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ABSTRACT

Otto Puhakka: Demand Response of Ceramic Tile Firing Roller Kiln
Master’s Thesis
Tampere University
Master’s Programme in Environmental and Energy Engineering
November 2025

This thesis investigates the electrification of a ceramic tile firing roller kiln by replacing natu-
ral gas burners with microwave plasma torches (MPTs). The work evaluates whether such an
electrified process could provide demand response and how great the resulting impact on pro-
cess conditions would be. The study combines a literature review on industrial electrification and
electricity market mechanisms with dynamic modeling of the kiln’s thermal behavior.

A dynamic heat and mass transfer model was developed in Simulink to simulate a simplified
example case of an electrified roller kiln and to examine how the MPT power could be varied under
different operating strategies. Several scenarios were simulated to estimate the effect of power
reductions on process temperatures.

The example case simulations showed that the kiln’s electrical consumption could be reduced
by approximately 0.3–1.6 MWh per event (equaling a 15.6–83.8% reduction relative to normal one-
hour consumption), depending on the applied control strategy and the 15–60 minute interruption
duration. The initial process temperatures in the firing zones were at most around 1185 °C, and
the corresponding temperature changes during flexibility events ranged from about 80 °C to 470
°C. Recovery times were roughly 1.5–5 hours to return within ±5% of the initial temperature levels,
given the MPT powers and controller tuning used in the example cases.

Moderate, zone-specific power adjustments provided a better balance between energy reduc-
tion and temperature stability than complete torch shutdowns. The kiln’s thermal inertia allows
short power interruptions with limited impact on the process, suggesting that participation in re-
serve markets could be a potential application area.

Overall, the findings demonstrate that microwave-based electrification can transform a contin-
uous high-temperature process from a fixed energy consumer into a controllable electrical load,
enabling participation in future flexible energy systems either directly or as part of a virtual power
plant.

Keywords: ceramic industry, roller kiln, microwave plasma torch, electrification, heat transfer mod-
eling, dynamic simulation, demand response, flexibility, virtual power plant

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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TIIVISTELMÄ

Otto Puhakka: Keraamisten laattojen valmistukseen käytettävän rullakuljettimellisen uunin kysyn-
täjousto
Diplomityö
Tampereen yliopisto
Ympäristö- ja energiatekniikan DI-ohjelma
Marraskuu 2025

Tämä työ tutkii keraamisten laattojen valmistukseen käytettävän rullakuljettimellisen uunin säh-
köistämistä korvaamalla maakaasupolttimet mikroaaltoplasmasoihduilla (MPT). Työ arvioi, kuinka
tällainen sähköistetty prosessi voi osallistua kysyntäjoustoon, ja kuinka suuri vaikutus joustolla on
prosessiolosuhteisiin. Työ yhdistää kirjallisuuskatsauksen teollisuuden sähköistämisestä ja säh-
kömarkkinoiden toimintamekanismeista uunin lämpödynamiikan mallintamiseen.

Työssä kehitettiin dynaaminen lämmön- ja massansiirtomalli Simulink-ympäristössä, jolla si-
muloitiin yksinkertaistettua esimerkkitapausta sähköistetystä uunista ja tarkasteltiin, miten MPT-
lämmitystehoa voidaan vaihdella erilaisissa joustostrategioissa. Tehonvähennysten vaikutusta pro-
sessin lämpötiloihin arvioitiin usealla eri esimerkkitapauksella.

Esimerkkitapausten simulaatiot osoittivat, että uunin sähkönkulutusta voitiin vähentää noin
0,3–1,6 MWh joustotapahtumaa kohden (vastaten 15.6–83.8 %:n vähennystä suhteessa normaa-
liin yhden tunnin kulutukseen) käytetystä joustostrategiasta ja 15–60 minuutin keskeytysajasta
riippuen. Korkeimmillaan alkulämpötilat olivat noin 1185 °C, ja vastaavat jouston aiheuttamat mak-
similämpötilanmuutokset vaihtelivat noin 80 °C:n ja 470 °C:n välillä. Esimerkkitapausten soihtujen
tehoilla ja säätimen virityksillä lämpötilojen palautumisaika ±5 %:n sisälle alkuperäisistä arvois-
taan oli noin 1,5–5 tuntia.

Kohtalaiset, vyöhykkeittäin kohdistetut tehonmuutokset tarjosivat paremman tasapainon ener-
giansäästön ja lämpötilan vakauden välillä kuin kaikkien soihtujen sammuttaminen yhdenaikai-
sesti. Uunin lämpöinertia mahdollistaa lyhyet sähkökatkot ilman merkittävää vaikutusta prosessiin,
mikä viittaa siihen, että reservimarkkinoille osallistuminen voisi olla mahdollinen sovellusalue.

Tulokset osoittavat, että mikroaaltoihin perustuva sähköistäminen voi muuttaa jatkuvatoimi-
sen korkean lämpötilan prosessin kiinteästä energiankuluttajasta ohjattavaksi sähkönkäyttäjäksi,
mahdollistaen osallistumisen tulevaisuuden joustaviin energiajärjestelmiin joko suoraan tai osana
virtuaalivoimalaitosta.

Avainsanat: keramiikkateollisuus, rullakuljetin, uuni, mikroaaltoplasmasoihtu, sähköistäminen, läm-
mönsiirtomallinnus, dynaaminen simulointi, kulutusjousto, virtuaalivoimalaitos

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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Q Heat transfer [J]
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1. INTRODUCTION

The European Union (EU) has set a target of reducing its net Greenhouse Gas (GHG)

emissions by a minimum of 55 percent from the 1990 level by the year 2030 and becoming

climate-neutral, meaning net-zero GHG emissions, by 2050. The European Climate Law

has made the 2050 target legally binding. [1]

In 2019, the industry sector caused 24% of the global GHG emissions [2, p 238]. One way

of cutting industrial GHG emissions is the electrification of processes that use fossil fuels

for energy production. This allows using electricity generated with Renewable Energy

Sources (RES), such as solar and wind power. [3, pp. 85–86]

The electrification of industry refers to replacing fossil fuel-based energy sources in indus-

trial production with electricity, preferably from renewable or other low-carbon sources, to

power processes such as heating, melting, refining, and chemical production. This transi-

tion aims to reduce GHG emissions and improve overall energy efficiency in the industrial

sector. [4, pp. 140–141][5]

Direct electrification in industrial applications usually means replacing combustion with

electrically powered heat generation. Methods for electrified heat generation include, for

example, resistive, electromagnetic induction, and dielectric heating technologies. The

heat generation can also be based on mechanical work, such as in heat pumps. [4, pp.

141–142]

Resistive heating technologies generate heat either through a heating element or by uti-

lizing the resistance of the heated product itself. Electromagnetic induction technologies

utilize a changing magnetic field that heats electrically conductive materials. Dielectric

heating technologies, such as microwave and radio frequency heating, are based on

high-frequency electromagnetic radiation. Other electric heating methods include electric

arc, infrared radiation, electron beam, and plasma heating. [4, pp. 141–142]

In addition to potential GHG emission reduction, the electrification of industrial processes

can be used to support power grid operation by providing ancillary services. For ex-

ample, electricity consumption can be reduced during peak demand times or increased

when excess electricity is available. This energy management strategy, known as demand

response or demand-side flexibility, can help balance the energy supply and demand, re-

duce stress on the grid, and lower overall energy costs. [6, pp. 3–4]
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In some cases, the electrified process can also be easier to control and faster to start.

They might provide higher end-product quality and yield, as well as decrease the energy

consumption and physical space the process equipment takes up. [6, pp. 4–6]

The demand response enabled by electrification is an asset that can be provided to an

aggregator. An aggregator is a market participant who consolidates the consumption,

production, or storage of multiple customers into a single entity called Virtual Power Plant

(VPP), and manages the technical aspects necessary to trade these resources across dif-

ferent electricity markets. This enables even small customers to engage in the electricity

markets. [7, p. 17],[8, pp. 1, 6]

The aggregator can support the integration of renewable energy resources by offering

flexibility to the grid on both the demand and supply sides. Flexibility on the demand side

comes from grouping demand-response resources or energy storage systems to respond

to grid needs. On the supply side, flexibility can be managed by optimizing power output

from flexible resources such as Combined Heat and Power (CHP) plants and biogas

plants, as well as utilizing energy storage units. The operation can be optimized using

historical data and forecasts of demand, generation, and pricing. [8, p. 6]

The industrial process examined in this thesis is the production of ceramic tiles. Clay,

chamotte, and possible additives are the raw materials for the process. The materials

are ground and extruded through a die to form the desired tile shape. The tiles then pass

through several stages on a roller conveyor: they are first dried in a preheater, then coated

with a vitreous glaze, and finally fired to fuse the clay particles, resulting in the finished

product. [9]

Currently, the roller kilns used for the tile firing utilize natural gas burners to reach the

required temperature profiles, which can go all the way up to 1300 ◦C. To electrify the

process, replacing the gas burners with microwave plasma torches (MPT) has been pro-

posed. A MPT utilizes a magnetron, which produces high-frequency microwaves, com-

monly 2.45 GHz, which then ionize the gas in the torch to produce plasma. [9]

Since the MPTs are driven by electricity, they allow the possibility to provide demand re-

sponse services to the grid. This thesis focuses on identifying and examining the demand

response that the electrified ceramics manufacturing process can provide. The Research

Questions (RQ) and the Research Task (RT) of this thesis are as follows:

• RQ 1: How would replacing gas burners with microwave heating technology affect

the operation principle of a ceramics manufacturing plant?

• RQ 2: Can a ceramics manufacturing plant meet the requirements of various de-

mand response products following the integration of microwave heating technol-

ogy?

• RT: Develop a dynamic model of an electrified ceramics manufacturing plant to
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study its potential for demand response.

• RQ 3: What would be the plant’s ability to reduce its electricity demand in a case

example?

To answer the research questions, this work combines a literature review and dynamic

modeling. The literature review addresses the technological and market context of indus-

trial electrification and demand response, while the modeling quantifies how much the

demand response actions affect the kiln temperatures.

Previous work, such as [4] and [5], have examined industrial electrification and its main

barriers, such as technology suitability and cost. MPTs have been studied as high-

temperature heat sources in [10] and [11]. The thermal behavior of ceramic roller kilns

is analysed in [12] and [13], and the role of electrified industrial processes in VPPs and

flexibility markets is discussed in [14], [15], [16], and [17]. Many recent master’s theses

have also discussed related topics such as electrification [18], energy flexibility in industry

[19] and heating [20], as well as aggregation and reserve markets [21].

Chapter 2 introduces the electrification of industry and VPPs in a general context, and

further explores the ceramics industry, MPTs, and the potential for demand response

in such processes. The research strategy, the process models, and the input data are

presented in Chapter 3. The results and limitations of the simulations are discussed in

Chapter 4.
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2. THEORY

2.1 Virtual power plants

2.1.1 VPP concept

As discussed by Koza et al. [14, pp. 50–56], the exact definition and implementation of a

VPP varies depending on the source. However, the general high-level concept of a VPP

is uniform across most of the sources, and the definition presented in this chapter is also

in line with that general view of the concept.

There are multiple reasons for the ambiguity of the VPP definition. A VPP can be seen

as a high-level technical concept that can be applied to various areas of investigation with

different focuses. For example, some define it as a collection of algorithms, and some

are more concerned with the physical assets related to it. Some see the VPP as an

auxiliary system that is integrated into an existing framework, while others define it as an

independent, self-sufficient entity. Also, the sub-systems considered to be a part of a VPP

vary between use cases. [14, pp. 56–57]

In general, a VPP aggregates and manages Distributed Energy Resources (DER), such

as distributed energy generation units, energy storages, and flexible loads. The energy

generation can be renewable, like photovoltaics or wind turbines, or traditional, like ther-

mal power plants or internal combustion engines. The DERs can be owned by resi-

dential, commercial, or industrial customers. Essentially, a VPP is a flexible portfolio of

DERs used to make wholesale market contracts and to offer services to system operators

through an integrated optimization framework. [17, pp. 105, 109]

In addition to integrating DERs, VPPs can help improve the grid stability. The enhanced

load management reduces reliance on conventional power plants. The VPPs can fa-

cilitate energy trading and efficient use of excess renewable energy, as well as provide

ancillary services, such as frequency management and voltage support. Consumers and

grid operators can gain cost savings due to optimized energy usage and reduced trans-

mission losses. Due to on-site metering systems required for a VPP, the visibility of the

involved DERs to the markets and system operations is improved. This also supports

the controllability, monitoring, and analysis of the system. [22, pp. 8–10, 18–19][14, pp.
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54–55]

The scale of a VPP can range from local and regional to large scale. Large scale, such

as national level VPPs, consist of regional scale VPPs and are typically operated by

a Transmission System Operator (TSO). Distribution System Operators DSO are typical

owners of the regional scale VPPs. The regional scale VPPs are aggregated from smaller,

local VPPs, typically operated by local energy companies. [22, p. 15]

A TSO is responsible for ensuring the security of supply, real-time coordination of supply

and demand in the power system, and the operation of the high-voltage grid, known as the

transmission grid. By national laws, the ultimate responsibility for imbalance settlement

is held by the TSO. DSOs operate the medium and small voltage grids called distribution

grids. A DSO is responsible for distributing electricity from producers to customers and

is tasked with metering, consumption, and exchanges, as well as reporting the metered

data to the relevant stakeholders. This term also applies to operators of closed distribution

networks. [23, pp. 1, 3]

For TSOs, VPPs play a crucial role in ensuring supply security and maintaining high-

quality power delivery. VPPs provide essential services such as frequency responsive-

ness, voltage support, and black start capability, which are vital for system stability. As

conventional power plants are phased out, large VPPs can operate at the transmission

level to fill the gap, ensuring a reliable energy supply and supporting the overall grid in-

frastructure. [22, pp. 18–19]

With the growing number of DERs connected to the distribution grid, the DSO’s role in

maintaining system stability is increasing. VPPs allow DSOs to remotely control DERs,

enhancing operational efficiency without the need for additional grid capacity. VPPs can

help DSOs manage the grid more effectively, ensuring a secure and stable energy system.

[22, pp. 18–19]

DER operators benefit from the economic opportunities and improved market access pro-

vided by VPPs. The aggregation of multiple DERs within a VPP enables participation in

energy markets, broadening the scope for trade and procurement, as well as improving

the overall economic viability for DER operators. By reducing transaction costs and over-

coming market limitations such as minimum offer limits and lengthy contract requirements,

VPPs enable DER owners to achieve higher profits. [22, pp. 18–19] Customers with con-

trollable loads can benefit from participating in demand response programs, which are

introduced in section 2.2.

However, without proper voltage management systems, large amounts of DERs can also

lead to local voltage issues. Also, some of the other challenges posed by VPPs include

for example the need for new regulatory frameworks and incentives to support the VPP

adoption and the potential for cyber threats. [22, p. 10] The VPPs’ distributed nature,
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the usage of cloud computing, and the physical location of the hardware are all inherent

features that make the VPPs more vulnerable to cyberattacks. [15, p. 14]

2.1.2 Technical and commercial VPPs

One way to classify VPPs is by distinguishing between technical and commercial im-

plementations. A VPP can also include both of these subclasses. [14, pp. 52–56] A

Technical Virtual Power Plant (TVPP) considers the effects of the local grid on the com-

bined operation of its DERs, including technical limitations and cost factors. A TVPP can

also participate in the electricity markets on behalf of its resources. To represent the

grid accurately, it requires data on the network configuration and on the connected re-

sources, which are used to solve the optimal power flow problem to prevent transmission

congestion or voltage magnitude violations. [17, pp. 106–109]

A TVPP might also be used for fault detection, repair assistance, fast metering service,

local monitoring, real-time statistical analysis, and portfolio optimization. Research on

TVPPs mainly addresses topics such as monitoring, fault detection, optimization of en-

ergy flows, evaluation of technical feasibility, communication protocols, and cybersecurity

in smart grids, and computational methods applied to production and consumption man-

agement.

On the other hand, a Commercial Virtual Power Plant (CVPP) focuses on commercial

aggregation without considering the technical network operation aspects. It tries to con-

sider both current and future load demand in the market and can also consider probable

market risks or imbalances. [24, p. 2] The aggregated DER units in a CVPP are not

limited by location and can be spread across different distribution grids. As a result, a

single distribution network region may host multiple CVPPs aggregating DER units within

its area. [17, p. 109]

The CVPP models can address, for example, agreements among VPP participants, co-

operation contracts with distribution companies, coordination among different VPP enti-

ties, forecasting, market bidding, generation schedules, and other energy marketing is-

sues. Within a CVPP, the aggregator negotiates electricity prices and market participation

on behalf of the producers, aiming to secure the most advantageous agreement among

numerous market aggregators. This commercial aggregation operates independently of

grid operations. [15, pp. 4–5]

2.1.3 VPP structure and optimization methods

The internal control method of a VPP can be categorized as either centralized, distributed,

or hybrid. The centralized approach grants the VPP full control authority through a control

coordination center. This method requires an efficient communication network to col-
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lect internal and external data for decision-making. The communication network enables

real-time power scheduling of the aggregated DERs. Mixed-Integer Nonlinear Program-

ming (MINLP) or Mixed-Integer Linear Programming (MILP) models are commonly used

in centralized approaches. While the centralized method offers comprehensive control

and integration, it demands significant computational resources and is vulnerable to com-

munication issues and cyber threats. [15, pp. 5–6]

The distributed control method features a two-level structure: the VPP manages the cen-

tral communication level, while DERs manage their independent subsystems. This way

the optimization does not have to rely on a single centralized control center and the com-

putational burden is reduced by distributing decision-making across subsystems. Each

subsystem optimizes its local energy resources to maximize individual profit, with the VPP

coordinating resources through information and communication services. Despite reduc-

ing computational demands, distributed control can lead to conflicts between subsys-

tems’ operating profiles, potentially decreasing overall market competitiveness. Different

distributed computing algorithms and game theory have been utilized to mitigate these

issues and to improve the optimization’s convergence and communication efficiency. [15,

pp. 6–7]

The hybrid, or sometimes so-called comprehensive control method, integrates the ad-

vantages of both centralized and distributed control. It consists of two secondary levels:

centralized VPP control and distributed agent control. At the centralized level, the VPP

coordinates agents’ bidding strategies to form a unified market participation strategy, dis-

tributing computational tasks among agents at the other level. Distributed agents handle

local optimization and submit their operation profiles to the VPP for global optimization.

The VPP then issues a final coordinated operation profile, which agents execute region-

ally. This method combines the centralized method’s comprehensive coordination with

the distributed method’s computational efficiency. [15, p. 7]

There are multiple different objectives a VPP might try to optimize. For generation units,

some of the considered objectives can be, for example, generation income, spinning re-

serve income, and costs such as capital, generation, fuel, start-up, repairing, and energy

import costs. Energy storage’s battery degradation costs and other storage costs might

be considered. For end users, such as residential or industrial loads, the retail energy

costs and demand response costs can be optimized. The grid operation and participation

in different electricity markets cause different costs and income. Other costs that might be

considered include, for example, load shedding costs, abandoned energy costs, system

net costs, and risk-related costs. [24, pp. 8–9]

On the other hand, the optimization of the different objectives can be limited by multiple

constraints. Such limits can be, for example, the general operation situation, demand

and supply levels, start-up and shut-down times, ramp-up and ramp-down times, physical
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location, minimum and maximum output levels, system stability, resilience and tolerated

uncertainty, allowed power plant operation points, and load-specific limits on demand

response. [24, p. 9]

Depending on the optimization problem at hand, the variables can be continuous or inte-

ger, and the objective and constraint functions can be linear or nonlinear. This can lead

to Linear Programming (LP), Mixed-Integer Linear Programming (MILP), Nonlinear Pro-

gramming (NLP), or Mixed-Integer Nonlinear Programming (MINLP) type of optimization

problems. In a MILP formulation, the continuous variables can describe the quantities

of energy exchanged inside the VPP, while the integer variables can represent choices

such as the hourly import or export of electricity and the charging or discharging state of

storage units. [15, p. 9]

To tackle the different optimization tasks a VPP might have, a large variety of different

approaches have been proposed. Linear optimization problems can often be solved rel-

atively efficiently. Nonlinear problems, however, might be too computationally heavy to

solve explicitly, but heuristic methods can be utilized to get an approximate solution that

is often good enough. Proposed solving methods include, for example, fuzzy logic algo-

rithms, Monte Carlo simulation, neural networks, genetic and adaptive heuristic search,

and particle swarm optimization. Distributed optimization algorithms, such as auction-

based methods, game theory methods, and iterative methods based on information ex-

change between regional controllers, enable decentralized decision-making and coordi-

nation among multiple agents. [15, pp. 10–12]

Podder et al. [24, p. 9] have categorized the different approaches into seven different

classes: linear programming, other conventional strategies, offering models, intelligent

techniques, Price-Based Unit Commitment (PBUC) models, optimal bidding strategies,

and stochastic techniques. VPP implementations might also utilize multiple of these ap-

proaches together.

2.2 Demand response

2.2.1 Flexibility characteristics

Characteristics of flexibility resources define their ability to respond to the various flexibil-

ity needs. Gathering knowledge of the characteristics is an essential step when modeling

the flexibility resources. The characteristics can be divided into quantitative technical,

qualitative technical, control technical, and economic characteristics. The technical quan-

titative characteristics are the direction of the flexibility, its power, energy, and ramping

capacities, its reaction, ramp, service, and recovery durations, rebound effect, availability

times, minimum up and down times, responsiveness, efficiency, energy loss, calendar

lifetime, usage number limits, and data sharing frequency. [25, pp. 2–4][26, p. 7] Some
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of the flexibility characteristics are demonstrated in Figure 2.1.

P [W]

t [s]

Flexible 
power 
capacity

Rebound 
effect

Reaction 
duration

Ramp-
down 
duration

Ramp-
up 
duration

Service duration Recovery duration

Energy capacity

Activation 
signal sent
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Figure 2.1. Visualization of certain flexibility parameters. Adapted from source [25, p. 6].

The qualitative technical characteristics can be, for example, the location of the flexibility

resource, as well as its predictability, credibility, and ownership. On a high level, the

control technical characteristics define the resource’s ability to respond to direct control

signals or indirect signals such as price signals. The economic characteristics, in turn,

describe the capital costs, such as the cost of the enabling technologies and the flexibility

element itself, as well as the operating costs, such as cycling costs and non-delivery

penalties. In addition to the characteristics above, knowledge of the enablers of flexibility,

such as regulation and markets, might be relevant for the modeling work. [25, pp. 2–4, 6]

The flexibility resources can be classified based on properties such as their place in the

supply chain or their role in the power system, the direction of the load shifting, their

mathematical properties in modeling, or other aspects such as control mechanism, pro-

gram type, decision variable, availability, location, activation method, or flexibility type or

time-scale. For example, the role in the supply chain can mean either demand-, supply-,

or network-side flexibility, and the decision variable can mean the difference between

real-time control and scheduling the flexible activity beforehand.[25, pp. 6–8]

2.2.2 Demand response programs

Demand response is the active involvement of consumers in optimizing their electricity

use or contributing to the provision of ancillary services. It typically takes the form of

decreased consumption, peak shaving, or load shifting. Peak shaving means reducing

demand during periods of high electricity demand, and load shifting means rescheduling

consumption to off-peak times. [27, p. 233]

Demand response programs can be classified into two main types: price-based and
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incentive-based. Price-based demand response programs adjust electricity prices based

on specific time conditions. Price-based programs rely on dynamic electricity pricing to

signal consumers to adjust their consumption. The idea is that higher prices during peak

periods or lower prices during off-peak times will influence consumer behavior. Examples

of price-based demand response schemes include Real-Time Pricing (RTP), Time of Use

(TOU) pricing, and Critical Peak Pricing (CPP). [28, p. 40][29, p. 3]

In incentive-based demand response programs, consumers receive financial compensa-

tion for reducing or shifting their electricity usage when requested. These incentives are

separate from electricity prices and are paid by the grid operator, the utility, or the ser-

vice provider. Different types of incentive-based programs include, for example, direct

load control, demand bidding, interruptible or curtailable services, emergency demand

response, and capacity or ancillary service market participation. [28, p. 40][29, p. 3]

The markets, especially the reserve markets, which are part of the ancillary services, are

introduced in the subsections 2.2.3 and 2.2.4.

Traditionally, electricity prices paid by consumers are fixed and do not reflect real-time

conditions in the power system. This disconnect discourages responsive consumption

and complicates both grid operation and electricity market efficiency. RTP addresses

this by charging consumers based on current electricity market prices. Although RTP is

the most direct way to integrate demand response, it is often complex and risky for small

consumers and is mostly used by large industrial customers exposed to wholesale prices.

[27, p. 233–234]

As an alternative, TOU pricing sets electricity rates in advance, with prices varying de-

pending on the time of day. The goal is to smooth out peak demand and reduce system

operating and investment costs. Consumers who contribute to peak loads under TOU

pricing typically pay a premium to cover the additional infrastructure costs. [27, p. 233–

234]

CPP imposes high rates during a limited number of peak events to incentivize reduced

usage. Several other pricing models also support demand response. Real-time demand

reduction programs charge the real-time market price for consumption beyond a set base-

line. Interruptible service programs allow utilities to temporarily reduce a consumer’s

electricity supply, offering lower rates or payments in return. A more nuanced approach is

priority service pricing, where consumers view electricity as a service with varying levels

of reliability. This model allows differentiation based on supply quality and aligns pricing

with reliability preferences. [27, p. 233–234]

Prior to introducing a demand response program, analyzing customer demand charac-

teristics is essential due to their heterogeneous nature. Recruiting demand response

customers can be costly due to possible marketing, education, system support, and op-

erational costs. Consequently, it is usually beneficial to choose fewer customers with
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large demand response capacities instead of numerous small capacity ones. [28, p. 40]

2.2.3 Electricity markets

The electricity markets can be categorized into energy markets, capacity markets, and

ancillary service markets. Energy markets include day-ahead and real-time (intraday)

markets, where electricity is traded for actual consumption. These markets reward flexi-

ble resources that can shift or reduce load in response to price signals or system needs.

Day-ahead markets allow participants to schedule energy transactions one day in ad-

vance, providing predictability and enabling demand response aggregators to commit

load reductions as firm offers. Real-time markets, in contrast, operate close to delivery

and are ideal for fast-acting demand-side resources capable of responding to short-term

fluctuations. [30, pp. 168–172, 184–187]

In addition to energy markets, some countries have capacity markets to ensure long-term

resource adequacy. In these markets, VPPs can offer aggregated demand-side capacity

as a firm commitment to be available when needed, earning payments for maintaining

system reliability. [30, pp. 185–186]

Ancillary services markets provide opportunities for fast, responsive resources to help

maintain grid stability. For example, the frequency of the grid is maintained with different

reserve markets, where plants provide standby power flexibility to balance supply and

demand. Other ancillary services include voltage and reactive power control, black start

service, and congestion management re-dispatch. [30, pp. 184–194]

VPPs can participate in these services by aggregating small-scale, flexible loads that

can modulate consumption in seconds to minutes. The growing integration of renewable

energy sources can make power systems more vulnerable, increasing the risk of grid

collapse due to mismanagement. Consequently, many studies have included VPP partic-

ipation in ancillary service markets to maintain frequency and power control and ensure

the quality of the electricity supply. [15, p. 8]

VPP models usually incorporate storage systems to address grid stability issues resulting

from fluctuations in renewable energy generation. Accurate predictions of energy produc-

tion and consumption are essential for maintaining balance and optimizing costs. Arti-

ficial intelligence-based algorithms are increasingly popular for this purpose, especially

given the significant impact of weather conditions on renewable energy sources such as

photovoltaics and wind power. As the power system evolves, updating optimization and

forecasting algorithms is needed. [15, p. 8]
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2.2.4 Reserve market participation requirements

Reserve markets impose strict performance requirements on flexibility providers, particu-

larly in terms of activation speed and reliability, compared to energy markets. To illustrate

the nature of these requirements, the Finnish reserve markets are used as an example

below.

The Finnish TSO, Fingrid, operates several reserve markets to maintain frequency stabil-

ity. These include the Frequency Containment Reserves (FCR) [31], Frequency Restora-

tion Reserves (FRR) [32][33], and Fast Frequency Reserves (FFR) [34]. Their activation

timescales and conditions are compared to energy markets in Figure 2.2.

FCR are designed to stabilize the grid’s frequency immediately following a deviation from

the nominal frequency of 50 Hz. They are activated automatically based on the fre-

quency measurement and are divided into two categories: reserves for normal operation

range FCR-N and for disturbances FCR-D. FCR-N responds to standard frequency fluctu-

ations within ±0.1 Hz from the nominal value. FCR-D responds to more severe deviations,

aiming to keep the frequency between 49.5–50.5 Hz. FCR-D is further divided into two

products: FCR-D Up and FCR-D Down for upward and downward flexibility. For exam-

ple, FCR-D Up is activated when frequency falls below 49.9 Hz from the FCR-N range,

and the flexibility resources are required to rapidly increase power production or reduce

consumption to correct the frequency decline. [31]

FRR aim to restore the frequency to its nominal value after the initial containment by

FCR. Automatic Frequency Restoration Reserves (aFRR) are activated based on a con-

tinuously updated control signal that follows the frequency deviation in the Nordic syn-

chronous area. There are two separate aFRR markets: the aFRR capacity market,

where providers are compensated for their availability to deliver aFRR, and the aFRR

energy market, where providers are paid based on the actual activated energy. [32] The

aFRR energy and capacity markets are part of the reserve markets, and should not be

confused with the normal energy and capacity markets. The aFRR energy market has

been part of the PICASSO market (Platform for the International Coordination of Auto-

mated Frequency Restoration and Stable System Operation) since March 2025, enabling

the exchange and activation of aFRR across Europe [35][36].

Manual Frequency Restoration Reserves (mFRR), in contrast, are activated manually by

Fingrid and typically have a longer activation time. They are used for correcting larger

imbalances and supporting scheduled balancing operations. Like aFRR, mFRR are also

divided into capacity and energy markets. [33] The Nordic mFRR energy market is be-

ing further developed and is planned to integrate with the European Manually Activated

Reserves Initiative (MARI) platform [37].

FFR is a newer product introduced to provide very rapid frequency support in low-inertia
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conditions, where traditional reserves like FCR-D may not react fast enough to prevent

large frequency deviations following sudden disturbances, such as the unexpected dis-

connection of a major power plant. Inertia, provided by the rotating masses of conven-

tional power plants, resists frequency changes in the system. The activation of FFR typi-

cally takes place during summer months or other periods when system inertia is expected

to be low. [34][38]

Energy marketsReserve markets

FFR FCR-D FCR-A aFRR mFRR Intraday Day-ahead

1 second

Timescale

seconds
a few 
minutes

5
minutes

15
minutes hours 1 day

During major 
frequency 
disturbances, 
low inertia 

During major 
frequency 
disturbances Constantly

Targeted 
hours, after 
frequency 
disturbances If needed

Figure 2.2. The approximate timescales the different markets operate on. The timescales
of the reserve markets portray the activation times of the flexibility products. Adapted from
[25, pp. 12–13] and [38].

FFR admits only resources that can deliver their full upward response in roughly one

second: the provider chooses an activation class of 0.7, 1.0, or 1.3 s, each tied to a

trigger frequency of 49.5, 49.6, and 49.7 Hz, respectively. Once triggered, the power

change may overshoot the contracted capacity by no more than 20% (or a maximum of

35% with a Fingrid waiver) and must stay active for either 5 s or 30 s, depending on the

chosen recovery profile. The flexibility provider must be able to re-arm in 15 minutes for

the next event. [39]

FCR markets have many different requirements for demand response providers. They

must undergo a prequalification process that includes documentation, technical descrip-

tions, and specific testing. Prequalification must be reassessed at least every 5 years

or after significant changes. The minimum bid size is 0.1 MW for FCR-N and 1 MW for

FCR-D. The steady state response, endurance, and activation speed of FCR is tested

with ±0.1 Hz frequency steps for FCR-N and with frequency ramps for FCR-D. The re-

sponse can have a maximum of 20% over-delivery and -5% under-delivery compared to

the target direction. The activation speed requirement for FCR-N in the time domain is

approximately 63% activation in one minute and 95% in 3 minutes. Endurance is tested

by keeping each step for 15 minutes for non-energy-limited resources. [31][40]

Limited Energy Reservoirs (LERs), such as batteries and other energy-limited demand

response units, must be able to maintain full activation of FCR-N for at least 60 minutes in
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both upward and downward directions, and for FCR-D for a minimum of 20 minutes. For

aggregated LERs, the requirement applies to the group as a whole. [40]

The FCR frequency response must be monotonic and either relatively linear or, for step-

wise control, must have at least 14 power steps for FCR-N or 7 steps for FCR-D in each

direction. There are stability requirements for FCR-N and dynamic FCR-D providers,

since they are used in frequency feedback control. The stability is tested using frequency

domain sine wave tests. Dynamic FCR-D adjusts its output continuously and can rapidly

decrease the activated reserve as the frequency deviation decreases. There are also

static FCR-D providers, which lack continuous regulation capability and need a longer

recovery period following activation. [40]

The control signal for aFRR is sent every 4 seconds. Activation must start within 30

seconds and reach the desired level in five minutes, with delivered power kept within

±10% of the set-point throughout the activation. The minimum activated power is 1 MW.

As with FCR, aFRR-capable resources must undergo a validity test every 5 years. The

test sequence involves alternating steps of ±50% and ±100% of the maximum declared

power, each held for 5 minutes. [41]

In the mFRR markets, the technical entry requirements are more lenient compared to

the other reserve markets. Although mFRR does not require dynamic signal tracking like

aFRR, providers must ensure that the offered capacity can be reliably delivered within

the required time frame, which is 12.5 or 15 minutes. With a 12.5-minute activation time,

there is a 2.5-minute preparation time followed by a 10-minute ramp to full power, and for

a 15-minute activation, the entire change is achieved within 15 minutes. The size of the

bid has to be at least 1 MW. The bids are also given with an accuracy of 1 MW. [42]

2.3 Microwave plasma torches

There are multiple options for replacing heat-generating devices with electric alternatives.

The options include, for example, resistive heating, inductive heating, radio frequency

heaters, infrared heaters, heat pumps, microwave heating, and various plasma technolo-

gies, such as direct current (DC) and alternating current (AC) arc plasma torches, radio

frequency inductive coupled plasma torches (RF-ICPTs), and microwave plasma torches

(MPTs). [43, pp 1–5][44] This work focuses further on MPTs, as they are among the

few electric technologies capable of reaching the high temperatures required in ceramic

manufacturing kilns.

An advantage of MPTs over more conventional DC and AC arc plasma torches is the

absence of electrodes, which have a limited lifetime. RF-ICPTs don’t have electrodes

either, but their energy efficiency is inferior compared to MPTs, especially at high powers.

Moreover, unlike the MPTs, the RF-ICPTs require safety shielding due to the RF power
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they emit, which can also prevent the possibility of coupling multiple RF-ICPT together to

increase the power. [10, p. 26]

Microwaves are typically defined as electromagnetic radiation with frequencies between

300 MHz and 300 GHz [45, pp. 1–2]. MPTs often utilize 2.45 GHz magnetrons, which are

also found in typical household microwave ovens [10, p. 26]. A magnetron is a vacuum

device that produces high-power microwave radiation by utilizing the interaction of an

electron flow and a magnetic field. [46].

Plasma is usually defined as a distinct state of matter, alongside solids, liquids, and gases.

It forms when a gas is given enough energy so that a portion of its atoms are ionized,

meaning that electrons are stripped away from their nuclei. This process produces a

mixture of free electrons and ions, as well as neutral atoms that can be in fundamental or

excited states, resulting in a medium with unique properties. [47, pp. 1–2, 29][48, p. 3]

A key feature distinguishing plasma from neutral gases is its ability to conduct electric-

ity and respond to electromagnetic fields. This collective behavior is characterized by

phenomena such as Debye shielding, quasi-neutrality, and plasma oscillations. Debye

shielding is the plasma’s ability to reduce electric fields. Quasi-neutrality means that

while composed of charged particles, plasmas are generally electrically neutral overall

because the densities of positive and negative charges are nearly equal. Electric fields,

such as microwaves, can displace the plasma’s electrons from their equilibrium positions,

causing oscillations, characterized by the plasma frequency. [47, pp. 29–43]

In MPTs, the microwaves transfer energy to the free electrons of a gas, which then un-

dergo elastic collisions with heavier neutral gas particles. Due to the significant mass dif-

ference, the heavy particles remain nearly stationary while the electrons rebound, gradu-

ally gaining kinetic energy. After a series of such collisions, the electrons acquire sufficient

energy to cause inelastic collisions that can excite or ionize the gas atoms. This results

in partial ionization of the gas and the formation of a thermal plasma. [48, p. 11]

In thermal plasmas, also referred to as hot plasmas, electrons are approximately at the

same temperature as the heavier ions and neutral atoms due to frequent collisions and

high particle densities. In contrast, in cold plasmas, the electrons are significantly hotter

than the heavier particles, which remain near ambient temperature. [48, pp. 3–4]

Microwave plasma sources are typically composed of a microwave power unit that in-

cludes a power supply, a magnetron, and a circulator to protect the magnetron from re-

flected waves. Additional components include microwave transmission and tuning ele-

ments, an ignition system, and gas injection mechanisms. [48, p. 11] There are multiple

options for the gas used to create the plasma. For example, argon, nitrogen, oxygen, and

hydrogen gases, as well as different gas mixtures have been utilized in different applica-

tions [10][48, p. 16].
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There are multiple types of microwave plasma technologies. Free-expanding microwave

plasma torches operate in open air and are typically categorized as metallic or semi-

metallic. Metallic torches use a waveguide-to-coaxial transition where the plasma gas

flows through the coaxial conductor and ignites at a nozzle. Semi-metallic torches omit

the coaxial transition, instead generating plasma inside a quartz tube placed within the

waveguide. Surface waves propagate along the tube–plasma interface, allowing extended

discharges. [48, pp. 12–14] Figure 2.3 presents some examples of both of the torch types.
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Figure 2.3. Examples of different MPT designs: a) a metallic TIA design, b) a simple
semi-metallic MPT design, and c) an improved semi-metallic MPT design. Adapted from
sources [48, pp. 13-14], [11, p. 585], and [49, p. 227].

One example of the metallic MPT type is the TIA (Torche à Injection Axiale, a torch with

axial gas injection) configuration. The microwave power is supplied through a rectangular

waveguide to a coaxial waveguide, where the power is then transferred to the plasma.

The change from rectangular to coaxial geometry serves as a waveform converter and an

impedance transformer, which is used to match the impedance of the microwave source to

that of the load, thereby maximizing power transfer to the plasma and minimizing signal

reflections. Movable plungers are used to control the impedance matching in both the

rectangular and the coaxial sections. [11, pp. 585–588]

The second design in Figure 2.3 illustrates the basic principle of a semi-metallic MPT.

The third design demonstrates possible improvements to that design. These include, for

example, a resonator chamber, a water cooling system, pulsed microwave input, rotating

gas vortex input, and a nozzle design for the quartz tube. The water cooling and the puls-

ing microwave input allow for higher powers without overheating the system, alongside

the rotating glass flow, which protects the quartz tube walls from the heat. The resonator

and the nozzle are used to better concentrate microwave power and shape the plasma

jet. [48, pp. 13–14][49]
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2.4 Ceramics manufacturing

2.4.1 Process description

The manufacturing of ceramic tiles consists of several stages. It begins with the prepa-

ration of raw materials, such as clay, feldspar, quartz, and other minerals, which are first

mined and then processed to remove impurities. These materials are finely ground into a

powder and subsequently mixed in specific proportions to create a homogeneous blend

suitable for tile formation. [9][12, pp. 2–6][13, p. 3]

The blended material is then shaped into tiles through either hydraulic pressing or extru-

sion. After the shaping, the tiles are dried in kilns at around 120 °C to remove any residual

moisture, which enhances their strength and durability. After drying, a glaze can be ap-

plied to the surface of the tiles. The glazed tiles are then fired in a kiln at temperatures

possibly up to 1400°C to vitrify the clay particles, fusing them into a hard, dense mate-

rial. This firing process also permanently bonds the glaze to the tile’s surface, creating a

smooth, durable finish. The hot flue gas flows counter to the moving direction of the tiles

and is exhausted through a stack located at the entry of the kiln. [9][12, pp. 2–6][13, p. 3]

Following the firing stage, room-temperature air is injected into the end of the kiln to cool

the tiles down. The cooling is divided into two or more stages. Depending on the materials

used in the tile and the glazing, the stage with a temperature around 500–1000 °C must

be slow enough to avoid cracking of the tile as the material volume contracts. The firing

and cooling stages are separated by a firewall, and the cooling air has an exhaust stack

separate from the flue gas stack. [12, pp. 2–6][13, p. 3]

After exiting the kiln, the tiles are cut to the desired sizes using precision tools like diamond

blades or water-jet cutters, and the edges are finished to ensure a uniform appearance.

The final tiles undergo quality control inspections to ensure consistency and meet industry

standards before being packaged and shipped to customers. [9]

A roller kiln is illustrated in Figure 2.4. The tiles are fed into the kiln from the left side,

and they move to the right on the roller bars at a constant velocity. At first, the hot gases

flowing towards the flue gas stack preheat the tiles. After that, the tiles reach the firing

zone, where the temperatures of each subsection are controlled with gas burners, which

are marked in the figure with red circles. The burners are fired perpendicular to the tiles’

moving direction from the kiln walls on both sides of the tiles. [9][12, p. 6][13, p. 3]

The firing can be divided into three phases: bisque firing, glaze firing, and vitrification.

For example, in porcelain stoneware tile manufacturing, the temperatures in these stages

can be 1000–1100 °C, 1100–1250 °C, and 1200–1300 °C, respectively. [9][50, p. 1]

In the bisque firing stage, also called biscuit or green firing, moisture and organic materials

are removed, allowing the clay particles to begin fusing and form a solid structure. This
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Figure 2.4. A side-view of a ceramic tile firing roller kiln. Adapted from sources [12, p. 6]
and [13, p. 3].

phase determines the tile’s hardness and density. In glaze firing the glaze is fused with

the tile surface, creating a hard, glossy layer that protects the tile. This stage affects the

appearance, texture, and durability of the tile surface. Finally, in the vitrification phase, the

clay particles undergo further fusion, sealing the remaining pores and creating a dense,

hard surface. This makes the tile highly resistant to water absorption and wear. [9]

2.4.2 Electrification and demand response of a roller kiln

The firing process could potentially be electrified by replacing the gas burners with MPTs.

The kiln could then provide some level of demand response by shutting down some or all

of the torches. The thermal inertia of the kiln walls and the ceramic tiles would slow the

cooling process when the torches are off, meaning that a brief enough torch downtime

should not significantly disrupt the tile production. [9]

When the type of the produced tile is changed, there is a break in the tile input to the kiln

[9]. This causes a gap with no tiles on the roller. As this gap moves through the kiln, the

torches could be turned off at the locations where the gap is present. Once a tile reaches

the position of a torch again, the torch can be reignited. By scheduling the product type

changes or other gaps in the tile feed to the times of peak electricity prices, the kiln can

offer peak shaving to the market. From the perspective of electricity producers, shutting

down the torches would have the same effect as an increase in electricity production

equivalent to the power of the torches.

The electric power of the MPTs can be cut nearly instantly, meaning the activation speed

requirements for upward control in various reserve markets would be satisfied. The 5- or

30-second continuous activation duration requirement of FFR could be a short enough

timescale to shut down all or some of the torches without significantly affecting the pro-

duction, possibly even when there are no gaps in the tile feed. However, the continuous
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20-minute activation duration required for FCR-D Up (assuming the kiln to be considered

as a limited energy reservoir) could potentially disrupt tile production.

The minimum demand response power required by the reserve markets may pose a chal-

lenge if the plant participates independently. However, operating as part of a VPP enables

participation without the need to provide the entire required power reduction alone.

The kiln is likely less capable of providing downward flexibility than upward flexibility, as

the torches are assumed to be already on most of the time. Although their power can be

temporarily increased, the resulting increase in power consumption is limited compared

to the significant reduction that can be achieved by shutting the torches off. Moreover,

prolonged operation above the set point risks overheating and damaging the product or

kiln materials.
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3. MATERIALS AND METHODS

3.1 Research strategy

A literature review was carried out to address the research questions 1 and 2. Chapter

2 introduces the electrification of a ceramics manufacturing plant using MPTs, as well as

the different demand response products and their suitability for the plant. The review also

provides the theoretical background on process operation and electricity market mecha-

nisms needed to assess how electrification could affect the process and its potential to

provide flexibility to the power system.

RQ 1: MPT's effect on plant 

operation principle?

Process 

description

RQ 2: demand response 

capabilities?

Feasible flexibility 

mechanism

RQ 3: Demand reduction in 

example cases?
Model creation

Example case 

simulation

Scenario 

data

Dynamic 

process model

Demand 

reduction 

results

Literature review Literature review

Figure 3.1. A flowchart describing the research strategy that is used to answer the three
research questions. The white rectangles represent processes, and the green rhomboids
represent the resulting data.

A dynamic model was developed to answer the third research question. The model and

the relevant heat and mass transfer mechanisms are introduced in this chapter, followed
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by the introduction of the simulation cases. The overall research strategy is summarized

in Figure 3.1, which shows how the literature review and modeling complement each other

in addressing the three research questions.

3.2 Roller kiln model

3.2.1 Model structure

The roller kiln model was developed in Simulink (MATLAB version 2024a). The model

is one-dimensional, dividing the kiln into multiple control volumes along its length. The

temperature and other variables are assumed to be uniform within each control volume.

The model was used to simulate the amount of electricity saved when tile input to the

kiln is stopped, allowing the torches to be turned off in control volumes where no tiles are

present. Simulations were run with varying lengths of tile input gaps, and the tempera-

tures at each part of the kiln were also monitored.

The mass transfer model considers the movement of tiles on the rollers and the flow

of gases inside the kiln. The heat transfer model accounts for convection and radiation

between the kiln walls, ceramic tiles, and the gases. Additionally, heat advection and

diffusion within the gases, as well as advection with the tiles, are included. Conduction

through the kiln walls, as well as convection and radiation to the ambient air from the outer

wall surface, are also modeled. The kiln wall is divided into multiple layers to model the

temperature of the inner and outer layers more accurately.

The terms convection and advection might cause some confusion, as they are often used

interchangeably. However, in the context of this thesis, convection is defined to be the

combination of advection and diffusion of heat. In advection, the heat is carried along

the bulk movement of a fluid. Diffusion means the molecular heat transfer caused by the

temperature gradient in the fluid, which can also be seen as conduction. Conduction also

appears inside solid objects, such as the kiln walls. [51, p. 46]

The different types of heat transfer models included in each control volume are illustrated

in Figure 3.2. The red arrows indicate heat flow, and the black arrows indicate the direc-

tion of the gas and the tile movements. The directions of the mass transfers are assumed

to be constant, whereas the net heat flows can change direction depending on the tem-

peratures of the gas bulk, tiles, and wall layers in each control volume.

Instead of connecting multiple identical Simulink blocks in a series to model the control

volumes, all of the equations in the kiln model are vectorized so that each state variable

has as many elements as there are control volumes. This way it is easy to scale the

number of control volumes just by changing the dimension of the initial state variables,

and there is no need to modify the Simulink model structure itself. For the wall layers a
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Figure 3.2. Types of heat transfer inside a roller kiln model’s control volume.

matrix notation is used, where the rows represent the control volumes and the columns

represent the wall layers.

For each control volume, on each time step, the time derivatives of the temperatures of the

tiles, gas, and wall layers, as well as the time derivative of the tile mass, are calculated

with the equations presented in the following subchapters. These derivatives are then

integrated using Simulink’s integrator blocks. The temperature and mass values are fed

back to the equations used to calculate them. The integrator blocks do not have direct

feedthrough, meaning they break the algebraic loops that would be formed if the model

outputs are fed back as an input without delay, making the equations dependent on the

result they’re trying to calculate [52].

A controller was implemented in the model to control the temperatures in the control

volumes. The controller manipulates the power of the torches and can be used to shut

them down for the demand response simulations. Some of the control volumes don’t have

torches, and as a result, their temperatures are not controlled. The torches themselves

were not modeled in detail. All of the torches’ power given by the controller is directly

assumed to generate heat to the gas inside the control volumes. Efficiency coefficient

ηtorch is used to convert the used torch power to the electric power consumed.

The gas is assumed to be air at a constant absolute pressure of 1 atm when calculating

properties, such as density ρ, kinematic viscosity ν, Prandtl number Pr, thermal conduc-

tivity k, and specific heat capacity cp. These properties are modeled with look-up tables,

which take in the temperature of the gas. The table values were calculated using the

gasProp function [53]. For the convection calculations, the gas properties are evaluated
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at the film temperature, meaning the average of the surface temperature and the gas

free-stream temperature.

The net heat flows for the walls, tiles, and gas inside a control volume are:

Q̇net to walls = Q̇conv to walls + Q̇rad gas to walls − Q̇rad walls to tiles, (3.1)

Q̇net to tiles = Q̇conv to tiles + Q̇rad gas to tiles + Q̇rad walls to tiles, (3.2)

Q̇net to gas = Q̇torches − Q̇conv to walls − Q̇conv to tiles

− Q̇rad gas to walls − Q̇rad gas to tiles,
(3.3)

where the subscript conv refers to convection and rad to radiation. In addition to these net

heat flows within the control volumes, advection and diffusion of heat across the borders

of neighboring control volumes are considered for the gas. For the tiles, only advection is

considered because, in reality, the tiles are discrete entities rather than a continuous flow,

so diffusion of heat between different tiles does not occur.

Some of the heat flows identified in other studies related to ceramics manufacturing roller

kilns, such as in [12] and [13], were not accounted for in the model version presented

in this thesis. One such heat flow is the reaction enthalpy consumed by the physical-

chemical transformations occurring in the tiles during firing. In the mentioned sources,

this was identified as one of the major contributors to the energy balance, accounting for

nearly 15 % of the output energy.

Another significant contributor was unmeasured or uncontrolled energy losses, which ac-

count for approximately 12 % of the energy output. Such heat losses can occur at the

kiln inlet and outlet, as well as through various orifices and fissures in pipelines, fans, and

other equipment. A third unmodeled heat loss, although a minor one at around 0.4 % of

the energy output, is the latent heat associated with the vaporization of moisture in the

gas and the tiles. [12],[13] Furthermore, it has been assumed that no gas is recirculated

inside the kiln.

3.2.2 Convection

The convective heat transfer rate from the gas bulk to the tiles and the kiln’s inner walls,

as well as from the kiln’s outer walls to the ambient air, can be calculated with Newton’s

law of cooling [54, p. 26]:

Q̇conv = hAsurface∆T, (3.4)
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where h is the convection heat transfer coefficient, Asurface is the area of the surface

where the convection occurs, and ∆T is the temperature difference between the gas

and the surface. The heat transfer coefficient h can be solved from the definition of a

dimensionless convection heat transfer coefficient called Nusselt number Nu:

h =
Nukgas

Lc
, (3.5)

where kgas is the thermal conductivity of the gas, and Lc is the characteristic length of the

surface. The Nusselt number is the ratio between the total convective heat transfer and

the conductive heat transfer. [54, p. 376] In other words, it’s the sum of advection and

diffusion terms divided by the diffusion term.

Whether the flow is turbulent or laminar affects the value of the Nusselt number. The flow

type can be estimated with Reynolds number Re, which is the ratio of the inertia forces to

viscous forces in the gas. For an external flow, the Reynolds number is

Re =
vgasLc

νgas
, (3.6)

where vgas is the free-stream velocity and νgas is the kinematic viscosity of the gas. [54, pp.

384–385] Here, the flow is assumed to be turbulent for Reynolds numbers Re > 5 · 105

and laminar otherwise. The average Nusselt number over the surface for laminar and

turbulent flow is given by the following correlations:

Nu =

⎧⎨⎩0.664 Re1/2 Pr1/3 if Re < 5 · 105, Pr > 0.6,

0.037 Re4/5 Pr1/3 if 5 · 105 ≤ Re ≤ 107, 0.6 ≤ Pr ≤ 60,
(3.7)

where Pr is the Prandtl number of the gas. [54, p. 424] The Prandtl number describes

the relation between the gas’s velocity boundary layer and the thermal boundary layer’s

thicknesses. For air at 1 atm absolute pressure and temperatures typical for the kiln, the

Prandtl number is close to 0.7. This means that heat diffuses through the fluid slightly

faster than momentum. [54, p. 384]

3.2.3 Radiation

The radiative heat transfer rate from the gas to the walls and to the tiles is modeled as

radiation between two large parallel plates:

Q̇rad gas =
Asurfaceσ(T

4
gas − T 4

surface)
1

ϵgas
+ 1

ϵsurface
− 1

, (3.8)
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were A is the area, σ is the Stefan-Boltzmann constant, T is the temperature and ϵ is the

emissivity. The gas and the surface are assumed to be opaque, diffuse, and gray bodies.

[54, p. 753] The parallel plates assumption is justified by the kiln’s geometry, where the

gas is enclosed between large, nearly parallel surfaces and the radiating distance is small

compared to the whole kiln’s surface dimensions, making edge effects negligible. Also,

the radiation from the gas to different surfaces is assumed to be sufficiently uniform to

allow the use of this approximation.

The gas emissivity is approximated with the following flame emissivity correlation:

ϵgas = β(1− e−KPL), (3.9)

where β is the flame filling factor, K is the attenuation factor, P is the gas absolute pres-

sure in atm, and L is the thickness of the radiating gas layer in m. The flame filling factor

β equals 1 for nonluminous flames, which is assumed to be the case in this model. For

sooty flames of liquid fuels, the factor would be 0.75, and for luminous and semiluminous

flames of solid fuels 0.65. [55, pp. 53–54] For the nonluminous flame, the attenuation

factor is

K =
(0.8 + 1.6PH2O)(1− 0.00038Tgas)(PCO2 + PH2O)

((PCO2 + PH2O)L)1/2
, (3.10)

where Tgas is the gas temperature in K, and PH2O and PCO2 are the partial pressures of

water and carbon dioxide in the gas in atm [55, p. 54]. Since the gas is heated with

microwave-generated plasma instead of combustion, the radiating gas is assumed to be

air. Therefore, the amount of carbon dioxide is lesser than in combustion calculations.

The radiating gas layer thickness, also known as the mean beam length, is approximated

as

L = 0.9
4Vgas

A
, (3.11)

where Vgas is the volume of the gas and A is the area of surfaces around the gas body

[56, p. 980].

The geometry of the kiln is taken into account with view factor Fwalls to tiles when calculating

the radiation from the kiln walls to the tiles [54, p. 752]:

Q̇rad walls to tiles =
σ(T 4

gas − T 4
surface)

1−ϵwalls
Awallsϵwalls

+ 1
AwallsFwalls to tiles

+ 1−ϵtiles
Atilesϵtiles

. (3.12)

The roller bars block the majority of the area beneath the tiles, so only the radiation affect-
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ing the top of the tiles is calculated. Therefore, only the upper half of the two side walls

and the ceiling in each control volume are counted in for the calculation of Q̇rad walls to tiles.

Separate view factors are calculated for the side walls and the ceiling, and the resulting

heat transfer rates from each are combined. For simplicity, the view factors are modeled

assuming two-dimensional geometries:

Fceiling to tiles =
√︁

1 + (∆y/∆z)2 − (∆y/∆z), (3.13)

Fside walls to tiles =
1 +∆z/∆y −

√︁
1 + (∆z/∆y)2

2
, (3.14)

where ∆y is the height of the walls above the tiles, and ∆z is the width of the ceiling.

The third dimension along the x-axis is assumed to be infinite. [57, p. 545] More accurate

and complex equations for finite three-dimensional geometries can be found, for example,

from sources [54, p. 735] and [57, p. 546].

The radiative heat loss Q̇rad wall to ∞ from the kiln’s outer wall to the surroundings is mod-

eled using the Stefan–Boltzmann law for diffuse gray surfaces:

Q̇rad walls to ∞ = ϵwallsσAwalls

(︁
T 4

walls − T 4
∞
)︁
, (3.15)

where Twalls is the wall outer layer temperature, and T∞ is the ambient temperature. This

formulation assumes radiation to large isothermal surroundings with a view factor close

to unity. [58, pp. 14–16]

3.2.4 Gas body

The gas flow model is simple: the flow velocity is assumed to be constant, and the

temperature-dependent gas density determines the mass of the gas in each control vol-

ume. No pressure profile for the gas is modeled; rather, the absolute gas pressure is

assumed to be constant at 1 atm in each control volume.

The temperature change of the gas is modeled with the advection-diffusion equation [59,

p. 208]:

∂Tgas

∂t⏞ ⏟⏟ ⏞
Ṫ gas

= −vgas
∂Tgas

∂xvolume⏞ ⏟⏟ ⏞
Ṫ gas advection

+ αgas
∂2Tgas

∂x2
volume⏞ ⏟⏟ ⏞

Ṫ gas diffusion

+ ST⏞⏟⏟⏞
Ṫ gas source

(3.16)

where advection describes the transportation of heat to the next control volume along the
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gas flow, diffusion describes the temperature gradient-driven dispersion of heat between

the control volumes, and the source term includes all the heat transfer confined inside the

control volume. The thermal diffusivity αgas and velocity vgas of the gas are both assumed

to be constant. The advection-diffusion equation is also known as the convection-diffusion

equation, but in this thesis, a distinction is made between convection and advection, as

discussed in the subsection 3.2.1.

The one-dimensional model with homogeneous control volumes can be simplified to a

one-dimensional grid of equally spaced nodes, where the nodes represent the central

points of the control volumes. Therefore, the finite difference method can be used to

discretize the advection-diffusion equation. The backward differencing scheme [60, p.

91] is used for the advection part:

Ṫ gas advection = −vgas
Tgas − Tupstream

∆xvolume
, (3.17)

where ∆xvolume is the length of the control volume in the flow direction. This means the

output heat advection from the control volume is determined by the temperature differ-

ence between the current and the upstream control volumes. From the point of view of

the gas flow, the upstream temperature of the first control volume and the downstream

temperature of the last control volume is a constant room temperature T∞. The direction

of the advection is the same as the direction of the gas velocity, which is constant. As for

the diffusion, which is modeled with the second-order central differencing scheme [60, p.

91], the direction of heat transfer is determined by the temperature differences:

Ṫ gas diffusion = αgas
Tdownstream − 2Tgas + Tupstream

∆x2
volume

. (3.18)

This means the diffusion term always acts to reduce the temperature differences between

neighboring control volumes. The thermal diffusivity αgas is a property of the gas describ-

ing the rate of the diffusion:

αgas =
kgas

ρgascp gas
, (3.19)

where kgas is the thermal conductivity, ρgas is the density, and cp gas is the specific heat

capacity of the gas in constant pressure.

The total heat transfer Qnet to gas inside the control volume is defined in equation 3.2. Its

effect on the gas body’s temperature is calculated as follows [54, pp. 7–9]:

Ṫ gas source =
Qnet to gas

mgascp gas
. (3.20)
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The same form of equation is used to calculate the temperature changes in the kiln walls

and the tiles as well. The tiles and the walls are considered to be incompressible, meaning

there is no difference in their specific heat capacity in constant pressure and constant

volume [54, p. 8].

3.2.5 Ceramic tiles

The movement of the tiles is modeled as a flow rather than as discrete tile entities. The

small gaps between individual tiles are accounted for by reducing the continuous tile mass

flow input into the kiln accordingly. The input mass flow can be controlled. However, in

the simulations run for this thesis, the input flow is always either at the maximum input or

zero. The mass balance of the tiles in each control volume is

ṁtiles = ṁtiles in − ṁtiles out, (3.21)

where the input mass flow of each control volume is the output of the previous control

volume, except for the first one, where the input is provided as a simulation parameter.

To account for the time the tiles stay in each control volume, the tile output mass flow is

modeled as follows:

ṁtiles out = mtiles/τ, (3.22)

where mtiles is the mass and τ is the residence time of the tiles in the control volume.

This model is analogous to the unsteady-state reactor’s outflow model from the source

[61, pp. 274–275]. The tile mass flow model’s dynamic behavior is further discussed in

subsection 3.2.7. The residence time depends on the control volume’s length ∆xvolume

and the roller’s velocity vroller:

τ = ∆xvolume/vroller. (3.23)

The top area of the tiles present in a control volume is needed for the convection and

radiation heat flow calculations in equations 3.4, 3.8, and 3.12. It can be obtained with

the present tile mass, tile density ρtiles, and tile height ∆ytiles:

Atiles =
mtiles

ρtiles∆ytiles
, (3.24)

assuming the tile flow has a rectangular cuboid shape. The simulations were carried out

assuming constant tile density and height.
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The temperature of the tiles in each control volume is affected by the movement of the

tiles and the heat transfer from the gas and the walls. These heat transfer mechanisms

are labeled as advection and source, respectively:

Ṫ tiles = Ṫ tiles advection + Ṫ tiles source. (3.25)

Like with the gas flow in equation 3.17, the advection of temperature along the movement

of the tiles from a control volume to the next one is represented with a first-order backward

differencing advection scheme [60, p. 91]:

Ṫ tiles advection =
ṁtiles in

mtiles
(Ttiles in − Ttiles), (3.26)

where the input mass and temperature are the values of the previous control volume.

As with equation 3.21, the input values are given as a simulation parameter for the first

control volume. The tile flow direction is assumed to be constant.

The temperature change Ṫ tiles source caused by the heat transfer to the tiles from their

environment is calculated in the same way as with the gas in equation 3.20. The total

heat transfer rate Q̇net to tiles is defined in the energy balance equation 3.2.

To ensure numerical stability and computational efficiency, a threshold tile mass mtiles threshold

is defined for the control volumes. When the total tile mass within a control volume falls

below this threshold, heat transfer is neglected. Although the heat flow scales with tile

mass, very small masses amplify the influence of numerical round-off and cause the

solver to reduce its timestep unnecessarily. Moreover, tile amounts below the threshold

have little physical relevance for representing the tile flow.

If there are no tiles in a control volume, there should be no defined tile temperature. How-

ever, to simplify the modeling process, the temperature of these so-called empty tiles is

set to a reference temperature. This way, all the equations above can be applied regard-

less of the presence of the tiles. Absolute zero as the reference temperature was tested,

but it was found to be infeasible due to numerical issues caused by large derivatives oc-

curring when new tiles enter empty control volumes. Room temperature T∞ was chosen

instead, as it seemed to cause fewer numerical issues, and it didn’t seem to affect the

results notably compared to the absolute zero case.

3.2.6 Kiln walls

Unlike the tile model, the kiln walls are divided into multiple layers to better capture the

temperature differences between the inner and outer surfaces. Only the side walls and

the ceiling of the kiln are considered to take part in the heat transfer; the floor is assumed
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to be perfectly insulated. The heat transfer rate Q̇net to walls to the inner wall surface is

defined by the energy balance equation 3.1. The convective heat transfer Q̇conv walls to ∞ to

the ambient temperature T∞ occurring on the outer surface is calculated the same way

as the convection inside the kiln, as described in the subchapter 3.2.2. The effect of these

heat flows on the temperatures of the innermost and outermost wall layers is calculated

in the same way as for the gas in equation 3.20.

The total heat transfer rate Q̇∞ from the outer wall surface to the kiln surroundings is

Q̇∞ = Q̇conv walls to ∞ + Q̇rad walls to ∞, (3.27)

where Q̇rad walls to ∞ is calculated with equation 3.15.

The one-dimensional heat conduction equation for a large plane wall [54, p. 90] has the

same form as the diffusion term in equation 3.16, and it can be discretized in the same

manner as in equation 3.18. By combining the conduction equation with the aforemen-

tioned boundary conditions, the temperature changes of the wall layers numbered from

innermost to outermost as i = 1, 2, ..., n can be calculated as follows:

Ṫ i =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
αi

Ti+1 − Ti

d2
+ Q̇net to walls

mici
if i = 1,

αi
Ti−1 − 2Ti + Ti+1

d2
if 1 < i < n,

αi
Ti−1 − Ti

d2
− Q̇∞

mici
if i = n,

(3.28)

where αi are the thermal diffusivities, mi the masses, ci the specific heat capacities, and

d the thicknesses of the wall layers. The thermal diffusivity can be calculated in the same

way as for the gas in equation 3.19. All layers are assumed to have equal thickness. The

direction of the conductive heat flow is assumed to be perpendicular to the surfaces of the

layers. Therefore, no conduction between layers in different control volumes is modeled.

3.2.7 Temperature control and torch shutdowns

The gas temperatures of each control volume are controlled with a standard form PI-

controller [62, pp. 9–10], which manipulates the heating power of the torches. The struc-

ture of the controller is presented in figure 3.3. To model the operation range of the

torches, the controller output u(t) is limited between zero and umax. The upper limit can

be set to zero for some or all the control volumes to model torch shutdown in a demand

response situation. Some control volumes don’t have torches, so their gas temperature

can’t be controlled directly.
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Figure 3.3. PI-controller for the control volume temperatures, with a limiter and anti-
windup back-calculation.

To avoid integrator windup when the controller output saturates, the back-calculation

method [63, p. 1694] is used as an anti-windup solution. The controller was roughly

tuned by hand after using the lambda-tuning method [64, p. 4600] to get approximate

initial values for Kp and Ti.

To reduce the kiln’s electricity consumption, for example, during a demand response sit-

uation, the tile input is temporarily paused, and the torches are turned off when there are

no tiles beneath them. To analyze the dynamic behavior of the tile mass accumulation

inside a control volume, equations 3.21 and 3.22 can be Laplace transformed and rear-

ranged to form the transfer function G(s) between the tile mass input flow ṁtiles in(t) to a

control volume, and the mass of the tiles mtiles(t) in the control volume:

G(s) =
Mtiles(s)

Ṁ tiles in(s)
=

τ

τs+ 1
, (3.29)

where s is the Laplace variable [65, pp. 90–92, 97, 111]. G(s) is a first-order transfer

function, meaning its step response is monotonic. The tile residence time τ acts as both

the time constant and the gain of the transfer function. Therefore, a shorter residence

time causes the accumulated mass to adjust more quickly to changes in input flow, while
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also reducing the total mass accumulated in the control volume. [65, pp. 185, 326] As

seen from equation 3.23, a shorter control volume length in the x-direction makes the

residence time shorter.

The tile mass flow model causes the mass of tiles in a control volume to change gradually

when the tile input is adjusted. If the pause in tile input is too short compared to the tile

residence time τ , the control volumes may never fully reach zero tile mass. As a result,

the torches might be shut down for too short a period or not shut down at all, if zero tile

mass is required. To prevent this, the torches are turned off when the tile mass drops to

less than half of the mass present during full production.

To model the tile movement more accurately, the amount of control volumes the kiln is

divided into can be increased. In this thesis, the number of control volumes was kept

moderate in order to decrease the computational cost. This, however, comes with the

cost of less accurate modeling of the torch shutdown durations.

To calculate the amount of saved electricity Ee saved, a normal production rate steady-

state is first simulated, and the torch powers are saved as reference values. A tile input

interruption is then introduced, and the torches are shut down accordingly. The differ-

ence between the actualized torch powers and the reference power values are then inte-

grated over the interruption time, resulting in the amount of saved torch heating energy

E torches saved. This can then be divided by the torch efficiency ηtorch to get Ee saved. The

reduction in electricity consumption could be provided as a part of a demand response

program by scheduling the point of time when the reduction happens. The torch efficiency

must account for magnetron conversion losses, imperfect coupling of microwave power

into the plasma, and thermal losses in the torch itself.

3.3 Simulation cases and input data

MATLAB’s ode15s solver was used to solve the equations with a relative error tolerance

of 10-4. Ode15s is a variable-step, variable-order, multistep solver based on numerical

differentiation formulas of orders from 1 to 5, specifically designed to solve stiff problems

[66]. Stiffness has several definitions, but it typically refers to a property of systems of dif-

ferential equations with widely varying timescales in their dynamic behavior, which forces

explicit integration methods to take excessively small time steps to maintain stability. Cer-

tain implicit methods, such as ode15s, however, perform much more efficiently on these

types of equations. [66][67, pp. 1–5]

There are multiple potential sources of stiffness in the roller kiln model. For example,

the fourth power of the temperatures in the radiation equations 3.8, 3.12, and 3.15 can

cause rapid, nonlinear changes in heat transfer. Additionally, the walls exhibit relatively

slow dynamics as they cool down or heat up, whereas the torches and advection can
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cause the gas to heat up very quickly. New tile mass entering empty control volumes

may also experience sudden changes in the magnitude of heat transfer. The number of

control volumes the model is divided into can also impact the stability of the solution, as

it determines the resolution at which temperature gradients are calculated along the kiln.

Six different example cases were simulated:

• Case 1: Tile feed is interrupted for 15 minutes. All torches are shut down for 15

minutes, starting from the beginning of the tile feed interruption.

• Case 2: Tile feed is interrupted for 15 minutes. In each control volume, torches are

shut down while the tile mass remains below 50% of the original value.

• Case 3: Tile feed is interrupted for 30 minutes. In each control volume, torches are

shut down while the tile mass remains below 50% of the original value.

• Case 4: Tile feed is interrupted for 60 minutes. In each control volume, torches are

shut down while the tile mass remains below 50% of the original value.

• Case 5: Tile feed is interrupted for 60 minutes. In each control volume, the set

point of the control volume’s temperature is decreased by 50 °C while the tile mass

remains below 50% of the original value.

• Case 6: Tile feed is interrupted for 60 minutes. The torch control continues to

operate normally.

Case 1 was included to examine the effect of shutting down all torches simultaneously,

rather than creating a moving gap of inactive torches between operating ones, such as

in Case 2. Cases 2–4 share a common shutdown logic. These cases are designed to

explore how different feed interruption durations (15, 30, and 60 min) affect the system

response. Case 5 was included to test whether reducing torch power, rather than shutting

the torches down, could suffice to provide demand response while limiting the extent

of kiln temperature variations. Case 6 serves as the reference scenario: only the tile

feed is interrupted, while the torch control continues operating to maintain the original

temperature. This case can be used to estimate the relative contribution of reduced tile

mass to the kiln dynamics observed in the other scenarios.

The input values for the simulations are presented in the appendix A in tables A.1 and

A.2. The values were gathered from various sources and do not represent any specific

industrial plant. The simulation cases thus serve to demonstrate the potential dynamic

behavior of a kiln, while the numerical results should be interpreted as illustrative rather

than exact. For more accurate results, plant-specific input data would be required, and

the model should be validated against measurements from the real system.

A limited comparison with literature values was carried out, even though proper validation

was not possible. The simulated heat losses, as well as the cooling-down time, were

compared with approximate ranges reported for similar plants. These comparisons were
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only used to gain a rough sense of whether the model behaves within a reasonable order

of magnitude.
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4. RESULTS AND DISCUSSION

4.1 Model plausibility assessment

The simulated total heating power of the kiln’s torches in a steady state situation is 1.9166

MW, given the tile feed rate and kiln temperature profile provided in table A.2. In Table

4.1, the steady state heat losses are compared to reference studies of larger roller kilns

[12] and [13] that use traditional gas burners instead of MPTs.

Table 4.1. Comparison of the simulation inputs and steady state results to reference
studies A [12] and B [13].

Quantity Simulation Reference A Reference B

Total heating power [MW] 1.9166 4.6653 5.5929

Tile feed [kg/h] 2019 7974 8711

Kiln length [m] 59 113 310

Kiln gas peak temperature [K] 1458 1463 1413

(Flue) gas flow [kg/h] 2700 18680 11492

Separate cooling gas flow [kg/h] 0 47772 51637

Wall heat losses [kW] 1849 388 755

Fired tile heat losses [kW] 67.28 145.95 198.10

(Flue) gas heat losses [kW] 0.32 1174.20 889.08

Cooling gas heat losses [kW] 0.00 1700.63 2332.73

Reaction enthalpy [kW] 0.00 697.32 749.15

Other losses [kW] 0.00 559.25 668.76

Wall heat losses [%] 96.47 8.32 13.50

Fired tile heat losses [%] 3.51 3.13 3.54

(Flue) gas heat losses [%] 0.017 25.17 15.9

Cooling gas heat losses [%] 0.00 36.45 41.71

Reaction enthalpy [%] 0.00 14.95 13.40

Other losses [%] 0.00 12.00 11.96

As shown in the table, total heat output at steady state is dominated by wall losses, which

account for 96.47% of all heat losses. This can be partly explained by the simplified gas
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flow model, which has only one gas inlet and outlet, rather than a separate cooling air

circulation at the end of the kiln. Also, no exhausted gas is circulated back to the kiln.

In addition, the chosen gas flow rate is substantially lower than in the reference studies.

However, because the simulation uses MPT heating instead of combustion, the burner-

based reference gas-flow rates are not directly comparable to MPT operation.

Figure 4.1 displays the simulated gas temperature profile inside the kiln after shutting

down the torches from steady state operation. The gas and tile flow rates are kept in their

original values as the kiln cools down. Profiles are plotted at 1-minute intervals over a

48-hour period. Because the variable-step solver often takes steps longer than 1 minute,

the effective temporal resolution is reduced.

Figure 4.1. Simulated gas temperature as a function of the kiln length after shutdown from
normal operation. The cooling process is shown over 48 h, with curve colors gradually
darkening as time progresses.

No publications reporting roller-kiln cooldown measurements over comparable durations

were identified. However, when benchmarked against thermal time-scales of other types

of kilns [68][69], boilers [70][71], and process equipment [72], the modeled cooldown

rate’s order of magnitude appears consistent and thus plausible. This cross-system plau-

sibility lends limited external credibility to the cooldown dynamics, despite the unrealisti-

cally high modeled share of wall losses.

Deviations from reported plant values were expected, as this study is not based on a
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specific plant. Boundary conditions and parameter values were assembled from litera-

ture ranges and engineering estimates, and no calibration against measurements was

possible. Accordingly, the quantitative outputs should not be interpreted as site-specific

predictions. The model’s value lies in demonstrating that roller-kiln thermal dynamics can

be represented with a tractable control-volume framework with interpretable energy bal-

ances, radiation, convection, and conduction couplings, and scenario responses. Thus,

the work serves as a proof of concept and a reproducible basis for future, plant-calibrated

studies.

4.2 Simulation case results

This section discusses the figures for tile mass, torch power, and gas temperature, along

with summary metrics for all simulation cases. For quick comparison, all result figures are

also assembled as compact images in Appendix B.

Figures 4.2, 4.3, and 4.4 present the accumulated tile mass in each control volume over

time for the 15-, 30-, and 60-minute tile feed gaps. The figures illustrate the drawback of

the chosen tile mass transfer model discussed in subsection 3.2.7. The tile mass transfer

is modeled as continuous flow instead of separate tile objects, and the control volumes

act as tanks where the tile mass is accumulated. Each control volume drains gradually

during the feed interruption, with its outlet flow proportional to the accumulated mass.

For pauses shorter than the kiln’s residence time (1 hour in these cases), control volumes

downstream of the interruption window do not empty completely before the feed resumes.

Therefore, the chosen model is not well-suited for simulating very short tile feed interrup-

tions, as the effect of the short disturbance is damped as it propagates and becomes neg-

ligible at the downstream end of the flow. Increasing the number of control volumes would

sharpen the gap and lower the residual holdup during pauses, but would not remove the

gradual draining inherent to the first-order tank assumption. Some kind of plug-flow or

discrete-entity formulation would be required for exact emptying.
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Figure 4.2. Cases 1 and 2: effect of a 15-min tile feed interruption on tile mass in each
control volume over time. Darker curves correspond to control volumes further along the
kiln.

Figure 4.3. Case 3: effect of a 30-min tile feed interruption on tile mass in each control
volume over time. Darker curves correspond to control volumes further along the kiln.
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Figure 4.4. Cases 4, 5, and 6: effect of a 60-min tile feed interruption on tile mass in each
control volume over time. Darker curves correspond to control volumes further along the
kiln.

Figures 4.5–4.10 show how the torches are operated in the different simulation cases.

The curves represent the total torch power in a control volume over time, with darker

curves corresponding to control volumes further along the kiln. Control volumes 1–10

and 25–28 contain no torches, so their control signals remain zero throughout. Even

though, for example, fans, rollers, and automation also consume electricity, torch power is

the dominant load and therefore largely determines the kiln’s instantaneous consumption.

In Case 1 (Figure 4.5), all of the torches are shut down when the 15-minute tile feed

interruption begins. The torch control is turned back on simultaneously for all of the

torches when the feed interruption ends. Therefore, there remains a gap containing no

tiles on the roller when the torch control continues. However, it takes time for the torch

control signals to settle to steady values after the interruption.

In contrast, in Case 2 (Figure 4.6), the torches are only switched off when the tile mass in

the torches’ respective control volume drops below half of the original value. The torches

are re-enabled when the mass exceeds that level again. Because the first sections of the

kiln do not have torches at all, in Case 2 the first torches are actually turned off after all

of the torches have continued to operate in Case 1, even though the tile feed interruption

time is the same in both cases.

The torch shutdown in Case 1 could be timed better by delaying it, as currently it seems

to affect mostly control volumes that still contain tiles. However, it still provides the oppor-

tunity to compare the effects of a full-kiln shutdown to shutting down only a subset of the
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torches at a time, like in Case 2.

Cases 3 and 4 (Figures 4.7 and 4.8) follow the same logic as Case 2, but with tile feed

interruptions of 30 and 60 minutes, respectively. The 60-minute pause in Case 4 equals

the tile residence time, and is a long enough interruption to cause all the torches to be

off at the same time for a while. The relative sequencing of torch shutoffs and restarts

among control volumes is the same in Cases 2, 3, and 4, but the time between the last

shutoff and the first restart differs. The dynamics of the torch power after the interruption

appear to be roughly the same in all of those cases.

The tile feed interruption time is equal in Cases 4, 5, and 6. Case 5 (Figure 4.9) follows

the same logic as Cases 2, 3, and 4, but instead of shutting off the torches, the setpoint

of the torch control is reduced by 50 °C. This can be seen as steps in the torch powers,

with spike-like under- and overshoots at the start and end of the level changes.

In Case 6 (Figure 4.10), the torch control remains unchanged when the tile feed is paused.

Even so, the torch power decreases because fewer tiles are absorbing the heat inside the

kiln. Therefore, not all the saved energy in the other cases can be attributed to limiting

the torch power, as the tile feed interruption alone saves some energy.
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Figure 4.5. Case 1: total torch power in each control volume during a 15-min shutdown
of all torches and a 15-min tile feed interruption. Darker curves correspond to control
volumes further along the kiln.
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Figure 4.6. Case 2: total torch power in each control volume during a 15-min tile feed
interruption, with torches shut down in control volumes containing less than half of the
original tile mass. Darker curves correspond to control volumes further along the kiln.
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Figure 4.7. Case 3: total torch power in each control volume during a 30-min tile feed
interruption, with torches shut down in control volumes containing less than half of the
original tile mass. Darker curves correspond to control volumes further along the kiln.
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Figure 4.8. Case 4: total torch power in each control volume during a 60-min tile feed
interruption, with torches shut down in control volumes containing less than half of the
original tile mass. Darker curves correspond to control volumes further along the kiln.
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Figure 4.9. Case 5: total torch power in each control volume during a 60-min tile feed
interruption, with the temperature setpoint reduced by 50 °C in control volumes containing
less than half of the original tile mass. Darker curves correspond to control volumes
further along the kiln.
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Figure 4.10. Case 6: total torch power in each control volume during a 60-min tile feed
interruption with torch control operating normally. Darker curves correspond to control
volumes further along the kiln.

The resulting gas temperature changes in the control volumes are plotted in Figures 4.11–

4.16. These figures can be used to assess the magnitude and rate of the thermal changes

inside the kiln during the interruptions. Given the maximum temperature deviation allowed

by the tiles and the kiln materials, along with other plant-specific inputs, the simulated

dynamics can be used to determine the extent and duration of demand response actions.

To better quantify the results, four different metrics were calculated from the torch power

and gas temperature data: saved electricity Ee saved, saved costs Csaved, maximum tem-

perature deviation |∆T |max, and recovery time trecovery. These metrics are presented in

table 4.2.

The saved electricity metric is calculated assuming the torch’s total efficiency in convert-

ing electric power to heating power is constant at 0.7. The saved electricity is converted

to saved costs, assuming a constant electricity price of 0.15 C/kWh. While the efficiency

and price values are only examples, they enable consistent comparison across cases.

The maximum temperature deviation is the largest absolute temperature change across

all control volumes resulting from the disturbance. Recovery time is measured from distur-

bance onset until all temperatures return to within ±5% of their initial values and remain

within that threshold.

The recovery time could be reduced by tuning the controller so that it reacts to deviations

more aggressively. As shown in the torch power figures, the power is controlled quite

conservatively, and the torches never reach their maximum output. A further reduction
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in recovery time could be achieved by increasing the total torch capacity, allowing higher

heating rates than those used in normal operation. However, the reduction is ultimately

limited by the maximum temperatures and temperature gradients permitted by the mate-

rials.

Table 4.2. Simulation case results: saved electricity, saved costs, maximum temperature
deviation, and recovery time.

Case Ee saved [MWh] Csaved [C] |∆T |max [°C] trecovery [min]

C1:
15 min gap,

all torches off
0.6817 102.25 432.12 84.69

C2: 15 min gap 0.6170 92.55 386.71 109.42

C3: 30 min gap 0.9556 143.35 420.36 170.44

C4: 60 min gap 1.6063 240.95 471.19 312.75

C5:
60 min gap,

50 °C reduction
0.4725 70.88 84.69 212.62

C6:
60 min gap,

normal operation
0.2986 44.78 84.11 202.29

Assumptions: torch efficiency = 0.7, electricity price = 0.15 C/kWh.

Recovery time defined as the duration from disturbance onset until all temperatures remain

within ±5% of their initial values.

Cases 1–4 (Figures 4.11 – 4.14) express similar temperature dynamics: when the torches

in a control volume are switched off, its temperature drops immediately, followed by a

gradual cooldown as heat is transferred to neighboring volumes and through the kiln

walls. When the torch control is switched back on, the temperatures start increasing

monotonically towards their original values. The control volumes without torches show

smaller temperature variations as they have no internal heat inputs in the first place, and

start from a lower baseline temperature.

In Case 2, the period during which the torches react to the disturbance is longer than

in Case 1, and thus the recovery time is also longer. In Case 1, shutting down all the

torches at the same time saves 10.48% more energy than the method in Case 2, but the

temperature also decreases 11.74% more. Presumably, in Case 2, shutting down the

torches sequentially from downstream to upstream lets each cooled zone be reheated by

the hot gas flowing downstream from the still-active upstream zones, so the cooling effect

is spread out in space and time instead of hitting the entire kiln at once.

Doubling the disturbance time of Case 2, Case 3 shows a 54.99% increase in the saved

energy, as well as an 8.70% increase in maximum temperature drop and a 55.77% in-

crease in recovery time. Similarly, doubling the disturbance time again in Case 4, the
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energy, temperature, and time metrics increase by 68.09%, 12.09%, and 83.50%, re-

spectively. Even though the doubled disturbance time is a part of the recovery time, a

significant portion of the recovery time is spent after the disturbance itself has already

ended. The larger proportional increases between Cases 3 and 4, compared with those

between Cases 2 and 3, result partly from the tile masses having enough time to reach

zero in the control zones near the end of the kiln, thus keeping the torches off for a longer

period of time. Also, Case 4 is the only one of these three cases in which all the torches

are off at the same time for a while, causing an effect similar to that in Case 1.

Case 6 (Figure 4.16) shows the effect of the disturbance when the torch control stays

normal. Some of the control volumes have a slight increase in their temperature at first,

as the heat-absorbing tile mass suddenly decreases. The torch control then adjusts by

decreasing the heating power, which over time also lowers the temperatures in the torch-

free control volumes.

When comparing Cases 6 and 5 (Figures 4.16 and 4.15), it can be seen that the effect of

reducing the temperature setpoint by 50 °C does not affect the actual temperatures much:

the maximum temperature deviation in Case 5 is only 0.69% higher, and the recovery time

is 5.11% higher than in Case 6. However, the saved energy is 58.24% higher in Case 5.

This shows that allowing even moderate additional changes in operating temperature can

reduce energy consumption. This reduction, however, is still relatively small compared to

fully shutting down torches: the energy saved in Case 5 is only 29.42% of that in Case 4.
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Figure 4.11. Case 1: simulated gas temperature response to a 15-min shutdown of
all torches during a 15-min tile feed interruption. Darker curves correspond to control
volumes further along the kiln.
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Figure 4.12. Case 2: simulated gas temperature response during a 15-min tile feed
interruption, with torches shut down in control volumes containing less than half of the
original tile mass. Darker curves correspond to control volumes further along the kiln.
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Figure 4.13. Case 3: simulated gas temperature response during a 30-min tile feed
interruption, with torches shut down in control volumes containing less than half of the
original tile mass. Darker curves correspond to control volumes further along the kiln.
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Figure 4.14. Case 4: simulated gas temperature response during a 60-min tile feed
interruption, with torches shut down in control volumes containing less than half of the
original tile mass. Darker curves correspond to control volumes further along the kiln.
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Figure 4.15. Case 5: simulated gas temperature response during a 60-min tile feed
interruption, with the temperature setpoint reduced by 50 °C in control volumes containing
less than half of the original tile mass. Darker curves correspond to control volumes
further along the kiln.
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Figure 4.16. Case 6: simulated gas temperature response during a 60-min tile feed
interruption with torch control operating normally. Darker curves correspond to control
volumes further along the kiln.

4.3 Limitations and future research

The dynamic kiln model is based on several simplifying assumptions and idealizations,

aiming to capture the overall kiln dynamics rather than detailed local phenomena. A

more detailed description of the assumptions is provided in Chapter 3.2, while a concise

summary is presented below.

The model is divided into a moderate number of one-dimensional control volumes. The

gas is treated as air throughout, with no internal recirculation. No separate inlets and

outlets for cooling and heating air are modeled, and there is no firewall separating the

cooling section from the rest of the kiln.

Gas velocity, thermal diffusivity, and pressure are assumed constant, while other gas

properties vary only with temperature. The controller output is assumed to convert di-

rectly into heat added to the gas within the corresponding control volumes, without any

submodel for torch or plasma dynamics.

Radiation heat transfer is represented using the gray, diffuse, and opaque body approxi-

mation, and the parallel-plate assumption is applied for radiative exchange between gas

and surfaces. Two-dimensional view-factor geometries are used for radiation between the

walls and the tiles. The gas emissivity is approximated as that of a nonluminous flame.

All wall layers are assigned equal thickness and identical material properties. Heat con-
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duction is modeled as one-dimensional and perpendicular to the wall surfaces, and the

kiln floor is assumed to be perfectly insulated. Surface convection equations are used for

the walls in place of internal flow convection, and the characteristic length applied in the

convection correlations has a notable influence on the results.

Tile movement is modeled as a continuous flow with a constant direction, rather than

discrete tile entities. The limitations of the chosen tile mass accumulation model are

discussed in subsections 3.2.7 and 4.2. Tile material properties are kept constant. No

chemical reactions, phase or dimensional changes, or drying processes in the tiles are

modeled.

The results serve as illustrative examples based on estimated parameters rather than

plant measurements, and are therefore not validated against real data. The next logical

step would be to adapt and calibrate the model to a real industrial kiln, and to examine

how production rate, product quality, and material properties constrain the achievable

demand response time and magnitude.

To improve the model, more information about the chosen MPTs is needed, especially

regarding the working gas composition, flow rate, and any gas recirculation to the kiln.

The gas flow rate would likely differ from traditional combustion-based systems. In the

absence of flue gases, a higher degree of gas recirculation could be feasible. In addition,

more detailed information on kiln wall thickness and insulation performance would be re-

quired. Increasing the number of control volumes and refining the tile-mass model would

improve the accuracy of the simulations. Furthermore, the model should account for the

heat absorbed by the tiles during drying and other material transformations occurring

along the kiln.

The model could then be used to understand the plant’s dynamics better. The simula-

tions could serve as part of various optimization cost functions, for instance, as a tool for

dimensioning or prototyping process components, or for determining the optimal timing

and duration of demand-response actions. The model could also assist in tuning the con-

trollers of a real kiln or be embedded in a more advanced model-based control system,

where it forecasts plant behavior to enable proactive control. In addition, dynamic models

can be utilized by VPPs to estimate the available flexibility or reserve capacity of partic-

ipating industrial processes in real time, thereby improving the accuracy of aggregated

flexibility forecasts and market bidding strategies.

If real plant operation data is available, optimization techniques can be used to fine-tune

model parameters to better match actual behavior. The validation process could even be

automated to allow the model to gradually adapt to changes in the plant over time. How-

ever, the risk of overfitting must be considered when using optimization tools for model

training.
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To gain a more detailed understanding of the heat and mass transfer in the kiln, three-

dimensional Computational Fluid Dynamics (CFD) models could be developed. However,

such models would likely be too computationally demanding to be integrated directly into

the dynamic model. They could nevertheless be used to improve process understanding

and to fine-tune the dynamic model’s behavior based on the CFD results. Also, simpler

data-driven models could be developed to capture the essential system dynamics if the

physics-based dynamic model turns out to be too computationally intensive for some

applications, such as VPP optimization.

Following a detailed analysis of the plant’s dynamic behavior, a more extensive study

of the different options for demand response products and strategies, market participa-

tion requirements, and feasibility should be carried out to define the best implementation

approach.
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5. CONCLUSION

This thesis examined the electrification of a ceramic tile firing roller kiln by replacing gas

burners with Microwave Plasma Torches (MPTs) and assessed whether the electrified

process could provide demand response services, either directly or through aggregation

in a Virtual Power Plant (VPP). The process under study consisted of raw material prepa-

ration, shaping, drying, glazing, high-temperature firing up to roughly 1200–1300 °C, and

staged cooling on a continuous roller conveyor. Current kilns achieve the firing profile with

natural-gas burners that inject heat laterally along multiple controlled zones.

Replacing fuel combustion with electrical heating removes on-site emissions and ties the

kiln’s energy use to the electricity supply. When powered by renewable electricity, overall

emissions can be reduced significantly, and the kiln’s adjustable load can support short-

term balance in the power system.

MPTs produce heat by coupling microwave energy, typically at 2.45 GHz, from a mag-

netron source into a stream of process gas. The absorbed energy partially ionizes the

gas and creates a plasma jet with temperatures sufficient for ceramic firing. The system

operates without electrodes, which reduces maintenance needs and enables stable long-

term operation. Because the torch power follows the microwave input almost instantly, its

heat output can be adjusted quickly to match process or power-system requirements.

When integrated into the kiln, the MPTs replace the combustion heat input in each firing

zone. This would alter the internal gas flow and heat transfer characteristics of the kiln.

The absence of flue gases would alter both the composition and the total flow and heat

transfer rates of the kiln gas, which could also influence how much of it is recirculated.

These changes may affect the convective heat transfer within the firing zones and could

influence the required flow paths, fan capacities, and temperature uniformity. The different

spatial distribution of heat from MPTs might also require adjustments in torch placement,

insulation design, and control strategy to maintain stable process conditions.

Because the electrical power consumption of MPTs can be adjusted quickly, allowing

short interruptions or reductions in heating without an immediate change in the kiln tem-

perature. This is primarily due to the large thermal mass of the kiln structure and the

product, which acts as a temporary heat reservoir. The stored heat enables the process

to withstand brief variations in power input and thus to function as a controllable load for
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demand response.

Demand response refers to intentional and controllable changes in electricity consump-

tion that support system balance or reduce energy costs. Industrial loads can participate

either independently or through a VPP, which aggregates multiple flexible units into a co-

ordinated portfolio. Through this structure, even small or variable industrial resources can

meet market entry thresholds and provide verified reserve capacity.

Demand response can be utilized in several ways, one of which is participation in re-

serve markets where flexible electricity consumers help stabilize the power system by

adjusting their load in response to control signals or frequency deviations in the grid. In

this thesis, the Finnish reserve markets were used as examples to illustrate the technical

requirements of such products.

Fast Frequency Reserve (FFR) and Frequency Containment Reserves (FCR-N and FCR-

D) provide the initial response to frequency deviations, while Frequency Restoration Re-

serves (aFRR and mFRR) act over longer timescales to return the system to its normal

operating condition. The response times range from about one second for FFR, a few

seconds to minutes for FCR-D and FCR-N, several minutes for aFRR, and up to fifteen

minutes for mFRR.

Based on these criteria and the simulated kiln dynamics discussed below, the electrified

process would be best suited for short-duration upward reserve products such as FFR

and FCR-D Up, where activation is fast but energy demand is limited. Longer-duration re-

serves like aFRR or mFRR would likely require aggregation with other loads or dedicated

operating windows, as maintaining reduced power for extended periods of time could cool

the kiln excessively and thereby affect production rate or product quality.

Participation in a VPP could be one way the kiln could contribute to system balancing

while operating within its thermal constraints. Also, if the process conditions or the total

available torch power prevent meeting the 1 MW minimum requirement of the reserve

markets independently, participating through a VPP can still be a feasible option.

To evaluate how an electrified kiln could contribute to demand response in practice, a

dynamic process model was developed to simulate the thermal behavior of a roller kiln

equipped with MPTs. The purpose of the modeling was to estimate how much electrical

power the process could temporarily reduce without causing unacceptable temperature

deviations, which directly relates to the third research question. The model was imple-

mented in Simulink using a one-dimensional control-volume approach that included con-

vection, radiation, conduction, as well as tile and gas transport through the kiln. Gas and

solid temperatures were calculated for each zone, while the MPTs provided controllable

heat input.

The simulation setup represented a simplified example rather than a calibrated industrial
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case, intended to illustrate the underlying dynamics. Six operating scenarios were ex-

amined: one with all torches shut down during a 15-minute tile feed pause; three with a

moving tile feed gap of 15, 30, and 60 minutes, where heating in the zones were turned

off as the gap passed; one with a 60-minute tile feed interruption period and a 50 °C

set-point reduction in empty zones; and a 60-minute tile feed interruption reference case

with normal torch operation.

The results show that, in the chosen case example, the kiln can reduce its electrical

consumption by approximately 0.3–1.6 MWh per event, depending on the chosen control

strategy and gap duration. The maximum gas-temperature change spans roughly 84–471

°C, and the recovery time from the beginning of the interruption to return within ±5% of

the initial temperatures is about 85–313 min. However, the recovery time depends on the

controller tuning, the maximum available torch power, and the kiln material properties.

The kiln’s simulated normal operating power was approximately 1.9 MW.

Full torch shutdown yielded the highest energy reduction per demand response time,

but also caused larger temperature deviations. More moderate strategies, such as low-

ering the temperature set-point in zones without tiles, reduced the power consumption

while limiting the thermal impact. These results indicate that controlled and localized

curtailments are more practical than complete shutdowns for maintaining stable thermal

conditions. Simultaneous full shutdowns would require careful timing to manage cooling

and recovery.

The acceptable temperature deviation for the product was not assessed in this work, and

the model was not based on plant-specific data. More information on allowed tempera-

ture ranges, permissible downtimes, and process parameters would therefore be needed

before selecting any particular demand response strategy.

This thesis links dynamic process modeling with power-system requirements to assess

the impacts of demand response on an electrified roller kiln’s temperature profile. The

model provides an initial estimate of how demand response affects temperature behav-

ior and recovery time across different strategies. The results suggest that MPTs could

enable short periods of reduced power consumption while keeping the effect on process

conditions limited, creating potential for participation in demand response, either directly

or as part of a VPP.
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APPENDIX A: SIMULATION INPUT VALUES

Table A.1. Parameters for the controller

Quantity Symbol Value Unit

Proportional gain Kp 404.04 W/K

Integration time Ti 900 s

Anti-windup time constant Taw 10 s

Initial controller integrator output uinit 0 W

(control volumes 1-28)

Maximum total torch power umax 250000 W

(control volumes 11-24)

Maximum total torch power umax 0 W

(control volumes 1-10 and 25-28)

Initial gas temperature setpoints are the same

as the initial gas temperatures
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Table A.2. Parameters for the kiln model

Quantity Symbol Value Unit

Room temperature T∞ 298.15 K

Number of control volumes n 28 -

Initial gas temperature (control volumes 1-4) Tgas init 473.15 K

Initial gas temperature (control volumes 5-10) Tgas init 903.15 K

Initial gas temperature (control volumes 11-19) Tgas init 1403.15 K

Initial gas temperature (control volumes 20-25) Tgas init 1458.15 K

Initial gas temperature (control volumes 26-28) Tgas init 873.15 K

Initial tile temperature (control volumes 1-28) Ttiles init 298.15 K

Gas pressure pgas 101325 Pa (a)

Water volume fraction in the gas Xvol H2O 0.01 -

Carbon dioxide volume fraction in the gas Xvol CO2 0.0004 -

Gas velocity vgas 0.3151 m/s

Ambient air velocity v∞ 0.2 m/s

Control volume length ∆xvolume 2.1026 m

Control volume height ∆yvolume 2.1026 m

Control volume width ∆zvolume 2.1026 m

Characteristic length of the wall and tile surfaces Lc 2.1026 m

Roller velocity vroller 0.016353 m/s

Initial tile input ṁtiles input 0.56068 kg/s

Initial tile mass (control volumes 1-28) mtiles init 0 kg

Minimum tile mass for heat transfer calculations mtiles threshold 0.001 kg

Tile height ∆ytiles 0.008 m

Tile density ρtiles 2400 kg/m3

Tile specific heat ctiles 350 J/(kg · K)

Tile emissivity ϵtiles 0.75 -

Number of wall layers nwall layers 3 -

Wall layer thickness d 0.0667 m

Wall density ρwalls 2200 kg/m3

Wall specific heat cwalls 900 J/(kg · K)

Wall thermal conductivity kwalls 1.5 W/(m · K)

Wall emissivity ϵwalls 0.85 -
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APPENDIX B: SIMULATION RESULTS VISUAL

COMPARISON
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(a) Case 1: 15 min gap, all torches off
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(b) Case 2: 15 min gap
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(c) Case 3: 30 min gap
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(d) Case 4: 60 min gap
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(e) Case 5: 60 min gap, 50 °C setpoint reduction
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(f) Case 6: 60 min gap, normal operation

Figure B.1. All simulation cases grouped for comparison.
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