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Abstract
Energy efficiency is considered an important indicator after the efficiency term is one framework of economic planning. The
review results show that the gained energy is completely different in industries due to the production line, raw material, used
fuel, system automation, application of thermodynamic rules, and energy recovery applications. The thermal parameters of the
machining system are the main indicators to determine the system’s efficiency. Dynamic behavior, effectiveness, and thermal
capacity limitation are some parameters used for the optimization of machining energy efficiency. The temperature, pressure,
flow rate, and other operating conditions as a function of time are the physical quantities to determine the dynamic behavior.
The machining tools are intensive energy-consuming types of equipment and mostly consume electricity in manufacturing
industries.
The general approach for cost-effective planning is to set a complete energy-efficient system. Mass, energy, and exergy
analyses are the general bases for the efficiency consideration of heat generation. But the easiest and most expeditious energy
recovery is observed in effective machining like micromechanical systems and hybrid systems, up to 20% of overall losses
can be recovered. If the general usage of steam to produce electricity is considered, controlling the existing configuration will
improve energy efficiency by applying quantitative optimization of the electricity usage. This quantity can be increased by an
extra 20%. To optimize the entire cogeneration or trigeneration machining system, a holistic approach is needed that improves
the system’s energy efficiency by up to 65%. The energy efficiency is increased in the range from 3 to 35% by innovative
EMS. Air leaks are causing the highest energy losses in CA systems. More than 90% energy efficiency can be achieved
with an appropriate CAES system mostly in isothermal and high-pressure conditions for machining purposes. Moreover,
the recovered energy will mitigate GHGs. And it is strict that, any developing plan of countries which contains an energy
efficiency strategy, is necessary to sustain a habitable earth.
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Abbreviations

cp-g Exhaust gas average specific heat
Ebiomass Biomass input
Ecoal Coal input
Ecooling Cooling output
Eheating Heating output

Ei Total electricity demand (annual) (GJ/yr)
Ein,i Exergy input to a component (kW)
Eout,k Exergy output to a component (kW)
ESy Electricity savings (measure y for x) (GJ/yr)
EX Exergy (J)
Exbiomass Exergies of biomass (kW)
EXC Exergy values for cooling
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Excoal Exergies of coal (kW)
Excompair Exergy values for compressed air
EXgt Exergy (the net power output of gas turbine)
EXH Exergy values for heating (kW)
EXhot water Output exergy of the hot water (kW)
EXin Input exergy of the system (kW)
Exsewage Exergies of sewage (kW)
EXst Exergy of power output of steam turbine (kW)
Fy Fuel thermal content (kWh)
H Hot
h Enthalpy (specific) (kJ/kg)
h1 Enthalpy of compressed air (kJ/kg)
h2s Isentropic enthalpy of compressed air (kJ/kg)
hf Enthalpy of fuel (kJ/kg)
in Inlet
İ Irreversibility or exergy loss (kW)
k Heat transfer coefficient (W/mK)
L Thickness (m)
mc Coal consumption rate (kg/s)
mcoal Mass flow rates of coal (kg/s)
msevage Mass flow rates of sevage (kg/s)
mw Waste consumption rate (kg/s)
ṁ Mass flow rate (kg/s)
ṁf Flow rate of the fuel (kg/s)
ṁg Exhaust gas mass flow rate (kg/s)
n Number of modules
out Outlet
P Air pressure (Pa)
PC Power consumption of compressor (kW)
PE Available extra power for the CAES (MW)
Pgt Gas turbine power (MW)
Pin Input power (W)
Pnet Net power output (W)
Pout Power output (W)
PP Power output of pneumatic energy (W)
Pst Steam turbine power (MW)
Ptot,net Net total power output (kW)
Pw,net Net power output of the waste (kW)
Q Heat load
QC Cooling air output (W)
Qc Energy input of the coal (kW)
Qcompair Compressed air output (W)
Qexh Exhaust heat from gas turbine (MW)
Qgain Energy gain (W)
QH Heating air output (W)
Qp Primary energy (kW)
Qsf Steam flow energy (kW)
Qw Energy input of the waste (kW)
Q̇ Heat transfer (kW)
Q̇1 Heat addition (the steam per cycle) (kW)
Q̇2 Heat rejection (the steam per cycle) (kW)
Q̇b Recovered thermal power (kW)
Q̇L Heat recovered by LPE

Q̇loss Sum of heat Losses (W)
Q̇out Sum of useful heat outputs (W)
Q̇s&w Transferred heat to the steam and water (kW)
Q̇tot Heat losses sum & useful heat outputs (W)
q Heat flux (W/m2)
qc,net The coal net caloric values (kJ/kg)
qcoal Lower caloric values of coal (kJ/kg)
qsevage Lower caloric values of sevage (kJ/kg)
qw,net The waste net caloric values (kJ/kg)
Si Total value of the boiler losses (%)
T Temperature in unit °C
U̇ Heat loss increment due to the saved steam (kW)
V Volume of air (m3)
W Power production by the cogeneration (kW)
Ẇc Compressor set total work (kW)
We The expander produced output work (kW)
Win,j Supplied work (kW)
Wnet Net power output (kW)
Wout,l Work output (kW)
Wp Pump set total work (kW)
X Faulty samples
X* Normal samples

Greek Symbols

α Portion of electricity demand by industrial
motors

βi Portion of system x in total electricity
γx Portion of total electricity demand by system x
�Tlift Temperature lift (°C)
εc Compression ratio
ηcomp Compressor efficiency
ηcon Conversion efficiency
ηel Electrical efficiency
ηen Energy efficiency
ηen, tot Total energy efficiency
ηen, w Waste-to-electricity efficiency
ηex Exergy efficiency
ηgt Gas turbine efficiency
ηi Standard efficiency
ηj Increased efficiency
ηL Low efficiency motor
ηQ Thermal efficiency
ηRT Round trip efficiency
ηs Isentropic efficiency of the PM
ηst Steam turbine efficiency
τy Share of total electricity demand by measure y
ψ Specific exergy (kW/kg)
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Acronyms

A Area (m.2)
B The replaced equipment age (years)
C Cold
D Lifetime of the equipment (years)
d Adiabatic index
CA Compressed air systems
CAES Compressed air energy storage system
CAP Chilled ammonia process
CART Classification and regression tree
CCHP Combined cooling, heating and power
CFL Compact fluorescent light
CFPP Coal-fired power plant
CHP Combined heat and power
CO2 Carbon dioxide
COP Coefficient of performance
CWSP Coal-water slurries containing petrochemicals
DLFLN Double linear fast learning network
EEM Energy efficiency measures
EI Energy-relevant investment
EMDS Electric motor driven systems
EMR Energetic macroscopic representation
EMS Electric motor systems
EEM Energy efficiency measures:
ERG Exhaust gas recirculation
EUF Energy utilization factor
FWH Feedwater heater
GHGs Greenhouse gases
GSHP Ground source heat pump
HHV Higher heating value
HTI Heat transfer intensification
I-CAES Energy storage of isothermal compressed air
IEE Improvement in energy efficiency
LAES Liquid air energy storage
LHV Lower heating value
LPE Low-pressure economizer:
MCHP Combined heat and power in micro sacle:
MEA Monoethanolamine:
NGCC Natural gas combined cycle
NOx Nitrogen oxides
NPV Net present value
PM Pneumatic motor
SO2 Sulfur dioxide
TCO2ER Trigeneration CO2 emission reduction
TDV Temperature driving force
TI Total investment
TRNSYS Transient System Simulation Tool

1 Introductıon

Increasing the level of economic, environmental, and social
welfare is commonly expressed by performance, quality,
strategy, and efficiency [1, 2]. The efficiency term is related to
the production stages in the industries. The general explana-
tion considering these terms is “sustainability”. The balance
of sustainability with prosperity life has become the goal of
countries with the inclusion of the concept of development
in strategic planning. Industrial sectors are projected to use
clean and eco-environmental production lines with improve-
ments in energy consumption, production, and machining
lines [3]. The reduction of environmental pollution posi-
tively affects the consumption behavior of human beings
[4]. In this context, performance, modification, optimization,
and quality are realized effectively at low cost by using the
best equipment, best technology, and energy-efficient sys-
tems in the sectors. The optimization in the production stages
usually requires many parameter considerations in a priori-
tizing sequence. The best technology, however, can only be
achieved by energy-efficient devices [5, 6]. Industry, which is
the foundation stone of development, is meeting national and
international demands and has high economic value in pro-
cessing raw materials into products [7]. Sectoral differences
increase the differentiation of industrial production and prod-
uct diversity. Theoretical review, empirical modeling, and
policy applications in the industries are common solutions
and directions for future research despite their differences.
The achievement of these goals can only be realized through
economic optimization and energy efficiency [8]. The effi-
cient operation of the industry raises the need for technical
knowledge. It brings the differences in the application of
sectors towards productivity including operating processes
[9–11]. Energy efficiency has become essential for the sus-
tainability of the industry. Saving fuel by adjusting air–fuel
ratios can increase efficiency. [12]. The correct and conscious
use of energy is only possible by strengthening the techni-
cal infrastructure and evaluating the energy management in
the facilities. Energy management is the implementation of
energy efficiency and energy conservation by maintaining
the level of production [13]. Energy efficiency in industry
results generally in reducing the losses of energy as heat,
gas, and steam in the systems [14]. Machining is the one
count to recover energy through the spindle motors and axial
machine movements. In every stage of the production lines,
which means energy-efficient machining will support highly
in the reduction of energy usage in terms of electricity [15,
16].

Efficiency phenomena are grouped structurally, and it
is increased by technical devices and equipment, which is
defined as machining, apart from the purposes of energy use
[17]. The assembly of the components of machining is a met-
ric that needs to be cautious. The design of a machine tool
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has technically achievable efficiency limits. The interaction
of components can be restricted on a small percentage scale
due to these limitations. There aren’t any standard methods
to evaluate the machining tools. However, percentage recov-
ery may be the best indicator of whether a processing system
is being established [18]. If the switching of machining does
not cause any loss of production quality, it will be the best
technology for efficiency. The switching recovery results in
considerable utilization and improvement in production [19].
The consistency check is another new parameter to apply to
the components of machining. The sufficiency and consis-
tency terms are two new focuses near the energy efficiency
term [20].

The entire industry facility system has to be evalu-
ated to integrate the machining tools [21]. The flow of
energy balance is the best-interrelated approach to focus on
existing measurements in the process cycle. The machin-
ing inefficiencies and the identified shortcomings can be
remedied within this content [22]. The energy character-
istics of the machining process tend to be very complex
and vary substantially concerning different configurations
of machine tools, workpieces and process parameters [23].
A multi-dimensional coupling model can be established for
energy-efficient systematic configurations. The effectiveness
of each parameter in machining tools is developed gradually
[24].

In this context, structural changes are implemented in
the form of partial or entire changes in production stages
[25, 26]. Efficiency is also a part of steam distribution net-
works, cooling systems, boilers, furnaces, heating systems,
power generation units, transport systems, and energy usage.
Energy gains in industries are also affecting the quality of
products [27].

The energy needed at every stage is commonly provided
by the combustion unit apart from heat and electrical energy
in the production processes. Heat treatments, hot water, and
steam production are the areas where these facilities are
commonly used. The hierarchical framework of the sys-
tem proposes to address the wasted energy consumption
on specific mechanisms to enhance the optimum machining
tools [28, 29]. However, a high workload is usually con-
cluded with low efficiency. Working at high capacity does
not mean efficient production. Ageing, wear, and efficiency
loss sometimes reach 50%. The resistance of each parameter
in the operating system could be a part of the efficiency con-
siderations in the process. Independent optimization of the
parameters dynamically promotes energy usage. The rela-
tionship of each production parameter is correlated with
energy usage [30–32]. Effective fuel consumption is highly
achieved by themaintenance, repair, and cleaning of combus-
tion units. The recovery provided by fuel saving is increased
up to 5.6% [33]. Technically, the recycling of heat is the
general method for energy gaining in boilers, furnaces, or

heat treatment units. The recovery amount is an essential EE
variable, but some input parameters as moisture, are prevent-
ing the recovery quantity from around 15% [34]. Complex
energy usage and flow in the industry can be dropped to
a single-dimension optimization to characterize the system
consumption and recovery possibility. However, in this sys-
tem, individual evaluation of the manufacturing processes
and consideration of each machining is necessary. In other
meaning, manufacturing energy efficiency is divided into
equipment optimization and process optimization. Process
optimization is to be followed by equipment optimization.
[35, 36].

Energy recovery points in steam production start at com-
bustion plants which are categorized as adding preheater,
gainingwaste heat, changing fuel, saving fromair–fuel ratios,
balancing boiler capacity loading rates, and providing nec-
essary pressure and temperature for atomizing fuel [37–41].
The energy recovered from the system is commonly made by
using a preheater. The recovery from waste heat is achieved
with a heat exchanger.When the fuel is changed, efficiency is
also achieved by decreasing the consumption of high-calorie
fuel in the system. Environmental emissions are controlled
by lessening fuel [42, 43]. Saving from air–fuel ratios is one
technique to increase the efficiency to the desired level. It is
also decreasing fuel consumption with a balanced supply of
oxygen and fuel. In this way, solid fuels are burned at 95% by
reducing the proportion of waste and ashes. Burning for liq-
uid and gas fuels is almost around 99% [44]. The balancing
of boiler capacity and controlling of loading rates are also
increasing efficiency. The system working with full loading
reduces the loss rates [45, 46]. The relationship between pres-
sure and temperature is another factor affecting efficiency
according to thermodynamics law. The atomized combus-
tion of liquid and gaseous fuels affects the efficiency values
considerably within the system, sometimes up to 10% [47].

The purpose of energy efficiency studies has generally
concentrated on reducing the amount of energy consump-
tion. It is indicated by reducing the paid-for energy [48].
Energy efficiency is considered in the same context as exergy
efficiency. Because, in exergy studies, the ideal definition of
energy is captured mechanically and the maximum benefit
from the energy is obtained by balancing energy in a way
by multidimensional component [49]. The multi-component
of energy features is increasing the uncertainty of energy
losses. Multi-dimensional coupling optimization, however,
increases energy reduction by up to 22% and decreases time-
consuming by 16% [24]. The component analysis is used
to evaluate energy analysis by considering all input and
output parameters of the system including machining. The
results are generally consistent with statistical calculations
and assessments [50]. Energy is recovered and valorized
by exergy efficiency in intensive processes in the indus-
tries. Differences among the industries can be eliminated by
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highlighting system analysis and underlying the complete
exergy losses [51]. The relationship between the exergy bal-
ance equation and the energy balance equation is established
through the entropy balance equation. [52]. The second law
of thermodynamics deals with the conservation of entropy
and the quality of energy. This law reduces exergy losses to
ensure sustainability and to ensure systemic equivalence that
connects the exergy with the environment [53]. Inefficiency
studies, every unit of energy used and produced in industries
is considered. Therefore, reducing energy losses will not be
different from minimizing exergy losses and returning the
losses to production [54].

In industry, gooddesign, proper process,maintenance, and
accurate analysis are the result of efficient production, effi-
cient use of energy resources, and suitable equipment maybe
it seems outside but also specialized technical manpower.
Any parameter that limits the system production directly
or indirectly is a topic of efficiency [55–57]. Utilization is
applied to all basic units of manufacturing, such as temper-
ature stabilization, pressure maintenance, heat exchangers,
mixers, conveyors, valves, and power generation units. Eval-
uation of each machine process under general headings will
reveal a different definition for production [58–61]. Opti-
mizing the efficiency of complex energy systems is achieved
by exergy analysis assessment. The thermodynamic rules
are powerful techniques to identify the components of the
system and their gaps [62, 63]. The energy consumption of
machining tools is generally attributed to electrical energy.
Assigning the quantity of used electrical energy, whether
directly or indirectly, determines machining operational effi-
ciency. The electric power profile of machining indicates the
different power levels and operating times. The state times,
standby, and processing efficiencies are some techniques to
identify the components of the system and their gaps. The uti-
lization of machining with the other components is the limit
of machining [36, 64–66]. As can be seen from Fig. 1, the
starting point of energy saving is the identification of facility
components.

In this review study, the energy efficiency of machining
is grouped and considered as heat generation, steam system,
cogeneration system, electric motor system, and compressed
air system. All these categories are the parts of combined
energy generation units. Therefore, multilevel energy anal-
yses and the optimization of all these processes allow an
integrated querying of the entire system to set up a fully
energy-efficient mechanism in the industries.

The main aim of this study is to determine energy effi-
ciency techniques, especially in the machining of combined
energy units in industrial facilities. The studies consider
models, experiments, and facility detection measurements
by reviewing energy balance. Results, used methodologies,
application points of machining, and the benefits of methods
are tabulated and figured according to the reviewed articles.

The efficiency terms are described bymathematical formulas
depending on scientific bases. Efficiency application points
in the machining are researched and analyzed in detail. The
20% to 30% energy recovery is crucial for environmental
sustainability since energy use in industry is a key cause of
climate change. The recovered energy will mitigate GHGs.
And it is strict that, any developing plan of countries con-
tains an energy efficiency strategy to sustain a habitable earth.
This review article also presents many techniques in terms
of empirical, statistical, and model evaluation. The classi-
fication is mainly on the quantification of components of
the entire system with the integration of machining. Opti-
mization, consistency, and efficiency are the main frames
for machining. The improvement of energy recovery can be
maintained by decreasing and canceling energy losses.

2 Methodology

2.1 Heat generation

The heat generation is the facilities that operate by burn-
ing fuel for a particular process. The review of the scientific
studies has shown that different methods are applied to the
generation unit machining to increase efficiency. The process
starts with the fuel input to the boiler. Solid, liquid, or gas
fuels have different characteristics in the process [67–69].
In heat generation, two methods are commonly used for
machining processes. The first one is the empirical calcula-
tions. The second one is temperature measurements through
the heat flux in the processes [70]. The temperature influence
in machining is considered a very important parameter [71].
Influence tool wear and process quality are some examples
related to troubles in machining [72]. Moreover, the total
energy entering the boiler is not completely used for the
processes [73]. The temperature measurement is one type
of technique to determine the temperature distribution over
the entire system [74]. The main approach is to set up an
algorithm to determine the losses of energy in the machining
system [69]. Losses such as heat, flue gases, exit temperature,
steam, etc. are all important variables for the total efficien-
cies of heat generation processes [69, 75]. To enhance the
overall performance of the plants, each section such as a
chimney, machining, distribution systems, boilers, and pipes
must be considered separately. Although the main section
is the machining, the entire system must be considered to
lessen the energy losses [76]. The heat content of unburned
residues as wasted energy in the fuel is regarded as a heat
drop. Energy transferred to the process is optimized based
on energy balance rules. Experimental studies are generally
combined with models such as neural models, simulators,
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Fig. 1 Machining energy
efficiency

and ESS software [69, 75, 77]. Table 1 presents many meth-
ods applied in heat generation and concludes the efficiency
outputs.

2.2 Steam system

Producing steam in the industry is the most efficient way
to transfer energy with the desired quality, pressure, and
quantity. [92]. However, the steam distribution systems
and distribution networks are considerably losing energy
[92–94]. The temperature, pressure, flow rate, and other

operating conditions as a function of time are the phys-
ical quantities to determine the dynamic behavior of the
steam on the machining. The effects of the aforementioned
parameters on machining operations must be determined
through experimental, mathematical, or modeling analyses.
[95]. The control of temperature and pressure reduces the
losses and maximizes energy efficiency with the optimiza-
tion of systems [94, 96]. The application of cautions to the
steam systems is listed as boiler, fuel, pipe network lay-
out, insulation, machining, and devices. The machine tools
process in high steam power and temperature to manufac-
ture in large quantities. The lessening of the energy can
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cause some essential problems. Therefore, energy efficiency
can only be achieved by recycling or recovery techniques
[97]. The main methodologies in the reviews of articles are
appointed on energy efficiency increment by CO2 optimiza-
tion, post-combustion capture, heat recovery from flue gas
and latent heat, decreasing the formation of sulphur and nitro-
gen, retrofitting the energy cycle, using different heat sinks
such as heat pumps, pressure optimization and determination
of faulty variables of steam systems. All these methods are
increasing energy efficiency [93, 98–101]. Table 2 describes
the best energy-gaining methods and their effects on the sys-
tem.

2.3 Cogeneration system

The cogeneration system provides concurrent energy pro-
duction as heat, electrical, and mechanical in industries.
The trigeneration system is performing additional cool-
ing operations [111, 112]. The performance parameters
of machining utilize many manufacturing benefits. The
goods production involves various aspects such as integrated
machine functionalities, improved thermal considerations,
and mechanical assemblies. [113]. The cogeneration and
trigeneration units in the industries are commonly used to
produce electricity [114]. These units are very economical
due to less consumption of fuel. The systems are gener-
ally applied in higher energy-demand industries such as
iron and steel, cement, glass, ceramics, and textile indus-
tries [115–118]. Various types of methodologies are listed in
Table 3. Aspen-Plus software, black-box model, and TRN-
SYS software are some good examples of modeling to
increase energy gain [119–121]. The machining tools are
intensive energy-consuming types of equipment and mostly
consume electricity in manufacturing industries. The opti-
mization concentrates on specific energy production and
consumption in this system. Therefore, cogenerations and
trigeneration productions are not only cheap, but they are
energy efficient due to their process stability [122].

2.4 Electric Motor System

Electrical motor system (EMS) forms an important part of
industries as energy end-use devices. Electric motors are
characterized by standards. The standardization is depen-
dent on their efficiency from IE1 (standard efficiency) to IE5
(ultra-premium efficiency) [136, 137]. The electric machin-
ing efficiency can be improved by using more advanced and
innovative EMS. Sometimes, simply cooling the motor can
result in significant energy savings during machining. [138].

The trading electrical motors are changing from manual
control motor systems to advanced technological devices.
The conservation of energy and efficient uses of energy are

themain concerns for the technological improvement of elec-
trical motors. [139–141]. Therefore, the efficiency studies
considering the electrical motor are giving great advantage
to its users due to savingmoney.Replacement of low-efficient
motors is part of strategic planning and the most impor-
tant policy for industrial efficiency considerations [142–144].
Consideringnominal conditions and constant operating times
rather than thermal conditions and energy consumption to
assess the replacement of EMs leads to significant errors
in estimating energy savings. The parametric analyses are
necessary to set more efficient machining by using high-
performance and less energy-consuming EM [145]. The
methods and purposes of the electricalmotor system in indus-
tries are listed in Table 4.

2.5 Compressed air system

Machines used to increase the pressure of a compressible
fluid are called compressors. Compressors are not among
the most energy-consuming equipment in the industry. The
compressed air is usedwith auxiliary elements on the demand
side [149–151]. In machining, the CA system is highly pre-
ferred for decreasing the friction and the temperature in the
processes [152]. It has also some advantages in increasing
the tool life, reducing the force used, and improving the sur-
face finish. All these reduce the production cost in machining
and supply a very efficient energy usage. A compressor com-
prises filters, dryers, coolers, pressure regulators, compressed
air tanks, distribution systems, and machining. [153–156]
(Table 5). In air compressor systems, the combined opti-
mization process in the machining section can be carried out
including exergy efficiency. The thermodynamic properties
are applied due to many process parameters under different
environmental conditions. The exergy analysis gives some
opportunities to control machining quality within this sys-
tem due to energy consumption and thermal properties [63,
157].

3 Result and dıscussıon

Energy efficiency in industries is considered inmany aspects.
However, optimization of the processes is the most common
method to save energy in the systems. The review of the
article has shown that the optimization of the heat gener-
ation processes, insulations, steam production and transfer,
cogeneration units, and motorized systems are saving a con-
siderable quantity of energy. Although the average energy-
saving value changes between 10 and 50% [67, 157], this
quantity sometimes reaches 90% with the applied method-
ology in thermal efficiencies in combustion processes [88].
The results are categorized as heat generation, steam sys-
tems, cogeneration systems, electric motor systems, and
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Table 4 The review of electric motor system

Result Method Equation Description Application
Points

Country

Multi-criteria analysis
performs better in
terms of energy saving
(between
1500–4500 kW h/year)

Energy efficiency
analysis according
to multi-criteria
analysis in
industrial motor
systems
(Promethee II
Method)

I EE =(
1 − ηL

ηm

)
× 100%

Replacement of
low efficiency
motors [136]

Industry Brazil

Energy efficiency
measures in electric
motor systems

Proposing a
framework by
considering the
factors related to
clustered factors

Efficiency ïfactor
improvement

Energy efficiency
measures and
non-energy
factors [139,
146, 147]

Electrical Motor
Systems

Italy, Switzerland,
Cuba

An innovative
framework aiming to
improve energy
efficiency

Factors affecting
the energy
improvement

Qgain = (η j −ηi )× Pnet Non-energy
benefits and
losses [140]

Industry Italy

An overview of Energy
Efficiency Measures
(EEM) was proposed
for Electric Motor
Systems (EMS) to
support industrial
decision makers

Categorizing and
comparison of
various EEMs

Qgain = (η j −ηi )× Pnet Management of
motor, power
quality [141,
148]

Electric
Motor Systems
(Experimental)

Australia, Brazil

An overview of Energy
Efficiency Measures
(EEM) in industrial
applications
(up to 14% energy
saving)

Dvelopment of a
new framework
for the main
factors, that affect
the adoption of
EEMs

Qgain = (η j −ηi )× Pnet Using efficient
electrical motors,
installation of
control hardware
[142]

Industry (Exper-
imental)

Australia

Cost curves are
developed for higher
energy efficiency in
industry
(~ 17% potential
energy saving)

Process
optimization of
electric motor by
gathering data
from EMDS

E I = T I × (
1 − B

D

)

ESy =
Ei × α × βi × γx × τy

Energy Savings in
EMDSs and
determine the
penalties [143]

Electric motor
driven systems

Switzerland

Higher energy efficiency
in motor system
(3% to 35% energy
saving)

Various energy
efficiency
measures (EEM)

Qgain = (η j −ηi )× Pnet Industrial energy
efficiency for
various
innovative EMS
[144]

Industry Sweden

compressed air systems. Energy-efficient machining is a cru-
cial aspect of manufacturing industries as it helps to conserve
energy. The general approach for cost-effective planning is
to set a complete energy-efficient system. Since the complex
characteristics of the machining process are present in differ-
ent types of industries, the adaptation of energy consumption
characteristics depends on process parameters, which deter-
mine how energy efficiency applications, modifications, and
optimization are taking place in industries [24].

3.1 Heat generation

In heat generation, the highest energy losses are observed
at the fuel combustion unit. The heat transfer rate is very
high compared to the other sections. The wasted energy
depends on the air mixture, the temperature, the deposit level
in the boiler, and its components. The chemical burning pro-
cesses are the second important section in a significant rate
of energy saved by system optimization. The formation of
carbon monoxide, hydrocarbons, and volatile gases during
the incomplete combustion process has resulted in chemical
energy losses. Unburned fuel losses are also considered as
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Ẇ
c

=
P
E

×
η
co
m
p

T
he
rm

o-
ec
on

om
ic
an
al
ys
is
in

C
A
E
S
sy
st
em

[1
61
,1

62
]

Ph
ot
ov
ol
ta
ic
(P
V
)

Fa
rm

B
ra
zi
l,
C
an
ad
a

T
he

in
cr
ea
se

in
ex
er
gy

ef
fic
ie
nc
y

(5
5.
1%

),
fin

ne
d
pi
st
on

ef
fic
ie
nc
y

(7
8.
4%

)

D
es
ig
n
an
d
m
od
el
lin

g
a
ne
w

fin
ne
d
pi
st
on

co
m
pr
es
so
r
w
ith

I-
C
A
E
S
sy
st
em

s

Ẇ
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Fig. 2 The energy input and output of the heat generation

an economical parameter in industries. The system’s energy
efficiency increased by more than 20% due to good insu-
lation [99]. The general energy efficiency points are given
in Fig. 2. When the figure is observed, approximately 50%
of the energy is utilized as useful energy and the remaining
is wasted. The thermal parameters, specifically temperature
distribution over the system, are considered a very impor-
tant parameter for the machining. Many articles related to
energy efficiency problems concentrate on thermal problems
in the machining processes. As it is the one important section
of heat generation, the machining process is considered the
most affected section for quality. Therefore, the influences
through the temperature must be minimized by efficient ther-
mal applications. This creates highly efficient processes for
machining [24].

Optimization processes, waste recovery, surface incre-
ment for heat transfer to the system, surface decrease to
the outside convection, radiation or conduction, good insu-
lation, CO2 cycle integration by pressure and temperature
adjustment, increased durability of coal, using appropriate
coal fineness, input and output variable dependence of com-
bustion system, using affective heat exchanger, collecting
flue gases, temperature and pressure controlling are the tech-
niques applied to the heat generation system for increasing
efficiency. Mass, energy, and exergy analyses are the general
bases for the efficiency consideration of heat generation. But
the easiest and most expeditious energy recovery is observed
in effective machining like micromechanical systems and

hybrid systems, up to 20% of overall losses can be recov-
ered [67].

In the improvement of heat generation, the experimental
studies are supported by empirical models. Neural modeling,
Aspen Plus Simulator, and ESS Software are very common
in testing the system [69, 75, 77]. In modeling, the impor-
tant thing is the system energy circulation as given in Fig. 1.
Detailed analysis of inputs and outputs is crucial for obtain-
ing accurate model results [80, 169]. The energy efficiency is
determined as 32% and exergy efficiency is obtained as 35%
due to the simple balance of the ESS model [75]. The envi-
ronmental effect of heat generation is very high compared to
the other sections studied in this article.

3.2 Steam system

The review results of the steam systemare given in Fig. 3. The
six main steps are determined for increasing efficiency. The
steam efficiency can be increased by selecting the appropri-
ate boiler; high quality and heating value fuels (especially
gaseous fuels); appropriate, adequate, and good insulated
pipes; the determination of losses at the boiler, pipes, and sys-
tem inputs; heat recovery by optimizing flue-gases, pumps,
and exchangers and finally well-monitored system by timely
and necessary measurements [92, 98–100]. The dynamic
behavior of the entire system is a very important parame-
ter for machining. The effectiveness of the steam system is
being maintained by a control system. The main reason is
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Fig. 3 Factors affecting steam systems

the limited thermal capacities of any steam system. There-
fore, machining will be limited by the system’s capacities.
Each parameter must be considered and evaluated separately
to maximize higher energy efficiency for the entire steam
system [170]. The exergy and energy balance of steam flows
through the systems are the main indicators for energy gain.
The latent heat used to convert the liquid to the vapor of the
steam system is very sensitive points and depends on tem-
perature, pressure, network length, and pipe materials [101,
104].

At the steam systems, coal-tar, and ash products for solid
fuels, fuel sediments for liquid fuels, and fugitive escapes for
gaseous fuels are important energy loss problems depend-
ing on inefficient burnings. The economic assessments are
considered in these stages. The environmental evaluations
of the systems are also very important owing to the fugitive
emissions of steam production. The water-containing slur-
ries especially for coal-power plants decrease the SOx and
NOx concentrations with respective values of 40% and 20%.
These pollutants decrease in quantity with an increase in fuel
efficiency, ranging from 5 to 30%. [93]. Scrubbing is an alter-
nativemethodology to clean the gases from an environmental
point of view [94]. PSE-pro simulation software and CART
algorithm are some modeling tools that are used for steam
cycle simulations. The steam systemmodel studies show that
the increase in efficiency is possible up to 35% by determin-
ing fault points and heat recovery [94, 101]. The numerical

results have permitted analyses of a detailed systemoptimiza-
tion in machining. The modeling studies point to significant
economic savings. If the general usage of steam to produce
electricity is considered, controlling the existing configura-
tion will improve energy efficiency by applying quantitative
optimization of the electricity usage. This quantity can be
increased up to 20% [95, 171].

3.3 Cogeneration system

The inputs of the cogeneration system and the processes are
two main categories for energy efficiency applications. The
ratio of oxygen to carbon indicates that efficient fuel com-
bustion is one of the primary sources of energy gain. The
percentage of energy gaining could be increased up to 60%
byheat utilization, co-fuelled gasification, andbiomass usage
[111]. The CO2 capture reduces efficiency penalties by an
average of 11.5% [127]. The optimal energy-gaining point
for the energy supply units is power generation and chilling.
The energy used for machining in industries is focused on
reducing process time and cost. Numerous scientific papers
have delved into the comprehensive analysis of cogenera-
tion or trigeneration. Different approaches for best energy
efficiency applications are listed in this review paper. But
complete analysis and energy efficiency applications give
the best optimization for the entire system. To optimize the
entire system including machining, a holistic approach is
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Fig. 4 The cogeneration and trigeneration units

needed that improves the system’s energy efficiency by up to
65% [172]. Gasification of hard coal, lignite, and co-fuelled
are alternative ways of energy-gaining applications in the
industries. Pre-drying of fuels, using a heat pump (in a tri-
generation plant), inserting a regeneration system, and wall
insulation are some other best techniques for gaining energy
in co-generation systems [115, 116]. The co-generation sys-
tem is defined due to its outputs. If its output is producing
electrical energy and thermal energy with energy waste, it is
a co-generation system. If a cooling process is added to these
three outputs, it is the trigeneration system [120]. Figure 4
shows an integrated energy system that operates using water,
fuel, and power as inputs. This system consists of boilers,
steam turbines, condensers, and generators. The electricity
produced by the system is used for machining. Thermody-
namic principles are applied to optimize energy efficiency.
The system’s performance is evaluated for each cycle, and a
sensitivity analysis is conducted to determine how the system
parameters affect it.

The exergy and energy analyses are applied to every step
of the cogeneration and trigeneration systems. The range of
energy efficiency is changing between 8.8 and 60.2% [111,
115, 121]. Therefore, high differences between entrance and
exit energies of any sub-section are energy-gaining quantities
in the cogeneration system. The extension of heat exchange
surface, reduction of length and dimensions, automation of

the process, reduction of acidification, eutrophication, and
toxicity are some other methods applied in the production
processes steps to increase energy efficiency [117, 118, 121,
130]. The cogeneration systemyields an insignificant amount
of energy, usually less than 1%of the total output. The exergy
gaining is generally limited to around 15% [111]. The cogen-
eration and trigeneration systems are very suitable systems
for supplying energy to the last operation units. The optimal
load can also be considered according to the needed energy
of the machining to assume efficient energy usage [173].

The trigeneration system is usually applied where the
cooling demand is high and persistent. In this system, 50%
to 60% of energy as heat is used for cooling purposes using
a vapor-compression cycle. The increase of COP value mea-
suring the performance of the heat pump shows total energy
gaining in the trigeneration system. The required input and
desired output of energy ratios optimize theCOPvaluewithin
the system. The energy gaining is usually explained by the
energy efficiency ratio (EER) value [112].

3.4 Electric motor system

Electric motor system technically consists of motor-driven
units, motor control systems, and power transmission sys-
tems as given in Fig. 5. The efficiency studies on electric
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Fig. 5 The efficiency studies on electric motor system

motors are mainly performed with the replacement of low-
efficient systems by innovative ones [136, 139]. The techno-
logical improvement ofmotors is providingmany advantages
to their users due to the consumption of less energy and
high productivity capacity. However, the efficiency studies
of replacing low-efficient motors are bringing some other
technical features [141]. The main aim is to predict the accu-
rate efficiency of the machining. The design process will
concentrate on the driving forces of the machining. The
parameters testing and the loss description in many aspects
depend on the energy circuit. If enough optimizations have
been done, then the energy efficiency in the machining sys-
temcan be increased bymore than 8%of the total used energy
[174]. As manufacturing increasingly incorporates auto con-
trol systems, system monitoring becomes more difficult,
necessitating maintenance checks to sustain these complex

systems. Electrical motor systems consist of hardware and
software components [142].

The usage of innovative motors is also affecting non-
energy factors. These factors are lined up as; increasing
workers’ productivity, reducing operational costs, control-
ling environmental pollution, and decreasing material (raw
material, mid-range product, final product) handling [144].
To optimize your system’s efficiency, youmust create a com-
prehensive map of the entire system, taking into account
the machining process. This approach will enable to assess
the performance of machining under varying conditions,
pinpointing opportunities for enhancement and ultimately
boosting the system’s overall efficiency. To achieve peak
efficiency, even the minimum energy loss points have to be
evaluated. The considerationwill have resulted in an accurate
optimization of the machining system [175].
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Fig. 6 Schematic diagram of the compressed air system

Determining the penalties of energy and non-energy fac-
tors of the system is the second energy-saving step. Correct
size and/or scale, mechanical loss, optimum operation, tech-
nological suitability, lower operating hours, power quality,
management of motors, personal attention, productivity, and
system fatigue are some penalties which are directly or indi-
rectly affect the efficiencies of machining [139]. The general
efficiency studies of electrical motor systems in machining
are shown in Fig. 5.

The energy efficiency is increased in the range from 3 to
35% by innovative EMS [144]. In some other multi-criteria
analyses, the electrical gaining of energy is obtained from
1500 to 4500 kW hr/year [136]. And the total efficiency of
the machining system can be increased by up to 40% [136,
141, 144, 175].

3.5 Compressed air system

CA system must be separated from the electrical motor sys-
tem. This system transfers necessary energy not only to
electrical motors but also to other devices like machining,
air hammers, drills, wrenches, cylinders, etc., in industries
[149, 150]. The usage purposes are related to many pro-
cesses. Machining, ventilation systems, power transmission,
cycling, network transport, and reduction of motor load are
some good examples of the usage of CA systems [151]. The
system configuration is given in Fig. 6.

Choosing the suitable compressor for the process, design-
ing the compressed air networks appropriately, and increas-
ing the use of waste heat of the compressor especially in the
exhaust and cooling parts are the main energy-gaining points
for the CA system [151, 153].

The optimizing CAES system is categorized into three
sub-groups. The first group is defined as non-energy ben-
efits such as production improvement, operation reduction,
maintenance cost, improved work, and reduction of waste,
water, and emission. Energy benefits can be obtained by con-
trolling the air inlet (reducing inlet temperature, optimizing
intake cooling, optimizing throttle inlet), compressor (shut in
not use, using multiple, adjustable or auto controller, using
high and dry air), and ancillary equipment (proper filter and
dryer, unload unnecessary tool, part, and equipment, using
flow controller). On the demand side as the third group, the
benefits are made up of optimizing distribution lines, net-
works, or systems; optimizing end-usemachining equipment
by controlling leakage; controlling flow, pressure, and load
[149, 151, 153, 155, 161].

A compressor needs to work for a long time to prevent
the pressure drop caused by air leaks. Air leaks are caus-
ing the highest energy losses in CA systems. According to
many studies, approximately 25% of the CA produced is
lost due to leaks [149]. The Optimizing CAES is decreas-
ing energy consumption by around 70% of the total energy
needed [150]. Fluidmechanics is an essential scientific aspect
of the CA system, which involves the study of fluid behav-
ior and its effects on different structures and systems [154].
With appropriate improvements in airflow, the energy and
exergy efficiencies are increased respectively with values
of 27.3% and 60% [153, 154, 161]. Using a finned piston
increases energy efficiency with a value of 78.4% [153]. In
general, the various features of the CAES system, operate
under isothermal, adiabatic or diabatic conditions, depending
on the air pressure, temperature and flow rate. The optimiza-
tion of the machining system can be achieved through the
adjustment of thermal conditions and finding the optimum
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Fig. 7 The conclusion of energy efficiency reviews in industries

pressure by analyzing operating conditions. More than 90%
energy efficiency can be achieved with an appropriate CAES
system mostly in isothermal and high-pressure conditions
for machining purposes [176]. By the way, energy efficiency
with compressed energy storage is obtained at 60% [151].
The liquid air energy storage system boosts energy efficiency
up to 76.6%by creating a thermal energy reservoir and regen-
erating electricity as needed. The biggest disadvantage of this
system in machining is that it is on a large scale [164]. It is
possible to achieve a significant increase in energy efficiency
up to 95% by utilizing an adiabatic energy storage system
[157].

4 Conclusıon

After the review of many scientific articles, the first energy-
saving points are stated as re-using and/or recycling the
energy in the system. Heat recovery, insulation, auto control
and fuel gasification are the top applications of energy-saving
methods. The technological improvement of machining is
also increasing energy efficiency. Different scientific studies
are showing that 90% of energy gain could be possible in
old industries with appropriate utilization, optimization, and
consistent replacement by considering the system param-
eters separately. The mass, energy, and exergy analyses
are general methodologies to determine the indicators of
system efficiency. The following Fig. 7 gives the general
conclusion for this study. The main aim is to increase the
efficiency of the machining system. The thermal parameters
of the machining system are the main indicators to determine
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the system’s efficiency. Optimization for energy efficiency
involves considering dynamic behavior, effectiveness, and
thermal capacity limitations. The dynamic behavior of a
system can be determined by monitoring physical quanti-
ties such as temperature, pressure, and flow rate over time.
The machining tools are intensive energy-consuming types
of equipment and mostly consume electricity in manufac-
turing industries. Therefore, any type of dynamic parameter
can affect energy consumption and production within the
machining system. The optimization can be also increased
by innovative EMS. The simple cooling of the motor has
sometimes presented a consequent important energy gain in
themachining. It is also highly preferred the decrease friction
in the machining processes. Since the complex characteris-
tics of the machining process are present in different types of
industries, the adaptation of energy consumption character-
istics depends on process parameters, which determine how
the energy efficiency applications, modifications and opti-
mization are taking place in industries.

The review has shown that the highest energy losses are
observed at the combustion of fuels. The high rate of heat
transfer waste can be avoided by integrating systems that
sustain a stable combustion process, depending on the air
mixture, temperature, and boiler type. The steam efficiency
can be increased by selecting the appropriate boiler and high-
quality fuels. The well-monitored steam system is also very
effective for energy recovery. Energy-efficient machining
is very important in manufacturing industries to conserve
energy. The general approach for cost-effective planning is to
set a complete energy-efficient system. Themodeling studies
have indicated considerable economic savings.Mass, energy,
and exergy analyses are the general bases for the efficiency
consideration of heat generation. Effective machining, such
asmicromechanical systems and hybrid systems, can recover
up to 20% of overall energy losses. If the general usage
of steam to produce electricity is considered, controlling
the existing configuration will improve energy efficiency by
applying quantitative optimization of the electricity usage.
This quantity can be increased by an extra 20%. To optimize
the entire cogeneration or trigeneration machining system, a
holistic approach is needed that improves the system’s energy
efficiency by up to 65%. The energy efficiency is increased
in the range from 3 to 35% by innovative EMS. Air leaks
are causing the highest energy losses in CA systems. An
appropriate CAES system can achievemore than 90%energy
efficiency, particularly under isothermal and high-pressure
conditions for machining purposes. Moreover, the recovered
energy will mitigate GHGs. And it is strict that, any devel-
oping plan of countries which contains an energy efficiency
strategy, is necessary to sustain a habitable earth.
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