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Abstract: This paper demonstrates the need and potential for using waste heat recovery (WHR)
systems from infrared gas radiant heaters, which are typical heat sources in large halls, due to the
increasing energy-saving requirements for buildings in the EU and the powerful and wide-spread
development of the e-commerce market. The types of gas radiant heaters are discussed and the
classification of WHR systems from these devices is performed. The article also presents for the
first time our innovative solution, not yet available on the market, for the recovery of heat from the
exhaust gases of ceramic infrared heaters. The energy analysis for an industrial hall shows that this
solution allows for environmental benefits at different levels, depending on the gas infrared heater
efficiency, by reducing the amount of fuel and emissions for domestic hot water (DHW) preparation
(36.8%, 15.4% and 5.4%, respectively, in the case of low-, standard- and high-efficiency infrared
heaters). These reductions, considering both DHW preparation and hall heating, are 16.1%, 7.6%
and 3.0%, respectively. The key conclusion is that the innovative solution can spectacularly improve
the environmental effect and achieve the highest level of fuel savings in existing buildings that are
heated with radiant heaters with the lowest radiant efficiency.

Keywords: low-emission technologies; luminous local space heater; waste heat

1. Introduction

In view of EU environmental policy, reducing energy consumption, developing energy-
saving technologies and solutions, and reducing pollutant emissions are immensely rele-
vant concerns [1,2]. 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.
The global 2021 report of the radiant heaters market indicates that it is an industry that
is growing strongly, with a significant increase in product sales in recent years, and the
pandemic period has not halted the hall-building investment due to the growth of the thriv-
ing e-commerce industry [3]. The increase in the construction of large-space halls, despite
the lockdown, affected the good sales situation of heating systems, including gas radiant
heaters. Regionally, North America was the largest production area for radiant tube heaters
with a market share of nearly 40%. This was followed by Europe with a market share of
35% and China with a 10% share. With the current high demand for radiant tube heaters,
the industry is expected to have a good future. This situation favors the development of
innovative condensing and WHR technologies to increase thermal efficiency and protect
the environment, especially since the benefits that can be obtained from the use of waste
energy are obvious:

Fuel savings;

Reduction in expenses for transportation;

Reduction in expenses for fuel processing;

Reduced emission of harmful compounds (ecological effect) [4].
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Poland is a country with a very high potential for industrial waste heat. According
to the report of the Polish Green Building Council (PLGBC) 16.7% of logistics facilities
passed the certification process in 2020, which is 3.7% more than in 2019. In contrast, the
2021 annual report stated that the number of warehousing and industrial facilities that
were built in accordance with multicriteria certifications was higher than the number of
built office buildings and resulted in a 61% increase in the number of facilities, compared
to the previous year [5]. Due to the dynamic growth in this sector, the share of certified
warehouse and industrial spaces is already at 28%. This is largely due to Poland’s strategic
location, investments in transport infrastructure development and increased demand from
the e-commerce sector, especially during the COVID-19 pandemic, for which a special
version of the certification system was developed: WELL Health-Safety. Attention is drawn
to this because in the current building certification methodology (BREEAM), it is possible
to obtain 1 to 2 points by using high-efficiency gas radiators.

Generally, the dynamic increase in the number of hall buildings that are constructed
with a tendency to build green buildings equipped with innovative technological energy-
saving solutions makes it necessary to consider the benefits of these solutions from various
perspectives. In the case of the system that is proposed in this article, recovering heat from
the exhaust gases of gas radiators, the solution can also be applied in modernized objects
with already existing low-efficiency heating systems, which allows the improvement of
their energy consumption and brings environmental benefits.

1.1. Setting the Problem and the Purpose

Gas radiant heaters of various types and radiation efficiencies can be used to heat large-
space buildings. The choice of heating with radiant heaters depends on many factors [6,7].
In recent years, numerous configurations of heat exchanger solutions and heat transfer
media have made it possible to create a WHR system for any type of infrared gas radiator.
The potentiality of a WHR system in EU countries is presented in Section 1.2, while gas
radiant heater characteristics are described in Section 1.3. When choosing a heat recovery
system, it should be considered that for radiant heaters with a lower radiation efficiency,
higher waste heat recovery can be achieved, but gas consumption will be also higher. The
overall scheme of known systems is presented in Section 1.4, in which our innovative
solution is considered. Its construction is described in Section 1.4.1.

The innovative energy-saving solution uses the recovered heat for the preparation
of DHW (domestic hot water) in a large hall. Two evaluation criteria for the system
of ceramic radiant heaters’ flue-gas heat recovery were selected: energy savings and
environmental benefits.

The main aim of this article is to compare the energy and environmental effects
resulting from the application of our newly invented heat recovery system from the flue-
gas of ceramic radiant heaters of different efficiencies. The utilitarian aim is to present and
popularize innovative heat recovery solutions.

1.2. 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 [6,7]. 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 [8]. The potential for waste
heat utilization may be considered as: theoretical (physical) potential, technical potential
and economic (feasible) potential [9-12].

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
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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 [10,11]. Figure 1 shows a graph
developed acc. to Ref. [13], which illustrates the methods to estimate waste heat potential.
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Figure 1. Methods to estimate the potential of waste heat based on Ref. [13].
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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, WHR systems can be more economical than renewable energy
installations [6,12]. The potentiality for industrial WHR in countries in the European Union
is displayed in Ref. [13].

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 [13-17].

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 [16]. 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 [6,14].

1.3. 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 [18-20]. Ceramic radiators can also be used
outdoors to heat sports stands, train station platforms or to defrost ramps. In addition
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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 pro-
duction 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, whole-
sale and retail pavilions, livestock buildings and breeding farms, greenhouses, churches,
and public transport vehicle depots [6,19,20]. 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; there-
fore, 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 radia-
tors; 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 [18,20].

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 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% [20,21].

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 [22] and
PN-EN 416-2 [23]. 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% [24].

Appliances placed on the market that comply with eco-design requirements are de-
scribed by parameters according to Regulation 2015/1188 [25]:

e Seasonal energy efficiency of space heating 15, %—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;

e  Nitrogen oxides emissions, mg/kWhj,py—nitrogen 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 II of Regulation [25], sets out the specific eco-design
requirements for commercial space heaters.
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Table 1. Eco-design requirements for gas heaters acc. to Ref. [25].

Seasonal Energy Efficiency of Space Heating

Emissions of Nitrogen Oxides by the
by Infrared Heater 1, % 8 y

Ceramic and Tube Radiant Heater,
Ceramic Tube mg/kWhipput

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 [26]. Radiant heaters can be equipped with modulating
burners, with power controlled depending on the external or internal temperature, which
results in savings in gas consumption.

1.4. 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 [21,27]. Figure 2 shows a new graph presenting the division of heat recovery systems
from the flue-gas of gas radiant heaters with exemplary heat exchangers.

HEX flue gas/air HEX flue gas/air HEXTiuie: gnsfinder HEX air/air HEX flue gas/water

Figure 2. WHR systems from flue-gas of gas-fired radiant heaters.

The recovery systems shown in Figure 2 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 [6,14,21,26].

The fifth system with an exhaust gas/water heat exchanger dedicated to a single ce-
ramic radiator, presented in detail in Figure 3, is the authors’ innovative solution described
in the patent application [28]. Its working principle is described below. Individual recovery
systems on the heated water side can be combined into the collective system described in
Section 2.4.
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Figure 3. 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 [28].

1.4.1. The Innovative WHR Solution

The system for waste heat recovery and the removal of pollutants from ceramic gas
radiators, according to the invention [28], 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.

1.5. 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,, NOy, SO,, PMs, N,O, CHy, 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 [29].

In the heating systems that are analyzed in this paper, the main source of pollutant
emissions is the combustion of natural gas. In such systems, additional emission are
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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 Manag-
ing Emissions Institute of Environmental Protection National Research Institute) [30,31] pro-
vides emission values of PM; 5, PMjg, CO,, CO, NO4/NO,, SO« /SO, and benzo(a)pyrene.
The Ministry of Environmental Protection, Natural Resources and Forestry in Poland [32]
provides SO,, NO,, CO, CO, and PM emissions for natural gas. Furthermore, while cal-
culating CO, emissions from natural gas combustion, the CO; emission factor from the
KOBIZE report [30] 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 [29]. It is indicated that the use of natural gas boilers instead of
solid fuel boilers can reduce CO,, NOy and PM; 5 emissions [33,34]. 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 [35].

In order to minimize both toxic and global-warming gas emissions, it is vital to increase
the usage of renewable energy and WHR systems [29]. This is particularly important in the
case of existing buildings, which use much more energy than newly constructed energy-
efficient ones.

2. Materials and Methods—Energy Analysis

The following section focuses on the energy-saving potential for DHW preparation
in an industrial hall using a WHR system with the varying seasonal efficiency of infrared
radiant ceramic heaters. The results of the analysis are the calculated savings in energy
consumption when using heat recovery and a comparison of this consumption for systems
with radiant heaters of varying efficiency.

2.1. The Hall Description

The light production industrial hall is located in Lower Silesia in Poland in the II
climatic zone (—18 °C). The total cubage and surface area of the hall is 7907 m? and 1468 m?,
respectively. Labor time is divided into one shift from 6 a.m. to 2 p.m. with 253 male
workers. Since a high degree of soiling work is performed in the hall, the bathroom is
equipped with showers and washbasins.

2.2. Gas Radiant Heaters and WHR Systems Selection

The efficiency of the radiant heater is an important determinant in the selection of a
heating system with a heat recovery system because, as mentioned before, the lower the
efficiency of the radiator, the greater the recovery potential. Three solutions of the WHR
systems with the flue gas/water heat exchanger cooperating with ceramic radiant heaters
of varying efficiency with a 1-stage were adopted for analysis. The selected devices are
shown in Figure 4 [36].

. R ad

Radiant Factor 80.9% 63.8% 50.4%
Heat iput 23.1kW 9.7kW 18 kW
Seasonal Eff. (1-stage) 93.8% 85.5% 78%

Figure 4. Luminous heaters selection (high, standard and low efficiency; adopted acc. Ref. [36]).

2.3. Conventional Heat Source for DHW Preparation

As the conventional heat source for DHW preparation, a condensation gas boiler was
used. Its heat output enabled maintaining the minimum DHW temperature of 45 °Cin a
water tank during the day, which is suitable for workers’ bath. The gas boiler needs to run
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in winter when the energy gain from the waste source is too low, and during the whole
summer. For the purposes of the analysis, it was assumed that the DHW temperature
was maintained during the industrial hall operation and turned off during night and
weekend breaks.

2.4. System of DHW Preparation

The simplified scheme of a DHW preparation system for production hall workers
is shown in Figure 5. The analyzed system consists of infrared heaters to warm the
hall, a condensing gas boiler to supply the storage water heater and a WHR system,
described above, which supports the production of DHW by means of flue-gas to water
heat exchangers supplying the coil of the hot water tank.

( —
hot

water

Figure 5. The simplified scheme of the analyzed DHW preparation system with WHR.

2.5. Energy Demand (Methodology and Software)

As the characteristics of the heating energy consumption of the building influence the
amount of energy that can be derived from the economizer, the appropriate calculations
were made for the building. EDSL Tas building-simulation software [37] was applied to
estimate the energy demand for space heating purposes in one-hour steps. The final energy
demand based on the efficiency of ceramic heaters for the space heating of the industrial
hall (summed for each month) is shown in the Table 2. The yearly usable energy demand
was equal to 84.2 MWh. During breaks between shifts and holidays, the industrial hall was
not heated.

The analysis of energy consumption for the preparation of DHW was conducted using
the proprietary hour-by-hour method described in detail in previous publications [14,38],
which considers the temperature value of hot water in the tank, the hot water consump-
tion profile and the temperature of the inlet water. The hour-by-hour method sums up
the energy balance in each of the 8760 h of the year and allows verification of the water
temperature values in the tank. The calculated heat demand for DHW preparation was
equal to 130,500 kWh. The monthly final energy demand is shown in Table 2. To determine
the seasonal performance of the DHW preparation system loaded with conventional and
waste sources, the final energy demand values were determined. When calculating the
efficiency of hot water preparation, a condensation gas boiler (85.0%); centralized prepara-
tion; insulated circuits; limited circulation time; distribution in one room (80.0%); and a
storage tank in a domestic hot-water system that was manufactured after 2005 (85.0%) were
assumed, according to the Regulation of the Minister of Infrastructure and Development of
27 February 2015 on the methodology for determining the energy performance of a building
or part of a building and energy performance certificates [39]. The overall efficiency of the
DHW preparation system was assumed to be 57.8%.
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Table 2. The demand for heating energy for the hall space depending on the efficiency of ceramic
heaters (MWh) and the final energy for preparation of DHW (MWh).

Usable Energy: Final Energy: Heating by Infrared Heaters with Different Efficiency

Final Energy:

Month Heating High Standard Low DHW

MWh MWh MWh MWh MWh
January 15.8 20.6 24.8 314 14.2
February 15.6 20.3 245 31.0 13.5
March 12.4 16.1 19.4 24.6 13.7
April 6.0 7.8 9.4 11.9 11.2
May 0.7 0.9 1.1 14 8.4
June 0.0 0.0 0.0 0.0 77
July 0.0 0.0 0.0 0.0 7.6
August 0.0 0.0 0.0 0.0 74
September 0.8 1.1 13 1.6 9.1
October 4.7 6.1 7.4 9.3 11.5
November 10.0 13.1 15.7 19.9 12.0
December 18.1 23.6 28.4 35.9 14.3
Yearly 84.2 109.4 131.9 167.0 130.5

2.6. Waste Heat Recovery

The system of waste heat recovery from flue gases with its use for DHW preparation
is a particularly suitable alternative energy source in industrial halls because the demand
for domestic tap water during the year is constant.

To calculate the amount of energy that is recovered from the WHR system, different
efficiencies were assumed for different types of radiators. The recovery efficiency depends
on the thermal and radiation efficiency of the gas radiant heater, the flue-gas temperature
and the insulation level of the equipment. In this paper, the recovery efficiency refers to the
amount of heat that is lost by radiant heaters, resulting from the radiant factor (Figure 4)
and the heat that was not directed to the occupied zone. The results of tests and analyses
made it possible to assume the efficiency of the recovery system at the following levels:
high efficiency—28%, standard efficiency—42% and low efficiency—58%. In the analysis,
the auxiliary electrical energy that was related to the operation of the fan and circulation
pump was not considered.

3. Results
3.1. Reduction in Final Energy Demand

To demonstrate the benefits of WHR, it is necessary to consider the energy demand
for both the heating and preparation of DHW. The results of the analysis that included the
calculation of the final energy demand of the industrial hall (heating and DHW), without
and with WHR, are shown in Figure 6. The waste heat recovery system cooperating with
the high-efficiency heater is designated with WHR+HEH, with the standard-efficiency
heater—WHR + SHE, and with the low-efficiency heater—WHR + LEH.

The share of use of both heat sources—conventional and waste—for DHW preparation
varies according to the efficiency of the radiators. The final energy demand of the gas boiler
in the case of operation with radiant heat recovery is shown in Figure 7. A high WHR
level and cooperation with low-efficiency heaters results in the lowest consumption of
conventional energy (from the boiler) for DHW preparation. The distribution of the final
energy gains from two sources in particular months for three types of heaters are presented
in Figure 7.
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Figure 6. Yearly final energy consumption of the gas boiler without and with the WHR system for
heating and DHW preparation (left) and for only DHW preheating (right).
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Heat Exchanger Gas Boiler

Figure 7. Monthly distribution of the energy share of the gas boiler and the WHR system in case of
various heaters.

3.2. Environmental Benefits

Based on the final energy demand that was determined in the previous section for the
particular variants analyzed, the consumption of natural gas was determined (Figure 8),
assuming the calorific value of high-methane natural gas of 36.56 MJ /m? [30]. The reduction
in gas consumption after the application of the WHR system is proportional to the reduction
in energy demand in individual variants, assuming the drive of the auxiliary equipment
from photovoltaic cells.

Using the natural gas consumption in Figures 9-11 the environmental impact of the
reduction in natural gas demand resulting from the waste heat recovery system from
ceramic gas radiant heaters and its use for heating domestic hot water is illustrated. This
impact was illustrated by changes in CO,, NO, and CO emissions. The emissions of SO,
and PM, which have much lower values in the case of natural gas, have been omitted.
Calculations were made assuming the emission factors of 55.44 kg/G]J for CO, based
on [30], 1280 kg/m3-106 for NO, and 360 kg/m3‘106 for CO based on [32].
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4. Discussion and Conclusions

Until recently, the technologies that were used in the process of heat recovery from low-
temperature media were considered to be uneconomic in terms of heat-to-work conversion.
Currently, theoretical, experimental and numerical analyses and studies are being con-
ducted to determine the potential, possibility of recovery, and utilization of low-temperature
waste heat. There is an observed demand for novel high-efficiency heat exchanger designs
that could operate in such systems, especially that potential for industrial waste heat re-
covery in EU countries induces such actions [13]. 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. In
many existing industrial buildings, low-efficiency ceramic heaters with a seasonal energy
efficiency that is lower than the 85%, required in eco-design, are implemented. The amount
of heat that is lost in this case seems to be suitable for implementation of the WHR system.
The WHR system, constructed by the authors of [28], proved that waste heat recovery from
the flue gases of ceramic heaters is achievable on a satisfying level. Furthermore, in the
literature, avoiding high flue-gas temperatures is recommended, and this is why WHR
systems are the appropriate choice to cool the flue gases that are discharged from the halls.

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

e A limited amount of waste energy in the system.

The use of low-efficiency radiant heaters results in the final energy requirement for
hall heating being twice as much as the usable-energy need. In the case of high-efficiency
radiant heaters, the results are not so divergent. It should be noted that the waste energy
that is used in the WHR system results from the difference in final and usable energy;
hence, the amount of waste energy that can be used is limited. This is confirmed in Figure 6,
where the difference is lowest in the case of high-efficiency radiators for which the share of
recovered energy in the annual DHW demand is 5.4%;

e  Aheat recovery system supports the DHW preparation system.

The use of a flue-gas/water or air/water recovery system seems to be highly desirable
in the analyzed case, due to the high energy demand for DHW preparation. Comparing
the final energy demand for the preparation of DHW (shown in Table 2) with the energy
demand to heat the industrial hall with radiant heaters of different efficiency, it is clear
that the energy demand for the preparation of DHW is very high. In the case of standard
radiators, it is almost the same as for central heating, and greater for heating the hall with
high-efficiency radiators;

e  [Ensuring adequate waste heat collection.

The final energy demand for DHW preparation shown in Table 2 is significant; this
is obviously due to the large number of employees in the hall. This is an advantageous
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situation because, as previous analyses have shown, the use of a heat recovery system is
justified when using as much waste heat as possible [14]. Additionally, the high demand
for energy for DHW preparation is advantageous in this system, as the water in the hot
water tank does not overheat. Further, based on the analysis, it may be stated that the
recovered waste energy is managed.

The hour-by-hour analysis allowed the temperature of the water in the tank to be
examined after the operation of each heat source and the water distribution. For the
WHR+HHE system, the water temperature in the hot water tank was obtained at the
desired level and did not exceed 47 °C. In the WHR+LEH system, it is important to check
the selection of the appropriate water tank capacity and temperature distribution. In the
case studied, it reached 84 °C on the coldest days of the year;

e  The consequence of the temperature of the flue gases.

The amount of available energy is not the only factor determining the level of heat
recovery. On the basis of research [6,21,28], it was found that the higher the efficiency
of the radiant heater, the lower the temperature of the flue gases and the construction
elements of the heater (see Section 1.3). A smaller temperature difference between the flue
gases and the medium in the system limits heat exchange and results in a smaller share
of waste energy being transferred to the hot water system. This multiplies the difference
between the amount of energy that is recovered from the systems with heaters of various
efficiencies. In the case of low-efficiency radiators, the high temperature of the flue gases
and the construction elements makes it possible to recover a large part of the energy;

e  Final thermal energy consumption: the entire building vs. DHW preparation only.

The highest final energy demand for the hall, which is obvious, occurs when low-
efficiency radiant heaters are applied. The demand is 24% higher than for a hall that is
heated with high-efficiency radiant heaters and 15% higher than with standard radiant
heaters. The recovery system saves 36.8% of the final energy for DHW preparation in the
case of low-efficiency radiators, 15.4% in the case of standard radiators and 5.4% in the case
of high-efficiency radiators. In the analyzed case, the heating systems with a waste heat
recovery of low-efficiency and standard radiant heaters required more energy (more fuel)
to heat the hall and prepare DHW than the system with high-efficiency radiant heaters
with the WHR system, as well as without it (Figure 6). The analysis also shows that the
use of the WHR system in the case of low-efficiency radiators results in a lower energy
consumption than in the case of standard radiators without the WHR system (Figure 6).

The proposed solution is particularly recommended in the case of modernizing the
heating system in halls where radiant heaters with a low radiation efficiency are used,
especially those that are not currently allowed to be sold.

The summary of the total final energy demand of the industrial hall is crucial, as the
analysis of the results only in the context of preparation for DHW is explicit and shows the
great advantage of the system in the case of low-efficiency radiant heaters. Then, the final
energy demand from the boiler for DHW preparation is the lowest (Figure 6).

In conclusion, 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;

e Limited period for waste heat recovery.

Waste heat utilization is only possible in the heating season during the operation of the
radiant gas heaters for heating the hall. The level of heat recovery is not directly dependent
on weather conditions, but the operation of radiant heaters depends on the indoor and/or
outdoor temperature. In the winter months with the lowest temperatures, the amount
of recovered energy is higher than in the warmer months, and in the summer season
(June—August) when the heaters are not operating, there is no heat recovery (Figure 7).
During the heating season in the coldest months, the LEH+WHR system can cover up to
70% of the energy demand for the preparation of DHW (Figure 7);

o  Emissions reduction potentiality.
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The emissions of pollutants and greenhouse gases from the considered heating and
DHW systems are directly proportional to the final energy demand and depend on the gas
consumption (Figure 8) for these systems, assuming the supply of auxiliary devices with
electricity from photovoltaic cells. Therefore, the impact of the efficiency of the ceramic
radiant heater, and the effect of the application of the analyzed WHR system for particular
types of devices on the amount of emissions is analogous to the impact of these factors on
the demand for final energy that is supplied from natural gas.

Therefore, the quantity of gas that is burned and the associated emissions of each of
the analyzed compounds (CO,, CO and NO;) decreases as the efficiency of the radiant
heaters increases. The use of high-efficiency radiators instead of low-efficiency radiators
reduces the emissions from the heating system by 19.3%; the use of standard radiators
reduces the emissions by 11.8% (Figures 8-11). The same trend also occurs when a WHR
system is used, but the differences between radiant heaters of different efficiencies are much
smaller. The use of high-efficiency devices with a WHR system, instead of low-efficiency
devices, also with a WHR system, reduces the total emissions from the heating system and
DHW by 6.7%; the use of standard devices reduces the total emissions by 2.9%. The use of a
WHR system significantly reduces the emissions of compounds that are associated with gas
combustion. For high-efficiency radiant heaters, this reduction is 5.4% in a DHW system
and 3.0% when the whole energy demand for a building is considered. For standard radiant
heaters, these values are 15.4% and 7.6%, respectively, and for low-efficiency heaters the
values are 36.8% and 16.1%.

The Bottom Line

Considering all the aspects that are mentioned above, it must be underlined that
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.

5. Patents

This paper presents the solution described in the patent application (not published) [28]
E. Dudkiewicz and P. Szatariski, “System for waste heat recovery and contaminant removal
from ceramic gas radiant heaters P.440644 [WIPO ST 10/C PL440644],” 2022.
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