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Thermophotovoltaics (TPV) are the use of the photovoltaic effect to generate electricity from a high-tem-
perature thermal (infrared) source. This study deals with to provide an overview of heat recovery by TPV
from industrial high-temperature processes in Turkish industrial sector. The paper reviews the relevant
facts about TPV technology and the high-temperature industry and identifies three principle locations for
TPV heat recovery. For each location, one example process is assessed in terms of applicability of TPV
impact on the existing process and power scale. Knowledge of these factors should contribute to the
design of an optimum TPV system. In the TIS, the total technical–potential energy recovery in the
high-temperature industry using deployed and demonstrated heat recovery devices for product, flue
gas, and wall heat recovery was estimated as 447.8 PJ/year. However, an estimation from 22.40 PJ/year
to 67.45 PJ/year can be achieved according to the TPV efficiencies. Also, the paper estimates the range
of possible energy savings and the reduction in CO emission using TPV in the high-temperature industry.
It is expected that this study will be very beneficial in developing energy policies of countries in terms of
the usage of waste energy efficiency.
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1. Introduction

Owing to the high prices of energy and decreasing fossil fuel re-
sources, the optimum application of energy and the energy con-
sumption management methods and waste management and
heat recovery methods for reuse of waste heat have become very
important. In a modern industrial society, the majority of energy
is consumed in the sectors of industry transportation and residen-
tial–commercial where fossil fuels being the primary sources of
this energy. The use of fossil fuels has led to worldwide concerns
about security of supply increasing energy demand limitation of
resources and local and global environment impacts (e.g., acid rain,
climate change). A consequence is increased interest in non-fossil
fuel energy resources and the efficient use of fuel.

Industrial sector accounts for about two–fifth of total final en-
ergy use in most countries. Energy consumption in the industrial
sector depends mainly on the available amounts of local resources
which are closely connected with the present rural economy and
industrializing. Fig. 1 illustrates energy flows in a macro system
for the industrial sector including energy carriers and its subsec-
tors [1].
The energy balance is the basic method of process investigation.
It makes the energy analysis possible by clarifying the key points of
the needs for the improvement and the optimization of the process,
and it is the key to optimization. Energy efficiency can be measured
by economic or physical indicators. The manufacturing industry,
and especially the energy-intensive (or low, medium, and high
temperatures) industry, commonly applies the Specific Energy
Consumption (SEC) as a physical indicator [1]. The SEC is defined
as the energy requirement per output of the process (e.g., GJ/
tonne). Reduction in the SEC for the manufacturing industry can
be achieved by various measures such as process optimization, im-
proved or modified combustion, energy management of Combined
Heat and Power (CHP), improved insulation and heat recovery.

The capital and operation cost of the measure can be compared
with reduced energy costs (achieved through reduced SEC) and both
costs will decisively determine the payback period. Several combus-
tion-based Thermophotovoltaic (TPV) systems mainly for CHP or
portable power applications are in a prototype stage. It is mentioned
here that the industry has a large demand for steam and hot water. It
used as 1038 PJ/year in 2010 in the Turkish Industrial Sector (TIS) [1]
which was a large potential CHP market for TPV. This paper consid-
ers TPV as a heat recovery method that generates electricity from
available high-temperature processes in the TIS industry. The meth-
od has been suggested in previous publications [2–9], and NPAC has
examined heat recovery by TPV specifically for the glass industry [7].
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Fig. 1. An illustrative presentation of the energy flows in an industrial sector for countries.
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Other technologies are mostly in the research and development
stage operating in different temperature ranges, including the
following [2,9–13];

� Low temperature: Turbine using organic rankine cycle with a
generator. Thermoelectric systems (Seebeck, thermocouple
effect).
� Medium temperature: Stirling engine with a generator. Direct

use of flue gas with a turbine and a generator, metal hydride
systems, zeolite systems, and active magnetic regenerator
systems.
� High temperature: Thermophotovoltaic systems.

The primary objective of the present study is to investigate the po-
tential of thermophotovoltaic heat recovery for the Turkish Industrial
Sector by presenting a case study based on the actual data. In this re-
gard, construction of thermophotovoltaics is given first. Next, TIS and
its subsectors such as iron–steel, chemical–petrochemical, petro-
chemical–feedstock, cement, fertilizer, sugar, non-iron metal indus-
try, and other industries are investigated in terms of heat recovery.
Then, the potential of thermophotovoltaic heat recovery for the TIS
is determined. Finally, three principle locations for the available
TPV technology are identified as follows: product, flue gas, and wall
heat recovery, and for each location, one example process is assessed
in more detail, and the results obtained are discussed.
2. Technology of thermophotovoltaic

The investigations in the field of TPV converters started in the
early 1960s. However, the real advantage of the TPV systems has
been shown only in the past two decades [14]. TPV technology is
one of the possible choices in the development of a small device
for producing on-site electricity [15–19]. Portability and the rela-
tively small dimensions of these devices make them advanta-
geous to use not only in the various industries but also for
everyday applications where power generation for buildings, hos-
pitals, offices, and electric vehicles are a few examples [20]. They
can be utilized and fit easily into various places for capturing
waste heat from variety of sources and store that energy in a bat-
tery or device where it can be available for future use [15–17].
The main use of a TPV generator can be in the distributed com-
bined heat and power generation [21]. The TPV systems have
been proposed for portable generators [21–23], cogeneration sys-
tems [21,24], combined cycle power plants, and solar power
plants [21,25]. In addition to these, the usage of TPV systems in
the automotive sector especially for the hybrid vehicles and in
the high-temperature industries such as glass, steel-iron, and pet-
rochemical has also been analyzed in the literature [21,26,27].
Further studies were developed in military and space sectors
[28]. The usage of TPV systems provides the following advanta-
ges: high fuel utilization factor and low noise level since there
is no moving part on a TPV and easy maintenance [21,29]. They
have also great fuel flexibility since the radiator of a TPV system,
generally made by refracting materials such as tungsten or cera-
mic oxides, may be heated by various fuel typologies such as fos-
sil fuels (natural gas, oil, coke, etc.), municipal solid wastes, and
nuclear fuels or by highly concentrated solar radiation [14,19–
21,30–34]. It is also possible to couple them with combustion de-
vices such as domestic boilers. In addition to these, a TPV system
usually allows very low pollutant emissions [21].

TPV systems are static energy converters [35]. They convert the
infrared blackbody radiation (thermal energy) into electricity. They
work in the same way that photovoltaic (PV) devices convert visi-
ble light (solar energy) into electricity [21,32,36–38]. In contrast to
solar PVs, TPV systems can achieve higher efficiency and higher
output power density, because of the lower band gap and the clo-
ser distance between the emitter and the active region of the TPV
diode [35]. The typical TPV device consists of four main parts.
These are emitter-heated by a thermal energy source, radiator or
filter for spectral control, collector (PV diode), and reflector, as
can be seen in Fig. 2 [15,17]. TPV system allows to utilize the selec-
tive emitter (for example, made of tungsten) and selective filters/
mirrors, back surface reflectors for sub-band gap photon reflection
to the emitter which ensures efficiency increase owing to better
matching in the radiation and PV cell photosensitivity spectra



Fig. 2. Schematic drawing of a basic TPV cell [15].
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[30]. Combining a selective emitter with a back surface reflector on
a PV cell is a method of spectral control that provides higher over-
all TPV efficiency, which is strongly dependent upon the quality of
the spectral control [39]. Without spectral control, TPV energy con-
version suffers dramatically [37]. Another parameter of the emitter
of the PV cell for efficiency is its distance from the TPV diode. In the
far field TPV, radiation heat transfer is limited by the density of
states in vacuum to rT4 where r is the Stefan–Boltzmann constant
and T is the temperature in Kelvin. However, for a TPV with a
microscale-gap between the emitter and the TPV diode, the small
submicron gap enables energy within the hot radiator to evanes-
cently couple or tunnel directly to the TPV diode, resulting in a
higher limit of n2rT4 for dielectrics of index n [40]. Thus, radiation
heat transfer from the hot radiator to the TPV diode can be in-
creased significantly (see Fig. 3), resulting in the potential for large
gains in electrical output power density [40–42].

As mentioned above, TPV systems that are solid-state devices
convert heat into electricity. This is done by converting photons
due to thermal radiation into electron–hole pairs via a low band
gap PV medium, and these electron–hole pairs produce current
[19–21,34]. The device converts secondary thermal radiation, re-
emitted by an absorber or heat source into electricity, where the
550 �C to over 800 �C temperatures can generate enough waste
heat to recycle using TPV technology. Currently, TPV diodes are
more sensitive to infrared radiation (k > 1500 nm) from surfaces
that are at temperatures from 950 �C to about 1350 �C [15,17].
TPV devices are based on diodes, with band gaps lower than
0.75 eV, which can contain a single type of semiconductor or sev-
eral different types to cover a broad range of temperatures, and
are designed for maximum efficiency at the wavelength of the sec-
ondary radiation. Therefore, most of the TPV research has concen-
trated on semiconductors such as gallium antimonide, GaSb,
indium gallium arsenide, InGaAs, indium gallium arsenic antimo-
nide, InGaAsSb, and indium arsenic antimony phosphide, InAsSbP,
which are all direct band gap semiconductors [34,39]. On the other
hand, despite their great promise, small experimental TPV systems
at 1000 K generally exhibit low power conversion efficiencies
(approximately 1%), due to heat losses such as thermal emission
of undesirable mid-wavelength infrared radiation [19]. In order
to overcome this problem, it is shown in the literature that pho-
tonic crystals (PhCs) have the potential to strongly suppress such
losses [19].

The efficiency discussion of a TPV generator can be done either
in the means of PV cell efficiency [36], gTPV, or in the means of TPV
system (see Fig. 4 for the schematic of a generic TPV system) effi-
ciency, gEL,TPV, which also covers the PV cell power conversion effi-
ciency [21]. For the discussion of PV cell efficiency, we can define
gTPV as follows:

gTPV ¼ gSpectral � gPV ð1Þ

where gSpectral is the spectral efficiency and gPV is the photovoltaic
(PV) cell efficiency [21,36]. Spectral efficiency can be defined as
the ratio between the whole radiation from the emitter and the part
of the radiation that passes through the filter which is resembled as
P0spectral. Filter is utilized in order to match the spectral emission of
the emitter to PV cell. Thus, we can define spectral efficiency as fol-
lows [21]:

gSpectral ¼ P0spectral=PRad ð2Þ

where PRad is the radiant power from the emitter calculated accord-
ing to the Stefan–Boltzmann’s law:

PRad ¼2 �Sem � 2p
Z 1

0
Iðk; TemÞdk ¼

2 �Sem

Z 1

0

2phc2

k5 exp
hc

kkBTem

� �
� 1

� ��1

dk ð3Þ

where kB = 1.380 � 10�23 J K�1 and h = 6.626 � 10�34 J s are the
Boltzman and Plank constant, respectively, c = 2.99 � 108 m s�1 is
the speed of light, k is the wavelength, e is the emissivity of the
body, Sem is the area of the emitter surface, Tem is the emitter tem-
perature, and Iðk; TemÞ is the radiant intensity [21,43,45]. P0Spectral can
be estimated by integrating the radiant intensity in the range of
wavelengths (from 0 to kgap) which passes through the filter:

P0Spectral ¼2 �Sem

Z kgap

0
Iðk; TemÞsðkÞdk ¼

2 �Sem

Z kgap

0

2phc2

k5 exp
hc

kkBTem

� �
� 1

� ��1

sðkÞdk ð4Þ

where sðkÞ resembles the transmission coefficient as a function of
input radiation wavelength [21,43,44].

In the conversion of the radiant energy with TPV diodes, only a
fraction of the total radiant energy is used [37]. In most of the sys-
tems, the vast majority of the emitted thermal photons have ener-
gies below the electronic band gap of the TPV cell. These photons,
which are still absorbed as waste heat, do not generate electron–
hole pairs and they tend to reduce TPV diode efficiency [19,36,45].



Fig. 3. Potential for large gains in power density from close spacing [40].

Fig. 4. Schematic of a generic TPV system.
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For example, only about 26% of the radiant energy can be converted
to electricity for a 950 �C radiator temperature and a 0.52 eV band
gap TPV diode where the remaining 74% of the radiant energy cannot
be converted to electricity since they do not generate electron–hole
pairs and will be lost if absorbed [36,37,45]. Ideally, this useless en-
ergy should be reflected back to the radiator (recuperated) in order
to maximize TPV efficiency [37]. Thus, spectral control is vital for a
successful energy conversion in TPV systems. It is for this reason that
the filter should ideally be able to block all the photons with energy
lower than the PV cell band gap and pass the photons with higher en-
ergy [8,21,26]. An example of a front surface, tandem filter consist-
ing of an edge pass filter (short pass) in series with a highly doped,
epitaxially grown layer is shown in Fig. 5 [37,46–49]. For the edge
pass filter, Sb2Se3 (n � 3.4) is used as the high index of refraction
material and YF3 (n � 1.5) is used as the low index of refraction
material [37]. These filters reflect the unusable photons which do
not generate electron–hole pairs due to their smaller energies than
the TPV diode band gap and let the majority of the useable photons
with energies greater than the band gap pass [37]. This provides the
spectral distribution of photons transmitted through the tandem fil-
ter to the TPV diode to be shifted toward the photons that can gen-
erate electricity regarding to the spectral distribution provided by
an emitting surface [21,34,37,39]. Many types of filters have been
developed such as plasma filters, 1-D photonic band gap filters,



Fig. 5. Front surface tandem filter consisting of an edge pass filter in series with a
highly doped epitaxially grown layer [37].
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2-D photonic band gap filters, 3-D photonic band gap filters, combi-
nation of plasma filter and 1-D photonic band gap filter, dielectric
stacks, or back surface reflectors [17,21,50–54]. Photon recycling
via reflection of low-energy photons with a 1-D, 2-D, or 3-D reflector
is a concept that significantly reduces radiative heat transfer [19,53].
This approach can also be extended to encompass the more general
concept of spectral shaping: directly suppressing emission of unde-
sirable (below band gap) photons as well as enhancing emission of
desirable (above band gap) photons [19,39]. Such control is provided
by complex 1-D, 2-D, and 3-D periodic dielectric structures, gener-
ally known as photonic crystals (PhCs) [19,55]. Spectral shaping
has been proposed and predicted to be an effective approach for high
efficiency TPV power generation [19,34,39,56–59]. This approach is
illustrated in Fig. 6a and b.

The second term on the right-hand side of Eq. (1), PV cell effi-
ciency (gPV), represents the ratio between the maximum electrical
power output and the incident power on the TPV cell
[21,34,39,43,44,59]:
Fig. 6. (a and b) Spectral shaping approach with photonic crystals [19].
gPV ¼
Pel;dc

PInc:
¼ VOC � JSC � FF

PInc:
ð5Þ

where VOC is the open voltage circuit, JSC is the short-circuit current,
FF is the fill factor, and Pinc is the incident power on the cell (total
heat absorbed in the active region of the PV cell that can be con-
verted to electricity [36]). Finally, embedding the Eqs. (2)–(5) into
Eq. (1), we can define the overall expression for TPV thermal-to-
electric power conversion efficiency, gTPV, as follows:

gTPV ¼
VOC � JSC � FF

2 �Sem
R1

0
2pE3

h3c2ðeE=kTrad�1Þ
dE

ð6Þ

where E is the photon energy and Trad is the hot side temperature of
the radiator [36,39,44]. In Eq. (6), the actual value of the JSC pro-
duced can be calculated as [21,60,61]:

JSC ¼ e
Z kGAP

0
/ðkÞ � gQEðkÞdk ð7Þ

where e is the electron charge, /ðkÞ is the incident photon flux, and
gQEðkÞ is the external quantum efficiency, which is one of the funda-
mental parameters used to estimate the conversion efficiency of a
PV cell [21,34,37,43,44,59,62]. The performance of a TPV system
can be evaluated through two efficiencies: the conversion efficiency
and the quantum efficiency. The conversion efficiency is the ratio of
the electric power generated from a TPV cell to the absorbed radia-
tive power [29,34,37,43,44,59]. The quantum efficiency is the ratio
of the number of generated electron–hole pairs that can be used for
photocurrent generation to the number of photons absorbed. The
quantum efficiency can be defined as a function of wavelength. It
is also possible to define it as a function of energy. The quantum
efficiency for a certain wavelength becomes unity if all the incident
photons with that particular wavelength are absorbed and the gen-
erated minority carriers due to these photons are collected. The
quantum efficiency becomes zero for the incident photons having
energy below the band gap of the TPV diode [34,37,43,44,59,63].
There are two types of quantum efficiencies considered: external
quantum efficiency, gQEðkÞ, and internal quantum efficiency,
gQIðkÞ. The definition of the external quantum efficiency can be gi-
ven as the probability that a photon of the wavelength k is absorbed
by the TPV diode, generating an electron that will be collected at the
terminals [34,39,43,44]. Since it is based upon the photon flux that
is incident on the semiconductor [39] and takes into consideration
of the reflection and absorption of incident photons and the gener-
ation/collection of minority carriers, the behavior of the p–n junc-
tion is described by the external quantum efficiency expression in
great detail [21,34,39,43,44,59–61]:

gQEðkÞ ¼ ð1� RiÞgQIðkÞ ð8Þ

where Ri is the reflection coefficient, Ri = Rn if photons are incident
on the n side of the p–n junction, and Ri = Rp if photons are incident
on the p side of the p–n junction. Fig. 7 shows the measured exter-
nal quantum efficiencies for different semiconductors used for TPV
diodes [21,60,61]. It is seen in Fig. 7 that the most of the materials
used for the TPV diodes have higher external quantum efficiency
than the PV diodes. This provides a particular characteristic for
TPV cells and letting them reach higher conversion efficiency than
PV cells [21]. The internal quantum efficiency, gQIðkÞ seen in Eq.
(8), refers to the efficiency with which light not transmitted through
or reflected away from the cell can generate charge carriers that can
generate current [34,39,64]. In other words, gQIðkÞ is based upon the
photon flux that enters the semiconductor [39]:

gQIðkÞ ¼
J0ph

JF
ð9Þ

where J0ph is the photon produced current density per wavelength
and JF is the maximum possible current density that can be



Fig. 7. Measured external quantum efficiencies for some semiconductors
[21,60,61].
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produced by the incident photon flux [39,59]. Therefore, internal
quantum efficiency can be defined as follows:

gQIðkÞ ¼ �J0qn þ�J0qp þ�J0d ð10Þ

where J0qn, J0qp, and J0d are the dimensionless photon produced current
densities per wavelength in the p region, n region, and the depletion
region of the p–n junction, respectively [39]. Fig. 8 shows the con-
tribution of the current densities mentioned above to the internal
quantum efficiency of p–n junction illuminated. However, in addi-
tion to the discussion above, to determine the performance of a
PV cell, the non-equilibrium situation must also be considered that
occurs with the recombination of the generated electron–hole pairs
by the incident radiation [34,39]. Fig. 9 shows the effect of the
recombination on the internal quantum efficiency, and Fig. 10
shows the schematic of a near field TPV system where the recombi-
nation and photogeneration of electron–hole pairs are depicted as
Fig. 8. Contribution to the internal quantum efficiency, gQ, of the top p region, J0qn ,
the depletion region, J0d , and the bottom n region, J0qp of an illuminated p–n junction
for normal incident intensity [39].
solid-state model. The minority carrier diffusion lengths and the
depletion region in the p–n junction are also illustrated where In018-

Ga0.82Sb is used as the TPV cell material and a plain tungsten is used
as the emitter.

Converters for TPV systems, as mentioned previously, are very
similar to standard solar cells such as Si and high efficiency GaAs,
but they are made of semiconductor materials with lower band
gap, for better spectral matching with the emitter radiation
[21,34,39]. Fig. 11 shows the relationship between the semiconduc-
tor lattice constant and the energy gap [21]. In order to match the
radiation emitted by a 1000–1600 �C blackbody, few materials and
alloys can be adopted, such as Ge, GaSb, InGaAs/GaSb, InGaSb/InP,
and the quaternary InGaAsSb/GaSb and InGaAsP/InP [21,36,66–69].

As mentioned up to now, the heart of a TPV cell is a standard p–
n (or n–p) junction made of one of the semiconductor materials
listed above [21]. There are two basic techniques to realize p–n
junctions for TPV: diffusion and epitaxy [21]. Diffusion of a doping
element in a semiconductor usually follows Fick’s law [21,70], and
it only depends on the diffusion coefficients of the selected atoms
in a particular material, on their concentration, and on their pro-
cess temperature [21]. Fig. 12 shows GaSb and Ge cells realized
by diffusion where they have the advantage of lower cost, since
the process is relatively simple [34]. A better control of the emitter
doping concentration and profile can be obtained by using the epi-
taxial technique. Ternary and quaternary cells such as InGaAs, In-
GaSb, InGaAsSb, and InGaAsP are realized only by epitaxy,
because the alloys need a careful control of the composition [21].
Fig. 13 shows the architecture of a typical InGaAsSb n–p junction
diode [36]. In the past, only single junction devices were developed
for TPV applications: multi-junction designs such as amorphous-
Si/crystalline-Si or InGaP/GaAs/Ge were only developed for high
efficiency solar photovoltaic applications [21,71–73].

Table 1 shows the efficiencies of various TPV diodes regarding
to the References [30] and [36]. It is seen that for different temper-
atures, the efficiency behavior of TPV cells differs. In Table 2, the
efficiency behavior of various TPV systems is shown. It is easy to
see in Table 2 that the total efficiency of a system does not depend
only on TPV diode efficiency, but also it depends on the burner fuel
type, the emitter material, the emitter type, the emitter surface
temperature, and the filter utilized.
Fig. 9. Effect of recombination on the internal quantum efficiency, gQ , of an
illuminated p–n junction for normal incident intensity. Contributions from the top p
region, J0qn , the depletion region, J0d , and the bottom n region, J0qp [39].



Fig. 10. Schematic of a near field TPV system with p–n junction, photogeneration and recombination illustration [65].

Fig. 11. Lattice constant vs. Energy gap of several TPV and PV semiconductors where the lattice matched materials are shown with perpendicular lines [21,62].

Fig. 12. Scheme of TPV cells [21].

314 Z. Utlu, U. Parali / Energy Conversion and Management 74 (2013) 308–322
3. The Turkish industrial sector

Turkish Industrial sector includes iron–steel, chemical–petro-
chemical, petrochemical–feedstock, cement, fertilizer, sugar, and
non-iron metal industry and other industry. In this sector, all activ-
ities are produced by using heat energy and electricity.

Heating processes for each industry are grouped into low-,
medium-, and high-temperature categories, and energy and exergy



Fig. 13. Typical InGaAsSb diode [36].

Table 1
TPV efficiencies according to references.

Blackbody
temperature (�C)

InGaAsSb (gtpv)
(%) [23]

GaSb (gtpv)
(%) [17]

GaAs/Ge (gtpv)
(%) [23]

926.85 5.9 4
950 16.9 6 4.1
1126.85 10.4 5.9
1326.85 15 8.3
1526.85 18.8 10
1726.85 21.3 10.9
1926.85 22.2 11.1
2126.85 23 11.1
2326.85 24.9 11.1
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inputs to the Turkish industrial sector during 2010, as shown in Ta-
bles 3 and 4. The temperature ranges given in this table are based
on the work of Brown [74], Reistad [75] and Ayres et al. [76]. The
efficiencies for the low-, medium-, and high-temperature catego-
ries are obtained from Utlu and Hepbasli [1]. All mechanical drives
are assumed to be 90% energy efficient.

The quality factor ‘‘q,’’ for some energy carriers and forms has
been listed elsewhere [75]. Quality of heat is Carnot factor that
strongly depends on temperature, as stated in the following
equation:

Q Carnot ¼ 1� ðT0=TpÞ ð10Þ
Table 2
TPV system prototype efficiencies [21].

Burner fuel Emitter material Emitter type Emitter sur
temp. (K)

SiC Porous foam 1558

Yb2O3 coated on Al2O3 Foam ceramic
Methane W-coated on SiC
Methane Kanthal

(1) Yb2O3 fiber felt; (2) ceramic
fiber-coated on SiC

Two emitters
arranged in tandem

Butane Yb2O3 Spherical emitter
Butane Yb2O3

Regenerative
burner

Yb2O3 coated on Al2O3

Yb2O3

Propane Yb2O3 2100
Butane gas Yb2O3 Fibrous mantle
Methane Yb2O3 1800
Hydrogen SiC 1265
Butane Yb2O3 Porous foam 1735
Diesel ErAG-coated on SiC 1523
Here, To and Tp refer to environment and product temperatures,
respectively, in the system.

Energy efficiency is a simple comparison of energy content of
input and output energy carrier or flow. However, energy efficiency
is defined as a function of required temperatures in the system
considered.

3.1. Iron and steel industry

This subsector is a major energy consumer in the industrialized
countries. Although it may show some deviations depending on
these countries, in any industrialized nation, iron and steel indus-
try accounts for 15–20% of the total industrial energy consumption
and 5–10% of the total primary energy consumption. In a typical
iron and steel facility, major energy inputs include coal. Electricity,
natural gas, and fuel oil, heating options specified for heating sys-
tems are electrical and fuel heating. Process heating data and en-
ergy efficiency data for all categories of product heat
temperature in the iron and steel sector are stated in Table 3. Also,
energy consumption values are shown in Table 5 according to en-
ergy carriers. Energy efficiencies of each heating categories consid-
ered for all system efficiencies are determined, and heating system
and energy preference of process are determined according to their
utilization ratios.

3.2. Chemical–petrochemical industry

Steam, electricity, and by-products of some plants meet the re-
quired energy for the processes. Steam is the most important one
having the biggest share, since it not only supplies energy but also
involves in many process. Various energy carriers such as natural
gas, fuel oil, and LPG are utilized in producing steam, which is
mostly required under two different conditions. These are called
low heating (47 �C) and medium heating (141 �C) as illustrated in
Table 3. However, energy consumption values are shown in Table 5
according to energy carriers. Electricity is used to obtain especially
for electrolysis of salt and mechanical drive.

3.3. Petrochemical–feedstock industry

Steam and by-products of some plants meet the required en-
ergy for the processes. Steam is the most important one and has
the biggest share, since it supplies energy and is involved in many
face Filter PV cells Efficiency
(%)

Pfuel

(W)
Pel

(W)
Type of
result

Coatings of SiO2 and
TiO3 on glass

GaSb 8260 123 Experi.

Si 2000 14 Experi.
Glass tube GaSb 1800 30 Experi.

GaSb 1460 60 Experi.
Si GaSb 36.0

20.0
1920 60 Experi.

Si 1350 15 Experi.
Glass Si 21.0 1985 55 Pre.
Dielectric filters GaSb 606 66 Experi.

Si 2500 190 Experi.
Dielectric filters Si 1830 165 Pre.
No Si 10.4 305 0.11 Experi.
Quartz tube Si 16.0 1200 120 Experi.
No GaInAsSb 130 1.2 Pre.
SnO2 film on quartz Si 1980 48 Experi.
Quartz tube AlGaAs/

GaAs
1215 2976 Pre.



Table 3
Process heating data and energy efficiency data for all categories of product temperature (Tp) in the industrial sector. Source: [1,28,29].

Industry Breakdown of energy used each, Tp (%) Breakdown of energy efficiencies for each Tp category. by type

Tp range Mean, Tp (oC) Electricity (%) Fuel (%) ge�h (%) gf�h (%)

Iron and steel Low 45 4.2 0 100.00 65.00
Medium 0 0 0 90.00 60.00
High 983 95.8 100 70.00 50.00

Chemical and petrochemical Low 42 62.5 0 100.00 65.00
Medium 141 37.5 100 90.00 60.00
High 494 0 0 70.00 50.00

Petrochemical–feedstock Low 57 0 0 100.00 65.00
Medium 227 0 0 90.00 60.00
High 494 0 100 70.00 50.00

Fertilizer Low 57 10 30 100.00 65.00
Medium 350 80 30 90.00 60.00
High 900 10 40 70.00 50.00

Cement Low 42 91.7 0.9 100.00 65.00
Medium 141 0 9 90.00 60.00
High 586 8.3 90.1 70.00 50.00

Sugar Low 83 100 59 100.00 65.00
Medium 315 0 9 90.00 60.00
High 400 0 32 70.00 50.00

Non-iron metals Low 61 10 13.8 100.00 65.00
Medium 132 9.4 22.6 90.00 60.00
High 401 80.4 63.6 70.00 50.00

Other industry Low 57 10.6 13.8 100.00 65.00
Medium 132 89.4 86.2 90.00 60.00
High 400 0.1 0.1 70.00 50.00

Table 4
Energy inputs to the Turkish industrial sector during 2010.

Energy carrier Toea Total input Industrial sector inputs to sector

(PJ) (%) (PJ) (%)

Hard coal 0.61 Energy 651.93 14.36 129.78 10.76
Lignite 0.21 Energy 607.78 13.39 68.07 5.64
Asphaltite 1.03 Energy 18.80 0.41 1.76 0.15
Petroleum 1.05 Energy 1244.68 27.42 160.24 13.28
Natural gas 0.91 Energy 1450.35 31.96 297.91 24.70
Wood 0.30 Energy 142.15 3.13 0 0
Biomass 0.23 Energy 47.69 1.05 0 0
Hydro-power 0.09 Energy 186.19 4.11 288.68 23.93
Geothermal (electric) 0.86 Energy 24.013 0.53 0 0
Geothermal (heat) 1.00 Energy 58.14 1.28 51.04 4.23
Solar 1.00 Energy 18.06 0.40 5.43 0.45
Wind 0.09 Energy 10.48 0.23 0 0
Coke 0.7 Energy 73.13 1.61 73.13 6.06
Petrocoke 0.77 Energy 5.24 0.12 130.29 10.80

Total Energy 4538.64 100 1206.34 100

a The values are conversion factor to tons oil of equivalent (toe).
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processes. Steam is mostly required under one condition, namely
high heating, as stated in Table 3. Also, energy consumption values
are mentioned in Table 5 according to energy carriers.
3.4. Fertilizer industry

Natural gas is the raw material and energy supplier for the fer-
tilizer plants as well as ammonia. Steam and electricity are the
other energy inputs. Other fertilizer plants normally use electricity
for drives, compressors, and cooling. In case of additional energy
requirement, low quality steam is generally utilized. Utilization
categories of electricity and fuel energy are presented in Table 3.
Also, energy consumption values are shown in Table 5 according
to energy carriers.
3.5. Cement industry

The energy used in producing cement can be divided into two
parts, namely electrical energy and thermal energy. Coal, lignite, fuel
oil, or natural gas are used, as thermal energy resources, in order to
require low, medium, and high temperatures in the production of ce-
ment. Electricity is basically used to obtain mechanical drive at low
and high temperatures in process. Also, energy consumption values
are presented in Table 5 according to energy carriers.
3.6. Sugar industry

In this industry, energy utilization is required by means of elec-
tricity and fuel energy at low heating options, as indicated in
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Table 3. Also, energy consumption values are mentioned in Table 5
according to energy carriers.

3.7. Non-iron metal industry

This industry consists of other metals such as manufacturing of
fabricated metal products. Especially, electricity and fuel are used
extensively in order to obtain high temperatures for product in this
sector. Also, energy consumption values are shown in Table 5
according to energy carriers.

3.8. Other industries

Others industry includes textile and yarn, glass and glassware
production, paper, beverage and cigarette, food, wood, leather
etc. Especially, electricity and fuel are extensively used for medium
categories of product heat temperatures. Also, energy consumption
values are stated in Table 5 according to energy carriers.
4. An application of the Turkish industrial sector

4.1. Usage of energy in the Turkish industrial sector

The application presented here analyzes the heat and electrical
energy utilization of the TIS based on variations of dead state tem-
perature (25 �C) of process. In the analysis, the actual data for 2010
obtained from various sources were used [1,77,78].

The structures of Turkey’s total, industrial sector, and its sub-
sectors as well as energy inputs for 2010 are listed in Table 4
and Table 5. As can be seen in these tables, total energy inputs to
the whole of Turkey and TIS were 4538.64 PJ and 1206 PJ in
2010, respectively. 26.76% of total energy input was produced in
2010, while the rest has met by imports. In 2010, consumption
of 13 energy sources had the biggest share of the natural gas with
31.96% followed by petroleum with 27.42%. Share of the other
sources in the energy consumption is indicated in Table 4. In
2010, renewable energy source production was the second biggest
production source after total coal production, providing about 42%
of the energy production.

In 2010, 42% of Turkey’s total end-use energy was consumed by
the industrial sector. This is followed by the residential–commercial
sector with 31%, the transportation sector with 19%, the agricultural
sector at 4.8%, and the non-energy (out of energy) use with 3.2%.

The industrial sector of Turkey is composed of many industries,
but the eight most significant industries are identified as iron–
steel, chemical–petrochemical, petrochemical–feedstock, cement,
fertilizer, sugar, non-iron metal industry, and other industries. In
order to simplify the analysis of energy efficiencies for this com-
plex sector, energy consumption patterns are analyzed, and the
eight most significant industries (in which the total energy con-
sumption accounts for more than 95% of the total energy used in
this sector) are chosen to represent the entire sector.

In the Turkish industrial sector, the energy used to generate heat
for production processes accounts for 82% of the total energy con-
sumption, with mechanical drives, lighting, and air-conditioning
accounting for 18%. In the present study, it is decided to analyze
the heating and mechanical end uses only. This simplification is con-
sidered valid since heating and mechanical processes account for
95% of the energy consumption in the industrial sector, see Table 6.

Heating processes for each industry are grouped into low-,
medium-, and high-temperature categories as shown in Table 3.
Three steps are used to derive the overall efficiency of the sector
as stated above. In the determination of sector efficiencies,
weighted mean overall energy efficiencies for the major industries
in the industrial sector are obtained, using the weighting factor as



Table 6
Potential of electrical production by means of TPV from waste high heating energy in the Turkish Industrial Sector.

Industry Tp range Mean Electricity Fuel Electric
use

Fuel
use

ge�h gf�h Waste energy
(electricity)

Waste energy
(fuel)

Total waste high
heating

Total waste
energy

TPV efficiencies (gtpv)

Tp

(�C)
(%) (%) (PJ) (PJ) (%) (%) (PJ) (PJ) (PJ) (PJ) 5% 10% 15%

Iron and steel Low 45 4.2 0 2.74 100 65 0 0
Medium 0 0 0 90 60 0 0
High 983 95.8 100 62.55 219.4 70 50 18.77 109.7 128.46 128.46 6.43 12.85 19.27

Chemical and
petrochemical

Low 42 62.5 0 12.54 100 65 0 0
Medium 141 37.5 100 7.52 39.25 90 60 0.76 15.7 16.45 0.82 1.65 2.47
High 494 0 0 70 50 0 0 0 0 0 0 0

Petrochemical–feedstock Low 57 0 0 100 65 0 0
Medium 227 0 0 90 60 0 0
High 494 0 100 75.58 70 50 0 37.79 37.79 37.79 1.89 3.78 5.67

Fertilizer Low 57 10 30 0.06 0.89 100 65 0 0.3115
Medium 350 80 30 0.42 0.9 90 60 0.042 0.36
High 900 10 40 0.06 1.1 70 50 0.018 0.55 0.568 0.57 0.028 0.057 0.085

Cement Low 42 91.7 0.9 18.16 2.09 100 65 0 0.7315
Medium 141 0 9 13.41 90 60 0 5.364
High 586 8.3 90.1 1.7 134.33 70 50 0.51 67.165 67.68 67.68 3.384 6.768 10.15

Sugar Low 83 100 59 1.18 3.47 100 65 0 1.2145
Medium 315 0 9 0.53 90 60 0 0.212
High 400 0 32 1.88 70 50 0 0.94 0.94 0.94 0.047 0.094 0.141

Non-iron metals Low 61 10 13.8 0.83 2.336 100 65 0 0.8176
Medium 132 9.4 22.6 0.78 5.28 90 60 0.078 2.1117
High 401 80.4 63.6 6.66 14.86 70 50 1.99 7.4285 9.43 9.43 0.478 0.945 1.414

Other industry Low 57 10.6 13.8 18.46 55.378 100 65 0 19.382
Medium 132 89.4 86.2 150.16 345.92 90 60 15.02 138.36
High 400 0.1 0.1 1.74 4.01 70 50 0.522 2.005 2.527 2.53 0.126 0.253 0.379

General total 285.55 920.61 247.39 447.85 22.39 44.79 67.18
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the fraction of the total industrial energy demand supplied to each
industry. The efficiency calculations for a non-iron metal industry
are shown in detail below.

4.2. Process heat efficiency calculations for the product heat
temperature categories in each industry

Product heat data and energy equations for each industry are
separated into the categories defined in Table 3. The resulting
breakdown is shown in Table 3, with the percentage of efficiencies
in each industry supplied by electricity and fossil fuels.

4.2.1. Electrical process heat calculations
In the industrial subsectors, electrical heating is used to supply

low, medium, and higher heating categories as indicated in Table 3.
The energy efficiency for this electrical end use is as follows:

ge�h ¼ Q p=We ¼ 1 ð11Þ

Here, ‘‘ge�h,’’ ‘‘Qp,’’ and ‘‘We’’ refer to efficiency of electrical heating,
product heat, and electrical work, respectively.

4.2.2. Fossil fuel process heat calculations
The industrial subsectors require fossil fuel heating at all ranges

of temperatures as given in Table 3. The energy efficiency for the
low-temperature heating process is found to be 0.65 (or 65%) using
the following equation:

gf �h ¼ Q p=mf Hf ð12Þ

Here, ‘‘gf�h,’’ ‘‘mf,’’ and ‘‘Hf’’ refer to efficiency of fuel heating, mass of
fuel, enthalpy of fuel, respectively.

Similarly, the energy efficiency for the medium-temperature
and high-temperature heating process is found to be equal to
60% and 50%, respectively.

4.3. Mean process heating efficiencies for all temperature categories in
each industry of the industrial sector

Prior to obtaining the overall energy efficiencies for the indus-
trial sector, the overall heating efficiencies for each industry are
evaluated. The methodology is illustrated in detail for the cement
industry.

4.3.1. Mean heating energy and exergy efficiencies
A combined efficiency for the three temperature categories for

electric and fossil fuel processes must be calculated in order to ob-
tain an average for overall heating in a given industry.

Numerical values are given Tables 3 and 4, and the energy effi-
ciency for electrical heating (ge�h) can be evaluated as follows:

ge�h ¼ ðFraction in categoryÞ � ðEnergy efficiencyÞ ð13Þ

ge�h ¼ ð10� 100Þ þ ð9:4� 90Þ þ ð80:4� 70Þ

ge�h ¼ 74:74%

Fossil fuel heating in the non-iron metal industry is used in all tem-
perature categories. Numerical values are given Tables 3 and 4, and
the energy efficiencies for fuel heating for the year 2010 are found
as follows:

Hf :h ¼ ð13:8� 65Þ þ ð22:6� 60Þ þ ð63:6� 50Þ

gf �h ¼ 51:04%

The fraction of total energy utilized by the non-iron metal industry
for electrical (Ee) and fossil fuel (Ef) is determined for the year 2010
as follows:
For electrical energy:

Ee ¼
Electrical energy

Total energy
ð14Þ

Ee ¼
1:83

29:20þ 1:83
¼ 0:05921 ðor 5:9%Þ

For fossil fuel energy:

Ef ¼ 1:00� 0:059 ¼ 0:9471 ðor 94:10%Þ

Using the calculated energy efficiencies, ge�h and gf�h, and the frac-
tion of electrical (Ee) and fossil fuel energy (Ef) used by the non-iron
metal industry, the overall mean energy efficiencies (gh) for heating
can be calculated as follows:

gh ¼ ½ð5:9� 74:74Þ þ ð94:10� 51:04Þ�=ð5:9þ 94:1Þ

gh ¼ 52:43%

Following the same methodology, mean heating energy efficiencies
for the other seven industries considered are determined, as stated
in Table 3.

4.3.2. Overall efficiencies for the industrial sector
Overall energy (go�h) efficiency of the industrial sector is calcu-

lated using equations:

go�h ¼ ½ða1s � gh1sÞ þ ðapc � ghpcÞ þ ðac � ghcÞ þ � � � þ ðao1

� gho1Þ�=Ei ð15Þ

Substituting the relevant numerical values into Eq. (15), we ob-
tained go�h = 65.73% in 2010 for overall industrial sector.

5. Result and discussion

Three principle locations of heat recovery have been identified,
namely product, flue gas, and wall heat recovery. Traditional heat
recovery techniques are mostly limited to flue gas heat recovery
and have high capital costs. Energy flow diagram of the thermo-
photovoltaic system use in the industrial sector is shown Fig. 14.

In the TIS, the total technical–potential energy recovery in the
high-temperature industry using deployed and demonstrated heat
recovery devices for product, flue gas, and wall heat recovery was
estimated as 447.8 PJ/year. However, an estimation from 22.40 PJ/
year to 67.45 PJ/year can be achieved according to the TPV efficien-
cies. The major reasons for the differences between technical poten-
tial and implemented saving were doubts over the cost effectiveness
and the difficulty of utilization of waste heat. Electricity generation
from this waste heat using TPV does not only improve the process
energy efficiency, but also act as an independent power supply, since
many high-temperature processes are susceptible to power failures
and therefore require a backup power source. However, electricity
generation from waste heat is usually considered only if no other
use for the heat can be found. This makes TPV somewhat susceptible
to process changes (e.g., combustion air preheating) or improve-
ments (e.g., in refractory durability). In the following section prod-
uct, flue gas and wall heat recovery are discussed using one
example process to estimate energy savings.

5.1. Product heat recovery on a continuous curved caster

Most high-temperature industries considered have a product
leaving the process at temperatures between 400 �C and 983 �C
by cooling the product from a higher temperature to 1256 K en-
thalpy will be available from the hot product as shown in Fig. 15
[2]. This enthalpy could be converted to electricity by a TPV heat
recovery system. Often the surplus enthalpy is accessible only



Fig. 14. Energy flow diagram of the thermophotovoltaic system use in the industrial sector.
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partly, or not at all. For reasons which can include the use of other
heat recovery methods (e.g., clinker cooler for air preheating),
other following processes operating at high product temperature
(e.g., forming of container glass) or discontinuously operating pro-
cesses (e.g., slag from a blast furnace).

A continuous curved caster is discussed as an example process.
Over recent decades, continuous casting methods have largely re-
placed the casting of ingots with subsequent reheating in soaking
pits and rolling. The most common type of continuous casting ma-
chine is curved in shape and forms billets, blooms, and slabs [2].
Assuming an enthalpy of the liquid steel of 1.4 MJ/kg [79], a mini-
mum TPV operation temperature of 1023 �C and the data in Fig. 14,
it is estimated that energy of about 0.7 MJ per kg steel (11 PJ/year)
for continuous casting in the TIS is in principle available for TPV
conversion. There may be three locations with suitable steel tem-
perature for TPV operation. These are the water-cooled copper
mold to form a solid skin of the strand, the support area, and the
guide area. In the support area, the strand with its solidified skin
and liquid core is supported by rollers and cooled by water spray-
ers. The support area can vary over a wide range and may not be
required at all (e.g., for billets with low casting speed) or extend
over the full length of the machine (e.g., for a slab caster). The
guide area uses less support and cooling than the support area. It
is thought that the low temperature of the hot face of the copper
molds around 250 �C [74,79] precludes the use of TPV in these
Fig. 15. Examples of heat stored in products and flue gas ducts and flue gas [2].
molds. A role for TPV is seen in the replacement of water sprayers
where limitations may arise due to closed arrangement of rollers
and where quality changes could occur due to fluctuations in the
heat transfer rate in the cooling process. The steel-surface heat
transfer rate and temperature vary along the curved caster
depending on the parameters such as product cross-section, cast-
ing speed, mold system, and support system.

5.2. Flue gas heat recovery on a regenerative

In the TIS, the emitted flue gas energy from high-temperature
processes is estimated as 247.39PJ/year, of which 160 PJ/year for
waste gas is above 400 �C (for a total consumption of 525 PJ/year
Table 3). Most high-temperature processes considered to have flue
gas temperatures above 1027 �C and typically already use heat
recovery methods for combustion air or product preheating, but
still reject flue gases at relatively high temperatures (65 PJ/year
above 400 �C). It is thought that TPV flue gas heat recovery would
typically operate in a cascaded manner, where the TPV system
would make use of the ‘‘high quality’’ heat from the actual flue
gas temperature down to 1027 �C, and other heat recovery meth-
ods would utilize the remaining heat. Operation of heat exchangers
has proved to be difficult partly due to flue gas contamination.
Similar problems could also occur for TPV operation. Processes
with flue gas cleaning at low temperature or with strict NO legis-
lation may increase the potential of TPV [7].

5.3. Wall heat recovery on a 3-phase alternating current electric arc
furnace

In the TIS, the total technical potential energy savings in the
high-temperature industry for improved insulation have been esti-
mated around 5 PJ/year, which is a relatively low value if compared
with other measures such as improved combustion processes
(25 PJ/year), process development (40 PJ/year), furnace and kiln
design (33 PJ/year), and heat recovery (49.5 PJ/year) [2]. None of
the energy losses through walls was available for this work. It is as-
sumed here that at least 10% of the total energy consumption of
high-temperature processes (Table 4. 247 PJ/ year) is lost through
walls which accounts for about 27 PJ. This shows that even if the
total technical potential energy saving methods are applied, there
is still a large amount of energy lost (44 PJ/year). Direct energy con-
version devices namely thermoelectrics and TPV are advantageous
technologies for wall heat recovery, because of their modularity
and the direct use of the wall heat flux without any further
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intermediary energy conversion into work. Typically, a high-tem-
perature wall consists of a refractory layer at the hot side to with-
stand the process chamber environment and one or more
insulation layers on the outer surface. If insulation thickness is in-
creased, the temperature of the refractory layer will increase
resulting in enhanced refractory consumption. This mechanism
and the insulation cost are the major limiting factors for improved
insulation. Heat transfer in refractories is usually complex, since
refractories are often of porous or fibrous type where not only con-
duction but also radiation and convection heat transfer occur [2]. A
3-phase alternating current electric arc furnace (EAF) is discussed
as an example process. EAFs are cylindrical refractory lined vessels
with usually three carbon electrodes that can be raised or lowered
through a removable furnace roof. They are used to produce carbon
and alloy steels in a batch process. Cycles range from about 1.5 to
5 h to produce carbon steel and from 5 to 10 h or more to produce
alloy steel. The feedstock is mainly scrap steel and waste pig iron
from steel works. Power is supplied mainly by electricity using a
3-phase alternating current which creates arcs between the elec-
trodes that melt the metallic charge. Additionally, oxygen-fuel
burners are widely employed to assist melting. Water-cooling for
the roof and sidewall panels of EAF furnaces is becoming common
practice. In principle, these panels could be replaced by a TPV heat
recovery system where the available water supply could be used
for PV cell cooling. A case study, utilizing the data of a typical 80
tonne furnace [2], for TPV efficiency of 20% and power density of
1.0 W/cm2 suggests that about 4% of the total energy input
(0.65 PJ/year in the TIS) could be recovery as electricity by using
TPV in the roof and sidewalls. Other potential processes are the
metallurgical reactor for secondary refining in the steel industry
the conditioning zone of glass furnaces (especially float glass)
and water-cooled areas in the blast furnace.

6. Conclusions

This study has investigated the potential of TPV heat recovery
systems for the improvement of energy efficiency for the high-
temperature district of the TIS based on actual data of Turkey for
2010. Ordinary solar PV is liable to various changing operation con-
ditions including the angle of the solar radiation, the cell tempera-
ture, and the radiation spectrum. In contrast, TPV operates under
more constant conditions and has the possibility to recover radia-
tion by spectral control.

� Both of these factors allow higher efficiency for TPV. In addition,
TPV has a greater power density (about 100 times) and a longer
operation time in industrial processes (up to 24 h a day) as com-
pared to PV; these characteristics should keep payback periods
short.
� Direct energy conversion devices can be used in all locations,

while thermoelectrics could recover waste heat for low-temper-
ature processes (<127 �C), and TPV can be used the high-tem-
perature processes heat (>1027 �C).
� Advances in both technologies may allow the entire tempera-

ture range to be covered using direct energy conversion devices.
� An overall assessment of TPV in the high-temperature industry

is complex, mainly because of the large process diversity and
causes an individual evaluation for each process where TPV
usage is required.
� In the TIS, the total technical–potential energy recovery in the

high-temperature industry using deployed and demonstrated
heat recovery devices for product, flue gas, and wall heat recov-
ery was estimated as 447.8 PJ/year. However, an estimation
from 22.40 PJ/year to 67.45 PJ/year can be achieved according
to the TPV efficiencies.
� The example processes may allow the generation of electricity
of several PJ/year, so resulting in COx savings of several
100,000 tonnes annually (using a conversion factor of
122.2 kgCOx/GJ for TIS electricity generation). This suggests that
there is a large potential of electricity generation in the industry
using TPV, which could improve industrial energy efficiency and
could act as a backup power supply for power failures.
� Future work requires the demonstration of TPV technology in

these locations for a range of radiator temperatures associated
with different power densities.
� Potential of TPV of the industrial sector was compared for the

eight subsectors for 2010. The iron and steel subsectors have
the most technical potential due to their proper match of
high-temperature application with high quality energy
resources.
� It may be concluded that the analysis reported here will provide

the investigators with a better quantitative grasp of the ineffi-
ciencies and their relative magnitudes in evaluating the energy
utilization performance as well as in developing energy policies
of countries.
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