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Energy savings and emission reductions in the building materials industry are key components of China’s “dual
carbon” goals. A new mathematical model of material, energy, exergy, and carbon flows was established and
verified against operational data for an 80600 t/y fiberglass furnace in China. The model enables thermal budget
calculation along different paths and analysis of the losses and saving potential of the entire fiberglass melting
furnace and its three major subsystems. The results indicated that the selected fiberglass furnace attained a
satisfactory performance with a specific energy consumption of 4.63 MJ/kg and an energy efficiency of 74.76%.
Oxy-fuel combustion provided a substantial overall fuel reduction relative to air combustion. Moreover, the
exergy efficiency and effective exergy efficiency reached 62.85% and 55.23%, respectively. The heat recovery
system increased the exergy efficiency by 11.01%. Furthermore, the CO5 emissions associated with glass pro-
duction, major contributors, CO2 reduction potential, and economic impact were obtained. Finally, a sensitivity
analysis of the combustion chamber was conducted. This approach could identify the degree of resource and
energy utilization and support the implementation of energy and exergy efficiency improvement and CO2
emission reduction schemes.

1. Introduction

Fiberglass products are widely employed in construction, daily use,
medicine, nuclear engineering, and other fields [1,2]. In 2021, the
fiberglass production in China reached 6.24 million tons, with a growth
rate of 15.3%. The production in China accounts for 65.68% of the
global fiberglass production, and the production capacity is continu-
ously growing. The fiberglass industry is also one of the most energy-
intensive industries among those related to architectural materials.
Large energy distribution differences have been observed among the
final unit energy consumption values of relatively mature fiberglass
factories with various capacities at home and abroad [3,4], indicating
that the potential for energy efficiency enhancement still exists in China.
Several scientific and engineering methods [5-9] targeting the deter-
mination, quantification and prioritization of possible energy savings in
complex and large-scale industrial processes have been developed or are
under continuous development. This further suggests the existence of
several energy and exergy efficiency improvements and CO5 emission
reductions [10-13].
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Glass melting furnaces constitute the core of energy consumption in
fiberglass production lines. The glass melting process consumes more
than 60% of the total energy input in the glass industry [14]. To facili-
tate the optimization of furnace design and operating conditions, a series
of mathematical models of material and energy flows in the glass
melting process have been proposed in the glass industry [15,16]. Au-
thors [14,17-20] have considered a universal dynamic description of
glass furnaces. Energy flow analyses studies of the outputs of different
glass furnaces have been performed, as summarized in Table 1. Basi-
cally, 3-8 output items have been considered. Regarding the effective
energy, the heat of four components (water evaporation, endothermic
fusion reaction, melt recirculation at the working end and glass melt net
heat enthalpy) always exceeds 40% of the total heat required and usu-
ally ranges from 42.2% to 53.49%. In terms of the energy loss, the
majority of the total energy input escapes with the emitted flue gas,
usually ranging from 15.43% to 70%. The wall loss is also a crucial part
of the total energy loss and typically ranges from 14.4% to 40% of the
total energy input. Finally, other heat losses account for less than 8.3%
of the total energy input. However, material and energy balance analysis
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Table 1
Energy balance of outputs in different glass furnaces.
Number 1 2 3 4 5 6
Author Limpt and Beerkens [14] Diaz-Ibarra et al. [17] Sardeshpande et al. [18] Giuffrida et al. [19] Yazawa et al. [20]
Country Netherlands Colombia India Italy USA
Year 2012 2013 2007 2018 2017
Furnace type Float Container Day tank Container Oxy-fuel Glass melt pool
Furnace capacity / / 1.134 t/d 100.00 t/d 100.00 t/d 500.00 t/d
Water evaporation 1.40% 1.34% 0-25.00% 2.20% 53.49% 77.64%
Endothermic fusion reaction 8.10% 2.33% 6.80%
Heat of melt recirculation at the working end 3.70% / 40.80%
Net heat enthalpy of glass melt 29.00% 45.17% /
Flue gas 35.20% 29.59% 70.00% 28.10% 15.43%
Structural loss/wall loss 14.40% 17.31% 20.00-40.00% 16.50% 31.08% 21.80%
Other losses 8.30% 4.33% / 5.60% 0.56%
Specific energy consumption (MJ/kg melt) 6.15 3.62 31.00-42.00 3.83 2.63 2.78
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Fig. 1. Schematic of a fiberglass furnace with a heat recovery system.

processes could be further enriched and updated.

Oxy-fuel combustion has been applied to industrial furnaces to
improve productivity, decrease energy consumption, and provide one of
three low-cost solutions for CO, capture [21]. Brown [22] demonstrated
that oxy-fuel combustion in certain furnaces provided a total fossil fuel
reduction ranging from 50 to 70%, such as high-temperature regener-
ative and direct-fired furnaces. Shampand and Davis [23] proposed that
the use of oxygen in glass melting could result in less CO». Giuffrida et al.
[19] thoroughly compared the air and oxygen combustion stream mass
flow rates and temperatures of glass melting furnaces and found overall
natural gas savings of 23.8%. However, few material and thermal bal-
ance analysis studies have comprehensively described the components
of energy savings and emission reductions in the entire glass production
process.

Different furnace capacities are associated with various geometric
structures and surface areas resulting in unequal smelting and refining
levels at the same thermal power. Guo [24] divided 124 statistical
samples of oxy-fuel glass melting furnaces in China in 2018 into four
levels by capacity, and small and medium furnaces accounted for 73% of
the total number of furnaces. Sardeshpande et al. [18] presented the
effect of a furnace load accounting for 10% to 105% of the design load
on the specific energy consumption (SEC, MK/kg), demonstrating that
the higher the load is, the lower the SEC. To realistically describe a large
range of furnace capacities and sizes in China, a reference for future
design directions of the fiberglass industry could be provided by deter-
mining the impact of the furnace capacity on SEC.

Another thermodynamic analysis method, i.e., exergy analysis
[25-27], has been employed to illustrate energy use, and this method
can elucidate the scope of the exergy efficiency enhancement and the

magnitude of energetic “improvement potential” [28,29]. In the study of
the exergy balance in a glass furnace conducted by Lucia et al. [30],
exergy losses were classified into three categories: chemical reactions,
heat dissipation into the environment and heat transfer. Kozlov et al.
[31] experimentally determined and compared the exergetic balance
among various furnaces. The results revealed that the exergy of the fuel-
combustion products, with a value of 41.6%, was the highest among
those of output materials, and fuel combustion provided 21.2% irre-
versibility, as well as 5.8% in heat exchange. Yazawa et al. [20] and El-
Behery et al. [11] conducted exergy analysis studies of the prime com-
ponents in the glass melt tank and regenerator, respectively, of a glass
furnace. They proposed that recovering waste energy and cleaning the
regenerator could increase the efficiency. Exergy analysis studies are
important to improve the effectiveness of the production process and
utilize various energy-saving technologies in the fiberglass sector.
However, although physical exergy has been considered, chemical
exergy has rarely assessed and distinctly influences the exergy distri-
bution and efficiency.

Recently, there has been increasing interest in reducing the emission
of pollutants [32-34], such as CO», in glass industrial ecology assess-
ments to achieve mostly environmental and financial benefits. Furszyfer
Del Rio et al. [35] reviewed 701 studies and then stated the in-
terventions, benefits, and barriers for glass systems. However, there
exists no consensus on the most promising technologies. Schmitz et al.
[36] divided CO, emissions into component paths, and the emissions
resulting from combustion and the carbonate decomposition process
reached 0.61 Mt/y and 0.08 Mt/y, respectively, in the continuous fila-
ment glass fibers production process. Ruth and Dell’Anno [37] devel-
oped a dynamic model of CO, emission profiles for the 1988-2028
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Fig. 2. Network diagram of the fiberglass furnace. Node 1: feed device; node 2:
glass melting tank; node 3: heat recovery system.

period and predicted emissions of approximately 0.6-1.2 t per ton glass
product in 2028, including emissions resulting from electricity genera-
tion, resource extraction, manufacturing, and transportation.

In most material and energy analysis studies, the entire production
process is treated as a control volume or only the melting furnace is
considered, thereby ignoring the performance of the primary compo-
nents inside the system, to determine the energy consumption and
saving potential of internal devices in industrial furnaces. Fiberglass
production steps related to energy consumption include feeding,
smelting, and heat recovery processes. System analysis including the
consideration of internal subsystems as calculation “nodes” provides a
tool to systematically study the fundamental energy saving principle of
complex energy systems and thermal processes. Yin [38] published a
book titled “Theory and Methods of Metallurgical Process Integration”,
which is the source of this method for use in industrial production and
supports its extensive application.

From the above, although considerable efforts have been devoted to
investigating energy and exergy efficiency and CO» emissions in the
container, flat glass and other industries, complete mathematical models
and field data targeting efficiency improvements and emission re-
ductions in the fiberglass industry are rare. A comprehensive analytical
model of material, energy, and exergy flows and COy emissions of a
fiberglass furnace is presented here. The flow distributions, energy
savings and CO; emission reduction potential are quantitatively
assessed. Particular attention is directed toward the energy and exergy
efficiency, CO, emission target and effect of furnace capacity on SEC.

2. Method
2.1. Fiberglass furnace basics

Based on the production process, a material and energy flow process
for oxygen-assisted furnaces (shown in Fig. 1) is established. The
fiberglass furnace is the key fiberglass production equipment compo-
nent. Through heat derived from the combustion of natural gas or other
fuels with air or pure oxygen, a high-temperature controllable flame can
be formed in the combustion space, and the radiation of the flame
produces a closed, adjustable, high-temperature environment. The
furnace can be regarded as a chemical and physical reactor rank, in
which raw materials such as pyrophyllite, quicklime, and quartz sand
are converted through solid-liquid state reactions into new silicate
compounds, and then molten glass is formed, as well as a large amount
of high-temperature flue gas. An air preheater and waste heat boiler are
used to recover heat from the produced flue gases, preheat the batch
materials and generate steam. Materials with different chemical com-
ponents are arranged in the production process to generate a material
flow. Various forms of fuels provide power and heat for material flow
and conversion in the melting process, corresponding to energy flow.

2.2. Network analysis

The material and energy balances of the fiberglass furnace constitute
the foundation of the energy performance model. Usually, to apply the
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law of conservation of material and energy, appropriate control volumes
should be defined. Thermodynamically, the glass melting tank, feed
device and heat recovery system are treated as the system. The other
tanks are excluded from the system due to their low relevance. All the
material and energy interactions across the boundary of this control
volume are depicted in Fig. 2, which shows a network diagram
describing the fiberglass production process, in which the material,
energy and exergy flows can be mathematically expressed. In Fig. 2, the
three major subsystems of the fiberglass furnace are simplified into three
nodes. Each node involves various parameters, which are the node
characteristics. The surrounding block diagram is the control volume
and separates the research system from the outside environment. The
material and energy flows into and out of the furnace are denoted by
solid lines. The energy flow of the thermal energy loss of different parts
of the furnace is denoted by dotted lines.

2.3. Mathematical model and methodology

A complete and comprehensive mathematical model of the fiberglass
furnace was established to identify and evaluate the entire fiberglass
furnace system and its three subsystems. The following assumptions
were made: first, the system is a steady flow process. Second, the envi-
ronmental temperature and pressure are 20 °C and 1 atm, respectively.
Third, the temperatures of the molten glass and flue gas are stable,
respectively.

2.3.1. Material flow

The input and output materials in the control volume mainly
comprise three and two parts, respectively. The input and output com-
positions and flow fluxes of cooling water and air in the heat exchanger
remain unchanged. Based on mass conservation theory, the sum of the
input material flows should equal the output at a given node. When the
materials entering and leaving the node reach equilibrium, the nodal
flow satisfies the following equation:

£ B (= m) =0 W

where M is the number of substances entering the node from another
node or from outside the control volume; N is the number of substances
leaving the node and entering another node or exiting the control vol-
ume; m; is the mass flow flux of the i-th substance entering the node, kg;
and mj is the mass flow flux of the j-th substance leaving the node, kg.
Since the substances that enter the node exhibit chemical (such as
combustion) and physical reactions (such as phase transitions), the
quantitative relationship between the components must be considered.

2.3.2. Energy flow

Based on the law of energy conservation, the sum of the input energy
should equal the sum of the output energy at a given node. The energy
flow in the heat recovery system can be simplified into an energy
transfer device in which the energy remains constant. The input and
output energies in the control volume mainly include five and eight
parts, respectively. When a substance flows in and out of a node, the
sensible heat of the substance accompanies it in (Qsen, in, kJ) and out
(Qsen, out, kJ) of the node. Moreover, chemical or physical latent heat
changes (Qiat, kJ) occur due to chemical reactions or physical changes.
Therefore, when the energy entering and leaving the node reaches
equilibrium, its flow satisfies the following equation:

Zglszz] [(Qsen, in — Osen, oul) + Qla\] =0 2)

The energy efficiency can be defined as the ratio of the effective
energy (Qefr, kJ) to the total energy input (Qin, kJ):

n= Qeff/Qin = Qeff/(Qsen, in + Qla&) 3

The SEC (MJ/kg melt) can be characterized in terms of the energy
consumption per unit mass of molten glass, which includes the specific
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Table 2
Fiberglass furnace operating variables.
Number  Name of variable Value
1 Furnace capacity 80600 t/y
fiberglass
2 Main fuel Natural gas
3 Combustion-supporting gas 95% oxygen
4 Flow rate of the combustion-supporting gas 3000 Nm®/h
5 Excess air coefficient 1.15
6 Moisture content of the glass raw materials 5%
7 Input temperature of fuel, combustion-supporting 20°C
gas, and batch materials
8 Average temperature of molten glass 1420 °C
9 Temperature of the flue gas discharged from the glass 1300 °C
melting tank
10 Discharged temperature of flue gas 160 °C

heat of the chemical and sensible heat of inputs and the specific power of
the electric boosting device [39], and can be obtained as follows:

SEC = Qin/mmg (C))

where my,, is the mass flow flux of molten glass, kg. The upper bounds of
the fuel reduction (Fuel, kg) and fuel reduction ratio (Fuel%), deter-
mined by the waste heat utilization, depend on the type of fuel used and
the waste energy potential as follows:

Fuel% = Fuel x 100% = Qy/Qiow X 100% = (Q1 + 03)/Quow % 100%  (5)

where Qy, is the total waste heat, kJ; Qiow is the lower calorific value of
the fuel, kJ/kg or kJ/m3; Q; is the sensible heat of the batch materials,
kJ; and Q is the latent heat of steam in the waste heat boiler, kJ.

2.3.3. Exergy flow

The second law of thermodynamics was adopted to investigate and
quantify the energy efficiency, potential, and exergy efficiency, as well
as to determine the distribution of exergy destruction. Considering the
environmental macroscopic flow rate c¢o = 0 and reference height zo =
0, mechanical exergy components, such as the potential and kinetic
exergy, are ignored. The stream exergy (Ey, kJ) is the sum of the physical
exergy (Ey, ph, kJ) and chemical exergy (Ey, cn, kJ) [21]. It was assumed
that each system stat is maintained at a constant temperature. The
exergy can be calculated as:

Ex = EA, ph + E.r. ch (6)

This equation assumes a stable flowing working medium in an open
system. Ey, pp includes the thermodynamic energy exergy, heat exergy,
and enthalpy exergy and can be expressed as:

Ecoh =m[(h—hy) —To(s —s0) ] = (1 —To/T)Q @)

where T and T are the environmental temperature and the temperature
under a given condition, respectively, K; h; and hg are the enthalpies of
the system under the experimental and environmental conditions,
respectively, kJ/kg; s; and sg are the entropies of the system under the
experimental and environmental conditions, respectively, kJ/(kg-K);
and Q is the available heat flux applied to the system, kJ. The chemical
exergy includes the standard reaction exergy (Ex?chR, kJ) and diffusion
exergy (Exf’chD, kJ) and can be computed as:

Ex, ch = Ex, chRo + Ex, chDO (Sa)
E, ar’ =—AG' =Gy’ — G’ = Z”igio - Z"egeo (8b)
E, ap’ = Z("L:E)c, 00) — nokE;, 020 (8¢c)

where AGY is the difference between the Gibbs functions of the reactants
and products under complete reaction, kJ; G3 and G9 are the Gibbs
functions of reactants and products, respectively, kJ; n; and n, are the

Fuel 348 (2023) 128484

molar numbers of reactants and products, respectively, mol; and g and
g are the standard Gibbs energies of the formation of the substances in
the reactants and products, respectively, kJ/mol. The standard reaction
exergy of fuel, such as methane, and the diffused exergy of three main
substances (C, H, and O) of the flue gas were calculated, corresponding
to chemical equilibrium states for carbon dioxide (CO,), water (H»0),
and oxygen (Oy), respectively [40].

The exergy assessment and relevant terminology can be defined as
follows: the exergy entering the system (Ey, in, kJ) is the fuel exergy. The
exergy leaving the system (Ex, our, kJ) includes effective exergy and
external exergy destruction. The effective exergy (Ey, eff, kJ) includes the
exergies of molten glass and steam in the waste heat boiler. External
exergy destruction comprises the exergy loss (Ey, 1055, kJ), referring to
wall dissipation and the sensible heat of the flue gas, water and vent air
(one of the waste gases). This exergy flow can be recovered for appli-
cation. Internal exergy destruction, referred to as irreversibility (I, kJ)
[41], is an irreversible process, and this exergy cannot be utilized. The
exergy balance can be expressed as follows:

Eiin=Eyont+I=E; et +E 105 +1 ©
The exergy efficiency [42] can be defined as the following ratio:
Nge = Ly, ou&/Ex. in = 11— I/Er in (10)

The effective exergy efficiency (EEE) [43] can be expressed as
follows:

Ny, eff = E,, eff/Ex. n=1- (I + Ex loss)/Ex. in (11)

In this paper, the exergy performance coefficient (y;p) is proposed,
referred to as the exergetic “improvement potential”, which is a
dimensionless parameter associated with the exergy efficiency and EEE.

e = (’75; — Mgy, eff)/rIEx % 100% 12)

This parameter reflects the amount and direction of exergy
improvement. A large value of (gx - 1Ex, eff) indicates that exergy loss is
the main contributing factor and should be prioritized in future
improvement efforts, while a small value indicates that irreversibility
should be considered first.

2.3.4. COz emissions

The probable total CO2 emissions result from the combustion of fuel
(e.g., natural gas) and the decomposition of carbonate, which comprises
dolomite and sodium carbonate. The latter produces lower CO» emis-
sions. The combustion reaction can be expressed as:

CH4+20,—-C0,+2H,0 (13a)

The chemical compositions of dolomite and sodium carbonate are
CaMg(CO3)2 and NayCOs, respectively. Therefore, the carbonate
decomposition reactions under heated conditions can be expressed as:

CaMg(CO3),—~»Ca0+MgO+2CO, (13b)

Na,CO3—Na,O+CO, (130)

In regard to thermal energy production, CO, emissions (CO2) can be
calculated considering the annual fuel input (mg.], kg), the average
combustion efficiency (5¢,e] = 1) and relevant stoichiometric coefficients
(also referred to as emission factors, EFge), kgcoa/kg), as well as the
carbonate input (m,, fractional mass flow flux of the batch materials,
kg), the decomposition efficiency (7. = 1) and corresponding stoichio-
metric coefficients (EF., kgcoa/kg). The compound CO5 emissions [44]
can be obtained as:

CO, = Z(m; X EF}) = myel X Ny X EFpel +me X 1, X EF, (14

The upper bound of CO, emission reductions resulting from the
utilization of waste heat depends on the type of primary energy used and
the waste energy potential, which are determined by the improvements



Y. Yao et al.

Fuel 348 (2023) 128484

Table 3
Chemical composition of batch materials.
Chemical composition SiO, Al,O3 Fe,03 CaO MgO R0 Escaping gas Others Total
Mass percentage (%) 51.02 13.84 0.04 21.33 3.20 0.81 9.47 0.29 100.00
Fig. 3 shows the Sankey diagram of the material flow split of the glass
Table,4 » melting tank. The batch materials include raw glass and chemical ma-
Chemical composition of the natural gas. . . .
terials. The flue gas comprises the combustion gas products and gas
Chemical CH,4 CHe  CHg  CiHio N2 Others  Total escaping from the batch materials. In the oxygen-assisted fiberglass
composition furnace, the material input includes three parts, namely, the batch ma-
Volume 98.06 022 012 0.13 145 0.02 100.00 terials, fuel, and combustion-supporting gas. The material output com-
percentage

(%)

Combustion-supporting gas Flue gas (40.75%)

(24.61%)

¥

Fuel (5.55%)

Fig. 3. Sankey diagram of the material flow split of the glass melting tank.

in energy and exergy efficiency. The avoided CO2 emissions can be ob-
tained as:

COf = Fuel x 1, X EFguel (15)

2.4. Calculation conditions and parameters

Field studies were conducted, and data were obtained for a fiberglass
production line in China. Mass and energy data were largely acquired
from industry, while other data were calculated from relevant operating
variables. Tables 2-4 provide the operating variables of the fiberglass
furnace, the chemical composition of the batch materials and the
chemical composition of the natural gas.

3. Results and discussion
3.1. Material analysis with resource utilization

The mass percentages of considering various paths into the glass
smelting process under the given operating parameters were obtained.

Sensible heat of combustion-
supporting gas (0.15%)

Sensible heat of
fuel (0.08%)

(9.72%)

Sensible heat from

Other heat

prises two parts, namely, molten glass and flue gas. Therefore, the mass
of input materials (batch materials and fuel/oxidizer) are equal to that of
output materials (flue gas and molten glass) because of the process
design requirements.

The total quantity is 1.68 kg/kg molten glass. Thus, the input mass is
nearly 1.7 times the mass of molten glass. From a material input
perspective, the quantity of the batch materials, which provide the
necessary substances, is much greater than that of the fuel and
combustion-supporting gas, which provide the energy determined by
the process design requirements. The total mass ratio of batch materials
is the highest, which is close to 70%. The conversion rate of batch ma-
terials into molten glass is 85.26%, and a small part is dissipated in the
form of escaping gas due to dehydration and chemical reactions. This
batch material property facilitates the production of glass with less
material loss. Moreover, the mass ratio of the combustion-supporting
gas is the second highest at nearly 24.61%. This result indicates that
the production of 1 kg of molten glass requires a large amount of oxygen
to support combustion.

Based on the material output data, the primary product (molten
glass) exhibits the highest mass ratio (almost 60%). Most of the input
materials are necessary. The mass ratio of the flue gas is 40.75%, and
combustion gas products (the primary component of the flue gas) ac-
count for almost 30.16% of the total output. This verifies that the pro-
duction of 1 kg of molten glass still generates a large amount of
combustion gas products, including CO,, water vapor, a small amount of
unreacted nitrogen (from natural gas and oxygen impurities) and oxy-
gen. Controlling combustion gas products is the key to regulating the
material flow of the fiberglass furnace. Compared to the features of air
combustion, oxy-fuel combustion can reduce the proportion of com-
bustion gas products, especially the nitrogen content. The total amount
of material required per kilogram molten glass is also smaller, which
reduces the specific material consumption. Moreover, the mass of the
gas escaping from the batch materials is a quarter that of flue gas due to
the additional quantities of water vapor, CO5 and SO, released through
physical and chemical interactions, in which dehydration accounts for
31% of escaping gas. Finally, the mass ratio of the other system
component, due to the effects of partial ablation, variations in the

Dissipates
heat of glass
melting tank

Sensible heat of
molten glass (30.20%)

Latent heat of
olten glass (28.49%)

flue gas (29.43%)

Sensible heat of

heat exchanger (12.69%) Lo0ss (0.31%) cooling water (1.85%)

Fig. 4. Sankey diagram of the energy flow split of the glass melting tank.
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Sensible heat of batch
materials 3.41%)

Fig. 5. Sankey diagram of the energy flow split of the feed device.

Sensible heat of
vent air (15.89%)
Latent heat of steam in

waste heat boiler (25.07%)

Sensible heat of air
into heat exchanger
(3.17%)

Dissipates heat & Sensible heat of
of heat recovery  flue gas (9.81%)
system (8.89%)

Fig. 6. Sankey diagram of the energy flow split of the heat recovery system.

composition of the raw materials and flue gas, uneven temperatures of
the molten glass and flue gas, bubbling air amount, atomizing media,
and leaking air, are ignored.

3.2. Energy analysis with energy utilization

3.2.1. Glass melting tank

The energy forms in the glass melting tank are almost the same as
those in the entire system. However, the energy flow in the glass melting
tank differs from that in the whole system because of the heat recovery
system. Fig. 4 shows a Sankey diagram of the energy flow split. The total
energy is 5224 kJ/kg molten glass considering waste heat recovery.
Based on the energy input, most of the energy is supplied by fuel com-
bustion (i.e., 87.08%). Another component of the energy input is the
sensible heat of batch material drying and preheating by the heat
exchanger, which is approximately one-seventh that of the fuel com-
bustion. However, this part accounts for only 43.13% of the heat
removed by the flue gas.

According to the energy output, the available energy in the glass
melting tank offers a heat source for molten glass production and
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heating with a low energy efficiency of 58.69% because of the produced
flue gas and dissipated heat. The heat consumption of the silicate for-
mation reaction accounts for the highest proportion of the total heat
consumption for molten glass production, indicating that this step rep-
resents an energy saving opportunity and that suitable batch materials
could reduce the SEC to a certain extent by reducing the reaction heat.
Moreover, high-grade waste heat escaping with the flue gas accounts for
the highest proportion of the total energy loss because of the high
temperature and specific heat capacity. The second highest energy loss
comprises the heat dissipated from the glass melting tank due to the high
tank internal temperature and large temperature difference from the
environment, which identifies insulation as another energy-saving
opportunity.

3.2.2. Feed device

Fig. 5 shows a Sankey diagram of the energy flow split. The total
energy is 663 kJ/kg molten glass. In view of the energy input, more than
96% of the energy supplied originates from the heat recovered through
the air preheater heat exchanger. Due to the energy output, the energy
consumption of the batch material reheating accounts for 100% of the
total energy consumption under the assumption of no heat loss.

3.2.3. Heat recovery system

The two-stage heat recovery system comprises an air preheater fol-
lowed by a waste heat boiler. The air preheater absorbs the waste heat of
the flue gas from 1300 °C to 650 °C for the batch material preheating.
The waste heat boiler absorbs the waste heat of the flue gas from 530 °C
to 160 °C for the steam generation. The stepwise reduction in the flue
gas temperature fully demonstrates the heat loss reduction enhancement
due to heat recovery. Fig. 6 shows a Sankey diagram of the energy flow
split. The total energy is 1588 kJ/kg molten glass. From an energy input
perspective, the energy supply derived from the flue gas (close to 97%)
remains the dominant factor, in which the discharge rate of the com-
bustion gas products is double that of the escaping gas.

Based on the energy output, the available energy is used to reheat the
batch materials in the feed device and saturated water in the waste heat
boiler. The former directly participates in glass production. The resul-
tant energy efficiency of the heat recovery system is approximately 66%,
which is slightly above that of the glass melting tank. In general, these
two devices can increase the recovered energy by 13.82% and 8.59% of
the total energy input and reduce the flue gas energy by 67.56%. It
seems that waste heat recovery contributes to a heat supply of 9.4 x 10*
GJ/y, equivalent to saving 3200 tons of standard coal. The highest en-
ergy loss (approximately 16%) is associated with the escape of the vent
air into the surroundings. Air is reutilized as an indirect medium for
energy recycling via the temperature difference between air import and

Sensible heat of

Sensible heat of combustion
-supporting gas (0.16%

Sensible heat of fuel
(0.09%)

Sensible heat of
batch materials (0.49%)

Sensible heat of air ?Oesast
into heat exchanger (0.35%)

(1.09%)

flue gas (3.36%)

Dissipates
heat (14%)

Other Sensible heat
of cooling
water (2.09%)

Latent heat of
steam (8.59%)

Latent heat of molten
glass (32.12%)

vent air (5.44%)

Fig. 7. Sankey diagram of the energy flow split of the fiberglass furnace.
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Fig. 9. SEC in the five cases.

export. Although the energy removed by the flue gas represents the
second highest energy loss, this loss is less than 10% at lower temper-
atures, while it is lower than that of the glass melting tank, as well as
heat dissipation.

3.2.4. Whole fiberglass furnace system

Fig. 7 shows a Sankey diagram of the energy flow split. The total
energy is approximately 4634 kJ/kg molten glass. In view of the energy
input, the heat energy of the fuel chemical reaction is more than 98%
and is much higher than the sensible heat. The sensible heat of air into
the air preheater is the second highest input, and the sensible heat of fuel
is the lowest. A comparison to Fig. 3 reveals that natural gas dominates
the energy ratio with a lower mass ratio. However, the amount of heat
derived from the batch materials, which are the dominant raw materials
and exhibit the highest mass ratio, is almost negligible, similar to the
amount of heat derived from the combustion-supporting gas.

According to the energy output, almost all energy is consumed
during the production of molten glass, which exhibits the highest ma-
terial ratio. The useful SEC of molten glass is 3.07 MJ/kg, which ac-
counts for more than 66% of the total energy input and exceeds the
average value of 50% in the literature. Silicate formation accounts for
more than 16% of the total energy output. The energy consumption of
dehydration is 8.38%, which indicates the importance of drying and
preheating the batch materials. Another effective consumption compo-
nent is the latent heat of steam in the waste heat boiler with 2 t/h
evaporation. With waste heat utilization, the total energy efficiency
suggests a better performance with a value of 74.76%.

The other heat consumption component is ineffective heat,
comprising the primary energy saving target. The heat dissipated by the
furnace accounts for the highest proportion, which is below the average
value of 20% in the literature. The furnace body heat loss accounts for
the highest proportion and includes the conduction, convection and
radiant heat losses across the furnace surface. Unfortunately, the nearly
100 m of flue gas pipes cause an approximately 3% heat loss. Therefore,
the feeding openings, flow holes, and relevant parts are usually fully
insulated to maintain a lower outer surface temperature of the furnace.
The second highest energy loss is the substantial sensible heat of vent air
because the batch materials are indirectly heated and due to the low
energy efficiency of the heat recovery system.

The final heat losses are unavoidable, of a low grade, uneconomical,
and difficult to address. The heat loss of flue gas accounts for the highest
proportion, although it is far below the average value of 30% in the
literature due to the low flow flux (oxy-fuel combustion) and tempera-
ture (heat recovery). This demonstrates that oxy-combustion better
conforms to national principles and requirements regarding energy
conservation and emission reduction than air-combustion. This process
not only significantly decreases the SEC due to lowering the flue gas flux
and avoiding the heat loss resulting from heating N in air but also
prevents Ny from chemically reacting with Oy in localized high-
temperature zones to generate pollutants such as NOy. Compared to
the material input component, the heat loss of the combustion gas
products, with the second highest mass ratio, is very low.

Fig. 8 shows the energy budget distributions of the effective and
ineffective components in the fiberglass furnace and the other two
subsystems. The effective heat in the fiberglass furnace increases after
adding the heat recovery system and is higher in the glass melting tank
than in the heat recovery system. However, the trend of the heat loss of
the flue gas is the opposite. There is a significant reduction in the heat
lost through the wall after heat recovery. The lower the average
equipment temperature inside the system, the less heat is lost through
the wall.

3.3. Sensitivity analysis of the combustion chamber size to energy flow

To investigate the effects of the furnace capacity (including the
furnace size and production rate) on the energy efficiency, a sensitivity
analysis was performed. The furnace capacity of the Chinese example
considered in this paper, denoted as Case 4, is approximately 250 t/d,
and the corresponding calculations were compared to the data provided
in Table 1. Based on the classifications in [25], five furnaces were
divided into three groups. Case 1 in Colombia with a capacity of 1 t/
d pertains to a miniature furnace. Cases 2 and 3 in India and Italy,
respectively, with a capacity of 100 t/d, as well as Case 4, are medium
furnaces. Case 5 in the USA with a capacity of 500 t/d refers to a large



Y. Yao et al. Fuel 348 (2023) 128484

80 : 90
Effective ener
P S— = 80
Flue gas heat loss
260k [R— S‘urface heat loss 70
S ] -
< "0
Sen | ] 260
s 50 —
= on
5 E
saol - |4 S 0
- 2 40
£330 £
: <
M0+ o 30
O
20
O L1t L B
10
0 1
Case 1 Case 2 Case 3 Case 4 0
i i i s N s
Fig. 10. Histogram of the energy percentages of three modes in the four cases. e %\95 « S\)dac N Gs\a ?\% o \“\% \‘N{‘*\e ‘X\eﬁ\\os
0 e N <
WO o™ Co oW
ol
Table 5
Furnace exergy analysis results. Fig. 12. CO, emission reduction opportunities.
Amount Percentage
(kJ/kg) (%) furnace.
Exergy input (Ey, i) Fuel exergy 4744.85 100.00 Fig. 9 shows the SECs in the five cases with different furnace ca-
Total 4744.85 100.00 pacities. Altun et al. [45] summarized the SECs of the top 10% oxy-fuel
Molten glass 2535.27 53.43 container glass furnaces in the Netherlands in 2012 in terms of perfor-
exergy . . .
Effective Exergy of steam 85.35 1.80 manc.e, i.e., those with a Fhreshold of 3.90 MJ/kg (red 'lme). Thg SEC of
exergy (Ex, in the waste heat the fiberglass furnace with heat recovery in Case 4 is approximately
eft) boiler 4.63 MJ/kg, which is lower than the Chinese average value of approx-
Total 2620.62 55.23 imately 7.73 MJ/kg (blue line) in 2017 [46]. However, this value does
Surface heat 246.80 520 not reach the top 10% performance range and needs to be improved. The
dissipation i is that cullet t selected as a batch material f
Exergy output (Ex, ou) Flue gas exergy 50.34 1.06 main reason is at cullets were not selected as a batch material for
Exergy Exergy of vent air 54.09 1.14 Improvement purposes.
losses in the heat As shown in Fig. 9, the higher the furnace capacity is, the lower the
ex‘}:lha“ge' SEC. Cases 4 and 1 differ in capacity by 250 fold, but the SEC in the
Ex 1ox2) Others 6.09 0.13 former case is one-twelfth that in the latter case. This is evidence that the
Cooling water 4.41 0.09 .
exergy furnace capacity affects the energy flow, and a large furnace actually
Total 361.73 7.62 consumes less energy. The curve slightly fluctuates because the SEC is
o Total 2982.35 62.85 related to not only the capacity but also the furnace type, geometric

I”gerSIbﬂ‘ty Total 1762.50 87.15 structure, surface area, melting technology, and operation year [47]. It
is obvious that a regular pattern applies in the glass industry and that the
energy consumption can be reduced by a factor of 5%-93% while
achieving considerable capital savings.

100 il Energy efficiency The energy percentages of the three modes of effective heat, heat
[___|Exergy efficiency removed by the flue gas and heat dissipation are compared in Fig. 10.

[l Effective exergy efficiency With the variation in the furnace capacity, the energy flow of each part

80 | exhibits a general trend. The larger the furnace capacity is, the higher

‘ the proportion of the effective heat and the lower the ratio of the flue gas

heat loss. This can also be attributed to oxy-fuel combustion and waste

§ okl — . heat recovery in Case 4. The increase in energy efficiency is significant,

& namely, 60%. The percentage of the surface heat loss does not signifi-

g cantly change with the furnace capacity and fluctuates at approximately

k) 20%.

E 40 | Cases 4 and 1 differ in capacity by 250 fold, but the energy ratio of
the effective heat in the former case is close to eight times that in the
latter case. This is the main reason why the government requires the

20 | construction of large factories and the elimination of small furnaces.
Moreover, the energy ratio of the heat removed by the flue gas in Case 4
is lower than one-twentieth that in Case 1, which reflects the high waste

0 heat recovery potential of a small furnace.

fiberglass furnace  Glass melting tank Heat recovery system

3.4. Exergy analysis with the rate of irreversibility
Fig. 11. Summary of the thermal analysis of the furnace and major subsystems.

The exergy can be evaluated as follows: the system performance can
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Table A
Material balance of the oxygen-assisted fiberglass furnace.

Fuel 348 (2023) 128484

Material input

Material output

Number  Symbol  Item Amount (kg/ Percentage Number  Symbol  Item Amount (kg/ Percentage
kg) (%) kg) (%)
1 m Batch materials 1.18 69.84 1 my Molten glass 1.00 59.25
2 Glass raw materials 1.09 64.73 2 ms Flue gas 0.68 40.75
3 Chemical raw materials 0.09 5.11 3 Combustion gas products 0.50 30.16
4 my Fuel 0.09 5.55 4 Escaping gas from batch 0.18 10.59
materials
5 mg Combustion-supporting 0.41 24.61 5
gas
Total mj, 1.68 100.00 Total Moyt 1.68 100.00
where m;, and m,, are the total masses per kilogram molten glass entering and leaving the node, respectively.
Table B
Energy balance of the glass melting tank.
Material input Material output
Number  Symbol  Item Amount  Percentage = Number  Symbol  Item Amount  Percentage
(kJ/kg) (%) (kJ/kg) (%)
1 Q Combustion heat of the fuel 4549.28 87.08 1 Qs Sensible heat of the molten glass 1577.61 30.20
2 Q2 Sensible heat of the fuel 4.06 0.08 2 Qs Latent heat of the molten glass 1488.53 28.49
3 Qs Sensible heat of the 7.61 0.15 3 Reaction heat of silicate formation 758.66 14.52
combustion-supporting gas
4 Q4 Sensible heat of the batch 663.10 12.69 4 Heat consumption of molten glass 341.47 6.54
materials formation
5 Heat consumption of water evaporation 388.40 7.43
from the batch materials
6 Q; Sensible heat of the flue gas with 1300°C 1537.43 29.43
7 Sensible heat of the combustion gas 1049.68 20.09
products
8 Sensible heat of the escaping gas 487.75 9.34
9 Qs Dissipated heat of the glass melting tank 507.67 9.72
10 Qo Sensible heat of the cooling water 96.80 1.85
11 Qo Other heat output 16.01 0.31
Total Qin 5224.05 100.00 Total Qout 5224.05 100.00
Table C
Energy balance of the feed device.
Material input Material output
Number  Symbol  Item Amount (kJ/ Percentage Number  Symbol  Item Amount (kJ/ Percentage
kg) (%) kg) (%)
1 Q Sensible heat of the batch 22.59 3.41 1 Q3 Sensible heat of the batch 663.10 100.00
materials materials
2 Sensible heat of the glass raw 20.94 3.16
materials
3 Sensible heat of the chemical 1.65 0.25
raw materials
4 Q2 Sensible heat from the air 640.52 96.59
preheater
Total Qin 663.10 100.00 Total Qout 663.10 100.00

be optimized by minimizing the exergy losses and irreversibility. The
calculated exergy analysis results for the furnace are summarized in
Table 5, and the chemical exergy of the fuel is approximately 4745 kJ/
kg. The exergy efficiency is 62.85%, and the EEE is 55.23%.

The exergy efficiency is 11.01% (air preheater: 9.21%; steam:
1.80%) higher than that of the furnace without heat recovery. The
exergy losses are mainly due to surface heat dissipation and exergies of
the flue gas, vent air, and cooling water. Surface heat dissipation ex-
hibits the highest ratio of 5.2%. The irreversibility ratio is very high at
37.15%. Irreversibility is a restriction imposed by steps in the glass
production process, such as exothermic and endothermic reactions,
uncontrolled mixing phenomena, heat transfer across interfaces with
finite temperature differences, and dissipation effects such as flow with
friction. These irreversible phenomena should be notably considered.

Exergy analysis was conducted at both the whole system and

subsystem levels to obtain the exergy distribution. Based on the exergy
analysis results provided in Table 5, the improvement resulting from the
various exergy losses and irreversibility is 44.77%. It is difficult to
optimize the process to realize irreversibility reduction. However,
exergy losses can be reduced in practice, especially surface heat dissi-
pation. Advanced thermal insulation and sealing can reduce exergy
losses.

The energy and exergy efficiencies are shown in Fig. 11. The exergy
efficiency and EEE of the glass melting tank are higher than those of the
heat recovery system, which suggests that the energy use quality is
advanced. In the heat recovery system, the exergy efficiency and EEE are
the lowest, with the irreversibility as the main source. This indicates that
the energy utilization methods are unreasonable and that the heat re-
covery system negatively affects the exergy efficiency and EEE of the
whole system. The lower exergy efficiency can be attributed to one or



Y. Yao et al.

Table D
Energy balance of the heat recovery system.

Fuel 348 (2023) 128484

Material input

Material output

Number  Symbol  Item Amount Percentage Number  Symbol Item Amount Percentage
(kJ/kg) (%) (kJ/kg) (%)
1 Q Sensible heat of the flue gas 1537.44 96.83 1 Q3 Sensible heat from air 640.52 40.34
preheater to feed device
2 Sensible heat of the combustion ~ 1049.69 66.11 2 Q4 Latent heat of the steam in the 398.11 25.07
gas products waste heat boiler
3 Sensible heat of the escaping gas 487.75 30.72 3 Qs Sensible heat of the vent air in 252.29 15.89
the air preheater
4 Qo Sensible heat of the air flowing 50.30 3.17 4 Qs Sensible heat of the flue gas 155.75 9.81
into the air preheater with 160°C
5 Sensible heat of the 105.58 6.65
combustion gas products
6 Sensible heat of the escaping 50.17 3.16
gas
7 Q7 Dissipated heat of the heat 141.07 8.89
recovery system
Heat loss of the flue gas pipes 141.07 8.89
Total Qin 1587.74 100.00 Total Qout 1587.74 100.00
Table E
Energy balance of the oxygen-assisted fiberglass furnace.
Material input Material output
Number  Symbol  Item Amount Percentage Number  Symbol  Item Amount Percentage
(kJ/kg) (%) (kJ/kg) (%)
1 Q Combustion heat of the fuel 4549.28 98.17 1 Qs Sensible heat of the molten glass 1577.61 34.05
2 Q2 Sensible heat of the fuel 4.06 0.09 2 Q; Latent heat of the molten glass 1488.53 32.12
3 Q3 Sensible heat of the 7.61 0.16 3 Reaction heat of silicate formation 758.66 16.37
combustion-supporting gas
4 Q4 Sensible heat of the batch 22.59 0.49 4 Heat consumption of molten glass 341.47 7.37
materials formation
5 Sensible heat of the glass 20.94 0.45 5 Heat consumption of water 388.40 8.38
raw materials evaporation from the batch
materials
6 Sensible heat of the 1.65 0.04 6 Qs Latent heat of the steam in the 398.11 8.59
chemical raw materials waste heat boiler
7 Qs Sensible heat of the air 50.30 1.09 7 Qo Dissipated heat of the fiberglass 648.74 14.00
entering the air preheater furnace
8 Heat loss from the furnace body 507.67 10.96
9 Heat loss from the flue gas pipes 141.07 3.04
10 Qio Sensible heat of the vent air in the 252.29 5.44
air preheater
11 Qi1 Sensible heat of the flue gas 155.75 3.36
12 Sensible heat of the combustion gas 105.58 2.28
products
13 Sensible heat of the escaping gas 50.17 1.08
14 Q12 Sensible heat of the cooling water 96.80 2.09
15 Qi3 Other heat losses 16.01 0.35
Total Qin 4633.84 100.00 Total Qout 4633.84 100.00

more of the following possible reasons: first, heat transfer intermediates
remove a large amount of unused heat. Second, the preheater and boiler
may not have been sufficiently heated during the previous heating
period, resulting in a small temperature difference and hence a low heat
transfer rate. Third, the relatively low exergy efficiency might be
attributable to the reductions in both the heat transfer coefficient and
heat transfer area due to the deposit layer [18,34]. Moreover, a signif-
icant difference between the exergy efficiency and EEE suggests a high
“exergy potential”. The exergetic “improvement potential” values of the
furnace and major subsystems are 12.13%, 36.46%, and 23.23%,
respectively. The np of the glass melting tank is much larger than that of
the other subsystems, which indicates that the effective exergy
improvement in the glass melting tank is the greatest. The #p value of
the furnace is the smallest and indicates that irreversibility is a major
constraint. The lower 5pp is, the more thorough the effective exergy
utilization and the lower the residual exergy use potential in the exergy
output. Conversely, when #p is small, radically reducing the irrevers-
ibility may effectively improve the exergy efficiency.

10

Based on the energy and exergy analysis results above, it is important
to propose specific energy conservation measures to reduce the total
energy input and increase the effective efficiency. Resource utilization
includes advanced burn, melt and heat recycling technologies. The
recommended burn and melt technologies mainly include advanced
oxy-fuel combustion and the use of batch materials such as cullets due to
the lower useful energy required and primary energy input. Heat recy-
cling can be divided into five parts considering different heat loss paths.
The avoidable energy loss is essentially caused by heat dissipation from
the system surface, flue gas, vent air and cooling water. Heat dissipation
from the system surface is due to high wall temperatures and long flue
gas pipes, which causes excessive energy dissipation into the environ-
ment. To improve the efficiency, advanced thermal insulation and
shorter transport lines are suggested to lower the heat loss. The other
three routes of the heat dissipation occur because of the high exit tem-
perature and high flux. To increase the efficiency, it is necessary to
choose an advanced heat exchanger and cascade waste heat recovery
scheme (high, medium and low levels of heat), such as medium- and
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low-temperature heat pump technologies for a lower heat loss and larger
amounts of recovered energy, thus reducing the primary energy input.

The above measures are based on the original process. The following
provides additional process optimization suggestions for newly built or
renovated sites. First, the simplest method is to use a direct contact heat
exchanger without air and an advanced cascade waste heat recovery
scheme. It is possible to avoid the inevitable energy and exergy losses
between multiple heat exchangers and vent air. It is assumed that the
inlet and outlet temperatures of the flue gas used as a heat source remain
unchanged. In contrast to indirect heating, the energy is absorbed by
batch materials directly and completely from flue gas rather than from
air, and the improvement in the heat recovery system is 201.99 kJ/kg
molten glass with a 31.54% increase. The practical challenges during
implementation involve the stability and reliability of system operation,
the pipeline layout complexity and the effects of the flue gas cleanability
on batch materials. Second, using more waste heat for glass melting
rather than for other heat applications, such as steam generation, less
commonly encountered, is another key target for reducing the primary
energy consumption. It is assumed that the flue gas inlet and outlet
temperatures are consistent. Instead of using the flue gas energy for
steam generation, it is absorbed by batch materials, and the energy
saving improvement in the whole system can reach 398.11 kJ/kg molten
glass. The challenge is the large preheating area and high investment
cost for gas-solid heat transfer. Third, the sensible heat of molten glass
or fiberglass production should be recovered where possible. It is
assumed that the sensible heat of molten glass is absorbed. The
improvement in heat recovery is 1555.02 kJ/kg molten glass. The
problems are that indirect heating is associated with heat loss, the
process complexity is increased, and the subsequent processing tech-
nology increases the temperature control requirements of the molten
glass heat exchanger. Finally, if production is intermittent, regenerators
[48] or thermal storage devices should be considered. There are also
studies and new technological applications related to the flue gas energy
recovery [49], combustion and burners, and revolutionary melting and
fining concepts.

3.5. Compound CO, emission analysis with heat utilization

The resource-use efficiency and carbon emission control need to be
improved to meet global energy and CO; emission targets by
2030-2050. Calculations have indicated that the highest emission rate
of 92.28% occurs when fuel is burned with a CO3 amount of 250.09 g per
kg glass, and the lowest emission rate of 7.72% occurs when carbonates
are decomposed with an amount of 20.93 g/kg in the fiberglass pro-
duction line. It has been estimated that the CO, emissions resulting from
glass production can reach 2.4 x 10* t/y, which reveals a high carbon
reduction potential.

In addition, the recycled waste heat can be converted to achieve a
reduction in CO, emissions of 57.1 g/kg (5155 t/y), which corresponds
to the production of approximately 0.21 kg of molten glass. Effective
approaches for reducing the environmental impact include the
improvement of major heat exchangers and combustion reactors and the
use of alternative carbonate materials. Biological CO, mitigation ap-
proaches are also important, such as the use of Chlorella vulgaris and a
nitrifier-enriched activated sludge (NAS) consortium for CO5 capture
[50] and enhancing the activity of ammonia- and nitrite-oxidizing
bacteria in the activated sludge process for CO, mitigation [51].

According to the energy supplied, the amount of fuel savings was
calculated with a waste energy potential of 2725 kJ/kg, which is based
on the use of the waste energy of the molten glass, equipment surfaces,
vent air, flue gas and cooling water. The CO2 emission reduction op-
portunities are shown in Fig. 12. This system is expected to provide the
potential to reduce the primary fuel (natural gas) consumption and CO,
emissions by 59.89% and 55.27%, respectively. If the local heating
system for glass melting is replaced by useful waste heat, the upper
bound of the CO5 emission reduction potential is approximately 1.4 x
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10* t/y. Finally, the economic benefits were analyzed. The transaction
price of the carbon emission allowance (CEA) listing agreement in the
national carbon market is approximately 8 US dollars/t. Therefore, this
value is equivalent to 0.1 million US dollars/y in revenue or cost savings
for the company.

3.6. Future work and challenges

Substantial work must still be performed before the research results
can be applied to plant operation optimization. First, theoretical studies
should be expanded. The basic calculation method of the chemical
exergy is clear, but there are few chemical exergy studies of complex
reaction processes [40,52] because of the lack of initial data, such as the
standard chemical exergy of elements [53]. Moreover, the conventional
theoretical system is based on steady-state conditions. It is difficult to
analyze the transient characteristics of certain periodically operated
furnaces, such as steel converters [54]. Therefore, a more comprehen-
sive theoretical system needs to be established for practical applications.
In addition, numerical simulation and experimental research methods
[18,34] are essential. Thermal analysis and mathematical models of the
energy, exergy and CO emissions of a furnace and each component with
or without oxy-fuel combustion have been commonly used and could be
popularized in the field.

Second, innovative combustion, melting, insulation and sealing,
waste heat recovery and energy recovery technologies should be
developed. Advanced batch materials and oxygen supply and distribu-
tion systems have been developed to improve the quantity and quality of
products and reduce the SEC and pollutant emissions [3,55]. To improve
the quantity and quality of heat and energy recovery, the performance of
the insulation and sealing materials, exchanger and accumulator should
be optimized [56,57], and heat recovery systems for high-temperature
facilities, products, and slag should be added [58,59]. The level of
computer-automated control of the entire process should be enhanced
[60]. The promotion of greater cross-disciplinary cooperation and ex-
change is the key challenge limiting the development of the industry
from rote mechanization to intelligent systems.

Finally, green operation and low carbon emissions are long-term
themes. Oxygen-fuel combustion is beneficial to carbon capture. The
volume percentages of the flue gas are 22.08% CO3, 71.61% water vapor
and less than 7% other substances. Water vapor can easily be removed
through condensation. As a result, the CO, content approaches 78%.
This provides development directions for industrial carbon capture. Of
course, technical feasibility analysis and economic verification should
be conducted next. In addition, carbon capture, utilization and storage
schemes and industrial synergistic technologies should be vigorously
developed [50,51,61,62], low-carbon process innovation and digital
transformation should be promoted, and market trading of carbon
emissions should be enhanced. The lack of industrial application of the
above technologies is challenging.

In summary, complete mathematical models, field data and analysis
results regarding energy and exergy efficiency and CO, emissions in the
fiberglass industry at the system and subsystem level are provided here
with the aim of improving efficiency and reducing emissions to enhance
the glass research framework. Compared to the literatures [14,17-20],
the model can be applied to complex processes combined with oxygen-
fuel combustion and two forms of waste heat recovery rather than single
furnaces. The model is used to research and compare oxy-fuel and air-
—fuel combustion systems with and without waste heat recovery. In the
model, the input and output details are refined, especially the sensible
heat of the batch materials, sensible and latent heat of molten glass,
dissipated heat of the fiberglass furnace, and sensible heat of flue gas.
Under the design conditions, the energy efficiency is improved to
74.76%. In addition, an analysis and discussion of the sources, quantity,
reduction potential and cost associated with the CO; emissions of the
fiberglass furnace are included, and the emission reduction target and
direction are clarified. Finally, the chemical exergy is introduced into
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thermodynamic analysis of the fiberglass industry. According to the
results of the flow distribution, quantitative energy saving potential
assessment findings and the effects of the furnace capacity on the SEC,
modification and reconstruction suggestions are formulated.

4. Conclusion

Comprehensive details are provided of the new energy and exergy
model of a fiberglass furnace and its subsystems combined with oxygen-
fuel combustion and two forms of waste heat recovery methods. More-
over, the sensitivity of various factors is analyzed. The CO5 emission and
chemical exergy analysis data pertaining to fiberglass furnaces are
supplemented and updated.

(1) The fiberglass furnace achieves a satisfactory performance with
an SEC of 4.63 MJ/kg and an energy efficiency of 74.76%. Waste
heat recovery is identified as the key aspect to save 3200 tons of
standard coal and realize a highly efficient fiberglass production
system.

The CO, emissions resulting from glass production are 2.4 x 10*
t/y. Fuel combustion yields the greatest contribution. This system
can potentially reduce CO, emissions by 55.27% with a $0.1
million increase in revenue.

The exergy efficiency and EEE are 62.85% and 55.23%, respec-
tively. The heat recovery system facilitates an 11.01% exergy
efficiency increase but is the main source of irreversibility.

Five cases involving various countries are explored and
compared. Advanced combustion, melting and heat recycling
technologies are proposed for the optimization of operating
parameters.

(2

3

4
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