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In view of EU environmental policy, reducing energy consumption, developing energy-saving technologies and
solutions, and reducing pollutant emissions are immensely relevant concerns. Waste heat recovery (WHR)
systems enable these tasks to be achieved, and the favorable global situation implies that solutions for waste heat

recovery from gas-fired radiant heaters for large-hall heating should attract the interest of many stakeholders.

low-emission technologies luminous local space heater waste heat

| 1. WHR Potentiality

Wherever goods are produced, thermal processes are carried out, machines and equipment are operated, and
waste heat is generated and released into the environment by radiation, convection, conduction, or in the form of
cooling fluids, exhaust gases, steam, or air 12, Sensible and latent heat that is generated during these processes
but is not their target is defined as waste heat. For industrial processes, the waste heat that is generated is defined
as industrial waste heat, while that from processes associated with the operation of residential and public buildings
is called commercial waste heat Bl. The potential for waste heat utilization may be considered as: theoretical

(physical) potential, technical potential and economic (feasible) potential AIRIEI7],

The theoretical potential analyses the occurrence of waste heat in the physical sense as heat with a source above
ambient temperature, and it does not consider the possibility of recovering and using this heat. The technical
potential, on the other hand, defines the possibility of recovering and using waste heat, and then technological
solutions are considered. The technical constraints are, for example: the minimum temperature for a recovery
system operation or temperature reduction due to heat transfer. The technical potential for waste heat utilization is
determined by boundary conditions and requires the description of technology and determination of the heating or
cooling demand. In addition, the technical potential can also be divided into the theoretical technical potential and
the applicable technical potential. The first is calculated by means of a theoretical process analysis and the second
is calculated on the basis of data, taking into account all the parameters that are specific to the recovery process
under analysis. When considering the economic potential, also called feasible potential, financial parameters such

as energy prices, interest rates and payback periods are considered 2],

In line with current efforts to reduce CO, emissions and increase energy efficiency in appliances and buildings, the
use of waste heat recovery systems plays an important role and technical solutions in this area are one of the main

areas of research. It is considered that, in certain solutions, waste heat recovery (WHR) systems can be more
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economical than renewable energy installations A, The potentiality for industrial WHR in countries in the

European Union is displayed in Ref. (8],

Solutions for waste heat recovery systems can be based on the following devices: heat pipes; heat pumps: air/air,
water/air, air/water, water/water; regenerators in furnaces; recuperators; rotary heat exchangers; plate heat

exchangers; shell and tube heat exchangers; economizers; spiral-type heat exchangers; and water-tube boilers 8
[Ql[101[11][12]

The design of an optimal heat recovery system depends on many factors, while the key factor is the temperature of
the waste heat carrier, which can be divided into three ranges: low temperature for temperatures below 100 °C;
medium temperature for temperatures between 100 °C and 400 °C; and high temperature for temperatures above
400 °C L, For each temperature range of the waste heat carrier, the incorporation of a heat recovery system is
possible by using an appropriate recovery unit. In some cases, the waste heat is divided according to additional
temperature criteria. Considering the waste heat from the flue gases, by temperature it can be classified into
ranges: low—for temperatures below 230 °C; medium—for temperatures between 230 °C and 650 °C; and high—

for temperatures above 650 °C 22,

| 2. Gas Radiant Heaters

Infrared gas heaters are primarily installed to heat the entire interior of a large building, a separate area, or to heat
up a workstation 3I415] - Ceramic radiators can also be used outdoors to heat sports stands, train station
platforms or to defrost ramps. In addition to the heating function, they can be used, among other things, to dry thin

layers of loose materials and paint coatings (on the product surface) in the brick and ceramics industry.

Radiant gas heaters are most commonly used in warehouses, logistics centers and production halls. They are also
known to be used in aircraft hangars and shelters, auditoriums and sports facilities in the United States, as well as
in indoor swimming pools, wholesale and retail pavilions, livestock buildings and breeding farms, greenhouses,
churches, and public transport vehicle depots L2415 The heating of living and office spaces with gas-fired radiant
heaters is not permitted. They must not be implemented in rooms where flammable materials are stored and where

substances forming explosive mixtures, flammable gases, dust and vapors are produced or stored.

The main division of gas infra-red heaters is determined by their construction; therefore, based on the method of
combustion of the air—gas mixture and the flue gases removal, infra-red heaters can be divided into: high-intensity,
so-called ceramic or luminous radiators; and low-intensity radiant tube heaters, so-called dark radiant tube heaters.
The main difference in their design is where the combustion of the air—gas mixture occurs: in tube heaters it takes

place inside the tube, while in ceramic heaters it takes place on the surface of the ceramic plate [231[13],

Ceramic radiant heaters are less popular than tubular radiant heaters, but sometimes they can be the better, or
only, solution. They can be mounted on columns or vertical partitions so that they do not burden roofs, and they do

not require the installation of chimneys due to the discharge of flue gases into the room. Ceramic radiant heaters
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are also easier to access for annual maintenance. Some types have a higher radiant efficiency, not achievable with
tubular radiant heaters, which also require a supply of clean air for combustion. However, the dustiness of the air
outside the hall can be so high that it is impossible to supply it to the tube heater. It then becomes necessary to use
only ceramic radiant heaters, which draw air from inside the hall, supplied from outside through appropriate filters.
The criterion for dividing gas infrared heaters can also be the type of infrared heater power control. Some models
have automatic burner control and a manual heat-output setting with a potentiometric controller. Automatic

modulation of the burner is possible in various power ranges, e.g., from 50 to 70% [151(26]

The radiation factor Rf is a parameter that determines the quality of the radiant heater and the energy
consumption. It is defined as the ratio of heat that is emitted from the device by the reference radiation plane to the
heat load, which is related to the calorific value of the gas that is used in the test. It is determined depending on the
type of radiant heater, based on the guidelines that are contained in two standards: PN-EN 419-2 and PN-EN 416-
2. The radiant factor Rf of ceramic radiant tube heaters that are available on the market ranges from 60.6% to
80.9%, while for tube heaters the range is from 55% to 83% [17],

Appliances placed on the market that comply with eco-design requirements are described by parameters according
to Regulation 2015/1188:

» Seasonal energy efficiency of space heating ns, %—the ratio between the demand for space heating that is

provided by the on-site space heater and the annual energy consumption that is required to meet that demand;

+ Nitrogen oxides emissions, mg/kWhj,,—hitrogen oxide emissions at a rated heat output based on GCV (gross

calorific value moisture free) for gaseous or liquid-fuel space heaters and commercial space heaters.

Table 1, in accordance with Annex Il of Regulation, sets out the specific eco-design requirements for commercial

space heaters.

Table 1. Eco-design requirements for gas heaters acc. to Ref. [18],

Seasonal Energy Efficiency of

Space Heating Emissions of Nitrogen Oxides by the Ceramic and Tube
by Infrared Heater ns, % Radiant Heater, mg/kWhinpy
Ceramic Tube
85 74 200

The temperature of the exhaust gases at the exit of a tubular radiant heater depends on its type and efficiency. For
highly efficient tube heaters (with radiation efficiency nr = 72%), the temperature of the exhaust gases at the exit of
the heater is slightly less than 200 °C, while for heaters with lower efficiency (nr = 52-59%), the temperature of the
exhaust gases is approximately 350 °C. On the other hand, the temperature on the surface of the ceramic panel of
a luminous radiant heater can reach a value of up to 1200 °C. Moreover, the screen of a ceramic radiant heater

with lower efficiency heats up to high temperatures, generating heat by convection and radiation 2. Radiant
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heaters can be equipped with modulating burners, with power controlled depending on the external or internal
temperature, which results in savings in gas consumption.

| 3. Flue-Gases Heat Recovery of Gas Radiant Heaters

Waste heat recovery systems for gas infrared heaters using flue-gas/water, flue-gas/air and air/air heat exchangers
have appeared on the market, providing additional economic benefits. They can be designed for a single unit
(individual) or a group (collective) of units 1829 Figure 1 shows a new graph presenting the division of heat

recovery systems from the flue-gas of gas radiant heaters with exemplary heat exchangers.

individual

HEX flue gas/air HEX flue gas/air HEX flue gas/water HEX air/air

HEX flue gas/water

Figure 1. WHR systems from flue-gas of gas-fired radiant heaters.
The recovery systems shown in Figure 1 can be divided into:
« With a flue-gas/air heat exchanger dedicated to individual radiant tube heaters;
» With a flue-gas/air heat exchanger dedicated to a group of radiant tube heaters;
« With a flue-gas/water heat exchanger dedicated to radiant tube heaters;
« With an air/air heat exchanger dedicated to ceramic radiant heaters;
« With a flue-gas/water heat exchanger dedicated to ceramic radiant heaters.
The characteristics of four of these systems have been widely described by the authors in publications [LI2I[L6][L9]

The fifth system with an exhaust gas/water heat exchanger dedicated to a single ceramic radiator, presented in
detail in Figure 2, is the authors’ innovative solution described in the patent application 2. Its working principle is

described below.
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Figure 2. System for heat recovery from ceramic gas heater: 1—hood; 2—heat exchanger; 3—connections for
medium; 4—brackets to fix radiators; 5—brackets to fix hood; 6—insulation; 7—fan, 8—roof base, 9—roof ejector
2

The Innovative WHR Solution
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The system for waste heat recovery and the removal of pollutants from ceramic gas radiators, according to the
invention 21, is characterized by the fact that it has the form of a hood located above the ceramic gas radiant
heater, into which a heat exchanger is integrated, whereby the ceramic gas radiant heater under the hood is fixed
at an angle to the floor level, and its lower edge is located above the edge of the hood. In the multi-row cross-flow
finned heat exchanger that is installed in the hood, the heat from the air/flue-gas mixture stream is transferred to
the liquid working medium. The channel exhaust fan is fixed in the flue-gas duct. The cooled flue gases are

discharged through a duct to the roof-mounted ejector.

| 4. Environmental Outlook

The environmental impact of heating systems is indisputable, especially in buildings in the industrial sectors. The
importance of the effect of a heating system can be detected by measuring and comparing the emissions of each

source and their toxicity.

Environmental pollution varies significantly between seasons, and the critical impact of heating systems makes it
very high in winter. When determining this impact, the emissions of CO, CO,, NO,, SO,, PMs, N,O, CH,, volatile
organic compounds, polycyclic aromatic hydrocarbons and aldehydes are typically analyzed. These emissions
depend mainly on the type of heat source that is used in the heating system. Generally, the heat sources can be

coal, wood, natural gas, diesel oil, solar energy, bioenergy, geothermal energy and waste heat [22],

In the heating systems that are analyzed in this research, the main source of pollutant emissions is the combustion
of natural gas. In such systems, additional emission are usually caused by electricity consumption for auxiliary
devices (pumps, fans). However, this influence can be avoided when the demand for electricity is covered, for

example, by using photovoltaic panels.

In the case of gas fuels, the KOBIZE report (National Centre for Balancing and Managing Emissions Institute of
Environmental Protection National Research Institute) 221241 provides emission values of PM, s, PM;o, CO,, CO,
NO,/NO,, SO,/SO, and benzo(a)pyrene. The Ministry of Environmental Protection, Natural Resources and
Forestry in Poland 23 provides SO,, NO,, CO, CO, and PM emissions for natural gas. Furthermore, while
calculating CO, emissions from natural gas combustion, the CO, emission factor from the KOBIZE report 23 is

used, when determining the energy performance of buildings.

On the topic of the environmental impact of natural gas, various possibilities are discussed in the literature 221, It is
indicated that the use of natural gas boilers instead of solid fuel boilers can reduce CO,, NO, and PM, 5 emissions
(261271 Another possibility may be that, in the event of a system malfunction, a natural gas leakage can have a

more significant impact on global warming than CO, emissions from gas combustion [28],

In order to minimize both toxic and global-warming gas emissions, it is vital to increase the usage of renewable
energy and WHR systems 22, This is particularly important in the case of existing buildings, which use much more

energy than newly constructed energy-efficient ones.
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| 5. Conclusions

Waste heat recovery enables an excellent opportunity for energy savings and is beneficial from an environmental
perspective. Waste heat from radiant heaters is classified as low-temperature waste heat; however, its value

depends on devices that are characterized by radiant factor and seasonal efficiency.

The analysis of the results allowed the researchers to notify several important aspects:

- A limited amount of waste energy is in the system

The analysis of the results allowed the researchers to notify several important aspects:

- A limited amount of waste energy is in the system.

- The heat recovery system supports the DHW preparation system.

- Ensuring adequate waste heat collection is necessary.

- The consequence of the temperature of the flue gases is undeniable.

- The analysis of a gas-fired radiant heating system with the WHR system must consider the sum of the final

thermal-energy demands for the whole building.
- Period for waste heat recovery is limited.
- Emissions reduction potentiality is definitive.

The innovative solution can improve the system efficiency for all types of ceramic radiant heaters. The spectacular
improvement of the environmental effect and the achievement of the highest level of fuel savings can be obtained

in existing industrial buildings that are heated with luminous heaters with the lowest radiant efficiency.
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