectric heating for agricultural 
applications were conducted with a modified 
commercial 3-kW dielectric heater operating at 40 
MHz (Fig. 1).  Grain, seed, and insect samples 
were treated in small polystyrene boxes between 
parallel plate electrodes for set exposure periods.  
The RF electrode voltage between the electrodes 
was measured with an RF voltmeter, and the 
electric field intensity in the materials was 
calculated based on the thicknesses of the material 
layers and their dielectric properties.   
 

 

Figure 1. A modified 3-KW industrial dielectric heater 
used for research. 

Resulting temperatures in the sample 
materials were determined by use of a recording 
thermocouple potentiometer and extrapolation 
that took the cooling of the samples into account 
upon removal from the dielectric heater (Fig. 2).  
Thus, the parameters describing the treatments, 
frequency, time of exposure, electric field 
intensity, and resulting sample temperatures, 
along with the measured dielectric properties and 
moisture contents of the sample materials, were 
all known factors describing the treatments. 
 

 

Figure 2. Measuring temperatures of treated samples. 
 
Seed treatment 
Performance of untreated control and treated seed 
samples was determined by laboratory 
germination tests and greenhouse and field 
emergence tests to assess improvements 
attributable to the RF heating treatments. 
Experiments were conducted with more than 80 
different plant species.  Many did not respond 
favorably but some did. In particular, germination 
of alfalfa seed with high percentages of hard seed 
(seed coat impermeable to water) were 
consistently and markedly increased (Fig. 3). The 
treatment was safe for the seed, because favorable 
effects of the treatment were observed in seed 
held in storage for up to 21 years after treatment. 

 
Insect control 
Similar RF dielectric heating treatments, of 
infested wheat and other grain samples for a few 
seconds, controlled several species of stored-grain 
insects effectively. Experiments showed that 
many insect species that infest grain and cereal 
products can be controlled by short exposures to 
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RF electric fields that do not damage the host 
material.  Generally, for successful RF insect-
control treatments, resulting temperatures in host 
materials of this kind ranged between 40 and 90 
°C, depending upon the characteristics of the host 
material, the insect species and developmental 
stage, and the nature of the RF or microwave 
treatment. These methods have not been practical, 
because they are too costly compared to 
conventional chemical and physical control 
methods. 

 

Figure 3. Alfalfa seed germination. Left: untreated 
control. Right: treated sample. (Separated into 
normal seedlings, hard seed, abnormal seedlings, 
and dead seed). 

 
Dielectric properties 
Since dielectric properties of materials involved 
in dielectric heating applications are important in 
predicting the behavior of those materials, and 
because those properties of the materials were not 
known, it was necessary to develop techniques for 
measuring the dielectric properties of the 
materials of interest.  Because the early dielectric 
heating studies were conducted at 40 MHz, a 
reliable method for dielectric properties 
measurement was developed with a Boonton Q-
Meter (Fig. 4) for the range from 1 to 50 MHz, 
and many measurements in this frequency range 
were made for grain, seed, insects, and other 
materials.  Because the dielectric properties of 
these materials vary with frequency, and because 
selective heating of insects in grain could be 
possible, knowledge of dielectric properties over 
wider frequency ranges was needed.  Therefore, 
techniques for measuring these properties over 

other frequency ranges were developed, Figs. 5 
and 6.  Results of measurements on insects and 
grain showed that the best selective heating of the 
insects could be achieved between 10 and 100 
MHz, as shown in Fig. 7. 

Nutritional value improvement 
Raw soybeans contain a natural trypsin inhibitor 
that prevents monogastric animals and humans 
from utilizing the full nutritional value to be 
realized through efficient digestion by the trypsin 
enzyme.  Steam treatment or extrusion processes 
are generally used for inactivation of the trypsin 
inhibitor before feeding soybeans to farm animals. 

Studies involving animal feeding tests and 
biochemical analyses showed that dielectric 
heating at 40 MHz or at 2,450 MHz were very 
effective in improving the nutritional value of 
soybeans.  Also dielectric heating of pecans at 40 
MHz (Fig. 8) revealed that treatment was 
effective in improving the quality of the nuts in 
storage.  Quality of pecans normally deteriorates 
rapidly after harvest unless held in refrigerated 
storage at temperatures of 0 °C or lower, because 
of fatty acids oxidation.   

 

Figure 4.  A Q-meter and sample holder for grain and 
seed for measurements at 1 to 50 MHz. 
 

 
Figure 5.  Admittance meter system for dielectric 
measurements in the range of 200 to 500 MHz. 
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Figure 6. An X-Band system for 8- to 12-GHz dielectric 
measurements. 

 
Figure 7.  Dielectric loss factor for wheat and rice 
weevils. 
 
Coal and mineral studies 
Because of capability developed for measuring 
dielectric properties of materials over wide 
frequency ranges, assistance was sought for 
research programs in the U.S. Dep’t of Energy on 
coal utilization and by the U.S. Bureau of Mines 
in rock fragmentation through dielectric heating.  
Measurements were taken between 1 and 12 GHz 
on pulverized coal samples of different types, 
different bulk densities, and containing different 
amounts of pyrite.  Frequency dependence of the 
different coal fractions was studied, and some 
experiments were conducted on selective heating 
of pyrite.  Excellent linear relationships between 
the square root of the dielectric constant and bulk 
density were noted that permitted reliable 
determination of dielectric properties of the solid 
coal by extrapolation to the solid material density. 

 

 
Figure 8.  Pecan kernels on lower electrode of the 
dielectric heater. 
 

Measurements of the dielectric properties of 
dry pulverized and purified samples of ten 
minerals of interest in the Bureau of Mines rock 
fragmentation program were taken between 1 and 
22 GHz.  Particle densities were determined with 
the aid of pycnometer measurements, and the 
dielectric properties of the solid materials were 
calculated by using the Landau and Lifshitz – 
Looyenga dielectric mixture equation.  The 
frequency dependence of the dielectric properties 
was thus determined in the 1-to-22-GHz 
frequency range. 

 
Moisture and quality sensing  
Uses of dielectric properties of agricultural 
products for sensing important quality attributes 
of such products were also explored.  Dielectric 
properties measurements on grain, seed, and other 
products revealed high correlations between those 
properties and moisture content.  Moisture content 
is an essential factor in determining whether grain 
and seed can be safely stored without spoiling.  
Moisture meters, electronic Instruments sensing 
these dielectric properties, have been used for 
more than 80 years, but the dielectric properties of 
grain and seed were not measured and reported 
until the 1950’s. Availability of dielectric 
properties data and their dependence on various 
factors, including frequency, were important in 
improving the reliability of grain moisture meters 
over the past several decades.  More recent 
development of techniques at microwave 
frequencies for sensing moisture in granular 
materials independent of bulk density has enabled 
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future development of reliable monitoring of 
moisture content and bulk density in flowing 
granular materials.   

Microwave measurements have also 
provided the sensing of kernel moisture content in 
unshelled peanuts (Fig. 9).  Kernel moisture 
content is the main criterion used for decisions in 
the drying, grading, sale, and storage of peanuts.  
Therefore, the ability to sense kernel moisture 
content in unshelled pod peanuts with microwave 
instruments offers potential for real improvements 
in efficiency in drying, processing and handling 
of peanuts. 

 

 
Figure 9.  Microwave moisture meter for peanut kernel 
moisture measurement 

 
Microwave dielectric properties of many 

fruits and vegetables have been measured and 
studied for possible use in detecting quality.  
Efforts were made to find good correlations 
between the dielectric properties of several types 
of melons and their sweetness, but no 
relationships were discovered that offered 
promise for practical use. Similar studies 
involving frequency dependence of dielectric 
properties and quality of fresh chicken meat and 
development of suitable sensors are currently 
under way. 
 
 
 
 
 
 
 
 

Questions and Answers: 

Q:  You served in the American Navy as an 
electronics technician at the end of World War II.  
What is your perspective of military technologies 
converted to civilian uses (e.g. from radar to 
microwave heating)? 

A: Your example is certainly a well-known 
civilian application of technology developed for 
military use.  As the magnetrons used in radar 
were adapted for microwave power applications, 
and particularly as their costs were reduced, 
microwave heating grew substantially, with 
microwave ovens in the home becoming 
ubiquitous.  There are many other examples, I am 
sure, but one that comes to mind, in agriculture, is 
the development of instrumentation used in 
modern grain harvesting equipment, where yield 
is monitored during the operation and utilized in 
connection with global positioning systems to 
provide information important in managing 
farming operations.  One of the parameters 
monitored is the moisture content of the grain 
being harvested, and our research has contributed 
to its developments in on-combine moisture 
measurement. 
 
Q: You have two Masters degrees, one in 
agricultural engineering and the other in physics. 
How would you compare these two professions? 
Are they indeed different cultures? 

A: In the field of physics, I believe that the 
emphasis is on understanding fundamental 
principles and development of theories that 
explain matter and energy and their interactions, 
including those in mechanics, heat, optics, 
electricity, magnetism, radiation, atomic structure, 
and nuclear phenomena.  Use of mathematics is 
most helpful in expressing these relationships. In 
engineering, understanding the fundamental 
principles of physics and mathematics is also 
important, but there is more emphasis on using 
these principles in the design and development of 
things and systems that are useful to mankind. 

There is naturally a lot of overlapping in the 
interests of physicists and engineers, and mutual 
contributions by each field to the work of the 
other are very common.  However, I would 
suggest that differences in cultures of the two 
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fields are characterized by interests in 
fundamentals and in applications. 
 
Q: You were elected as a member of the 
prestigious National Academy of Engineering 
(and as a Fellow of four other major associations 
as well). Can you tell us please about the role and 
influence of the NAE?  

A: The National Academy of Engineering (NAE) 
was established in 1964 to advise the federal 
government, along with the National Academy of 
Sciences, and now also the National Academy of 
Medicine, on matters of national interest.  The 
NAE also sponsors engineering programs to meet 
national needs, encourages education and 
research, and recognizes the superior 
achievements of engineers.  The NAE advises the 
Congress and the executive branch of the 
government, when called upon by any department 
or agency, on matters of national importance that 
are pertinent to engineering.  It conducts studies 
on such issues, reviews programs, and prepares 
reports and recommendations.  The NAE is also 
tasked with identifying and illuminating issues at 
the intersections of engineering, technology, and 
society that impact the quality of life. Studies, 
symposia, and public information activities are 
carried out both independently by the NAE 
Program Office and jointly with other units of the 
National Academies.  The results of these 
activities are published as reports and proceedings 
that add to the growing body of knowledge on 
engineering and technology practice and policy. 
 
Q: It seems that your applicative work has also 
led you to theoretical studies and to “pure” 
scientific research. As a scientist working for a 
government agency, how do you see the tension 
between curiosity-driven (so called “pure”) 
science and the application-oriented research? 

A: In conducting applied research, I would 
expect that one often encounters a need for a 
better understanding of the principles and the 
influence of important variables. In these 
instances, some basic or “pure” research may be 
necessary to satisfactorily reach the goals of the 
applied research.  In our work with permittivity 
measurements on pulverized mineral samples, we 
faced the need to determine the permittivity of 

solid materials from measurements on pulverized 
samples. This may not be a particularly good 
illustration of “pure” scientific research, but we 
explored the density dependence of the 
permittivity with measurements on the powdered 
samples at many different bulk densities and 
found essentially linear relationships between the 
square roots and cube roots of the dielectric 
constants and bulk density, which permitted 
reliable extrapolation of the dielectric constants to 
the densities of the solid materials.  These 
relationships were consistent with certain 
permittivity mixture equations, and we checked 
the data with several of the well established 
mixture equations and determined those that 
worked best.  Thus, complex calculations with the 
complex refractive index mixture equation and 
the Landau&Lifshitz-Looyenga mixture equation 
provided means to determine both components of 
the complex permittivities desired.   

As a scientist working in the USDA 
Agricultural Research Service for more than 50 
years, I found the environment for productive 
research very favorable, and was able to take the 
research in whatever direction I thought was 
advisable.  Although there were well established 
general goals for the research, the direction 
depended very much on the individual scientist 
and his or her interests and capabilities. Thus, a 
mixture of basic and applied research could be 
used as appropriate for making progress toward 
the solution of problems.  
 
Q: Have you noticed a change in this regard in 
the government approach over the years? 

A: Yes, there have been changes.  During the 
past twenty or thirty years, I believe there has 
been increasing demand on the scientist’s time for 
planning and formally documenting planned 
research and progress.  And, unfortunately, in my 
opinion, I believe that the tedious documentation 
of personal performance and training to meet 
administrative requirements have continued to 
increase even more over the past few years.  
However, we can be thankful that technological 
advancements have enabled researchers to get 
more accomplished in their remaining time. 
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Q: How is your work on agriculture-oriented 
dielectrics relevant to other granular and 
powdered materials in general? 

A: Starting with observations on the density 
dependence of the dielectric properties of 
particulate materials such as whole-kernel wheat, 
ground wheat flour and pulverized coal samples, 
we studied functions useful for extrapolating 
dielectric properties of these materials to those of 
the solid materials.  Then we checked these 
functions and several dielectric mixture equations 
for relating the dielectric constants and loss 
factors of pulverized and solid plastics, very low 
loss Rexolite and reasonably lossy Kynar, through 
permittivity measurements at 2.45, 11.5 and 22 
GHz on both solid and pulverized samples of 
these materials. This work established the 
reliability of the complex refractive index and 
Landau & Lifshitz - Looyenga mixture equations 
for relating the dielectric properties of the solid 
and pulverized forms of the materials.  These 
relationships were also used to obtain the 
dielectric properties of ten solid mineral materials 
from permittivity measurements in the range from 
1 to 22 GHz on pulverized and purified samples 
of those minerals.  These relationships are 
expected to be useful for granular and powdered 
materials in general, unless their dielectric 
properties are far different from those already 
tested, and they may then still provide reasonable 
estimates. 
 
Q: Following the recent IMPI-50 anniversary 
conference, where you presented a plenary talk, 
what are the main challenges in the microwave-
heating field in your view for the next several 
years? 

A: I cannot answer for specific applications in 
particular industrial fields, but from my work in 
the agricultural applications, there are some 
common problems that will apply generally to 
most other areas. One challenge for those 
attempting to apply microwave heating is to be 
sure that they understand the fundamental 
principles.  Since the dielectric properties of the 
materials are important in determining the 
absorption of microwave power and the 
subsequent heating of the materials, non-uniform 
heating will occur in mixtures of different 
materials.  The temperature dependence of the 
dielectric properties of the materials is also 
important to understand.  Differences in dielectric 
properties can be helpful if one is interested in 
selectively heating some of the materials in a 
mixture, insects in cereal grains, for example, and 
in such applications, microwave heating may 
offer an advantage over other means of heating. 

Frequency dependence of the dielectric 
properties must also be understood in selecting 
the frequency for equipment operation if that is an 
option.  In the example mentioned, insect in grain, 
the microwave frequencies do not offer selective 
heating of the insects, and, instead, that is 
achieved at lower frequencies between about 10 
and 100 MHz.  The principles of heat transfer and 
thermodynamics, as well as the attenuation and 
absorption of microwave energy as it flows 
through the materials, are important. 

Probably the most challenging questions for 
new applications relate to evaluation of costs of 
microwave and related equipment and their 
operation, and the evaluation of economic 
advantages such as time saved and product quality 
improvement. Both are important in assessing the 
practicability of new applications. 
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Ricky's Afterthought:  

The uncertainty of Brexit 
A. C. (Ricky) Metaxas 

Life Fellow, St. John’s College, Cambridge, UK 
E-mail: acm33@cam.ac.uk 

 
The decision to leave the EU was a momentous 
one given that it was totally unexpected. Whether 
after the negotiations it will be a hard or a soft 
Brexit, it will have far reaching consequences for 
the UK and Europe alike.   

A recent report compiled by the Royal 
Academy of Engineering in the UK, entitled, 
‘Engineering a future outside the EU’, has 
consulted widely industrialists and academics 
and gives a summary of the main points that 
arise from the decision to leave the EU. Of 
course, article 50 has not been triggered as yet, 
expected to do so in March 2017, and it will take 
at least two years of close negotiations to leave 
the EU, nevertheless the uncertainty over what 
sort of relationship will exit post-2019 
accentuates the fears of most engineers and 
scientists in the UK. The three main points raised 
in the report are: access to skilled workers and 
academics, access to markets and foreign 
investment, and compliance with and ability to 
influence European standards and legislations 
that affect engineering companies.  

The UK government promised to switch 
funds to R&D to compensate for the fact that 
academics post-2019 will not be able to 
participate in EU funded projects. Incidentally, at 
present, 17% of the University of Cambridge’s 
research income comes from the EU.   

However, it begs the question whether UK 
based academics post-Brexit, even with funding, 
would be able to collaborate with their European 
colleagues so that established contacts and 
connections with complimentary expertise could 
still be maintained. Inability to recruit European 
workers will also have an adverse effect in large 
multidisciplinary projects. The restriction of 
movement of academics between Europe and the 
UK will have a detrimental effect in the long 
term and key areas of research and development 
will suffer. These concerns are relevant in 
particular to the members of AMPERE, and to 
their future collaborations with their European 

colleagues on microwave heating projects. 
AMPERE members both in the UK and Europe 
are right to be gloomy about the prospect of 
future collaborative projects. 

The report urges the UK government to try 
to establish close links with EU research 
programs and develop ways to encourage 
mobility and collaboration with industry and 
academia. What EU negotiators must realize is 
that the majority of academics and industrialists 
in the engineering sector in the UK voted to 
remain and it was only due to a large part of the 
population disaffected with the government, and 
what many commentators have coined the “have 
nots”, that have swayed the vote towards Brexit.  

However, how will the issue of Brexit 
affect AMPERE and its members? The 
uncertainty over what sort of relationship will 
exit post-2019 accentuates the fears of most 
engineers and scientists in the UK some of 
course being AMPERE members. At present 
there are collaborative projects on microwave or 
RF heating between centers in the UK and 
Europe, which are members of our association 
and whose primary funding emanates from the 
EU. I have no doubt that these projects will be 
allowed to complete their work. However, what 
about of new collaborative projects between 
AMPERE members in the UK and different 
countries of the EU, often being a tripartite 
initiative involving an industrial firm? 

I must not give the impression that I am 
personally very gloomy about the outcome of the 
Brexit negotiations, but I do hope that 
negotiators from both the EU and the UK try and 
find mutually acceptable solutions to some 
seemingly intractable problems. If access to the 
single market is heavily restricted other markets 
will be found, however, what is required is to 
take a broader view of the consequences of a 
complete breakdown in the future relationship 
between the UK and Europe.  

mailto:acm33@cam.ac.uk
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Regarding AMPERE, should the Brexit 
vote trigger a discussion for changing the name 
of AMPERE Europe to, for example, to 
AMPERE International Association? Well, from 
its inception, AMPERE has been a global 
association in that its members are not only EU 
based but as far afield as Japan, USA, and 
Australia, so Brexit should not be a catalyst for a 
change of name. This is an altogether separate 

issue which could be raised by Management 
Council at any future AMPERE general meeting. 
Whatever the outcome of the pending 
negotiations, AMPERE will survive post-Brexit 
even if other European countries in the future 
decide to take a similar view to that in the UK 
and withdraw.  
 

 

Upcoming Events in 2017
 

 

Please see a detailed list of the upcoming 2017 events on Page 3, included in the President’s letter. 

 

AMPERE-Newsletter Call for Papers 
AMPERE Newsletter welcomes submissions of articles, 
briefs and news on topics of interest for the RF-and-
microwave heating community worldwide, including: 

• Research briefs and discovery reports. 
• Review articles on R&D trends and thematic issues. 
• Technology-transfer and commercialization. 
• Safety, RFI, and regulatory aspects. 
• Technological and market forecasts.  
• Comments, views, and visions. 
• Interviews with leading innovators and experts. 
• New projects, openings and hiring opportunities. 
• Tutorials and technical notes. 
• Social, cultural and historical aspects.  
• Economical and practical considerations. 
• Upcoming events, new books and papers. 

AMPERE Newsletter is an ISSN registered 
periodical publication hence its articles are citable as 
references. However, the Newsletter's publication 
criteria may differ from that of common scientific 
Journals by its acceptance (and even encouragement) 
of news in more premature stages of on-going efforts. 

We believe that this seemingly less-rigorous 
editorial approach is essential to accelerate the 
circulation of ideas, discoveries, and contemporary 
studies among the AMPERE community worldwide, 
and It may hopefully enrich our common knowledge 
hence exciting new ideas, findings and developments.   

Please send your submission, or any question, 
comment or suggestion in this regard to the Editor (in 
the address below). 

 

AMPERE Newsletter Editor    
Eli Jerby  
Faculty of Engineering, Tel Aviv University, Israel 
E-mail:  jerby@eng.tau.ac.il 

Editorial Advisory Board   
Andrew C. Metaxas 
Cristina Leonelli 

 

AMPERE Disclaimer  
The information contained in this Newsletter is given for the benefit of AMPERE members. All contributions are 
believed to be correct at the time of printing and AMPERE accepts no responsibility for any damage or liability that 
may result from information contained in this publication. Readers are therefore advised to consult experts before 
acting on any information contained in this Newsletter.  

AMPERE is a European non-profit association devoted to the promotion of microwave and RF heating techniques 
for research and industrial applications (www.AmpereEurope.org). 
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