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Abstract
Purpose – The purpose of this study is to reduce energy consumption in bakeries. Due to fulﬁll this
demand, quite a few parameters such as energy and exergy efﬁciency, energy waste and fuel consumption by
different traditional ﬂatbreads bakeries (Sangak, Barbari, Taftun and Lavash should be monitored and their
roles should not be neglected.
Design/methodology/approach – In the present study, experimental measurements and mathematical
modeling are used to scrutinize and investigate the effects of the aforementioned parameters on energy
consumption by bakeries.

Findings – The results show that by doing reported methods in this paper, the wasted energy of the
walls can be decreased by about 65 per cent; and also, by controlling the combustion reaction to
perform with 5 per cent excess air, the wasted energy of excess air declines by about 90 per cent. And
ﬁnally, the energy and exergy efﬁciency of bakeries is increased, and as a result, the annual energy
consumption of Sangak, Barbari, Taftun and Lavash bakeries diminish about 71, 59, 57 and 40 per
cent, respectively.
Originality/value – As evidenced by the literature review, it can be observed that neither numerical
studies nor experimental investigations have been conducted about energy and exergy analyses of Iranian
machinery traditional ﬂatbread bakeries. It is clear that due to a high preference of Iranians to use the
traditional bread and also the popularity of baking this kind of bread in Iran, if it is possible to enhance
the traditional oven conditions to decrease the loss of natural gas instead of industrializing the bread baking,
the energy consumption in the country can be optimized.
Keywords Energy, Exergy, Bakery oven, Experimental and mathematical study, Flatbread,
Reducing fuel consumption
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= mass of air, Kg;
= area, m2;
= environment temperature, °C;
= yearly capitation of bread consumption per person, kg;
= speciﬁc heat capacity, J·kg-1·°C–1;
= excess Air, %;
= mass of fuel, Kg;
= temperature of exhaust gases from the ﬂue, °C;
= enthalpy, kJ·kg–1;
= enthalpy, kJ·kmol–1;
= Irreversibility, kW;
= thermal conductivity, W·m–1·°C–1;
= length, m;
= wall thickness, m;
= low heat value, kJ·kmol–1;
= molecular weight, kg·kmol–1;
= mass, kg;
= mass ratio, kg·sec–1;
= mole quantity of all components;
= mole quantity of each components;
= quantity of breads in oven;
= pressure, N·m–2;
= pressure of atmosphere, N·m–2;
= partial pressure of the components at the limited dead mode, N·m–2;
= partial pressure of the components at the absolute dead mode, N·m–2;
= Prandtl number;
= heat ﬂux, kW;
= heat resistant, m2·°C·W–1;
= universal gas constant, J·kmol–1·°C;
= Reighley number;
= Reynolds number;
= entropy, kJ·kg–1·°C;
= entropy, kJ·kmol–1·°C;
= temperature, °C;
= temperature of atmosphere, °C;
= time, sec(s);
= total heat transfer coefﬁcient, W·m–2;
= volume ratio, m3·s–1;
= quantity of carbon in fuel;
= quantity of hydrogen in oven;
= mole fraction;
= mole fraction of the components at the limited dead mode; and
= mole fraction of the components at the absolute dead mode.

Greek symbols
D = thickness, m;
« = exergy coefﬁcient;
h = energy coefﬁcient;

s
t
f
W
c

= Stefan Boltzmann constant, J·s–1·m–2·K–4;
= period of baking, s;
= equivalence ratio;
= exergy, kW; and
= speciﬁc exergy, kJ·kmol–1.
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= environment (air);
= adiabatic;
= bread;
= convection (heat transfer mechanism);
= chemical;
= combustion;
= dough;
= exhaust;
= fuel;
= insulating;
= loss;
= oven;
= physical;
= radiation (heat transfer mechanism);
= real;
= internal oven surface; and
= wall (wall and roof).

Superscript
b = bottom of the oven;
m = mean (average); and
r = roof of the oven.

1. Introduction
Bread has been one of the oldest and the most valuable discovery of human beings and one
can trace its history to the end of the Stone Age. Moreover, as far as bread is tied to various
aspects of human lives, study about it carries a great deal of importance all over the world,
especially in Iran as it is observed that Iran is one of the most important countries in which
its inhabitants consume the most bread in the world (Figure 1). Therefore, bread as a
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Plate 1.
Various types of
Iranian traditional
breads

dominant food of Iranian people plays a great role in the nutrition, industry and economy of
the country[1]. According to existing statistics[1], about 50 per cent of the world’s population
consumes French bread and the other 50 per cent in central and South America and most
parts of Asia including Iran consume Flatbread. Moreover, the vast majority of people in
Iran use traditional breads (produced and distributed in bakeries), and industrial breads
(produced in factories and distributed in shops) are not at their favorable taste
(Daneshgar, 2011). According to Plate 1, the various types of Iranian traditional breads are
as Sangak (/sangak/), Barbari (/barbari/), Taftun (/täftōōn/) and Lavash (/lawäsh/). These
breads are composed of ﬂour, water, yeast and salt.
Sangak is a plain, rectangular, or triangular Iranian whole wheat leavened ﬂatbread. In
Persian Sangak means little stone. The bread is baked on a bed of small river stones in an oven.
There are usually two varieties of this bread offered at Iranian bakeries: the generic one which
has no toppings; and the more expensive variety which is topped with poppy seeds and/or
sesame seeds). Sangak bread was traditionally the bread of the Persian army. It is mentioned
for the ﬁrst time in the eleventh century. The bread has always been widely eaten in the
territory of present day Azerbaijan, but following the Soviet takeover in 1920, it became less
common. The Soviets opted for mass production of bread, an option which was not amiable to
the traditional, hand-formed Sangak. In neighboring Iran however, Sangak never lost its
popularity. Barbari bread is one of the thickest ﬂat breads. It is widely known as Persian
ﬂatbread in USA and Canada. Barbari is an obsolete Iranian term for the Hazara (/hazär/)
people living in Khorasan. Barbari bread was ﬁrst baked by Hazaras and taken to Tehran,
becoming popular during the Qajar (/qäjär/) dynasty. Hazaras are no longer called Barbari, but
the bread is still referred to as Barbari in Iran, while Hazaras refer to it as Tanoori (tandoor
oven bread). Taftun (Taftoon or Taftun) is leavened ﬂour bread from Persian, Pakistani and
Indian (notably Uttar Pradesh) cuisines. This bread is made with milk, yoghurt and eggs. It
often ﬂavored with saffron and a small amount of cardamom powder and may be decorated
with seeds such as poppy seeds. Lavash is a soft, thin unleavened ﬂatbread made in a tandoor
and eaten all over the South Caucasus, Western Asia and the areas surrounding the Caspian
Sea. Lavash is one of the most widespread types of bread in Armenia, Azerbaijan, Iran and
Turkey. In 2014, Lavash was inscribed in the UNESCO Representative List of the Intangible
Cultural Heritage of Humanity. In 2016, making and sharing ﬂatbread in communities of
Azerbaijan, Iran, Kazakhstan, Kyrgyzstan and Turkey was inscribed on the list as well. Some
modern food specialists claim that it originated in Armenia, whilst others state that it probably
originated in the Middle East. According to Peter Reinhart, Lavash, though usually called
Armenian ﬂatbread, also has Iranian roots and is now eaten throughout the Middle East and
around the world (Arasti, 2013).

The traditional bakeries are categorized into two machinery and machinery groups based on
their ovens. There are about 70,000 bakeries in Iran and 64 per cent of them bake machinery
traditional ﬂatbread and according to reports of Grain Research Center of the Islamic
Republic of Iran (Arasti, 2013), Iranian bakeries use about 5 per cent of natural gas in Iran
(Daneshgar, 2011; Arasti, 2013). Therefore, introducing a solution to reduce energy
consumption of baking bread can improve the energy intensity in Iran and hence studying
the machinery of the traditional ﬂatbreads is by far more important compared with the
French and industrial breads in Iran. Figure 2 elucidates different types of baking
machinery of the traditional ﬂatbreads units in Iran.
The comparison of the energy intensity index between Iran and most countries in the
world reveals the inappropriate conditions of energy consumption in Iran (Figure 3)
(Mohammadpour Karizaki, 2017; British Petroleum Magazines, 2009). Hence, based on the
foregoing fact that bread is one of the most important goods, introducing a solution to
reduce energy consumption of baking bread can improve the energy intensity in Iran
(Mohammadpour Karizaki, 2017). Furthermore, one of the valuable energy resources in Iran
is natural gas that has a growing consumption in all parts. According to the reports, the
highest natural gas consumption in Iran is related to commercial, house, power plants, and
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Figure 2.
Different types of
baking machinery of
the traditional
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industrial consumption (Daneshgar, 2011). Besides, one of the important commercial parts
that have not received considerable attention is the bread baking industry, and as far as
most of the bakeries in Iran consume natural gas, these units of baking bread have high
effects on natural gas consumption.
The studies regarding baking bread are categorized into two major groups including the
quality of bread and the sufﬁcient heat transfer rate for baking and temperature distribution
inside the oven. To analyze the energy consumption rate and energy loss in an oven or a
furnace, the temperature distribution and heat transfer mechanisms should be recognized
ﬁrstly. The energy analysis provides identiﬁcation of energy consumption and the
dissipative rate. Thus, it is a proper way to investigate the energy conversion systems
(Utlua and Hepbaslib, 2007). Exergy analysis also is an appropriate means to examine the
performance of different parts of a process. Actually, it is possible to evaluate the exergy in
points where the energy conversion occurs and then measure the efﬁciency of cycle parts
with this procedure. In addition, it is possible to determine the position of maximum losses
and ﬁnd a solution to reduce them (Dincer et al., 2001). It is suggested that the exergy
analysis is the best approach to make a decision about cycle optimization based on the input
data of a cycle (Rosen and Dincer, 2001). It should be noted that the main goal of using
exergy analysis in furnaces and ovens is specifying the quality of thermodynamical
recycling of energy loss and making decisions about their thermal recycling. In the
literature, Taner and Sivrioglu (2015) optimized a sugar factory model in Turkey based on
energy and exergy analysis. They assessed the energy and exergy efﬁciency calculations,
and they focused on how they should be. According to their results, the current turbine
power process for energy and exergy efﬁciencies were 46.4 and 27.7 per cent, respectively,
and the optimized turbine power process for energy and exergy efﬁciencies were 48.7 and
31.7 per cent, respectively. The thermodynamic performance of three industrial bread
production chains (one that generates food waste, one that avoids food waste generation,
and one that reworks food waste to produce new bread) was compared by Zisopoulos et al.
(2015). They demonstrated that in industrial bread production, any additional improvement
should concentrate on not only the design of thermodynamically efﬁcient baking and
cooling processes but also on the use of technologies within the chain that consumes the
lowest possible physical exergy. Neseli et al. (2015) investigated an electricity generation
from natural gas in low pressure stations using energy and exergy analysis. They
introduced some data such as the energy efﬁciency of the system the exergy efﬁciency of
different components in the system, and the emission values of carbon dioxide. Their results
are helpful for recovering energy from those stations. In a study by Jokandan et al. (2015), a
comprehensive and detailed exergy analysis was carried out to investigate an industrial
scale pasteurized yogurt production plant located in the north-west of Iran, the West
Azerbaijan province. They demonstrated that by minimizing the thermodynamic
irreversibilities, the exergetic performance of dairy processing plants could be improved.
Ahmadi and Toghraie (2016) analyzed the energy and exergy efﬁciencies of the Montazeri
Steam Power Plant in Iran with an individual unit capacity of 200 MW. According to their
results, 69.8 per cent of the total lost energy in the cycle takes place in the condenser, which
is the main equipment wasting energy. Additionally, based on their exergy analysis of the
boiler as the main equipment wasting exergy where 85.66 per cent of the total exergy
entering the cycle is lost.
Parvez et al. (2016), with the aim of Aspen PlusTM investigated the air, steam and CO2enhanced gasiﬁcation of rice straw by considering their energy, exergy and environmental
effects. According to their results, the augmentation of physical exergy brings about an
increase in the syngas exergy which builds up with CO2 addition. Furthermore, they

observed that the environmental beneﬁts of CO2-enhanced gasiﬁcation are by far more than
steam gasiﬁcation. Finally, they illustrated that chemical exergy was 2.05 to 4.85 times
higher than physical exergy. A small scale gas turbine jet engine was examined by
Yucer (2016). He took into account four different load types (idle, part load one, part load two
and full load) in his experiments to analyze the performance of the jet engine. Speciﬁc fuel
consumption, exergetic improvement potential rate, fuel exergy depletion and relative
exergy consumption were the key parameters which he considered in his calculations to
compare the effects of four load types. Based on his results, for the part load two and the full
load cases, the maximum exergy efﬁciencies were obtained in the combustion chamber as 81
and 80.6 per cent, respectively. Also, he demonstrated that in all of the load types, the
combustion chamber is where the maximum exergy destructions occurred. To provide
information on the system of thermodynamic inefﬁciencies, Souﬁyan et al. (2016) used a
commercial tomato paste plant with a double-effect evaporator to appraise the plant in terms
of exergy. The Nazchin tomato paste factory located in Tehran, Iran is where they obtained
the required data. They demonstrated that the boiler combination is the main cause of
wasting exergy, for as much as over 82 per cent of the total destroyed exergy in the plant
occurred in this part. They also showed that the rational exergy efﬁciency of the ﬁrst- and
second-effect evaporative units was 65.33 and 56.60 per cent, respectively.
By using computer calculations, Zhang et al. (2017) conducted an exergy analysis of the
traditional blast furnace (TBF) and two kinds of TGR-OBF. According to their results,
carbon consumption of two kinds of TGR-OBF processes decreased by 14.1 per cent (Case 1)
and 20.2 per cent (Case 2) compared to that of the TBF process. They also demonstrated that
the consumption of the ﬁrst and second exergy rises as the exergy efﬁciency of vacuum
pressure swing adsorption declines. Hashemi et al. (2019a) in their study by experimental
measurements and mathematical methods obtained the energy and exergy efﬁciencies,
wasting energies and fuel (natural gas) consumptions of different traditional ﬂatbreads
bakeries (Sangak, Barbari and Taftun). Based on obtained results, the exergy analyzes for
these bakeries illustrate that thermo-dynamical quality of wasted energy of ﬂue gases is low
for Sangak and Barbari bakeries. According to results, usage of insulator for side-walls and
roof of oven and reducing excess air in combustion reaction, are useful solutions to decease
wasting fuel in bakeries. By using insulator for walls and roof of oven the wasted energy of
walls can reduce about 65 per cent. Also by controlling the combustion reaction to perform
with 5 per cent excess air the wasted energy of excess air decreases about 90 per cent.
Finally, it was cleared that above solutions can increase the energy and exergy efﬁciencies
of bakeries and also their can reduce the annual energy consumption of Sangak, Barbari and
Taftun bakeries about 58, 66 and 82 per cent, respectively. Hashemi et al. (2019b) in their
study calculated portions of different mechanisms of heat transfer during the baking
process of traditional hand-baking ﬂatbreads by experimental measurements and
mathematical equations. Their optimization includes modiﬁcation of geometry of oven,
control of excess air and improvement of thermo-physical and radiant properties of oven
walls. Their obtained results showed that in Sangak and Barbari bakeries portions of
convection heat transfer mechanism (natural and forced convection) and volume radiation
are negligible against of conduction and surface radiation mechanisms. The results of
thermal diffusivity and emissivity optimization illustrated that fuel consumption for
Sangak, Barbari and Taftun bakeries can be reduced about 26, 28 and 8 per cent,
respectively. The study of Ingrao et al. (2018) was designed and developed to investigate the
bread sector, by addressing the environmental issues associated with the supply chain of
Pagnotta del Dittaino, a Protected Designation of Origin (PDO) durum wheat bread
produced in the central-east area of Sicily. In particular, their study discusses the application
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of Life Cycle Assessment (LCA) to highlight the most signiﬁcant and representative
environmental impacts for this bread production system. Cumulative Energy Demand
(CED) and Carbon Footprint (CF) were also estimated to address the usage of primaryenergy sources and the emissions of greenhouse gases (GHGs). Their study contributes to
the subject knowledge and literature, and can be of interest for researchers, LCA
practitioners, farmers and producers, policymakers and other stakeholders, and could
support the implementation of environmental labels.
In study of Papasidero et al. (2016), an energy consumption analysis and optimization is
applied to the case of bread baking. Each source of energy gets the due importance and the
process conditions are compared. A basic quality standard is guaranteed by taking into
account some quality markers, which are relevant based on a consumer viewpoint.
Degerli et al. (2015) studied energy and exergy efﬁciencies of the wheat and rye bread and
hamburger bun making processes based on data from Turkey and Germany. Amount of the
land required to produce the same amount of wheat in Turkey is 3.34 times of that required
in Germany; this ratio is 2.30 for the rye grain. Their results show that the efﬁciency of the
conversion of the solar energy into the grain mass is low in Turkey. CDP (Cumulative degree
of perfection) for the wheat and the rye grain production is 3.73 and 4.96 in Turkey, and
11.26 and 10.46 in Germany. Speciﬁc energy utilization for rye bread production is almost
the same in Turkey and Germany; but it is 12 per cent higher in Turkey for wheat bread and
hamburger bun making. Hamburger bun production requires the maximum energy
utilization due to the higher weight loss in baking. The rye bread production process
requires the minimum energy utilization due to the lower energy input in the agriculture and
higher efﬁciency in the ﬂour production. The maximum exergy destructions occur during
the milling and the baking steps. Khatir et al. (2013) combined computational ﬂuid dynamics
(CFD) with experimental analysis to develop a rigorous scientiﬁc framework for the rapid
generation of forced convection oven designs. A design parameterization of a threedimensional generic oven model is carried out for a wide range of oven sizes and ﬂow
conditions to optimize desirable features such as temperature uniformity throughout the
oven, energy efﬁciency and manufacturability. The facility used for the heat transfer
experiments is representative of a scaled-down production oven where the air temperature
and velocity as well as important physical constraints such as nozzle dimensions and nozzleto-surface distance can be varied. An efﬁcient energy model is developed using a CFD
analysis calibrated using experimentally determined inputs. Results from a range of oven
designs are presented together with ensuing energy usage and savings.
Low of above studies regarding baking bread are categorized into two major groups
including the quality of bread (Zisopoulos et al., 2015; Hashemi et al., 2019b) and more
number of them regarding sufﬁcient heat transfer rate for baking and temperature
distribution inside the oven (Hashemi et al., 2019a, 2019b; Ingrao et al., 2018; Papasidero
et al., 2016; Degerli et al., 2015; Khatir et al., 2013; Tsita and Pilavachi, 2017). Also, energy
and exergy analysis in different machines and combustions chambers are studied by
various authors (Roux and Tiruveedula, 2017; Raja et al., 2017a; Rostamzadeh et al., 2017;
Arani et al., 2017; El et al., 2017; Saini and De, 2017; Sadripour et al., 2017c; Sharma et al.,
2017; Alfellag, 2017; Raja et al., 2017b; Fallah et al., 2018; Bellos and Tzivanidis, 2018;
Chaichan, 2018). Also, considering the heat transfer over the embedded bodies in large
domains (Noghrehabadi et al., 2013a; Sabour et al., 2017; Noghrehabadi et al., 2015; Zaraki
et al., 2015; Noghrehabadi et al., 2014; Sadripour, 2019; Sadripour et al., 2018b), considering
effect of entropy generation as a representative of irreversibility (second law of
thermodynamic) on the heat transfer (Chamkha et al., 2017; Noghrehabadi et al., 2013b;
Sadripour et al., 2018a, 2017a; Sadripour, 2017; Sadripour and Chamkha, 2019), considering

heat transfer in a cavity (Mehryan et al., 2018; Tahmasebi et al., 2018; Zargartalebi et al.,
2017; Ghalambaz et al., 2016; Khorasanizadeh et al., 2016; Sheikhzadeh et al., 2018, 2016), and
considering cavities with obstacles (Sadripour et al., 2017b; Sadripour, 2018; Jamesahar et al.,
2016; Pop et al., 2016; Ghalambaz et al., 2017a, 2017b), illustrate that the aim of present work
has been not considered in another investigations.
In the past two decades, using conversion and generating energy systems with the
highest efﬁciency to save these valuable resources has attracted great interest due to the fact
that the cost of the energy increases, the existence of environmental degradation and also
the limitation of nonrenewable resources will be augmented. As evidenced by the
aforementioned literature, it can be observed that neither numerical studies nor
experimental investigations have been conducted about energy and exergy analyses of
Iranian machinery traditional ﬂatbread bakeries. It is clear that due to a high preference of
Iranians to use the traditional bread and also the popularity of baking this kind of bread in
Iran (Daneshgar, 2011), if it is possible to enhance the traditional oven conditions to decrease
the loss of natural gas instead of industrializing the bread baking, the energy consumption
in the country can be optimized. So, in the present study, by carrying out an experimental
and analytical measurements for four different types of Iranian traditional bakeries in Qom
(12 number of bakeries) and Kashan (17 number of bakeries), the input energy rate to the
oven (energy produced by fuel combustion), the required energy rate for baking bread,
the wasted energy rate from ﬂue and the lost energy rate from the walls and oven entrance
have been measured. Then, by using the exergy analysis the role of exergetic losses caused
by the irreversibilities is determined. As a result, for the ﬁrst time the accurate analysis of
traditional machinery bakeries based on the ﬁrst and second law of thermodynamics is
done, which helps in recognizing the energy loss factors, optimization and energy
consumption decrease in bakery ovens. Then, according to the energy and exergy analysis
results, practical solutions are presented to reduce the fuel consumption of bakeries. It
should be noted that in the following parts of this study bread means traditional machinery
ﬂatbread.
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2. Material and methods
2.1 Data preparation
The required data for energy and exergy analysis of the ﬂatbread production were obtained
from four different machinery bakeries located in the center region of Iran, Isfahan and Qom
provinces. The average daily capacity of traditional machinery bakeries investigated in the
present study and all of the bakeries in Iran are reported in Table I. Because of similar
construction of all machinery bakeries in Iran, the results of the measured units in this study
can be overgeneralized to all the machinery bakeries in Iran.
It is worth mentioning that the operation method of hand-baking bakeries in Iran is really
different with each other. But the operation methods of all machinery bakeries in Iran are

Average production capacity
Bakery
used in this study (kg)
Sangak
Barbari
Taftun
Lavash

693
756
513
694

Quantity of bakeries in Iran Overall production capacity in Iran
(Daneshgar, 2011)
(ton) (Daneshgar, 2011)
1,400
10,920
9,144
23,940

969
8,254
4,959
16,614

Table I.
The average daily
capacity of
traditional
machinery bakeries
studied in this study
and bakeries in Iran

HFF
30,6

3408

similar with each other. The difference of these bakeries includes: geometry dimensions,
operating temperature, number of combustors and rotational velocity of bottom. Therefore,
the solving approach of all bakeries is similar and different boundary conditions make the
difference between different bakeries.
The measured data in the present study are as follows: temperature of different inlet
and outlet parts of the oven; temperature and properties of the exhaust gases from the
ﬂue; environmental temperature; and volume ﬂow rate of natural gas consumption. The
data used in this study were based on the actual operating data measured and recorded
by the authors. Also, it is notable that the average values of the recorded data during one
year of monthly operation were used for exergetic performance assessment of the bakery
ovens. Furthermore, ST-9861 professional infrared video thermometers with TFT color
LCD display and camera function were employed to measure the temperature of different
parts of the oven. Moreover, this thermometer determines an object’s surface temperature
by measuring the amount of infrared energy radiated by the object’s surface in the range
of 30°C to 1600°C (Thermometer ST-9861, 2009).
Based on TESTO analyzer handbook, combustion efﬁciency is a kind of measurement
that shows how effectively energy from the fuel is converted into useful energy. Combustion
efﬁciency is determined by subtracting the heat content of the exhaust gases, expressed as a
percentage of the fuel’s heating value, from the total fuel-heat potential, or 100 per cent, as
shown in the below formula (Turns, 2012):


stack heat loss
 100%
(1)
h comb ¼ 100% 
heating fuel value
To analyze the gaseous emissions from the ﬂue and calculate combustion efﬁciency, a
ﬂue gas analyzer type TESTO 350 M/XL equipped with a 700-mm gas sampling probe
was used. This analyzer is equipped with measurement modules for CO (0  1000 ppm)
and NO (0 - 3000 ppm) as standard. The accuracy of the analyzer in terms of CO and NO
concentrations is about 10 and 5 ppm. Also, the analyzer is equipped with a
thermocouple with a heat tolerance of 1200°C. For the gaseous emissions recording, the
analyzer has a measurement store (250,000 values), as well as a TESTO data bus
connection. On the other hand, the analyzer calculates combustion efﬁciency with the
following equation (TESTO M/XL350, 2009). This formula is applicable for all
combustion chambers with natural gas fuel.



0:66
ð
Þ
þ 0:009
(2)
h comb ¼ 100%  FT  AT 
21%  O2 %
where FT and AT are ﬂue gas and ambient temperature, respectively. Also, O2 per cent is
the measured oxygen content in percentage.
Most machinery bakeries are composed of two main parts: the put-and-give section
(the section situated in front of the oven to put breads) and the oven section (the section
situated in back of oven, in which the combustor is also situated). A schematic
representation of a sample machinery traditional ﬂatbread baking unit and combustion
installation is shown in Figure 4 and the properties of this ﬁgure are reported in Table II.
As is shown in Figure 4, a metal frontier (see part 6 in Figure 4) separates the put-andgive section and the oven section. On either side, a machinery bakery is equipped with a
separate ﬂue, the ﬂue of the put-and-give section that exhausts heat from this section, and
the ﬂue of the oven section that discharges combustion products. Finally, these ﬂues
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Figure 4.
Schematic
representation of a
machinery traditional
ﬂatbread baking unit
and combustion
installation

No.

Description

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Metal section wall
Roof wall
Masonry section ﬂue
Metal section ﬂue
Masonry section wall
Metal frontier
bottom of the oven
Aperture of oven
Combustor
Inner side of roof
Outer side of roof
Inner side of masonry wall
Outer side of masonry wall
The temperature of the bottom oven
Outer side of metal wall
Flame
Gas analyzer data
Thermometer data
Flow meter data
Inlet air
Thermometer
Flue gas analyzer
Table II.
Flow meter
Properties of Figure 4
Computer

connect with each other and make the main ﬂue. It is note-worthy that the ﬂue gas
analyzer must be situated in the ﬂue of the oven section, neither in put-and-give ﬂue nor
in the main ﬂue. The properties of the oven walls (material, thickness and surface area)
are listed in Table III.

HFF
30,6

2.2 Energy analysis
From energy equivalence and conservation of mass, as is shown for a steady state system in
Figure 5, and with the ignorance of potential and kinetic energy (Papasidero et al., 2016),
conservation of energy at control volume is deﬁned as:
Q_ A þ Q_ F þ Q_ D ¼ Q_ Exh þ Q_ L þ Q_ B

3410

(3)

where Q_ L consists of heat loss which come out from oven surfaces and ﬂues. Also, because
of air and dough which enter to the oven at the environmental temperature, Q_ A and Q_ D are
negligible.
The rate of energy from fuel combustion is calculated as follows (Jokandan et al., 2015):


X
LHV
_F
Q_ F ¼ m
xi
(4)
MW F
i
_F
where LHV and MW are the lower heating value and molecular weight, respectively and m
is the mass ﬂow rate of natural gas and is calculated based on the ﬂow meter data (V_ F ). This
formula is applicable for all combustion chambers with hydro carbonyl fuels. The properties
of natural gas are obtained with National Gas Institutes inquiries of Isfahan and Qom
provinces (Daneshgar, 2011; Rosen and Dincer, 2001; Hashemi et al., 2019b).
Throughout the baking process, the water content in the dough and crumb stays at its
initial value. The temperature in the crumb rises due to the water vaporization temperature,
which is 100°C. The crumb dries when the temperature exceeds 100°C, and in this way, the
crust is formed as the temperature increases. Deformation is constrained while the solid
structure of the crust starts to create and browning is the last phenomenon that takes place
during baking. By considering the 10 per cent safety coefﬁcient for unknown causes during
baking and browning effects, the rate of energy that bread needs to bake is calculated as
follows:

Metal wall
Oven wall
Roof of oven
Bottom of the oven
Bakery Material D (m) A (m2) Material D (m) A (m2) Material D (m) A (m2) Material D (m) A (m2)

Table III.
Properties of the
oven walls studied in
this research

Figure 5.
Energy balance of
system

Sangak
Barbari
Taftun
Lavash

Steel 304
–
Steel 304 0.005
Gal. Steel 0.005
Gal. Steel 0.005

–
1.5
1.5
1.5

Fire Brick
Fire Brick
Fire Brick
Fire Brick

0.3
0.3
0.3
0.3

11
11
11
11

Fire Brick
Fire Brick
Fire Brick
Fire Brick

0.3
0.3
0.3
0.3

3.5
3.5
3.5
3.5

Steel 304
Steel 304
Steel 304
Steel 304

0.02
0.02
0.02
0.02

3
2
2
2



mD  cp;D  DT þ hfg ðmD  mB Þ
Q_ B;re ¼ 1:1nB
Dt

(5)

where mD and mB are mass of dough and bread, respectively, and cp,D is the speciﬁc heat
capacity of dough and is about 2.76 kJ/kg·K. Also, nB and Dt are the numbers of dough
which are in the oven and the testing period time, respectively. And hfg is vapor enthalpy of
water and is about 2257.03 kJ/kg (Cengel, 2002; Oladunmoye et al., 2010).
The rate of natural gas consumption of each oven is calculated as follows (Hashemi et al.,
2019a):
V_ ov ¼ DV=Dt
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(6)

where DV is consumption of natural gas of bakery during a certain period (Dt). Also, rate of
bread baking of each oven is as follows (Hashemi et al., 2019a):
n_B ¼ nB =Dt

(7)

where nB is quantity of baked breads for each bakery in this certain period.
Rate of used energy of each bakery is achieved as follows (Hashemi et al., 2019a):
Q_ B ¼ V_ B  ð LHV Þ

(8)

where LHV is lower heating value of natural gas in Iran. It is clear that value of used natural
gas for baking (Q_ B ) is always more than needed natural gas value (Q_ B;re ).
The loss of heat which comes out of oven by exhausted gases is calculated as follows:


h comb
_Q Exh ¼ m
ð
Þ
_ Dh Exh ¼ 1 
_ ðhov  hExh Þ
 Q_ F ¼ m
(9)
100
Also, the total heat losses which come out of the oven are calculated as follows:
_ ÞExh
Q_ L ¼ Q_ L; walls þ Q_ L; aperture ¼ Q_ F  Q_ B  ðmh

(10)

2.3 Exergy analysis
The general system of a bakery oven in the form of a volume control (exergy view) is shown
in Figure 6. As can be seen in this ﬁgure, the inlet exergies to the oven consist of fuel, air and
bread dough exergies. Moreover, the contribution of air and bread dough exergies is nearly
trivial at standard environmental conditions. Hence, the only inlet exergy to the oven is
the exergy of the fuel. Furthermore, the outlet exergy included the exergy transferred to the
Control volume

Oven

Figure 6.
Exergy balance of
system
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bread and losses of exergy from the walls, opening of the oven, and ﬂue. Also, some of the
exergies disappeared due to irreversibilities.
2.3.1 Natural gas exergy. Rosen and Dincer (2001) have proposed a valid equation to
calculate the chemical exergy of different fuels, and according to that equation, the chemical
exergy of the fuel is obtained based on the mole fraction and chemical exergy of each of the
fuel components:
X
cF ¼
xF;i  c F;ch;i
(11)
i

In the foregoing equation, xF,i is the mole fraction of each component of hydrocarbon fuel,
and WF,ch,i is the chemical exergy of the each component. The chemical exergy values of the
natural gas components are calculated based on their combination (Daneshgar, 2011; Rosen
and Dincer, 2001; Turns, 2012).
2.3.2 Exergy of the outlet gases from the ﬂue. The combustion reaction equation of the
air and fuel with the speciﬁc percentage of the extra air and zero relative humidity is as
follows (Sato, 2004):


y
 ð1 þ ex Þ  ðO2 þ 3:76 N2 Þ ! x CO2
Cx Hy þ x þ
4




y
y
y
þ H2 O þ ex x þ O2 þ 3:76 x þ ð1 þ ex ÞN2
(12)
2
4
4
With regard to the considered natural gas combination, in the present study, the values of
x and y are 1.09 and 4.18, respectively; thus, the combustion reaction is written in the form of
equation (13).
ð0:91 C H4 þ 0:09 C2 H6 Þ þ 2:135ð1 þ ex Þ  ðO2 þ 3:76 N2 Þ
! 1:09 CO2 þ 2:09 H2 O þ 2:135ex O2 þ 8:0276 ð1 þ ex Þ N2

(13)

The equivalence ratio in the combustion reactions is obtained from the equation (11). In this
equation O 2,dry is the percentage of available oxygen in the dry products of combustion.
2
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O2 dry %
x
þ
1

 4y 7
100
6

 5
f ¼ 2:1354
O dry %
1  4:76 2100

(14)

The terms excess air and excess oxygen are commonly used to deﬁne combustion. They can
be used synonymously but have different units of measurements. The percentage of excess
air is the amount of air above the stoichiometric requirement for complete combustion. The
excess oxygen is the amount of oxygen in the incoming air not used during combustion and
is related to percentage excess air. For example, 15 per cent excess air equals 3 per cent
oxygen while ﬁring natural gas. In theory, to have the most efﬁcient combustion in any
combustion process, the quantity of fuel and air would be in a perfect ratio to provide perfect
combustion with no unused fuel or air. This type of theoretical perfect combustion is called
stoichiometric combustion. In practice, however, for safety and maintenance needs,

additional air beyond the theoretical perfect ratio needs to be added to the combustion
process and this is referred to as excess air. With furnace combustion, if some excess air is
not added to the combustion process, unburned fuel, soot, smoke and carbon monoxide
exhaust will create additional emissions and surface fouling. From a safety standpoint,
properly controlling excess air reduces ﬂame instability and other boiler hazards. Even
though excess air is needed from a practical standpoint, too much excess air can lower
furnace efﬁciency. So a balance must be found between providing the optimal amount of
excess air to achieve ideal combustion and prevent combustion problems associated with
too little excess air, while not providing too much excess air to reduce furnace efﬁciency.
Research of Institute of Standards and Industrial Research of Iran (ISIRI 5648, 2001; ISIRI
5649, 2002; ISIRI 5650, 2002) has shown that 5 per cent excess air is the optimal amount of
excess air to introduce into the baking ovens combustion process. Therefore, most
combustor producers in Iran- specially Iran Radiator as the most great factory in this ﬁeldprovide combustors with ability of using 5 per cent excess air in combustion process of
ovens. The percentage of excessive air in a combustion reaction is calculated with the aim of
the equation (15).
ex ¼

1f
f

(15)

The physical exergy (thermo-mechanical) of the produced gases from the fuel combustion
(natural gas) at the ﬂue temperature is deﬁned in equation (16).

c Exh;ph ¼

N
X


xi  h i;T  h i;T0 

i¼1



T0 s 0i;T



s 0i;T0



P
þ RT0  ln
P0


(16)

where xi is the mole percentage of the each components of the combustion produced gases,
h i;T and h i;T0 are the enthalpy of the each components of the combustion produced gases at
ﬂue temperature and environmental temperature, respectively, and s 0i;T and s 0i;T0 are the
entropy of the each components of the combustion produced gases at the ﬂue and
environmental temperatures, respectively. Moreover, R is the universal gas constant and its
value is 8315 (J/kmol·K).
The chemical exergy of the produced gases of the combustion is deﬁned in equation (17)
(Winterbone, 1997):

c Exh;ch ¼ RT0 

N
X
i¼1

xi  ln

N
X
Pi;00
xi;00
¼ RT0 
xi  ln
Pi;0
xi;0
i¼1

(17)

A system is called limited dead mode when it is in thermal and mechanical
equilibrium with its environment. In this mode, the system is not allowed to combine
with its ambient and enter a chemical reaction, and also, the maximum obtained work
is the amount of the thermo-mechanical accessibility (Arons et al., 2004). The second
mode is called absolute dead mode, and this mode is happened when the system is in
thermal, mechanical, and chemical equilibrium with its environment. The difference
between these two modes is pertained to the speciﬁc value of the work which is called
chemical accessibility. In equation (17), the partial pressure of the components at the
limited dead mode and absolute dead mode are Pi,00 and P i,0 , respectively.
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Furthermore, the mole percentage of the air components in environmental condition is
presented in Table IV.
Based on the equation (18), the speciﬁc exergy of the outlet gases from the ﬂue is equal to
the sum of their speciﬁc physical and chemical exergies (Cengel, 2002; Arons et al., 2004):

c Exh ¼ c Exh;ph þ c Exh;ch

3414

(18)

Hence, regarding the inside pressure of the oven which is 1 atm, the exergy of the outlet
gases from the ﬂue is obtained from the equation (19). What is more, the baking ovens of
Barbari and Sangak breads have been designed in a way that no fume is exited from the
“put and take” area of the oven. So, the inlet fuel and air ﬂow rate to the oven from the torch
_ mix (Cengel, 2002; Arons et al., 2004).
is equal to the outlet fume of the ﬂue m
_ Exh  c Exh ¼ m
_ mix  c Exh
WExh ¼ m
2
3

 N



xi;00
A 4X
0
0
5
_ F 1þ
¼m
xi  h i;T  h i;T0  T0 s i;T  s i;T0  R ln
F
xi;0
i¼1
(19)
2.3.3 The transferred exergy from the walls due to heat loss. Generally, the net thermal
transferred exergy due to the Qr from the system boundary (r plane) at the temperature Tr is
calculated by equation (20). In this formula, T0 is always less than Tr (Cengel, 2002; Arons
et al., 2004).


T0 _
cr ¼ 1 
(20)
Qr
Tr
Hence, the transferred exergy caused by the lost heat from the walls is obtained from
equation (21). In this equation Tsm is the mean temperature of internal surfaces of oven
(Cengel, 2002; Arons et al., 2004).

X
T0
c loss ¼
1  m Q_ L
(21)
Ts
2.3.4 Transferred exergy to the bread. According to the equation (20), the transferred exergy
to the bread is calculated as follows (Cengel, 2002; Arons et al., 2004):
Components

CO2
Water vapor
Table IV.
Nitrogen
The mole percentage Oxygen
of the air components Other

in environmental
condition

Source: Daneshgar (2011)

Chemical formula
CO2
H2O
O2
N2
2

xi,0
0.0003
0.0188
0.2055
0.7662
0.0092



T0 _
cB ¼ 1 
QB
TB

(22)

2.3.5 Exergy losses due to the irreversibilities. The second law of thermodynamics for
bakery ovens is obtained from equation (23) (Winterbone, 1997). In this equation,
X
DQcv
T and I are entropy generation due to heat transfer and internal irreversibilities
(including
friction,
X combustion and gas combination), respectively. Moreover,
X
_  s_in and
_
m
m
 sout are the entropy generation due to the inlet and outlet
in in
out out
mass to and from the volume control, respectively.
X

_ in  sin 
m

X

_ out  sout þ
m

out

in

X DQcv
T

þI ¼0

(23)

Regarding the equations (7) to (18), the exergy losses because of irreversibilities is obtained
from equation (24).



X
T0 _
T0 _
_ F  cF  1 
_ Exh  c Exh
QB 
I ¼m
1  m QL  m
(24)
TB
Ts

2.4 Energy and exergy eﬃciency of the baking ovens
The efﬁciency of the ﬁrst law of the thermodynamics is the proportion of the required
energy for baking bread to the obtained energy from combustion of the natural gas, and is
calculated from the equation (25). Furthermore, the efﬁciency of the second law of
thermodynamics is the proportion of the transferred exergy to the bread from the inlet
exergy of the oven due to the combustion of the fuel and air and is calculated from
equation (26). In these equations nB is the quantity of breads in the oven:

h¼


«¼


1  TTB0 Q_ B
_ F  cF
m

m  c  DT þ ðmd  mB Þhfg
1:1nB d p;D
Q_ B
Dt
¼
_ F  hF
_ F  hF
m
m

¼

1:1nB

md  cp;D  DT þ ðmd  mB Þhfg
Dt

_F
m

X



 1  TTB0


N  c F;ch;i
i F;i

(25)

(26)

2.5 Reducing fuel consumption
The general methods for reducing the fuel consumption of the ovens and furnaces are
controlling the contribution of the excessive air, preventing incomplete combustion of the
fuel, heat recovery of the hot exhaust gases from the oven, and insulating the oven walls, all
of which will be explained in the following sections.
2.5.1 Controlling of excessive air and preventing incomplete fuel combustion. One of the
important and effective parameters in heat loss is entering the excessive air into the
combustion reaction. Actually, excessive air is used in torches to prevent incomplete
fuel combustion. Moreover, one of the important pollutants resulting from incomplete fuel
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combustion is carbon monoxide. Hence, entering excessive air into the combustion process
can provide the required oxygen for combusting and exclude creating carbon monoxide. But
at the same time, entering a large volume of excessive air can reduce the efﬁciency of the
combustion since a large amount of energy exits the oven with that excessive air. In this
respect, the excessive air cannot be augmented without any constraint (Turns, 2012).
Therefore, a speciﬁc amount of air should be present in the combustion reaction to make
sure that a natural gas is burned thoroughly and prevented from producing any pollutants.
Regarding the performance of the new torches, the combustion reaction with 5 per cent
excessive air is recognized as an appropriate and pragmatic reaction in terms of decreasing
the energy consumption and pollutants. So, in the present study, the excessive air is
considered ﬁve percent. By decreasing the contribution of the excessive air in equation (2)
and conducting analytical calculation, the amount of energy saved with regard to the
reduction of excessive air is obtained. Also, it is incontrovertibility axiomatic that by taking
ﬁve percent excessive air in combustion reaction, the incomplete combustion is prevented
automatically.
2.5.2 Heat recovery of hot exhaust gases from the oven. Like the excessive air, the high
temperature of the combustion products has a dual behavior. From one perspective, by
increasing the temperature, the existing carbon monoxide in the combustion products
will burn again and result in building up the combustion efﬁciency and also in reducing
the pollutions caused by carbon monoxide; but on the other side of the coin, one of the
thermal conditions of creating nitrogen monoxide is high temperatures, and by
increasing the temperature, the resulting pollutants of the nitrogen oxides will be
augmented signiﬁcantly (Turns, 2012). Furthermore, the existing heat in the hot
exhaust gases of the ﬂue can be recovered by using heat exchangers. The literature [77]
regarding the use of heat exchangers reveals the fact that by recovering the heat from
the hot exhaust gases of the ﬂue, their temperature can be decreased to 100°C, and thus,
in the present study, the temperature of the exhaust gas from heat exchangers is
assumed to be 100°C.
2.5.3 Insulation of the walls. As far as the insulating conditions of various ovens due to
temperature and work circumstances are different from each other, it is hard to use the
insulation results of one oven on behalf of others. So, to prevent heat loss from walls, in the
present, one sample insulating approach is suggested which is applicable to one bakery and
then, regarding the results of this insulating method, the estimation of fuel consumption
reduction due to insulation will be rendered. The example of this appropriate insulating for
internal walls, peripheral walls and the roof of the various bakery ovens is depicted in
Figures 7- 9, respectively. The internal walls and roof of the oven in ordinary conditions are
Oven
wall Insulation

Figure 7.
The schematic of the
insulated internal
wall of the different
machinery bakeries

Firebrick
and Soil
(30 cm)
Fiberglass
(2.5 cm)

Firebrick
(10 cm)
Rock wool
(5 cm)

constructed of 30 cm ﬁrebrick and soil. The insulation of the internal walls consists of 2.5-cm
ﬁberglass, 5-cm rock wool and one row (10 cm) ﬁrebrick. Moreover, the roof insulation
consists of 5 cm rock wool and 2.5cm ﬁberglass which are spread over the outer ﬁnish of the
roof. The peripheral walls of the oven in ordinary conditions include 1 cm stainless steel
AISI 304. The insulation of the internal walls consists of 2.5-cm ﬁberglass and 5-cm rock
wool.’
Figures 10-12 illustrate the resistant diagram of the heat loss from the internal oven walls,
roof and peripheral walls, respectively. Also, regarding the thermophysical properties of the
materials which are used for walls (walls, roof and insulation) and the hot gases inside the oven as
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Figure 8.
The schematic of the
insulated roof of the
different machinery
bakeries

Insulating

Oven wall

Stainless
Steel
(1 cm)
Stone wool
(5 cm)

Fiberglass
(2.5 cm)

Figure 9.
The schematic of the
insulated peripheral
wall of the different
machinery bakeries

m
Tov

Rc, w,in-ov

R r, w,in-ov

Q
T w,in

l insul,w,ov
k insul,w,ov
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l
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R r, w,out-a
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Figure 10.
Resistant diagram of
the heat loss from
internal oven walls
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Figure 11.
Resistant diagram of
the heat loss from
roof of oven

T w,in

l insul,roof
k insul,roof

Tw,out

l roof
k roof

Rc, w,out-a

R r, w,out-a
AT

m
Tov

Rc, w,in-ov

R r, w,in-ov

Q

Figure 12.
Resistant diagram of
the heat loss from
peripheral (metal)
walls of oven

T w,in

l
k

Tw,out

l
k

Rc, w,out-a

w,met
w,met
w,met
w,met

R r, w,out-a
AT

well as ambient air, the total thermal resistance for different parts of the oven, including the
internal walls, roof and peripheral walls are obtained by equations (27), (28) and (29), respectively
(Cengel, 2002):
Uw;ov ¼

1
Rw;inov þ

linsul;w;ov
kinsul;w;ov

l

þ kw;ov
þ Rw;outa
w;ov

(27)

Uroof ;ov ¼

Uw;met ¼

1
Rw;inov þ

linsul;roof
kinsul;roof

l

þ kroof
þ Rw;outa
roof

1
l

l

Rw;inov þ kinsul;met
þ kwall;met
þ Rw;outa
insul;met
wall;met

(28)

(29)
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To simplify the calculation, it is assumed that the radiation heat transfer is conducted between
the internal and external surfaces with a mean temperature of the oven and the environmental
temperature, respectively. So, in the foregoing equations, Rw,inov is the thermal resistance
(radiation and convection) between the internal surface and the hot internal gases of the oven
and Rw,out–a is the thermal resistance (radiation and convection) between the external surface of
the oven and the ambient air. What’s more, k and l are the effective thermal conductivity
coefﬁcients of the oven walls and the total length of the oven walls, respectively. By using the
equations (30) and (31), the equations (27), (28) and (29) are completed (Sato, 2004):
1

Rw;outa ¼ hr;w;outa þ hc;w;outa
2
31



2
2
2
2
4=5
T
s
«
T

AT
þ
AT
1=4
w;out
0:0296  kA  Rax  Pr 5
4 w w;out
þ
¼
Tw;out  AT
3
(30)
1

Rw;inov ¼ hr;w;inov þ hc;w;inov
2 
31
 m 2  2
 m 2
4=5
1=4
Tw;in þ Tov
s Tw;in  Tov
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x
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¼4
þ
1
1
L
þ

1
«w
« ov
(31)
where s , ka, Ra and Pr are Stefan–Boltzmann constant, conduction heat transfer coefﬁcient
of air, Reighley number and Prandtl number, respectively.
Figure 13 shows the ﬂowchart of solution in this paper. It should be noticed that
implementing of solutions has been done for Sangak bakery and ﬁnal results are generalized
to all other bakeries, because of their similarities.
3. Results and discussion
In this section, the experimental results and analytical calculations are rendered to
obtain the energy efﬁciency and the exergy of machinery ovens in Sangak, Barbari,
Taftun and Lavash bakeries. At the end, some solutions based on the results are
introduced to reduce natural gas consumption and optimize machinery ovens in
traditional ﬂatbread bakeries.
3.1 Experimental results and measurements
In the present study, the temperature of different parts of the oven for Sangak, Barbari,
Taftun and Lavash bakeries is measured carefully and repeatedly by a contactless
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Experimental modelling

Mathematical modelling

Setup installing in
studied bakeries

Preparing mathematical
code of studied ovens in
software

Performing experimental
measurements
Calculation of
energy and exergy
efficiencies of
different bakeries

Obtaining required
empirical data

Implementation of
useful solutions
based on exergy
analysis

Figure 13.
The ﬂowchart of
solution in this paper

Determining of heat
losses and solutions to
reduce energy
consumption

Calculation of energy and
exergy efficiencies of different
bakeries once again
Finish

infrared thermometer device. Then, an average temperature is introduced for each of
the internal and external walls. Figure 14 shows some results of the temperature
measurements for the internal walls of traditional machinery bakeries. The
experimental results regarding analysis of the hot exhaust gases from the ﬂue
(pollutants) and the oven combustion efﬁciency of traditional machinery bakeries is
presented in Table V. It is worth mentioning that the adiabatic temperature of the
combustion in this table is obtained with the aid of GASEQ software. As can be
concluded from Table V, the combustion efﬁciency of the oven for Sangak, Barbari,
Taftun and Lavash bakeries are near 54, 33, 72 and 77 per cent, respectively. It means
that for example in Barbari bakery, about 67 per cent of fuel energy loses are from the
ﬂue gases of the oven, and the remaining energy bakes breads and loses from the walls
of the oven. Moreover, conditions of Lavash bakery are better than other bakeries.
However, it is clear that by controlling excess air portion and temperature of exhausted
gases, the combustion efﬁciency of oven increases which is the ﬁrst step to optimize an
oven. Moreover, the average results of experiments for characteristics of traditional
machinery bakeries, natural gas consumption, physical properties of breads, and the
average of experimental and analytical results of the properties of different breads and
temperature of internal oven walls are indicated in Table VI.
During incomplete combustion part of the carbon is not completely oxidized producing
soot or carbon monoxide (CO). Incomplete combustion uses fuel inefﬁciently and the carbon
monoxide produced is a health hazard. A properly designed, adjusted, and maintained gas
ﬂame produces only small amounts of carbon monoxide, with 400 parts per million (ppm)
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Figure 14.
Some results of the
temperature
measurement from
different parts of a
traditional machinery
bakeries, (a) Sangak,
(b) Barbari, (c) Taftun
and (d) Lavash

Bakery data
Sangak
Barbari
Taftun
Lavash

O2
(%)

CO2
(%)

CO
(ppm)

NO
(ppm)

NO2
(ppm)

NOx
(ppm)

Tad*
(°C)

AT**
(°C)

FT
(°C)

18.30
17.36
12.59
12.10

1.53
2.04
4.77
4.99

51
70
8
492

6
12
31
17

0.9
0.2
0.2
0.4

7
12
32
18

815.3
939.9
1702.2
1110.0

22.9
33.0
35.7
19.9

205.9
382.1
360.0
310.0

Notes: *The adiabatic temperature of the combustion in this table is obtained with the aim of
software; **Ambient pressure for all bakeries is 1 atm

h comb
(%)

Table V.
The average of
experiment results of
53.90
the exhaust gases
33.14
from the ﬂue and
71.62
combustion
76.80
efﬁciency of
traditional
GASEQ
machinery bakeries

being the maximum allowed in ﬂue products. Most burners produce much less, with
between 0 and 50 ppm being typical according to Institute of Standards and Industrial
Research of Iran. During incomplete combustion, carbon monoxide concentrations may
reach levels above 7,000 ppm. Even a small amount of spillage into occupied structures from
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appliances producing large amounts of CO is a health risk and can be a threat to life
(Turns, 2012).
Zel’dovich mechanism is a chemical mechanism for producing active nitrogen from
molecular nitrogen in the gas phase (for ﬂue gas temperature more than 500°C). The pair of
reactions OþN2!NOþN and NþO2!NOþO were ﬁrst proposed by Russian scientist
Zel’dovich in 1947. The reactions are thought to account for much of the active nitrogen
formed in hot exhaust gases from combustion sources and following the rapid heating of the
air during lightning discharges. Most burners produce much less, with between 0 and
10 ppm being typical according to Institute of Standards and Industrial Research of Iran. As
it can be seen in Table V, for almost all bakeries pollutions are in limited range. It is because
of huge value of excess air in all combustors and low temperature of ﬂue gases (less than
500°C). But in Lavash bakery the value of CO is more than limited range. Maybe it is
because of low portion of excess air in combustion reaction (Turns, 2012).
3.2 Energy analysis
By considering the data in Tables V and VI and equations (2) to (5) and (9), energy balance is
conducted for different ovens of traditional machinery bakeries, and its results are presented
in Table VII. According to Table VII, heat loss in oven of the Taftun bread is more than
Barbari bread; however the required energy for baking of the Taftun bread is less
than Barbari bread. On the other side, it is observed that the fuel energy for baking of
Sangak and Barbari breads and also Taftun and Lavash breads is nearly the same. An
important issue which can be concluded from this table is that the consumed energy for
baking all four breads are really more than their required energy for baking due to the high
amount of losses from the walls and chimneys in all bakeries and as a consequence, the
great amount of fuel consumption in the ovens. By checking Tables V and VII, it is obtained
that value of combustion efﬁciency for Barbari oven is low and therefore exhausted loss is
high. It means that at the beginning, a large portion of energy is lost by ﬂue gases and
therefore a few value of produced energy by combustion stay in oven. Hence, the value of
walls energy loss for Barbari oven is low.

Table VI.
Average of
experimental and
analytical results of
the properties of the
traditional
machinery breads

Table VII.
The energy balance
results for the ovens
of traditional
machinery bakeries

Bakery data
Sangak
Barbari
Taftun
Lavash

V_ F
(m3/hr)

md
(kg)

mB
(kg)

Dt
(s)

nB


t
(s)

LB
(m)

AB
(m2)

m
Tov
(°C)

Tsb
(°C)

Tsr
(°C)

8.6
8.6
9.9
10

0.60
0.63
0.17
0.19

0.45
0.45
0.13
0.11

840
480
1980
360

20
18
132
54

210
270
75
60

9.20
0.10
0.12
0.09

0.17
0.13
0.14
0.13

220
400
397
360

255
220
280
250

260
352
348
380

Bakery data

Q_ F
(kW)

Q_ B
(kW)

Q_ B;re
(kW)

Q_ Exh
(kW)

Q_ L
(kW)

Sangak
Barbari
Taftun
Lavash

85.71
85.88
99.82
100.00

4.80
22.14
9.21
36.28

0.96
2.19
1.84
4.03

39.51
57.42
28.33
23.18

40.44
4.13
60.44
36.51

3.3 Exergy analysis
Information about the components of the combustion products and the percent of excessive
air is presented in Table VIII. Moreover, the properties of exhaust gases from the ﬂue of the
oven of traditional machinery bakeries which are represented in Tables IX and X, illustrates
the exergy calculation for different bakeries.
The exergy results elucidate that heat loss from the ﬂue of Sangak, Taftun and Lavash
ovens have low reversibility (nearly between 7 to 9 per cent of the input exergy to the oven);
though the contribution of energy loss from the ﬂue (of Sangak, Taftun and Lavash ovens) is

Bakery data

CO2

H2O

O2

N2

f


Sangak
Barbari
Taftun
Lavash

0.015
0.02
0.043
0.046

0.029
0.038
0.084
0.088

0.178
0.167
0.115
0.111

0.78
0.775
0.76
0.755

0.14
0.19
0.43
0.45

xi = ni/n

Bakery data

Species of exhausted gases

Sangak

CO2
H2O
O2
N2
CO2
H2O
O2
N2
CO2
H2O
O2
N2
CO2
H2O
O2
N2

Barbari

Taftun

Lavash

T 0 = AT*
h i;T 0
s 0i;T 0
(kJ/kmol)
(kJ/kmol·K)
39360
241899
28.94
29
393738
241962
167.13
170.6
393813
242007
310
305
393783
241989
253.5
249.6

213.57
188.55
204.80
194.40
213.5
188.5
204.57
191.4
213.45
188.45
204.41
191.40
213.47
188.47
204.47
191.4

Sangak
Barbari
Taftun
Lavash
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ex
(%)

Table VIII.
606
427 Combustion products
and excess air
134
characteristics
124

T exh = FT
h i;T
s 0i;T
(kJ/kmol)
(kJ/kmol·K)
386351
237435
5439.12
5302
378456
232744
11001.5
10550
379446
233332
10303.8
9892.0
381686
264664
8725.4
8403

233.22
205.22
219.54
205.64
247.6
216.4
229.38
214.92
245.8
215
228.14
213.76
241.7
211.8
225.35
211.13

Note: *At the condition of all studied bakery ovens, P = P0 = 1 atm

Bakery date

Four models
ﬂatbread
bakery
machines

cF
(kJ/kmol)

WF
(kW)

c Exh,ph
(kJ/kmol)

c Exh,ch
(kJ/kmol)

c Exh
(kJ/kmol)

WExh
(kW)

WL
(kW)

WB
(kW)

I
(kW)

880082
880082
880082
880082

85.71
85.88
99.82
100.00

1057
3179
2569
1958

141.75
214.85
689.86
730.34

1198.8
3394.0
3259.0
2715.5

8.42
17.91
9.09
7.29

16.45
3.47
35.69
21.49

0.98
4.11
1.59
6.45

58.85
59.40
52.21
63.71

Table IX.
Exhausted gas
properties

Table X.
Exergy calculation
for bakeries
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high signiﬁcantly (nearly between 24 to 56 per cent of the input energy to the oven). Hence,
the heat recovery of this amount of energy is not affordable and recommended. And
prevention of losing energy is suggested instead of energy recovering. But heat loss from the
ﬂue of Barbari oven has remarkable reversibility (nearly 21 per cent of the input exergy to
the oven) though the contribution of energy loss from the ﬂue of Barbari oven is high
enough (nearly 67 per cent of the input energy to the oven). Hence, the heat recovery of this
amount of energy is recommended to save fuel consumption. Furthermore, based on the
exergy results, heat loss from the walls of Sangak, Taftun and Lavash ovens have high
reversibility (nearly between 20 to 37 per cent of the input exergy to the oven). Therefore,
even though the high contribution of energy loss from the walls of traditional machinery
bakeries (nearly between 48 to 63 per cent of the input energy to the oven) and its
appropriate heat recovery, the insulation of the machinery ovens is the best solution to
decrease fuel consumption in these bakeries. But heat loss from the walls of Barbari oven
does not have high reversibility (nearly 4 per cent of the input exergy to the oven).
Therefore, despite the low contribution of energy loss from the walls of this bakery (nearly 7
per cent of the input energy to the oven) and its inappropriate heat recovery, the insulation
of the Barbari machinery oven is not a proper solution to reduce fuel consumption in this
bakery. On the other hand, by considering the role of excessive air in increasing the
irreversibilities which annihilates about between 53 and 70 per cent of the input exergy to
the oven, reducing of excessive air also recommended. This is a paramount method to save
fuel in all different bakeries because of a high percentage of excess air in the combustion
process.
3.4 Energy and exergy eﬃciency of bakery ovens
Figure 15 indicates the calculation results regarding the energy and exergy efﬁciency of the
oven of traditional machinery bakeries. As can be concluded from this table, the exergy
efﬁciencies of all of the ovens are very low. Among the considered bakeries, the energy
efﬁciency of the oven of Sangak and Taftun breads are lower in comparisons to the other
cases. The energy efﬁciency of the oven of Barbari and Lavash breads are about 26 and 36
per cent, respectively. This status reveals the fact that the conditions of the machinery ovens
in Iran are worse, and it should be improved.
3.5 Reduction of fuel consumption and augmentation of oven eﬃciency
With regard to the conducted energy and exergy balance in the ovens of different traditional
machinery bakeries, it is observed that the major contribution to oven energy loss is the ﬂue
(due to excessive air and hot exhaust gases) and the oven walls. Table XI shows the
contribution of heat loss in the oven of different traditional machinery bakeries compared to
the input energy to the ovens.

Figure 15.
Energy and exergy
efﬁciency of the oven
of traditional
machinery bakeries

Efficiency (%)

40
Energy
Exergy

36.28
25.78

20
9.22
5.6

6.52

4.84
1.61

1.15

0
Sangak

Barbari

Taftun

Lavash

As far as the required energy for baking bread is constant and immutable, by diminishing
the contribution of the energy loss, it is possible to increase the energy and exergy efﬁciency
of different bakery ovens. One of the innovative means of decreasing irreversibilities of the
combustion is reducing the input of excessive air to the torch. Moreover, by decreasing the
contribution of the excessive air and heat recovery from the hot exhaust gases discharging
from the ﬂue, energy loss from the ﬂue is reduced. Also, by insulating oven walls, the energy
loss from the walls is diminished.
3.5.1 Insulating of the a unit Sangak bakery. To operate insulating which is depicted in
Plates 2 and 3, a unit machinery Sangak bakery in Qom town for three days from May 28,
2015 to May 30, 2015 is considered. After insulating, this bakery unit is measured again.
Plates 2 and 3 show the sample pictures of the side walls and roof of the oven before and

Q_ (%)
Excess air
Flue gases
Losses of walls

Bakery
Sangak

Barbari

Taftun

Lavash

38.00
8.10
47.23

52.69
14.21
4.81

15.27
13.11
60.50

12.01
11.17
36.50

Four models
ﬂatbread
bakery
machines
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Table XI.
Contribution of heat
loss in the ovens of
different bakeries
compared to the
input energy to the
ovens

Plate 2.
Wall of oven of
Sangak Bakery
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Plate 3.
Roof of oven of
Sangak Bakery

after insulation, respectively. Based on the experimental and analytical calculations and by
using equations (27) and (31) for this bakery unit, it is observed that the conducted
insulation decreases the average total heat transfer coefﬁcient for the oven walls and also
reduces the average temperature of the external walls to nearly 5°C more than the ambient
temperature. Plate 4 shows some images during manufacturing of Recuperator in present
work. Figure 16 compared the average monthly fuel consumption for this bakery unit before
and after insulation. These results have been obtained during two years, from June 2014 to
May 2015 (before insulating) and from June 2015 to May 2016 (after insulating). The fuel
consumption value of each month is the monthly average of fuel utilization and has been
calculated by averaging among usage for 30 days of month. It demonstrates that in the
similar performance conditions in terms of producing bread, near 37 per cent of fuel is saved
by insulation. In other words, it was obtained that the average annual fuel consumption for
considered Sangak bakery unit before and after insulation are 103.5 m3/day (8.6 m3/h
[Table VII]) and 65.4 m3/day (5.4 m3/h), respectively by experimental measurements.
3.5.2 Estimation of fuel consumption reduction in bakery units. Regarding the results of
the considered bakery unit it is clear that by insulating, the temperature of the external walls
is reduced nearly 5°C more than the environmental temperature. This result is employed for
estimation of the fuel consumption reduction in other bakery units. So, the average total heat
transfer coefﬁcient of the walls is determined before and after insulation. Table XII reports
the results of these calculations. It is noteworthy that the calculations regarding this table
are done at an average temperature for all of the oven walls, and has been determined with
regard to the results of the Table VI. So, for the entire oven walls one thermal drop
coefﬁcient is obtained and in this way, heat loss from the walls is obtained just at one stage.
Finally, it is estimated that by insulating walls, controlling the excessive air until 5 per
cent, and heat recovery of the hot exhaust gases caused by combustion until 100°C, the

Four models
ﬂatbread
bakery
machines
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Plate 4.
Manufactured
recuperator in present
study

Fuel consumption (m3/day)

150
120

Before
After
96.8

97.1

93.5

91.1

102.5

113.1

106.9

116.8

114.1

108.2

103.1

99.2

90
63.4

60.1

60

62.6

58.9

65.5

69.6

66.8

70.7

69.6

67.1

65.5

Figure 16.
The average monthly
fuel consumption for
considered Sangak
bakery unit before
and after insulation

64.5

30
0
Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

Bakery
Properties

Sangak

Barbari

Taftun

Lavash

Before insulating
m
ð Þ
Tw;
out C
U (W/m2)

83.4
127.23

95.2
99.13

105.2
144.98

82.2
93.19

After insulating
m
ð Þ
Tw;
out C
U (W/m2)

27.8
44.62

37.9
36.87

41.1
32.12

25.3
36.1

Table XII.
The average of the
total heat transfer
coefﬁcient in the
walls of different
bakeries before and
after insulation
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amount of the saved fuel in bakery units of Sangak, Barbari, Taftun and Lavash is 71, 59, 58
and 40 per cent, respectively, and the details of calculations have been presented in
Table XIII.
Also, by considering the daily working time of the bakery units and the number of
working days of these units, the estimation of annual saved fuel for different bakery units is
obtained, and its calculations are shown in Table XIV.
Also, Table XV can report costs for the modiﬁcations of Sangak bakery and costs of
initial bakeries (before optimization). It is seen that overall costs of modiﬁcations for Sangak
bakery is about $600. It is while, proﬁt of optimization is about $82.3 per months. Therefore,
all modiﬁcations costs are compensated after about seven or eight months. As the geometry
of all machinery bakeries is very similar with each other, these results are generalizable for
other bakeries.
Table XVI reports fuel consumption of bakeries before and after modiﬁcations based on
m3 of natural gas per kg of bread according to Table VI. Table XVII shows the
augmentation of the energy and exergy efﬁciency of different ovens after insulating, control
of excess air portion, and ﬂue gas recovery. According to Table XVII, the energy efﬁciency

V_ F (%)

Table XIII.
The amount of saved
fuel in different
bakery units

Bakery
Sangak

Barbari

Taftun

Lavash

36.74
3.21
31.29
71.24

49.07
5.00
4.77
58.84

12.22
4.65
40.91
57.68

9.30
4.50
26.40
40.20

Excess air
Flue gases
Losses of walls
Total

Bakery

Table XIV.
Annual saved fuel
(per m3 of natural gas
and United States
dollars) for different
bakery units

Table XV.
Costs for the
modiﬁcations of
Sangak bakery and
costs (per US$) of
initial bakeries
(before optimization)

Properties

Sangak

VSave
(m3)
(USD)

29,630
988 $

Fuel saving
(%)

71.24

Barbari
15,513
517 $
58.84

Bakery

Properties

Sangak

Initial oven (before optimization)
Insulating
Material (red brick, soil and steel)
Damper
Recuperator
Handworkers
Overall costs of modiﬁcations
Initial oven (before optimization)
Initial oven (before optimization)
Initial oven (before optimization)

Barbari
Taftun
Lavash

Taftun
18,635
621 $
57.00

Lavash
13,603
453 $
40.20

Cost (US$)
3,667
267
167
33
67
66
600
3,533
3,500
3,500

of Sangak, Barbari, Taftun and Lavash bakeries increased by 248.28, 70.67, 75.44 and 150.00
per cent, respectively with the aid of above solutions. Similarly, this trend also can be
observed for the exergy efﬁciency of Sangak, Barbari, Taftun and Lavash bakeries that rise
by 247.83, 69.83, 75.52 and 148.06 per cent, respectively, with the same actions.
4. Conclusion
In the present study, different ovens of traditional machinery bakeries for ﬂatbread has been
examined with respect to the ﬁrst and second law of thermodynamics and based on
experimental and analytical calculations. Based on the results, it can be noted that:
 The major contribution of the input energy to the oven is lost from the walls,
opening of the oven, and the ﬂue in such a way that energy efﬁciency of the
machinery ovens of the Sangak, Barbari, Taftun and Lavash breads are 5.60, 25.78,
9.22 and 36.28 per cent, respectively.
 In the ovens of Sangak, Taftun and Lavash heat loss from the walls is about 40 to 60
per cent of the input energy, however heat loss from the walls of the Barbari bakery
is less than 8 per cent.
 In the Sangak and Barbari bakery ovens, about 50 to 70 per cent of the input energy
is lost from ﬂue of the ovens.
 Additionally, the exergy analysis reveals that the lost energy from the walls of the
oven does not have high quality thermodynamics in Barbari Bakery.
 The major contribution of the exergy in different bakeries due to fuel combustion
and heat loss from the oven walls is near 90 per cent of the input exergy.
 Insulating the walls of the oven and decreasing the excessive air are introduced as
innovative and practical solutions for reducing heat loss. Moreover, it is clariﬁed
that by insulating the ovens of bakeries, it is possible to prevent 70 per cent of heat
loss.
 In addition, by conducting analytical calculations it is observed that due to the high
amount of the excessive air contribution in bakery ovens, by decreasing the amount
of the input excessive air to the torch by 5 per cent, heat loss caused by the
excessive air can be reduced by 90 per cent.

Bakery
Consumption (m3)NG/(kg)B
Before
After

Sangak

Barbari

Taftun

Lavash

0.222
0.064

0.141
0.058

0.317
0.136

0.168
0.101

Bakery
Efficiency (%)

Sangak

Barbari

Taftun

Energy
Exergy

248.28
247.83

70.67
69.83

75.44
75.52

Four models
ﬂatbread
bakery
machines
3429

Table XVI.
Fuel consumption of
bakeries before and
after modiﬁcations
based on m3 NG per
kg bread

Table XVII.
Increasing of the
energy and exergy
Lavash
efﬁciency of different
ovens after
150.00
insulating
148.06
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Furthermore, based on the results of the heat recovery of the hot exhaust gases from
the oven until the temperature of 100°C, heat loss from the ﬂue for Sangak, Barbari,
Taftun and Lavash breads is reduced by 71, 61, 69 and 65 per cent, respectively; and
due to a trivial contribution of the heat recovery, employing heat exchangers for
recovering hot exhaust gases is not recommended.
Finally, by insulating the walls, reducing the excessive air until 5 per cent, and
recovering hot exhaust gases from the oven, the energy and exergy efﬁciency of the
bakery oven are increased and the natural gas consumption is reduced.
Furthermore, the annual reductions of natural gas consumption for machinery
bakeries of Sangak, Barbari and Taftun by doing the aforementioned solutions of
reducing the energy consumption are 71, 59, 57 and 40 per cent, respectively.

Note
1. Food and Agriculture Organization of the United Nations (FAO).
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