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Abstract In this study, exergy and energy analysis are
studied to understand and examine the heating unit
performance in Nag Hammadi Fiber Board Company
(NFB) with a capacity of 22 MW. The heating unit utilizes
natural gas and biofuel together, where the combustion
chamber is designed to burn natural gas and wood dust at
the same time to decrease the operating cost of the heating
unit. The main purpose of heating unit is to burn natural
gas and biofuel to supply the manufacturing processes in
fiber board production line by hot flue gases for dryer unit
and saturated steam for the digestion unit. the heating unit
consists of combustion chamber, heat exchanger and
steam generator. There is no heat transfer inside the
combustion chamber except heat losses through the wall
of the combustion chamber. The exergy and energy
efficiencies for combustion chamber are found to be 74 %
and 42 %, respectively, for heat exchanger are found to be
85 % and 51 %, respectively, for steam generator are
found to be 78 % and 30 %, respectively and for heating
unit totally are found to be 64 % and 31 %, respectively.
This study is carried out to identify and quantify the
exergy and energy losses in the heating unit components.

Keywords: Energy analysis; Exergy efficiency; Fiber
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Today, increasing the energy demand is a major
challenge facing the researchers all over the world. All
over the world there is increasing in energy demand, but
the energy resources are limited. So, it becomes necessary
to understand the mechanisms which degrade the quality
of energy (ability to do work) [1]. Several researches have
been done to analysis both energy and exergy of heat
exchangers specially heating units [2]. Fard and Pourfayaz
[3] analyzed the exergy of heat exchanger network in a
complex natural gas refinery. They demonstrated that the
total exergetic efficiency of the tested heat exchanger
network was reached about 62.8% which could be
increased to reach 84.2%, with some suggesting
improvements on the insufficient heat exchangers.
moreover, Rauch et al [4] developed a mathematical
model for analyzing the exergy of several heat exchanger
types. They concluded that, it is possible to quantify both
exergy destruction ratio and exergy destruction to
effectiveness in respect to a higher number of streams
passing through parallel and counter flow heat exchangers.
While, Esen et al [5] investigated experimentally both
energy and exergy efficiencies of underground heat
exchanger. They found that for heating season, both
energetic and exergetic efficiencies of the demonstrated
underground heat exchanger were increased with
increasing the ground temperature (heat source).
Furthermore, increasing the ambient temperature
decreased the exergy efficiency of the underground heat
exchanger.

1.1-Exergy definition
The first law of thermodynamics is usually
used to the energy utilization, however it is unable to
account the energy quality [6]. Therefore, a more relevant
parameter called exergy which consequent of
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thermodynamics second law, is helpful for determining the
useful work potential of a given amount of energy at
specified state. Evaluation of exergy is a useful technique
for estimating the available work in processes, efficiency,
and energy quality [7]. Moreover, it specifies the system
maximum performance [8]. When the system reached
equilibrium with its surroundings, the obtained maximum
useful energy can be defined as the exergy term [9]. The
analysis of exergy has been widely used in several
applications such as performance evaluation, simulation
design and of thermo-chemical and thermal systems.
Exergy can be destroyed or lost due to irreversibilities of a
process and this provides a measure of the thermodynamic
losses in the system and help to locate and quantify
wasteful energy utilization in the process [10].

1.2-System description

The main purpose of NFB is the production of
medium density fiberboard (MDF) from sugarcane
bagasse (sugarcane detritus). The production process is
achieved through a lot of manufacturing processes as
shown in figure 1. The production process is in order as
follows, washing, digesting, refining, gluing, drying, matt
forming, cold pressing, hot pressing and finally finishing
the surface by sanding machines. The function of heating
unit in the manufacturing process is supplying the fiber
digester by saturated steam at 15 bar and supplying the
dryer by hot flue gases. The detritus of sanding machines
(dust) is transferred to the combustion chamber of the
heating unit. In the heating unit the combustion chamber
utilizing natural gas and biofuel (dust) to supply the
heating unit by high temperature combustion products as
shown in figure 2.

1.3- Study objectives

This study aims to calculate the efficiency of
the heating unit components by the first and second laws
of thermodynamics with the variation of the natural gas
and biofuel ratio.

Heating unit

Figure 1. Schematic diagram of the manufacturing process
in (NFB).
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-Figure 2. Schematic diagram of the heating unit in (NFB).
2 Methodology

In the light of the first law and the second law of
thermodynamics, energy and exergy balance are applied in
all system components.

2.1 Combustion chamber first law analysis.

Combustion chamber is used to burn the fuel and
produce high temperature combustion products without
any heat transfer inside the combustion chamber except
heat losses through the wall of the combustion chamber as
shown in figure 3. At steady state and with negligible
kinetic and potential energies, energy balance equations
can be expressed as the following [11].

Ein - Eou[ = (dEsystem / dt) = 0 fOl‘ Steady State (1)
Ein onut (2)

mf hf +ma ha :Ihp hp (3)

The first law efficiency can be written as:
n =(thp hp) / (e hr ) (4)
2.2 Combustion chamber second law analysis.

The maximum power output of reversible power is
determined from the exergy balance is applied to
combustion chamber assuming the environment

12 saturated
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temperature is 25C° (To=298K), at steady state and with
negligible kinetic and potential energies. The exergy
balance formulation can be expressed by using this

(s hs +rhyg hyg ) - (1he he +m7z h7 ) = Q 8)

methodology [12].

For steady state

€in = € out -~ € destroyed = (d € system /dt) =0 (5)

(mf Ef + Ma Sa) - mp Sp_ IC:O (6)

While, the second law efficiency can be expressed as

v =(mpep)/ (Mrer) @)
Combustion
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uel products
Combustion chamber
Aif ey el Heiat 055

Figure 3. Combustion chamber schematic diagram

2.3 Heat exchanger first law analysis.

The heat exchanger is a device where two moving
fluids can exchange heat. Heat is transferred through the
wall from the hot side to the cold side, where no work
interaction is involved (W = 0) and negligible potential
and kinetic energies for both fluid streams. Mainly, the
heat exchanger outer shell is insulated perfectly to prevent
the loss of heat to the surrounding medium [13]. The heat
exchanger energy balance is illustrated in figure 4.

The energy balance equations can be written as

[6].[8].[11]:

Ein — Eout = (dEsystem / dt) =0 for steady state (1)

While, the first law efficiency can be expressed as:

n = (thg he +1i17 h7) / (ths hs +1i50 1o ) 9)

2.4 Heat exchanger second law analysis.

The exergy balance formulation can be expressed by
using this methodology [8],[12].

The second law efficiency for steady state can be
written as

€in - € out = € destroyed = (d € system /dt) =0 (5)

y = (1he € 6 +mhire 7) / (1hs €5 +1110 €10 ) (10)

Thermal oil out  Heat loss
7 Q
Hot gases in Heat Return gases
— exchanger
5 6
10

Thermal oil in

Figure 4. Heat exchanger schematic diagram.

2.5 Steam generator first law analysis.

steam generator receives saturated liquid water at
25 °C and delivers saturated steam at 15 bar utilizes high
temperature thermal oil as shown in figure 6. At steady
state and with negligible potential and kinetic energies,
energy balance can be written as the following [6],[11] .
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Ein — Eout = (dEsystem / dt) =0 for steady state (1)

(thg hg +ri11 h11) - (rhy hg +1i112 h12) = Q (11)

The first law efficiency can be expressed as:

n = (thg hg +1h12 h1p) / (thg hg +ths his) (12)

2.6 Steam generator second law analysis.

Energy balance formulation can be expressed by using
this methodology [6],[11].

The second law efficiency for steady state can be
written as

€in - € out = € destroyed = (d € system /dt) =0 (5)
Yy =(rgeg+mize12)/ (s &g+ 1) (13)
Steam out Heat loss
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Thermal oil in Steam Thermal oil out
— generator
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Figure 6. Steam generator schematic diagram.

2.7 Heating unit first law analysis.

Heating unit utilizes fuel dust to produce high
temperature products and saturated steam as shown in fig.
7. For heat exchanger is shown in figure 4, energy balance
can be expressed as [12]:

Ein — Eout = (dEsysem / dt) =0 for steady state (1)

(ring e +1hyg hyg) - (1he he +ring2 hip ) =Q (14)
The first law efficiency can be written as:

n = (1 he +m12 h12) / (s h +mhi1g hag) (15)
2.9 Heating unit second law analysis.

Energy balance for steady state can be written as the
following [6],[11].

€in - € out = € destroyed = (d € system /dt) =0 (5)
The second law efficiency can be written as
W =(1hs &6 + 1z €12) / (i & +rius €11) (16)
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Figure 7. Heating unit schematic diagram.

3 Results and Discussion

The energy and exergy efficiencies are calculated for
system components. The heating value of natural gas and
wood dust (sugarcane bagasse) is taken as 50 MJ/kg and
17 MJ/kg. The specific exergy of natural gas and wood
dust (sugarcane bagasse) is taken as 49.45 MJ/kg and 13.2
MJ/kg [14]. Assuming environment temperature is 25°C.
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3.1- Combustion chamber

Applying both first and second laws of thermodynamics
to the combustion chamber, the enthalpy and entropy
values are obtained from [15]. The applied balance
contains the sed fuel, air, combustion products and the
heat loss. The results are presented in fig 8. The change of
energetic and exergetic efficiencies for the combustion
chamber with the change of natural gas percent in the total
fuel is shown in fig (8). Figure 8 shows that the energetic
and exergetic efficiencies for the combustion chamber
decrease with decreasing the natural gas percentage and
increasing the biofuel (wood dust) percentage, because it
is easy to get a complete combustion in natural gas
however, it is difficult to get a complete combustion in the
biofuel, therefore, the efficiency is decreased with
increasing the biofuel percentage.
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Figure 8. Change of energetic and exergetic efficiencies
for the combustion chamber with the change in natural gas
percent in the total fuel.

3.2- Heat exchanger

Applying both the first and second laws of
thermodynamics to the heat exchanger at different loads
percentage. The applied balance contains thermal oil
changes, the hot gases flow and the heat loss. The curves
show the change of exergetic and energetic efficiencies for
the heat exchanger with the change in load percent as
shown in fig 9. Figure 9 illustrates that the second law
efficiency increases with the load increasing due to the
increasing of the temperature of the second fluid (thermal
oil) of the heat exchanger in high loads condition.
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Figure 9. Heating exchanger exergetic and energetic
efficiencies.

3.3 Steam generator

Applying the first and the second laws of
thermodynamics on the steam generator. The applied
balance consists of water and steam flow, thermal oil
changes and the heat losses. The curves show the change
of exergy and energy efficiencies for the steam generator
with the change in load percent as shown in fig (10).
Figure 10 demonstrates that there is a slight decrease in
the efficiency with increasing the load, where the
increasing in the load of the steam generator means
change in steam mass flow rate only without any change
in the pressure.
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Figure 10. Exergy and energy efficiencies for the steam
generator.

3-4 Heating unit (overall system)
Applying both the first low and second law of
thermodynamics on the heating unit totally. The applied
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balance contains the whole water and steam flow, air an
fuel flow and the heat losses The curves show the change
of exergetic and energetic efficiencies for the heating unit
with the change in load percent as shown in fig 11. Figure
11 illustrates that in high loads, the percent of biofuel in
the total fuel is increased to get economical operation,
therefore the efficiency is decreased with increasing the
loads of the heating unit.
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Figure 11. Heating unit change of exergetic and
energetic efficiencies.

The curves show that the exergetic and energetic
efficiencies of the combustion chamber decrease with the
decreasing of natural gas percent and increasing of biofuel
(wood dust) percent. The reason of this that it is easy to
get a complete combustion in natural gas, but it is difficult
to get a complete combustion in the biofuel. For heat
exchanger the energetic efficiency decreases with the
increasing the load. For steam generator the exergetic and
energetic efficiencies decrease with the decreasing the
load. For heating unit totally, the exergetic and energetic
efficiencies decrease with the increasing the load.

7 Conclusion

Although the efficiencies of combustion chamber
decrease with the increasing of biofuel (wood dust)
percent but the operating with high biofuel percent is the
best because the biofuel is cheaper than natural gas.
During peak load the best choice is increasing natural gas
percent to supply the heating unit by extra power because
the curves show that the natural gas is more effectiveness
than biofuel. However, a detailed cost analysis needs
official information from the company and this is not
available in this time.

List of symbols

hs fuel specific enthalpy, kJ/kg

ha air specific enthalpy, kJ/kg

hp products specific enthalpy, ki/kg

Ma air mass flow rate, kg/s

mpr biofuel (wood dust) mass flow rate, kg/s
e fuel mass flow rate, kg/s

mnG natural gas mass flow rate, kg/s

1p products mass flow rate, kg/s

Mproducts ~ combustion products mass flow rate, kg/s
Q heat loss
Teroducts ~ combustion products temperature, K

Greek symbols

n energy efficiency
] exergy efficiency
g exergy

€a exergy of air

& exergy of fuel

& exergy of products
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