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Abstract 

Microwave plasma (MWP) technology is currently being used in application fields such as semiconductor 
and material processing, diamond film deposition and waste remediation. Specific advantages of the 
technology include the enablement of a high energy density source and a highly reactive medium, the 
operational flexibility, the fast response time to inlet variations and the low maintenance costs. These 
aspects make MWP a promising alternative technology to conventional thermal chemical reactors 
provided that certain technical and operational challenges related to scalability are overcome. Herein, an 
overview of state-of-the-art applications of MWP in chemical processing is presented (e.g. stripping of 
photo resist, UV-disinfection, waste gas treatment, plasma reforming, methane coupling to olefins, 
coal/biomass/waste pyrolysis/gasification and CO2 conversion). In addition, two potential approaches to 
tackle scalability limitations are described, namely the development of a single unit microwave generator 
with high output power (> 100 kW), and the coupling of multiple microwave generators with a single 
reactor chamber. Finally, the fundamental and engineering challenges to enable profitable implementation 
of the MWP technology at large scale are discussed. 
 

1. Introduction 

A sustainable and green economy represents one of 
the major challenges of contemporary society. It 
involves mostly the reduction of waste generation, 
but also the optimization of raw material 
consumption in order to mitigate current alarming 
pollution problems, and lower the energy 
requirements of industrial conversion processes. 
For the chemical industry to progress towards a 
sustainable economy, novel waste-to-product 
approaches need to be developed to reduce the 
dependency on fossil fuels-based raw materials. 
Carbon Capture & Utilization (CCU) is an 
emerging concept, which utilizes waste (e.g. 
greenhouse gases) as chemical feedstock to 
produce valuable products1. In most cases, 
however, the required energy input to transform 
waste into products tends to be rather high, making 
the re-utilization process unprofitable. Renewable 
energy sources, such as wind and solar power, are 

expected to have an increasing share in the future 
energy scene – that is, a large fraction of the energy 
needed for chemical conversion processes can be 
obtained from these sources during peak electricity 
production periods. This falls within the so-called 
power-to-chemicals approach2, whereby 
greenhouse gases and/or water are converted into 
hydrocarbons by means of surplus electric power. 

In this context, plasma reactors represent a 
novel alternative technology due to certain 
processing benefits such as: fast process dynamics, 
process flexibility, no need for catalyst use in many 
processes, no need for (bulky and costly) gas-fired 
furnaces, low maintenance cost, and high quality 
products (low byproducts formation). In this work, 
we focus on microwave plasma (MWP) assisted 
reactors, which appear to be one of the most 
promising plasma reactor types. The principal 
advantage of MWP over other discharges is that it 
does not require electrodes, which must be placed 
inside the reactor leading to operational issues, 
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such as regular maintenance (replacement) due to 
erosion3. The high frequencies at which MWP 
systems are operated produce a large fraction of 
electrons, i.e. high electron densities, and high 
electron temperature (energy) compared to other 
plasma sources. This results in high concentrations 
of active species rendering MWP an ideal highly 
reactive medium for chemical reactions. 

Here we present the state-of-the-art of MWP at 
laboratory stage, existing industrial chemical 
applications, current technical and operational 
limitations, and an overview of the fundamental 
and engineering challenges for further 
development of the MWP technology. Finally, 
some promising potential applications, which 
mainly concern high temperature processes, such 
as pyrolysis, gasification and reforming of organic 
waste, biomass and fossil fuels are discussed. 
Overall, this paper intends to set up a roadmap 
describing the main requirements and the next steps 
needed for the implementation of the MWP 
technology in the chemical manufacturing 
industry. 
 

2. MWP technology: State‐of‐the‐art 

2.1. Laboratory stage 

A remarkably broad range of chemical applications 
at laboratory-scale have been explored in different 
MWP systems with the exception of biomass 
gasification for syngas production, which has been 
investigated both at laboratory scale4 and in 
medium-scale plants5,6. Concerning chemical 
manufacturing applications, several processes are 
highlighted due to the large number of research 
studies (see Table 2 in Ref. [7]). These include 
plasma-assisted reforming, biomass gasification 
and pyrolysis, H2 production, and CO2 utilization. 
Figure 1 shows an atmospheric air microwave 
plasma at different values of net input power used 
for biomass gasification purposes at Delft 
University of Technology. Herein, certain 
processes should be acknowledged due to the 
notably good performance shown in MWP 
reactors. As reported by Jasinski et al.8, H2 
generation via plasma-assisted dry reforming of 
methane can be carried out at a specific energy 
consumption of ~3 kWh/m3 H2, and a H2 

generation cost ~2.3 $/kg H2 (assuming 0.06 
$/kWh). This value is close, within a factor 2, to the 
reported industrial cost of H2 production 
(representative value: 1.5 $/kg H2)9 through the 
mature and highly integrated and optimized 
process of steam reforming of natural gas in high 
temperature furnaces. Another example is reported 
by Uhm et al. (2014)5, in which the gasification of 
brown coal in a pilot-scale setup was studied, 
obtaining cold gas efficiency (CGE) values up to 
84%, while conventional gasifiers10 have CGE 
values between 70-80%. 

                       

Figure 1. Atmospheric air microwave plasma at 2, 2.5 
and 3 kW microwave power, from left to right. 

2.2. Industrial applications of MWP technology 

The applications of MWP at industrial-scale have 
been previously discussed in the literature11. In 
summary, the main industrial applications include 
photoresist stripping in semiconductor 
manufacturing, deposition of barrier layers in PET 
bottles, high rate deposition process of quarts on 
polycarbonate windows, plasma photo curing of 
paintings applied to the automotive industry, UV 
disinfection for water treatment, waste gas 
treatment for decomposition of fluorine-based 
components such as CF4, C2F6, CHF3, and SF6

12 or 
ammonia, and plasma reforming to increase 
efficiency in wood gas engines. Table 1 presents 
the latest industrial applications of MWP together 
with a brief description of the main features of each 
process. Most of the future industrial applications 
of the MWP technology will be relevant to high 

36 cm 
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temperature processes for chemical synthesis and 
(oxygenated) fuels conversion including pyrolysis, 
gasification and reforming of organic waste, 
biomass, and fossil fuels. Other application fields 

in which MWP will play a role are water and air 
purification, material synthesis (nano-particle 
production, diamonds, textiles) and biomedicine 
(cancer treatment, wound healing, disinfection). 

 

Table 1. Summary of novel MWP processes for chemical applications. 

PROCESS 
(COMPANY)   DESCRIPTION   MAIN FEATURES 

BIOMASS GASIFICATION  

(Plasma2Energy)6 

- Medium‐scale plant for biomass 
gasification. 

- It run for four years.  
- It exploited the concept of coupling 
multiple microwave generators to a 
single gasification chamber. 

- The plant consumed only 20% of 
the energy generated. 

 Input microwave power = 30 kW 
(plasmatrons)  
 Pressure = 1 bar 
 Annual Biomass Capacity = 3.3 kton   
 Selectivity (H2) = 50‐52% 
 Annual Production = 1830 m3 ethanol             
& 253 m3 diesel fuel 
 Maintenance: 5 years  
 Lifetime: 25 years 

CARBON FIBER 
MANUFACTURING 

(RMX Technologies)13 

- Low‐pressure microwave plasma 
enhanced the oxidation and 
carbonization steps. 

- Reduction in the residence time 
and the equipment size by 1/3. 

- Energy requirements were reduced 
by 75% and manufacturing costs by 
20% compared to conventional one. 

 Input MW power = 30 kW (915 MHz) 
 Pressure = 10 mbar 
 Reactor size:                                             
Diameter = 0.05 m, Length = 4 m 
 Energy efficiency = 17 kWh/kg carbon fiber 
 

PECVD OF Si3N4 ON 
MULTI‐CRYSTALLINE 
SILICON SOLAR CELLS14 

- Deposition of silicon nitride anti‐
reflective layers on solar cell wafers 
by plasma enhanced carbon vapor 
deposition (PECVD). 

 

 Input microwave power = 2 x 4 kW (pulsed) 
 Pressure = 0.01‐1 mbar 
 Reactor size:                                      
Diameter = 0.02 m, Length = 1.5 m 
 Production = 1500 solar cells wafers per hour 

TREATMENT OF CHRONIC 
WOUNDS 

(Adtec Europe SteriPlas)15 

- Wound healing by reduction of 
microbial load and by modifying the 
wound microenvironment. 

- Working gas is Argon, which 
ensures the reproducibility of 
generated active agents. 

 Input microwave power = 200 W 
 Working gas = Argon, purity 99.95% 
 Operating temp range = 10‐30 oC 

PRODUCTION OF 
SYNTHETIC DIAMOND 
MPECVD  

(ASTeX)16 

- Synthetic diamond growth from the 
gas phase by microwave‐plasma 
enhanced vapor chemical 
deposition (MPECVD). 

- Synthesis diamonds are presented 
as a much affordable option over 
naturally mined diamonds. 

 Frequency = 915 MHz, Power = 90 kW 
 Pressure = 180 torr 
 Gas temperature = 4000 K 
 Working gas = H2 + 1‐5% CH4 
 Deposition rate = 1 g/h 
 Annual production rate = 214,300 carats 
(10 reactors) 
 Diamond production cost = 14 $/carat 
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3. State of development and outlook 

3.1. Current status of the technology 

3.1.1. Microwave generator 

The largest single-unit continuous wave (CW) 
microwave generator, namely magnetron, presents 
a limitation of maximum output power of 15 kW at 
a frequency of 2450 MHz and 100 kW at 915 MHz. 
From an economic and regulatory point-of-view, 
there are two commercially preferable frequencies 
on the ISM bands, 915 MHz (L-band) and 2450 
MHz (S-band) that can be used for MWP reactors. 
To date, most of the work with MWP has been done 
at the standard microwave frequency of 2450 MHz.  
In the case of the 915 MHz frequency, the 
waveguide components are characterized by larger 
sizes (about three times larger than those of one at 
2450 MHz), which makes these microwave 
generators more costly compared to 2450 MHz 
generators.  
 
3.1.2. Plasma ignition, stability and uniformity 

Plasma is ignited when the applied electric field 
strength overcomes the breakdown voltage of the 
working gas, which is called electric breakdown17. 
When low pressure MWP is considered, the 
required field strength to ignite and maintain the 
plasma is less demanding compared to MWP at 
atmospheric pressure. For large scale chemical 
applications, uniformity and stability become 
imperative in the production process, as it is highly 
important to ensure a constant and reproducible 
product composition. One of the major challenges 
for use of the MWP technology is its inherent 
instability, which has implications in 
reproducibility of the results. When operating 
MWP at atmospheric pressure and high power 
conditions, plasma stability depends mostly on the 
interplay between input microwave power and flow 
dynamics (working gas flow rate, feed gas 
composition, swirl flow). Additionally, operating 
at a minimum reflected power implies operation 
very close to or at unstable conditions that can lead 
to plasma loss or fluctuations (non-uniform). In this 
regard, there are a number of practical measures to 
improve plasma stability: (1) addition of a 
carrier/working gas; argon, helium, nitrogen, air 

and water are the most commonly used gases, (2) 
design of a novel reactor configuration such as 
“Vortex/Tornado-type” or multi-point microwave 
coupling, and (3) combination of microwave and 
other fields (e.g. radio-frequency). 
 
3.1.3. Cooling of the plasma reactor 

MWP is characterized by high power densities, 
which enable MWP reactors to achieve energy 
efficiencies up to 90%. As a result, one of the major 
technical challenges is the cooling of the reactor 
due to the high values of power input per unit wall 
area (W/cm2), which increases significantly the 
chance of reactor melting (quartz tube). Hence, 
MWP reactors require carefully designed cooling 
systems to ensure a continuous operation. The most 
common cooling techniques are forced-air/N2 in 
combination with cooling water jacket-type18 
surrounding the plasma reactor. When the power 
input per unit wall area becomes relatively high (> 
40 W/cm2)3, a common measure of protection of 
the reactor wall is the use of high-speed tangential 
gas injection (swirl flow) to confine the plasma at 
the core of the reactor by creating a tornado/vortex 
gas motion, which isolates the reactor wall from the 
plasma column. 
 
3.1.4. Reactor material 

As already stated, one of the main features 
provided by MWP is the high energy density, 
which also implies high temperatures inside the 
reactor. In this regard, the material of the reactor is 
a crucial aspect in MWP operation. At lab-scale, 
the most commonly used material is quartz, which 
seems unsuitable for commercial applications due 
to its fragility. Therefore, other materials such as 
ceramics (alumina-based), aluminium oxynitride 
(melting point above 2000 oC) or silicon carbide 
can be used to build large size MWP reactors. The 
latter has already been used in a plasma gasification 
unit19. Moreover, in the pilot-scale setup developed 
by Uhm et al.5, alternative materials such as 
HACT180 (fire-resistance ceramic) and INCT120 
(insulating-cement) were used to form the inner 
and outer layers of the MWP reactor respectively, 
showing great performance at temperatures up to 
1800 oC. 
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3.1.5. Process control and safety 

MWP-based processes show remarkably fast 
dynamics, in which most of the events take place in 
the micro/milli-second range. Such dynamics 
require demanding continuous process control 
tools that are capable of adjusting process 
parameters within a response time of milliseconds. 
The input power is the most important process 
variable, as it influences directly the absorbed 
energy by the plasma and consequently the 
temperature of the reactor. The gas flow rate 
largely affects reactor stability as low flow rates 
can lead to severe increase in the specific energy 
input (SEI, J/m3), i.e. the ratio between the input 
power and the inlet flow rate, causing rupture of the 
reactor. When the flow rates are excessive, plasma 
is extinguished due to the drop of SEI. Control of 
the operating pressure is particularly important 
when working with low-pressure MWP, as it 
influences both plasma ignition and sustenance.  

With respect to safety, the primary concern is 
related to exposure of operators and/or fuel to 
microwave radiation. Furthermore, considering the 
possible risk of reactor breaking, it is advisable to 
operate MWP reactors within a properly ventilated 
area to contain the hazard of a gas leakage. 
 

3.2. Scalability 

When evaluating the development of a new 
process, the production capacity represents the 
main design guideline, thus dictating the 
equipment requirements. Bulk chemicals are 
commonly produced on a very large scale, 
implying the need to operate at considerably high 
throughput and therefore demanding high energy 
input. A pilot-scale MWP gasification unit was 
developed by Uhm et al.(2014)5. In their work, two 
microwave generators of 75 kW output each were 
attached to the gasification chamber and enabled 
inlet flow rates of 2.2 ton coal/day with respective 
throughput of 1.9 ton syngas/day corresponding to 
a total calorific value of 0.5 MWth. To our 
knowledge, there are two possibilities to address 
the high input microwave power required to sustain 
the plasma at rather high throughput: (1) coupling 
multiple microwave generators to a single reactor 

chamber, or (2) developing single unit microwave 
sources with > 100 kW output power at lower 
frequencies (e.g. 433 MHz). 

The first approach has already been explored 
for a medium-scale gasification plant as shown in 
Sanchez A.L. (2010)6. To increase the capacity, 
multiple 20 kW microwave plasmatrons were 
arranged around and along a single MWP 
gasification chamber. A schematic representation 
is presented in Figure 2. As a final remark, the 
MWP gasification system reported in Sanchez A.L. 
(2010)6 was designed to have maintenance every 5 
years and a lifetime of 25 years, which is common 
practice in the chemical process industry. 

 

 

Figure  2.  Schematic  representation  of  multiple 
microwave  generators  attached  to  a  single  reactor6. 
Note that each of the black elements represents a 20 
kW microwave plasmatron. 

 
The second alternative envisages the 

development of single unit microwave sources with 
>100 kW output power. Within the microwave 
ISM frequencies for industrial processing, the 
frequency band 433.05 – 434.79 MHz (central 
frequency 433.92 MHz) appears to be the most 
interesting one for scale-up. Currently, there are no 
reported industrial applications operating at 433.96 
MHz. However, according to magnetron 
manufacturers, CW magnetrons operated at this 
frequency can be designed to deliver much higher 
microwave power levels than the L-band (896 
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MHz, 915 MHz, 922 MHz and 929 MHz) 
magnetrons namely, between 0.5 and 1 MW. The 
design of high power 433.96 MHz equipment 
should consider the development not solely of the 
magnetron and the HV DC power supply, but also 
all the high power rated WR2100 waveguide 
components (isolators, impedance tuners etc.) 
required to run industrial applications. 

3.3. Potential for chemical applications 

At the current technological state of MWP, the 
concept of modularized production seems to be the 
most promising approach to respond to: (1) the 
decentralized electricity generation via renewable 
energy sources, and (2) the present volatile 
markets. In this regard, the development of 
modular MWP units powered by locally generated 
renewable electricity for distributed manufacturing 
may, at least partially, change the current model of 
very large scale centralized industrial processing 

and also form an attractive strategy to overcome 
rapid changes in the market demand. Therefore, the 
production of syngas, hydrogen, acetylene and 
localized waste treatment represent some of the 
opportunities that MWP technology can address at 
present. 

Figure 3 presents in the form of a timeline the 
main scientific and engineering challenges to be 
addressed before MWP can be extensively used in 
the bulk chemical manufacturing industry. These 
challenges mainly concern: (1) development of 
higher than 100 kW microwave power sources and 
of effective plasma reactor designs that can be 
powered by multiple microwave generators to 
attain wide throughput range, (2) development of 
suitable reactor materials for MWP operation, (3) 
improvement of process reliability (controllability, 
stability and uniformity), and (4) development of 
chemical kinetic models that can be implemented 
into multidimensional multiphysics models for 
process design, optimization, and control. 

 

Figure 3. Timeline for the implementation of MWP technology in chemical manufacturing industry. 
 

4. Conclusions 

Microwave plasma (MWP) is one of the most 
promising enabling technologies for electricity-
based reactors as regards the future partial 
electrification of the chemical industry. In this 
article, we have summarized the extensive research 
carried out on MWP at laboratory-scale combined 

with some successfully demonstrated industrial 
applications. Concerning chemical processing 
applications, high temperature processes, such as 
pyrolysis, gasification and reforming of organic 
waste, biomass and fossil fuels have the highest 
potential to benefit from MWP. However, it is 
imperative to perform research with medium-scale 
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setups to quantitatively demonstrate the 
profitability, reliability and operational benefits of 
the technology, as already shown for biomass 
gasification. In parallel, work on development of 
(a) single-unit microwave sources with >100 kW 
output power (0.5-1.0 MW), (b) suitable reactor 
materials that can withstand harsh operating 
conditions, and (c) reaction kinetic models that can 
be implemented into multidimensional multi-
physics reactor models appear to be key scientific 
and engineering challenges that need to be 
addressed to promote wider application of the 
technology to large scale operations. 
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