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Energy and exergy analyses were performed on a glass furnace regenerator and hydrogen production via
thermal catalytic ammonia decomposition. A novel integration between energy and exergy analyses was
suggested to predict the performance of thermodynamic and hydrogen production systems. It was found
that the heat recovered by the combustion air of the south side regenerator was higher than that on the
north side because of the fouling effect of the deposit materials and the heat lost through the regenerator
walls. The maximum energy and exergy efficiencies of the south side regenerator were 98% and 93%,
respectively, while those of the north regenerator side were 96.3% and 80%, respectively. The integration
between energy and exergy analyses was also applied to investigate the performance of H, production
from the catalytic NH3 decomposition system. The conversion rate results proved that an increase in the
ammonia feeding pressure was unfavorable. Moreover, the maximum energy and exergy efficiencies of
the NH3 thermal decomposition system were 73.5% and 13.34% at a feeding pressure of 100 kPa,
respectively. Furthermore, the non-equilibrium of the system is identified from the integrated effec-

tiveness and entropy generation number.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Exergy, or second law efficiency, has played an increasingly
important role in design optimization and problem modeling and
formulation in most recent engineering thermodynamics studies.
Thermodynamics, entropy generation, and exergy analysis
methods are mostly applied in modern engineering systems [1—3].
These engineering tools lead to the best use of energy resources,
such as energy transformation and power production devices. In
addition, energy is a thermodynamic analysis tool and a property of
state; the total energy amount does not change during interactions
[4]. The second law of thermodynamics showed the quality of the
energy used by the system, as well as the quantity. Analysis of the
second law of thermodynamics is based on exergy and entropy
concepts. Hence, the second law elaborates on the quality of energy
and its relationship with the surroundings. The quality term is
referred to as “exergy”; however, equivalent names were found
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from our literature review, such as available energy, availability,
work capability, etc. Exergy can be defined as the maximum
available work that can be produced by the system as it comes into
equilibrium with its surroundings. Exergy analysis was obtained as
a function of the entropy relationships. Entropy is expressed in
terms of system irreversibility, which allows the progress of the
non-equilibrium process to be investigated [5]. The exergy is
destroyed and cannot be converted due to system irreversibility.
Exergy analysis was established through the interfaces between
thermodynamics, heat transfer, and fluid mechanics. Various
studies have investigated the relationship between global warming
and greenhouse gases (GHGs). Most GHGs are emitted from fossil
fuel combustion and industrial applications [6—8]. Therefore, this
study will focus on discussing and evaluating the performance of
two thermodynamic systems (a glass furnace regenerator and
hydrogen production from catalytic ammonia decomposition). The
glass industry is a highly energy-intensive thermodynamic process.
Based on the melting process operating temperature of
1400—1500 °C, the fuel consumption is too high [9]. In addition, the
waste heat from the outlet flue gases is too high; therefore, re-
generators are utilized to recover part of the waste heat for
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Nomenclature

E Energy (m?)

E Rate of net energy (kWs™1)

h Specific enthalpy (k] kg™ 1)

m Mass flow (kg s~ 1)

R Specific gas constant (J kg~ 'K~ 1)
P Pressure (atm)

Q Heat (kW)

Q Heat rate (kW s~ 1)

r Reaction rate

s Entropy (k] kg~ K1)

T Temperature (K)

To Temperature of the environment, 300 K
w Work rate (k] s71)

EX Specific exergy (k] kg~ 1)

EX Exergy (kW)
Greeks

n Efficiency (%)
Subscripts

0 environment, initial state
ch chemical
dest destroyed

ex exergy

en energy

in inlet

kin kinetics

out outlet

P Location p
Pot potential

preheating the combustion air. The performance of an industrial
glass furnace regenerator has been investigated [10]. The blockage
prediction of the furnace regenerator was analyzed based on the
design and operating parameters [11]. A thermal performance
model was developed to predict the fouling caused by the
condensate materials inside the regenerator checkers [12,13]. Most
regenerator performance studies have been developed using the
first and second laws of thermodynamics [14]. Owing to the
important assessment of the second law or exergy efficiency anal-
ysis, it has been widely applied for different heat exchanger types
[15—22]. Moreover, limited exergy analysis studies have been
conducted on glass furnace regenerators.

In addition to using the available energy efficiently, it is
important to eliminate the environmental impact of current in-
dustrial applications. The environmental impact of fossil fuels has
become an urgent global issue. Hydrogen is a clean energy carrier
and could be a future solution to all environmental issues. There-
fore, hydrogen fuel is considered the best solution for environ-
mental issues concerning conventional fuels. Many efforts have
been made to develop new alternative methods for hydrogen car-
riers and storage [23,24]. Hydrogen production from ammonia
decomposition has more advantages than other hydrogen carriers;
for example, ammonia gas is a Cox-free H2 carrier and has a higher
gravimetric density than methanol, i.e. 17.7 wt% compared to
12.8 wt% [25,26]. Hydrogen can be produced from ammonia via
plasma and thermal decomposition processes [26,27]. The life-cycle
assessment of renewable ammonia and its environmental impact
have been investigated [28]. Energy and exergy analyses have been
investigated for different hydrogen production methods, e.g.,
ammonia decomposition systems using dielectric barrier discharge
plasma [29]. Catalytic materials, including Ru, Ni, and Fe, are used
to enhance the ammonia decomposition process [30]. Ruthenium
catalytic materials have a high activation impact on the decom-
position of ammonia gas [31,32]. Different reactor configurations
and types have been utilized for the decomposition of ammonia
[33]. The most common reactor type used in ammonia decompo-
sition is the packed bed reactor but the scaling-up process has some
deficiencies and cannot meet the distributed power system re-
quirements [34]. Therefore, more efforts are required to provide
more efficient reactors with a good residence time and heat
transfer [35,36]. Furthermore, more advanced analysis of the cur-
rent system, such as exergy or second law analysis, can improve
system performance and further design concepts [37—39]. Exergy
analysis has been utilized to optimize the ammonia gas production
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processes [40,41]. In addition, the exergy analysis information of
thermal ammonia decomposition is typically important for devel-
oping future process designs [42].

In this study, the energy and exergy analyses of the glass furnace
regenerator and hydrogen production from thermal catalytic
ammonia decomposition systems are introduced. Detailed funda-
mental analyses of the 1st and 2nd laws of thermodynamics were
investigated. A new combination factor (integrated effectiveness
factor) between the 1st and 2nd laws is suggested to evaluate the
thermodynamic systems. Moreover, the integrated effectiveness
factor (IEF) is compared with other evaluation factors, such as the
quality factor and entropy generation number (N;) for thermody-
namic and hydrogen production systems. The heat recovery from
the glass furnace regenerative system was analyzed via energy,
exergy, and IEF to predict system deterioration. The exergy or sec-
ond law efficiency analysis is provided for hydrogen production
from thermal ammonia decomposition in a catalytic cylindrical-
type reactor. Ruthenium catalytic material (Ru—Al,03) was used
to improve the dissociation of ammonia gas. The energy and exergy
analyses were conducted at different reactor temperatures. The
effect of the feeding pressure on the decomposition process was
evaluated. Moreover, entropy generation and exergy destruction
are determined and the energy and exergy results are compared. In
addition, the IEF was compared with the quality factor and entropy
generation number (Ng).

2. Exergy analysis

Thermodynamic analyses permits the well-known performance
and efficiency behavior of the conversion of energy from one form
to another. Exergy analysis can be regarded as an advanced tool for
analyzing energy conversion processes. The thermodynamic in-
efficiencies and irreversibility of the system design can be deter-
mined using the exergy tool. Moreover, the exergy concept was
established to express the quality of energy utilized by the system.
In addition, it demonstrates the disordered energy forms that are
characterized by entropy. Conversely, the other ordered energy
forms that are not involved in entropy are completely converted via
work interactions and other energy forms.

To determine the quality variable of various disordered energies
in thermal and chemical plants, the universal quality standard,
exergy, is used. Exergy can be defined as the maximum work that
can be obtained from the available input energy using the envi-
ronmental state conditions as the reference parameters. The energy
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quality concept or exergy analysis is mainly used in the exergy
balance of thermal systems. It seems that the exergy balance is
similar to the energy balance but there is a fundamental difference
in that the energy balance is conducted using the law of conser-
vation of energy or the 1st law of thermodynamics while the exergy
balance is a statement of the law of degradation of energy or the
2nd law of thermodynamics. The degradation of energy is
expressed in all real processes and process irreversibility. The
irreversibility of the system is determined via entropy generation.
The energy balance analysis concept of the control region can
generally be considered for three types of work transfer, heat
transfer, and energy transfer associated with mass transfer.
Furthermore, exergy analysis can help the user to obtain the best
decision for system improvement [43,44].

The mass balance equation of a steady-state system can be
expressed as follows:

Z min = Z mout

where m is the mass flow rate and the subscripts in and out refer to
inlet and outlet, respectively. The energy balance between the total
energy input and total energy output is defined as follows:

Z Ein = Z Eout

where the total rate of energy input is Ei, and Ey is the total energy
output. Most studies neglect potential and kinetic energy changes
[45],

(1)

(2)

Q+ Z Miphip = W+ Z Mouthout (3)
where the rate of net heat input is Q, W is the net work output, and
h is the specific enthalpy. The energy efficiency is defined as the
ratio between the total energy output and total energy input, as
follows:

Mo — >~ Eout
en — -
Z Ein
The exergy balance should be appropriately analyzed, corre-
sponding to the energy transfer forms. Exergy analysis is a helpful
process for evaluating the quality of utilized energy and describes
how the system is far from a reversible process. The exergy is equal
to the maximum available work from a given energy. The specific

exergy can be determined from the exergy components as follows
[46]:

(4)

Ex = EXye + Expot + Expp + EXcp

(5)

The kinetic and potential energies are determined when the
total energy stream is fully converted into work. Therefore, the
kinetic and potential energies can be determined based on an
environmental reference:

(2
Exye = m70 (6)
and,
EXPOL‘ = ngO (7)

where Cy is the bulk velocity of the fluid stream, g is the gravita-
tional acceleration, and Zj is the altitude above sea level. The
physical exergy is equal to the maximum amount of work obtained
when the substance stream is brought from the initial state to the
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environmental state. The physical exergy (Expp) can be derived
using the following equation:

Expp = (h—hg) — To(s — so) (8)

The chemical exergy of a substance is defined as the maximum
available work obtained when the substance is brought from the
environmental state to the dead state, involving heat transfer and
substance exchange with the environment. The chemical exergy is
also equal to the minimum work required for the synthesis. The
chemical exergy of the gaseous mixture is determined from the
following relation [47]:

EXCh = RTolTl & (9)
PP

where R is the universal gas constant. The difference between the
total exergy input and exergy output is exergy destruction.

Z Exdest = Z EX,'n — Z Exou[
The exergy efficiency is formulated in different ways and can be

defined as the ratio of the total exergy output or useful exergy to
the total exergy inputs as the utilized exergy [48]:

(10)

_ ZExout —1_ EEXdest
EExin EExin
The exergetic efficiency increases to a maximum when the

exergy destruction or system irreversibility is minimized. The

exergy of the thermodynamic system (thermal exergy) can be
determined based on the quality factor or can be referred to in

other studies as the dimensionless exergetic temperature. In a

special case, i.e., when the surface temperature (T) is equal to the

environmental temperature (Tp), it is equal to the Carnot efficiency.

nH:nex (11)

T

Ts

The entropy concept depends on the equilibrium state and the
reversible process in classical thermodynamics [49]. The entropy
generation term measures the irreversibility or non-equilibrium
processes. All irreversible processes are accompanied by an in-
crease in entropy; hence, entropy generation is identified as the
inequalities and irreversibility of the system. Entropy generation
can be determined from the following relation [10]:

Quality factor = (12)

t2
t1

(13)

The entropy generation number (Ns) can be defined as the ratio
between the exergy destroyed to the total exergy input. This rela-
tionship determines the irreversibility degree (Iy), i.e., a higher
irreversibility degree (I;) indicates a greater destruction of exergy.

I S Exdest
Ns=1I; = Ex;, (14)
Hence, the exergy efficiency can be rewritten as follows:
mp=1-Ih (15)

The previous equation demonstrates that the second law effi-
ciency improves and the system performance will be enhanced by
minimizing the entropy generation number. From the previous
discussion, it is clear that the second law of thermodynamics re-
volves around the concepts of exergy and entropy.
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2.1. Integrated effectiveness factor [IEF]

For a deeper analysis of the thermodynamic systems, the IEF is
suggested for combining the energy and exergy terms in the ther-
modynamic laws. The integration analysis concept will declare how
efficiently the system is performing. Firstly, the energy concept or
the first law of thermodynamics cannot tell us how the system
performs work and it does not give information about the inability
of energy transform from one form to another. The energy is
conserved and cannot be destroyed; additionally it is a measure
quantity only. In contrast, the exergy analysis or the second law
efficiency was investigated to measure the system irreversibility
and for more useful analysis to improve the efficiency. The exergy
term is considered a part of the energy that can be regarded as a
useful value to reveal the system design and efficiency. The total
difference between the total sum of exergy input and total exergy
output is the exergy destroyed by system irreversibilities. More-
over, it was seen that the integration between energy and exergy
analysis would enable us to determine the loss location, types, and
magnitudes to use the available energy sources more efficiently.
The IEF can be defined as the effect of the exergy destroyed on the
total energy input and output exergy. In addition, IEF can be defined
as the ratio of the system irreversibility loss (exergy destruction) to
the maximum system loss. The IEF term is an indicator of how the
system uses the available energy effectively and shows how the
system is far from reversible. The integration effectiveness factor is
expressed as follows:

Exdest [W]

IFF=— 35—~
Ein (W] — Exout w)

(-] (16)

This factor can be used to evaluate the ability of a system to
effectively use the available energy. Furthermore, the IEF can be
defined by combining the energy and exergy balance analysis. This
combination will provide an irreversibility effect on both the total
energy input and the maximum useful output exergy. Fig. 1 shows
the exergy and energy input and output through the system. The IEF
can also be seen as a ratio of the actual energy or exergy destruction
amount to the maximum possible energy difference through the
system. It can be considered that the IEF is a quantitative method
for evaluating the imperfection of thermodynamic systems. The
integration between energy and exergy analysis using the IEF that
includes the total energy input, the maximum useful exergy, and
the exergy destroyed enables to determine the inefficiencies of the
energy systems. Moreover, this factor improves when the exergy
destroyed or the irreversibility term is reduced.

Through case studies, the IEF is compared with the entropy
generation number (Ns), quality factor, as well as the effectiveness
of the glass furnace regenerator. Furthermore, the integration

Exin
Exout
Ein System

Eout

Exdest

Fig. 1. Energy and exergy flow through the system.
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between energy and exergy analysis is also performed for the
hydrogen production from catalytic ammonia decomposition.

3. Analysis of the glass furnace regenerator

Energy and exergy analyses of the glass furnace regenerator
were performed. The integration and combination of both the 1st
and 2nd laws of thermodynamics were applied to the regenerative
system. Glass melting reactions occur at a high temperature range
of 1400—1500 °C in a confined refractory furnace. A typical glass
furnace regenerator experimental analysis was conducted on an
actual operating glass factory located at the El-Araby Group Com-
pany, Quesna Industrial City, Egypt. The performance of the same
glass furnace regenerator was previously investigated by El-Behery
etal. 2016 [10]. A natural gas fuel type was used as the input fuel. An
actual printout photo of the glass furnace regenerative control
system is shown in Fig. 2. The regenerator-type heat exchanger is
composed of two refractory chambers, north and south. This photo
shows that the combustion air is preheated from the stored heat on
the north side while the flue gases pass through the south side
chamber. Two burners are installed after the regenerator in the
north and south chambers; therefore, to preheat the combustion
air, the flue gases and combustion air paths are interchanged every
15 min.

The main objective of using the regenerative system is to
recover heat and preheat the combustion air before entering the
combustion or melting chamber. The heat transfer inside the
regenerator chambers depends on the regenerator area and the
ability of the regenerator bricks to absorb and lose heat. Therefore,
brick layers should have good thermal stability, high refractoriness,
and heat storage [10]. The regenerator chamber layers are
composed of two brick layer types: alumina-silica and silica bricks.
The regenerator chambers were arranged as a group of flow
channel passages on each side. In addition to the regenerator ma-
terial and their arrangements, the ability of the regenerator to
absorb heat was mostly dependent on the flow behavior through
the regenerator bricks channels [10]. The ingress air enters from the
outside to the flue gas side because of the negative pressure pro-
duced by the draught system. Moreover, some of the combustion
air stream escapes from the regenerator air stream side to the
environment.

The regenerator system mass balance can be calculated as:

n'1f7,- + rhl,,- = mf,o (17)

Mg;— My, = Mgo (18)

The combustion air stream absorbed the heat stored in the
regenerator brick layers during the flue gas stream. Furthermore,
heat was lost from the regenerator outside the walls during the
heating and cooling periods. The regenerator energy balance is
determined from the available flue gas heat, the heat losses from
the regenerator wall, the heat absorbed by air, the exchanged heat
by ingress air, and the heat loss in the combustion air leakage.

My ihy i+ Mg g + 1y iy = g oy o + Mg ohae + Moy + Qu
(19)

where h is the enthalpy of gas mixture. The regenerator efficiency
can be determined using Equation (4). In addition, the regenerator
performance can be determined from the effectiveness parameter,
which can be defined as the actual heat exchange to the maximum
heat that can be exchanged during regenerator cooling and heating
periods [50]:
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Fig. 2. Image of actual printout of regenerative system.

S mfcpf(Tf,i - Tfp)
heating = Qmax (rth)mm (Tf,i = Ta,i)

(20)

€ cooling = Qq _ macpa(Ta,o—Tai)
PHE Qo (MCp) i (Tr.i = Ta)

The minimum heat capacity (mCp),,;, is equal to the air heat
capacity because the flue gas flow rates are always higher than air.

The exergy analysis of the regenerative system can be deter-
mined from heat exchange and mass flow. Exergy analysis is a
helpful tool for optimizing thermodynamic systems and industrial
applications [51]. The exergy change in the flue gas stream can be
calculated as follows:

(21)

AEXf = mf (EXfﬁ,‘ — EXfﬁ()) = mf [(hfl — hf,()) - TgASg] (22)

Similarly, the combustion air exergy can be obtained as follows:

AExq = g (EXa,0 — EXq ) =Ma[(hao — ha) — ToAsa] (23)

The total exergy of the hot gas stream is not completely recov-
ered by the combustion air because of entropy generation during
the heat exchange process. Therefore, the destroyed exergy can be
written as:

AEX o = (AEkf - AEka> = ToSgen (24)
where
Sgen = 1MpASg + MaAsg (25)

The exergetic efficiency or the second law efficiency can be
expressed as follows:

Exq
AEX; = 1 — AN

Xge
AEXg

(26)

3.1. Regenerator case results

The main function of a regenerator is to preheat the combustion
air to save energy and natural gas fuel costs. The performance of
heat exchange through the furnace regenerator is discussed in this
paper. The quality factor, entropy generation number, irreversibility
degree, and IEF were compared. Fig. 3 compares the performance of
the glass furnace regenerator while combustion air passes through
the south side, in terms of energy and exergy efficiencies with
respect to ignition time. It was found that the energy efficiency is
higher than the exergy efficiency owing to the system's irrevers-
ibility. In addition, the energy and exergy efficiencies increased to
98% and 93%, respectively, as the ignition time reached a maximum
value. The energy and exergy analyses of the north side during the
cooling period are shown in Fig. 4. The exergy results are lower than

1 T T T I T T T T T
- Combustion air flows from the regenerator
on the south side

0.96 =

0.92 =

0.88 =

Efficiencies [-]

0.84 p—

=4 < <= Energy efficiency
0.8 p=— o o

@ Exergy efficiency

0.76 1 I [] I [ I 1 I 1
1370 1380 1390 1400 1410 1420
Inlet hot gas temperature [K]

Fig. 3. Energy and exergy analysis of the regenerator south side.
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1 T T T T T T T T T
[~ Combustion air flows from the regenerator .
on the north side
0.95 =
09 |- 7
o
L
(7] = -
2
g 0.85 =
2 .
2
=
w —
0.8 p=—
= = <= Energy efficiency
0.75 = ® © O Exergyefficiency
07 1 | 1 ] 1 | 1

'1410 1420 1430 1440

Inlet hot gas temperature [K]

1450

Fig. 4. Energy and exergy analysis of the regenerator north side.

those obtained from the south side during the cooling period. The
performance behavior of the regenerator on both sides is not
similar because the north side is closer to the batch charger (raw
materials) compared to the south side, which leads to high fly ash
deposition on the north side. This fly ash creates a fouling layer
inside the regenerator checkers causing partial blockage. The de-
posit layer was accumulated on the regenerator checker brick with
the glass furnace operating time. The fouling layer effect was
appeared in the decreasing of the overall heat transfer coefficient
and heat transfer area which causes an increase of the outlet
exhaust gas temperature. The cleaning process was carried out to
remove the fly ash deposit layer on the regenerator checkers during
the furnace overhaul. It has been reported that the regenerator
performance was enhanced after the cleaning process [10]. In
addition, it was found that the regenerator's north side exergy re-
sults were lower than those obtained from the south side influ-
enced by the heat transfer losses. Thus, the outlet air temperature
from the south side was higher than that on the north side. These
regenerator analysis results are confirmed with our previous study
that the fouling and deposit layer affect the overall heat transfer
coefficient and heat transfer area inside the regenerator channels
[10]. The maximum obtained energy and exergy efficiency of the
regenerator on the north side were 96.3% and 80%, respectively.

The regenerator air and flue gas streams are separated, the
regenerator wall bricks are heated by the flue gases, and the
combustion air absorbs heat from the high-temperature regener-
ator checkers and channels. The blockage of the regenerator
channels is an important factor that leads to heat transfer losses. An
actual regenerator channel photo is shown in Fig. 5. The fly ash or
deposit material layer reduces the heat transfer area and reduces
the heat absorbed by the regenerator wall; consequently, the outlet
combustion air temperature decreases.

The quality factor (Qf), Ns, and IEF results versus the destroyed
exergy of the south side of the regenerator are shown in Figure (6a).
It was observed that the quality factor results were too high
compared to the [EF and Ns. The quality factor is sometimes referred
to as the dimensionless exergetic temperature and is equal to the
Carnot efficiency in the special case when the surface temperature
(Ts) is equal to the environmental temperature (Tp). The losses due
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Fig. 5. Actual upper side regenerator channels photo.

to the irreversibility effect were clearly defined by the entropy
generation number (Ns) and the [EF. In addition, it was found that
Ns and [EF increased with the destruction of exergy. Figure (Gb)
shows the energy and exergy efficiency behavior compared with
the Ns and IEF trends. The energy and exergy efficiency decreased
with an increase in Ns and IEF, indicating that the exergy destruc-
tion or entropy generation increased. The combination of energy
and exergy balance factor (IEF) can effectively express the capability
of the system to use the available energy. Therefore, the heat stored
in the south side of the regenerator walls is not completely trans-
ferred to the combustion air because of system irreversibility.
Fig. (7a) illustrates the behavior of the evaluation factors versus the
destroyed exergy of the north side of the regenerator. It is clear that
the Ns and IEF of the regenerator north side are similarly increased
as the exergy is destroyed. The changes in the energy and exergy
efficiency results of the north side chamber with the Ns and IEF
factors are shown in Figure (7b). It was noted that the increase in Ns
and IEF resulted in a decrease in energy and exergy efficiency
because of the irreversibility effect. The losses in the north side
chamber are higher than those in the south side because the fouling
and deposit material layer thickness is greater than that on the
south side. The blockage of the regenerator checkers reduces the
heat transfer area and leads to a reduction in the regenerator per-
formance. The north side regenerator chamber is much closer to the
batch charger (raw material); consequently, a large amount of fly
ash is sublimated during the north side chamber heating period.
Therefore, the regenerator chambers, especially the north side,
should be cleaned periodically to reduce heat transfer losses. It has
been proven that regenerator cleaning enhances performance and
effectiveness [52]. A comparison of the IEF behavior between the
south and north side chambers is depicted in Fig. 8. It is clear that
the heat recovery losses on the north side are higher than those on
the south side because of the regenerator channel blockage and the
destroyed exergy is too high. It can also be noticed that the heat
transfer rate of the regenerator depends upon the heat transfer
cross-sectional area, overall heat transfer coefficient, and the
temperature difference between both the combustion air and flue
gas streams.

The IEF can predict the regenerator performance and heat re-
covery losses (wall losses, air leakage, and blockage losses). The
increase in the IEF indicates that the irreversibility or heat transfer
losses due to the regenerator blockage are too high. Furthermore,
the combination factor or IEF accurately shows how irreversibility
influences thermodynamic systems, combining the total input en-
ergy and the exergy output or useful exergy. The IEF can be used to
express thermodynamic systems far from the reversible process.
The regenerator cooling and heating effectiveness can be calculated
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Fig. 6. The quality factor, Ns, and IEF versus exergy destroyed of the south side.

according to equations (20) and (21). Fig. 9 presents the variation in
the effectiveness on both sides compared with the IEF. The regen-
erator effectiveness of the south side regenerator was higher than
that obtained from the north side. In contrast, the IEF of the north
side is higher than that of the south side due to the regenerator heat
loss through the walls and the deposit material fouling layer inside
the regenerator channels. As a result, the entropy generation of the
regenerator on both sides decreased with operation time, which led
to a decrease in the exergy destruction and enhanced exergy effi-
ciency. The performance of the glass furnace regenerator was
analyzed based on actual temperature measurements of
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Fig. 7. The quality factor, Ns, and IEF versus exergy destroyed of the north side.

combustion air and flue gases at the regenerator inlets and outlets.
The results showed that the regenerator performance was influ-
enced by fly ash or deposit material fouling on the regenerator
channel walls. Furthermore, the effect of the fouling layer clearly
appeared in the regenerator IEF and performance results. Therefore,
the regenerator on both sides should be cleaned periodically based
on the measurements and performance results; it has been re-
ported that regenerator cleaning increased heat recovery from the
combustion air for both sides of the regenerator. In addition, the
outlet high-temperature flue gases from industrial applications can
be typically utilized as a heat source in hydrogen production
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Fig. 9. Comparison between regenerator chambers effectiveness and IEF.

systems that will eliminate the environmental impact. Some typical
waste heats could be considered to produce water vapor for H;
production from non-thermal plasma or to raise the reactor tem-
perature in some applications.

4. Hydrogen production from ammonia gas

Hydrogen production from ammonia decomposition is an
energy-intensive process and the thermal decomposition reaction
of ammonia gas into hydrogen and nitrogen gas can be written as
follows:

Renewable Energy 175 (2021) 232—243

NH; — 0.5 N, + 1.5 HAH = 46.2 kJ/mol (27)

H, production from ammonia gas was analyzed. A cylindrical-
type reactor filled with ruthenium catalytic material was used for
the thermal decomposition of ammonia gas. Fig. 10 shows the
experimental setup for the ammonia decomposition system. The
ammonia gas was fed into the reactor at a concentration of 100%
and flow rate of 1.7 L/min. As protective measures ammonia
decomposition experiment was carried out at proper ventilation
area and stored separately. The ammonia feeding gas pressure was
controlled in the range of 0—300 kPa. A Ru—Al,03 catalyst with a
diameter of 1 mm was mounted inside the reactor cylinder.
Ruthenium has been reported to exhibit the highest activation re-
sults for the ammonia decomposition process [53,54]. The catalytic
cylindrical reactor diameter and length were 1.6 cm and 30 cm,
respectively. The reactor was heated in the temperature range of
473—773 K using a digital electric heating furnace. The feeding gas
flow rate and pressure were controlled using a mass flow controller
and pressure regulator. The decomposed hydrogen gas concentra-
tion was measured using a hydrogen gas analyzer. The glass wool
material was revolved around the reactor to prevent heat loss.

4.1. Hydrogen production from ammonia gas results

Thermodynamic analysis alone is an unambiguous answer to
the maximum output energy of the system. Therefore, the exergy
analysis or the second law of thermodynamics can provide the best
answer to the energy quality or the maximum available work from
the system “exergy” [55]. The effect of the feeding pressure on NH3
decomposition was investigated. Fig. 11 shows the maximum
conversion rate at a heating temperature of 773 K. It has been re-
ported that increasing the ammonia decomposition feeding gas
pressure is unfavorable [25]. The results of this study confirmed
that the maximum conversion rate was obtained at a low ammonia
gas feeding pressure. The conversion rate of NH3 gas reached 100%
at a feeding pressure of 0 kPa (gauge pressure) and the conversion
rate decreased with increased feeding pressure. The performance of
the ammonia decomposition system can be defined by its energy
efficiency. Fig. 12 shows the energy efficiency results at different
heating temperatures and feeding pressures. The energy efficiency
results of the feeding gas pressure of 0 kPa (gauge) were higher
than those obtained at the other feeding gas pressures. In addition,
it was found that the energy efficiency increased as the heating
temperature increased. The maximum obtained energy efficiencies
were 73.5%, 71.9%, 65.9%, and 64.8% at feeding gauge pressures of
0 kPa, 100 kPa, 200 kPa, and 300 kPa, respectively.
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Fig. 10. Schematic diagram of catalytic thermal ammonia decomposition.
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The energy and exergy analyses of the ammonia decomposition
system can modify the system design parameters to enhance sys-
tem efficiency. Different parameters influence hydrogen production
from ammonia decomposition, such as the feeding gas pressure
reactor configuration and heat transfer. The irreversibility degree or
non-equilibrium can be determined by classical thermodynamic
analysis or the second law of thermodynamics. The exergy
destroyed is defined as the difference between the total exergy
input and the total exergy output.

Fig. 13 shows the exergy destruction at different reactor
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temperatures and feeding pressures. The exergy destruction
increased with the reactor heating temperature, as well as the
ammonia feeding gas pressure. It was clear that hydrogen pro-
duction from the ammonia decomposition system was subjected to
the dissipative non-equilibrium process. The energy quality of the
ammonia decomposition system can be expressed by applying the
second law of thermodynamics. Fig. 14 presents the exergy effi-
ciency at different reactor heating temperatures and pressures. The
maximum exergy efficiency obtained was 13.34%, at a feeding
gauge pressure of 0 kPa and a reactor temperature of 773 K.
Furthermore, the entropy generation concept can express the non-
equilibrium of the decomposition process. Moreover, the entropy

16 T | T T T T T
Ammonia gas feeding concentration 100% A *(*
and flow rate 1.7 L/min ,
12 f ¥ -
T e 8 4
— 7/
I SR
; - / ’ . “1
e + 4+ + NH;P(9)=0kPa e
o A A A NH,P,(g)=100 kPa A L)
(%] /
£ 8 ® ¢ ¢ \H,P(9)=200kPa )l /’. =
() ® ® ® \H P (9)=300kPa *
> YA
< A &
[ - 7|,_ / y -
o F
A3
4 f— —
794
N
,t/./
- + e ® -
- K ’/
5o 2
et ® 0 1
400 500 600 700 800

Temperature [K]

Fig. 14. Exergy efficiency results at different NH; feeding pressures and temperatures.
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generation number (Ns) in modern thermodynamics indicates the
degree of irreversibility.

Fig. 15 compares the changes in energy and exergy efficiency at
different ammonia decomposition temperatures. It was observed
that entropy generation or irreversibility reduced the second law or
exergy efficiency. The maximum energy and exergy efficiencies of
the thermal ammonia decomposition were 72% and 13.34%,
respectively, at a reactor temperature of 773 K. The quality factor,
entropy generation number (Ns), and IEF are shown in Fig. 16. The
entropy generation quantity is related to the process of non-
equilibrium or irreversibility.

In thermal NH3; decomposition, it was found that the entropy
generation number (Ns) decreased as exergy efficiency increased
whereas the exergy destruction increased. In contrast, the IEF in-
dicates the degree of irreversibility and the actual performance of
H, production from thermal NH3; decomposition. The IEF exhibited
higher obtained values with the increase in destroyed exergy while
the energy and exergy increased. The quality factor also increases
with the destruction of exergy. An increase in the IEF indicates that
the system losses and irreversibility are high. IEF can be used to
optimize hydrogen production from ammonia decomposition sys-
tems. Recently, the concept of exergy has been used in different
contexts to improve conversion systems [56]. Exergy analysis de-
scribes the energy quality and helps to estimate the most efficient
condition of the decomposition system. Different parameters are
influenced by the hydrogen production from the ammonia
decomposition process, such as the reactor temperature, feeding
pressure, reactor design and configuration, and heat and mass
transfer. A comparison between the energy, second law efficiency,
Ns, and IEF is shown in Fig. 17. It was observed that the second law
efficiency result was lower than the energy efficiency, indicating
that exergy was destroyed. It was clear how the Hy production from
the catalytic ammonia decomposition system was related to the
entropy generation present in the IEF trend behavior. Hence, the
analysis demonstrated that a more energy-efficient system is
required. These results represent the deviation of the real ammonia
decomposition system from its equilibrium state.
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Fig. 15. Comparison between energy and exergy efficiency results.
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5. Conclusion

In the present study, the concepts of energy and exergy were
used to analyze a glass furnace regenerator and hydrogen produc-
tion from ammonia decomposition systems. Moreover, a novel IEF
was suggested to evaluate the thermodynamic system performance
and to provide the quantity of non-equilibrium processes. The
quality factor and entropy generation number (N;s) were compared
with the IEF. The IEF can express system non-equilibrium with its
environment. The performance results of the glass furnace regen-
erator system are summarized as follows:
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1. The heat recovered by combustion air during the cooling period
of the south side of the regenerator is higher than that on the
north side while the outlet flue gas temperature from the south
side was low.

. The energy and exergy efficiency of the regenerator south side is
higher than that obtained from the north side of the regenerator
because of the heat transfer losses from the regenerator walls
and fly ash fouling layer inside the regenerator channels.

. The IEF results on the north side of the regenerator are higher
than those on the south side because the exergy destruction of
the north side of the regenerator is high.

. The cleaning process of the regenerator channels should be
performed periodically to reduce heat transfer losses due to
regenerator blockage.

The performance of hydrogen production from a thermal cata-
lyticammonia decomposition system was also investigated and the
conclusions can be described as follows:

1. The conversion rate% results proved that the increase in
ammonia feeding gas pressure is unfavorable [25] as the
maximum result is obtained at a gauge pressure of 0 kPa.

2. The maximum energy efficiencies at feeding gauge pressures of
0 kPa, 100 kPa, 200 kPa, and 300 kPa were 73.5%, 71.9%, 65.9%,
and 64.8%, respectively.

3. The maximum exergy efficiency was 13.34% at an ammonia gas

feeding pressure of 0 kPa.

Moreover, the entropy generation number (Ns) was decreased

by improving the exergy efficiency while the IEF increased

because the exergy was destroyed and the total energy input
was still high compared with the output exergy.

4.

Finally, the exergy analysis and IEF can describe the in-
efficiencies of the thermodynamic systems and the energy and
exergy efficiency can be enhanced by improving the system design
parameters. A comparison between energy, exergy efficiency, and
evaluation factors (quality factor Qf, Ns, IEF) shows how the real
systems deviate from their environment.
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