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ABSTRACT

The rolling emulsion wastewater produced during steel production is harmful to the environment.
Photocatalytic degradation over titanium dioxide (TiO,) suspensions is employed to purify this
wastewater under ultraviolet irradiation. The degradation of the pollutants in the wastewater is
mainly attributed to photocatalysis and not photolysis. The impacts of the TiO, dosage and the pH
on the degradation, as well as the concentration of dissolved oxygen (DO) on the retention time, are
studied. Furthermore, the effect of agglomeration on the chemical oxygen demand (COD) removal
efficiency is discussed. The distribution of photo-holes and the surface charge of TiO, change with
the pH. The optimal parameters are as follows: a TiO, dosage of 4 g/L and an initial pH of 7.9. After
210 h of reaction under these conditions, the COD concentration decreases to 197.16 mg/L, and the
wastewater after treated meet the indirect discharge standard. The duration of degradation can be
shortened to 120 h by increasing the DO content to 10.75 mg/L in wastewater. In addition, the elec-
trical energy consumption (E,, = 2.237 x 10° kW h/m*/order) for the photocatalytic degradation of

rolling emulsion wastewater is provided.
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1. Introduction

Rolling emulsion, which is widely used in steel produc-
tion, commonly contains water, palm oil, surfactants, and
other chemical additives. The disposal of waste emulsion,
generated during the production process, is necessary to
maintain the performance of the machine at a definite level
after repeated use considering economic and environmental
factors. If discharged directly, waste emulsion could threaten
water security and human health, particularly because it
is difficult to degrade naturally [1]. Generally, waste roll-
ing emulsion is first pretreated by demulsification, after
which the water phase of the rolling emulsion wastewater
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is purified to remove dissolved organic matter. Due to the
presence of surfactants and various chemical additives, roll-
ing emulsion wastewater has a complex composition and
high chemical oxygen demand (COD, 3,000-4,000 mg/L),
which makes it a pollutant in the environment. According to
the effluent standard for the iron and steel industry in China,
rolling emulsion wastewater is discharged into the public
sewage system for further processing (indirect discharge)
only if its COD concentration is less than 200 mg/L.
Nowadays, electrochemical oxidation, chemical oxi-
dation, biological processes, and membrane filtration are
widely investigated and developed for rolling emulsion
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wastewater disposal [1]. Although these methods have
been proven to be effective, they still have some disadvan-
tages. For instance, electrochemical oxidation can efficiently
remove pollutants in sewage [2]; however, the electrodes
are easily damaged during the treatment of high concen-
trations of rolling emulsion wastewater [3]. The Fenton
process is a representative chemical oxidation method,
which involves the catalytic decomposition of H,O, by Fe*
to form a hydroxyl radical, followed by the degradation
of organic matter [4]. However, if the compositions of the
wastewater are complicated, a large amount of hydrogen
peroxide and acid will be consumed. Moreover, the trans-
port or storage of these reagents and byproducts (Fe(OH),)
restricts the application of the Fenton process to rolling
emulsion wastewater disposal. Some pollutants in rolling
emulsion wastewater, such as tetrahydroxymethyl phos-
phonium sulfate and Starcide BK, acting as bactericides, are
difficult to be directly processed by a biochemical process.
Membrane filtration is one of the methods that can intercept
the organics by selective permeation [5]. However, a high
concentration of pollutants easily plugs the membrane pore,
which is expensive. In addition, oxidation processes based
on persulfates have been developed for wastewater, but
suitable strategies for activating persulfates are still being
explored [6,7]. Therefore, it is necessary to develop a new
alternative method, which has a high removal efficiency and
environmentally friendly advantages.

Photocatalytic degradation is a rapidly expanding
technology used for sewage disposal without secondary
pollution. Under ultraviolet (UV) irradiation, some semi-
conductor materials can act as photocatalysts for hetero-
geneous degradation. These semiconductors have two
separate bands: a valence band (VB) and a conduction band
(CB) [8]. According to Egs. (1)—(5), when the photon energy
absorbed from light equals or exceeds the bandgap energy
between the VB and CB, the catalyst would be excited to gen-
erate electron (e”)/hole (h") pairs. The electrons have strong
reducibility, and the holes have strong oxidizability. They
will react with the matter adsorbed on the photocatalyst
surface before recombination occurs to produce hydroxyl
radicals (*OH), which degrade the pollutants into CO,, H,O,
and some other molecules finally. The most used semicon-
ductor as a photocatalyst is titanium dioxide (TiO,). It has a
suitable bandgap energy (3.0-3.2 eV) and can be excited by
UV light with a wavelength below 387.5 nm. Furthermore,
TiO, is inexpensive, non-toxic, and highly chemically sta-
ble (avoids photo-corrosion). These advantages make its
utilization in practical wastewater purification normally
possible [8].

Semi-conductor —*>h* + e~ 1)
h"+H,0—->H"+'OH )
e +0, >0, 3)
Pollutants + *OH — --- — CO, + H,O + other molecules (4)
h* +e” — Recombination )

In previous literature, the photocatalytic process is only
widely used to decontaminate wastewater with low pollutant
concentrations [9-11], or water would exhibit high turbidity,
in which case the photocatalyst can be easily deactivated.
Although the COD is as high as several thousands, rolling
emulsion wastewater is transparent; thus, the excitation of
TiO, will not be involved. In addition, it has been reported
that spent TiO, can be easily regenerated by hydrogen perox-
ide treatment [12]. Therefore, the photocatalytic degradation
of rolling emulsion wastewater is a possibility.

In this study, the photocatalytic degradation of rolling
emulsion wastewater over TiO, suspensions is investigated.
The effects of the TiO, dosage and the pH on the COD
removal efficiency are studied. Additionally, the effect of
the dissolved oxygen (DO) concentration on the degrada-
tion time is investigated. Mechanisms are discussed based
on experimental results and characterization. The electrical
energy consumption (E_.) is also calculated to evaluate the
economic viability of the process.

2. Materials and methods
2.1. Chemicals

The rolling emulsion wastewater was sourced from
Xiehe steel rolling factory in Jiangsu, China. Nano-TiO, (P25)
was provided by Degussa (Germany), and the average parti-
cle size was 20 nm. The chemicals, H,SO, (98%), NaOH (AR),
K,Cr,0, (AR), (NH,) Fe(S0,),6H,0 (AR), and AgSO, (AR),
were all obtained from Taitan Co. All solutions were pre-
pared with distilled water.

2.2. Wastewater characterization and analytical methods

The properties of rolling emulsion wastewater are
shown in Table 1. The pH was measured using a pH meter
(INESA PHS]J-4). The COD concentrations were measured
using the potassium dichromate oxidation method, which
is in line with ASTM D1252-06. Ion chromatography (ICS-
1100) was used to obtain the concentration of inorganic
anions. An ultraviolet illuminometer (Lutron TN2254)
was used to determine the light intensity. The DO content
in wastewater was analyzed using a DO analyzer (Hach
HQ30D). The average particle sizes of the photocatalyst
before and after the reaction were measured using a laser
scattering particle-size and shape analyzer (Microtrac
S3500SI). The surface potential of the nano TiO, parti-
cles was determined using the ZETA potential analyzer
(Zetasizer Nano ZS). The catalyst was also characterized
using a Fourier-transform infrared spectrometer (FTIR,
Nicolet 6700) in the wavenumber range of 400—4,000 cm™.
The carbon content was measured using an elemental ana-
lyzer (Elementar Vario ELIII).

2.3. Experimental setup and procedure

The experimental setup is shown in Fig. 1. The main
reactor is a 0.5 L cylindrical quartz photoreactor. It is con-
nected to a 0.5 L three-necked flask by a silicone tube. The
wastewater in the flask is introduced from the bottom of
the reactor by a peristaltic pump at a rate of 0.11 L/min to
receive UV irradiation. Magnetic stirrers are used to maintain
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a uniform distribution of TiO, in the reactor. A15 W UV lamp
with typical A of 254 nm and intensity of 2.0 mW/cm? is
placed in the middle of the reactor to provide energy.

The experiment is carried out at 25°C. Wastewater is
mixed with the TiO, particles for 1 h in a dark environment
until adsorption equilibrium is achieved under the mix-
ing conditions. The sample is collected periodically using
a microsyringe and subsequently filtered using a 0.22 pm
polyethersulfone membrane to remove the solid catalyst.

The effect of the preparation parameters on the degra-
dation behaviors was examined by varying the TiO, dosage
between 0, 2, 4, 6, 8, and 10 g/L, and the initial pH between
2.0, 5.5, 7.9, and 10.0, respectively. H,SO, and NaOH were
used to adjust the solution pH. Moreover, the DO content
was regulated by aerating nitrogen, air, and oxygen into the
wastewater.

The reaction rate (r, mg/L/h) was calculated according to

Eq. (6):

_dac
dt’

(6)

where C is the pollutant concentration (COD) in mg/L, and ¢
is the retention time in h.
The COD reducing efficiency (1), %) was defined by:

Table 1
Properties of the rolling emulsion wastewater

Property Value
pH 7.9
COD (mg/L) 3,573
Cl- (mg/L) 717
Ca?" (mg/L) 137
NH; (mg/L) 48
C
—e

f

Fig. 1. Experimental setup: (a) quartz tube, (b) UV lamp,
(c) three-necked flask, (d) photoreactor, (e) magnetic stirrer, and
(f) peristaltic pump.

c,-C,
n=—o—x100% @)

0

where C, and C, are the initial and final pollutant concen-
trations (COD) in mg/L.

3. Results and discussion
3.1. Photolysis vs. photocatalysis

A comparative study is carried out to determine the
effect of photolysis, which is shown in Fig. 2.

It is observed that the pollutant concentration in the
wastewater containing 2 g/L of TiO, gradually decreases
upon irradiation. The degree of COD removal reaches
25.71% and almost remains unchanged for 40 h on stream.
Conversely, the COD removal only reaches 6.46% at the
same time on stream without the photocatalyst in the reactor.
These results demonstrate that only a few organic matters
in wastewater are removed by self-photolysis, and pollutant
degradation is mainly attributed to photocatalysis.

3.2. Effect of the TiO, dosage

To examine the effect of the catalyst dosage, the pol-
lutant concentrations are measured at five different TiO,
dosages. As shown in Fig. 3, the degree of COD removal
is improved when the TiO, dosage is increased from 2 to
4 g/L, resulting from the gradual degradation of initial
organic compounds to various intermediate products. This
can be explained by the presence of more active sites for
adsorption and degradation. However, the removal degree
reaches a maximum at 4 g/L, after which a decrease is
observed upon further increase of the photocatalyst dos-
age. Similar results for UV/TiO, photocatalytic degradation
have also been reported in previous works [13,14]. These
results are observed firstly because nano-TiO, is prone to
agglomeration in wastewater by chemical forces, which can
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Fig. 2. Extent of photolytic and photocatalytic degradations of
the pollutant.



P. Jiang et al. / Desalination and Water Treatment 200 (2020) 196-204 199

32

w
o
1

N
[=5]
1

N
[=>]
1

.

COD removal efficiency (%)
N
iy
1

[\~]
[\¥]
1

20

6
Dosage (g/L)

Fig. 3. Variation of the COD removal efficiency with different
TiO, dosages.

be observed by particle-size analysis. Secondly, the inter-
mediate product adsorption also aggravates the interaction.

As shown in Table 2, the TiO, particles grow from
20 nm to ~ 4 um after the reaction. Since the average
sizes are much larger than the wavelength of incident
light (254 nm), the micron-sized particles lose the ability
to scatter incident light. The particles, closer to the light
source, will mainly reflect the light and assist those located
farther to receive UV light, as shown in Fig. 4. The dosage
is proportional to the number of micron-sized particles in
the wastewater; the reflection is more marked as the cata-
lyst dosage increases. These results can be demonstrated
by measuring the residual light intensity after UV light
passes through the wastewater. The results of this mea-
surement are listed in Table 3, and it is demonstrated that
the higher the catalyst concentration, the lower the resid-
ual light intensity. The full utilization of the UV source is
difficult under this condition.

The photocatalyst has two opposite effects on the deg-
radation process. Subsequently, based on the discussion
above, a photocatalyst dosage of 4 g/L is used to evalu-
ate the effect of other parameters on the photocatalytic
degradation of rolling emulsion wastewater.

3.3. Effect of pH

The pH is one of the most important parameters in this
process. The photocatalytic degradation efficiency is mea-
sured at three different initial pH values of wastewater, as
given in Fig. 5. It can be observed that the lowest degrada-
tion appears at an initial pH of 2.0. The efficiency increases
with the pH until the maximum value is reached at a pH
of 7.9, which is considered as the optimal pH required for
effective degradation in this work.

The variations of the pH and reaction rates are pre-
sented in Figs. 6 and 7, respectively. As shown, the pH of
the wastewater continually decreases during the reaction.
It has been reported in previous literature that some acidic

Table 2
Average particle size of TiO, obtained after 40 h of reaction

Dosage (g/L) Particle size (um)
2 4.89
4 4.92
6 4.01
8 4.44
10 4.23
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Fig. 4. UV light irradiation of wastewater with different TiO,
dosages: (a) low dosage and (b) high dosage.

Table 3
Residual light intensity after UV light passes through the
wastewater

Catalyst dosage (g/L) Light intensity (uW/cm?)

35.2
1.5
1.2
1.0
0.8
10 0.5

© N B N O

intermediates, such as formic acid and acetic acid, can be
produced during the degradation process [12,14]. The pH
decline is caused by the deprotonation of the intermediates.
Further, as the pH decreases, the reaction rate profiles for all
runs at pH values higher than 2.0 reach the maximum.

The effect of pH on the heterogeneous photocatalytic
degradation is mainly explained in two aspects: the distri-
bution of photo-holes and the surface charge of nano-TiO,
particles.

The effect of pH on the distribution of photo-holes can
be described as follows. The reaction that occurs at the inter-
face between TiO, (an n-type semiconductor in this study)
and wastewater is beneficial to the degradation, as can
be seen in Eq. (2). As shown in Fig. 8a, the standard redox
potential of *OH/H,O is about 2.68 V vs. NHE [15], which
lies between the VB potential (E,,, 3.08 V vs. NHE) and CB
potential (E_,, —0.12 V vs. NHE) of the catalyst, and is higher

CB’
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Fig. 5. Variation of the COD removal efficiency with different
initial pH values.
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Fig. 6. Variation of the wastewater pH with time.

than the Fermi energy potential (E
n-type semiconductor).

Photo-electrons are transferred to the side close to the
wastewater, driven by the potential difference; they migrate
from a space charge region with a relatively high concentra-
tion of photo-holes at the side of the TiO, to produce *OH
[16]. The redox potential of *OH/H,O (Econpmoy V vs. NHE)
varies with the pH of wastewater and can be calculated by
the Nernst relationship shown in Eq. (8):

is close to E_, in an

Fr/

E(*OH/H,0) = 2.68-0.059 x pH (8)

When the pH decreases, the value of E<_OH/HZO) increases,
as shown in Fig. 8b, and the potential difference increases
also. As a result, the concentration of photo-holes in the
space charge region increases. This is beneficial for the

35

30

—&— |[nitial pH=2.0
10 —e— Initial pH=55
—A— Initial pH=7.9
—w— Initial pH=10.0

5 T T T T T
0 10 30 40

20
Time (h)

Fig. 7. Variation of the reaction rates with different initial pH
values.

generation of *OH, which consequently improves the degra-
dation rate of wastewater.

Meanwhile, the surface charge of TiO, can be influ-
enced by the pH according to the analysis of the Zeta
potential demonstrated in Fig. 9. The zero point of charge
(pH,,) of nano-TiO, used in the study is equal to 6.7.
When the pH is lower than 6.7, particles are protonated,
as expressed in Eq. (9), and a positive charge appears at
the surface of TiO,. The negative ions generated by the
dissociation of acidic intermediates can be easily adsorbed
on the surface of the catalyst through electrostatic attrac-
tion, resulting in a decrease in the number of active sites
and reaction rates. Conversely, when the pH is greater
than 6.7, the surface charge of the catalyst is negative,
according to Eq. (10). Negative anions are repulsed by the
catalyst particles, and the surface charge is not the domi-
nant factor under this condition.

Ti-OH+H" - Ti—OH, )

Ti-OH-H" - Ti-O (10)

The amount of intermediates produced by the reac-
tion is less at the beginning of the reaction; the effect of
the photo-hole distribution on the COD removal rates is
more significant than that of the surface charge. As shown
in Fig. 7, the initial reaction rates decrease with the initial
pH, from 2.0 to 10.0. This is caused by the decrease in the
concentration of photo-holes in the space charge region.
As the reaction progresses, more intermediates are pro-
duced, leading to a decrease in the pH. Consequently, the
concentration of photo-holes increases gradually, and the
reaction rates reach a maximum, except for the group at
the initial pH of 2.0.

Comparing with Figs. 6 and 7, it can be observed that
when the initial pH is 7.9 or 10.0, the pH values of the waste-
water reduce to around 6.7 (pH,_ ) at the same time as the
rates rise to the maximum. With further degradation, many
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Fig. 9. Variation of the Zeta potential of fresh nano-TiO, with
different pH values.

intermediates are produced, leading to a further decrease in
the pH of the suspension. Consequently, the surface charge
of the catalyst particles would be positive. At this time, the
effect of pH on the surface charge gradually becomes dom-
inant in the reaction. Negative ions can be adsorbed on the
surface of TiO,, resulting in a decrease in the reaction rates.
Since it is unavoidable, a trend similar to that of the rates is
found in the group with an initial pH of 5.5. The effect of
pH on the surface charge is significant at an initial pH of
2.0, resulting in a continuous decline in the rates from the
beginning of the degradation.

The adsorption of intermediates can be proven by
FTIR spectroscopy and carbon content measurement of
TiO, obtained after 40 h of reaction. As shown in Fig. 10,
all the IR spectra possess two characteristic peaks at 1,626
and 3,421 cm™, attributed to the hydroxyl groups. In the
FTIR spectra of TiO,, obtained at the initial pH of 2.0, four
absorption peaks at 1,158; 1,264; 1,319; and 1,695 cm™ can be
observed. The spectra of TiO, in the group of initial pH 5.5

Transmittance (a.u.)

Fresh TiO,
—Tio, @ pH 2.0°
——TiO, @ pH 5.5°
—Tio, @pH 7.9°
——TiO, @ pH 10.0¢

T T T
2500 2000 1500

Wavenumbers (cm™")

T T
3500 3000 1000
Fig. 10. FTIR spectra of TiO, obtained before and after 40 h of

reaction.

have two peaks at 1,163 and 1,706 cm™. Similarly, the spectra
of TiO, in the group of initial pH 7.9 have two peaks, located
at 1,131 and 1,709 cm™, respectively.

The bands at 1,695; 1,706; and 1,709 cm™ are attributed
to the >C=0O bonds of the carboxylate groups (-COO"), while
the peak at 1,319 cm™ belongs to the -C—O-bonds of -COO~.
All these results indicate that the acidic organic components
are absorbed on the surface of TiO,. In addition, the bands
at 1,131; 1,158; 1,163; and 1,264 cm™ are attributed to the
C-O-C bonds, which are formed by the outer sphere com-
plexation of the -COO- groups of the adsorbed matters on
the catalyst surface [12]. As the initial pH increases, the
number of absorption peaks, resulting from the intermedi-
ates, gradually decreases. No notable additional absorption
peaks can be observed in the group of initial pH 10.0.

The carbon content of TiO, is shown in Table 4, wherein
the carbon content reduces as the initial pH increases,
reaching a minimum of 0.19%, which is obtained at an initial
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Table 4
Carbon content of TiO, obtained before and after 40 h of reaction

Catalyst Carbon content (wt.%)
Fresh TiO, Nil
TiO, at pH 2.0 1.64
TiO, at pH 5.5 1.01
TiO, at pH 7.9 0.84
TiO, at pH 10.0 0.19

pH of 10.0. This result explains why there are no distinct
absorption peaks in the spectrum of pH 10.0. The data of the
carbon content is in line with the FTIR analysis results.

3.4. Effect of DO on the degradation time

According to the discussion above, the COD in the roll-
ing emulsion wastewater can be degraded to a final concen-
tration of 197.16 mg/L with a TiO, dosage of 4 g/L and an
initial pH of 7.9 after 210 h. The wastewater after treatment
is able to meet the indirect discharge standard after the treat-
ment and can be discharged into the public sewage system
for further processing. However, the duration of degrada-
tion is overly long for practical use.

To confirm if increasing the DO content can shorten the
time, different gases are introduced into the wastewater.
The results are shown in Figs. 11 and 12, wherein the original
DO content in the wastewater is 7.34 mg/L.

When nitrogen is aerated into the water, the con-
centration of oxygen drastically drops to 1.52 mg/L;
consequently, the photocatalyst exhibits no significant
activity. As the concentration of DO increases, the rates of
degradation also increase. After 120 h, the residual value of
COD (196.25 mg/L) reduces to a final level similar to that
without aeration, while other gases are replaced by oxy-
gen. The duration of degradation is, therefore, shortened
to about half of 210 h.

The weakly effective utilization of photo-holes has
always restricted the heterogeneous photocatalytic degra-
dation efficiency. Electron-hole pairs lose their effects after
recombination [8]. Therefore, this process should be inhib-
ited to enhance degradation efficiency.

As shown in Eq. (3), oxygen in water usually plays the
role of an electron acceptor. Since this reaction can delay
the recombination of electron-hole pairs, the degradation
can be accelerated by increasing the concentration of DO in
wastewater.

3.5. Electrical energy consumption for the photocatalytic
degradation of rolling emulsion wastewater

For practical use, it is necessary to evaluate the eco-
nomic viability of this process. The electrical energy per
order (E,.) is an important figure-of-merit in advanced oxi-
dation processes (AOPs) for the use of electrical energy, and
it has been accepted by the International Union of Pure
and Applied Chemistry (IUPAC) [17]. It is defined as the
amount of electrical energy in kilowatt-hours required to
reduce the concentration of organic matters by one order

P. Jiang et al. / Desalination and Water Treatment 200 (2020) 196-204
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Fig. 11. Variation of the DO concentration in wastewater with
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Fig. 12. Variation of the COD value with different gases.

of magnitude in a unit volume of wastewater. The method
of obtaining a low E_ is highly efficient. The photocata-
lytic degradation of palm oil emulsion wastewater has been
analyzed using the pseudo-first-order kinetic model [18].
For this study, E,, (kW h/m®/order) is calculated using the
following equation:

_ Pxtx1,000
Vxig(C,/C,)

In {CO] =kxt,
Cf

where P (kW) is the power of the UV lamp used for the deg-
radation. f (h) is the duration of the operation. V (L) is the
volume of the wastewater sample in the experiment. A factor

(11)

EO

12)
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of 1,000 is used to convert L to m®. C, and C, are the initial
and final pollutant concentrations (COD) in mg/L, and k is
the pseudo-first-order rate constant (h™) of the degradation.

The volume, V, of the wastewater sample used here, is
0.8 L, and the power, P, is 15 W. Therefore, Eq. (11) can be
reduced to:

15
E =
FO0.3474k

(13)

Under the optimal conditions, including a TiO, dosage
of 4 g/L, pH of 7.9, and DO concentration of 10.75 mg/L, the
rate constant, k, is 0.0193 h™! (R? = 0.9963). Therefore, the cal-
culated value of E_ for this process is 2.237 x 10> kW h/m%
order.

Alhaji et al. [18] and Ng et al. [19] utilized UV/TiO,
process to degrade palm oil emulsion wastewater. The ini-
tial pollutant concentrations of their research are 350 and
170 mg/L, which are lower than our work. However, higher
E,, values of 3.217 x 10° and 6.962 x 10° (calculated accord-
ing to experimental data) kW h/m?*order were obtained.
The comparison shows that rolling emulsion wastewater
can be treated effectively in our study.

4. Conclusions

Rolling emulsion wastewater can be purified by pho-
tocatalytic degradation over TiO, suspensions. The degra-
dation is exclusively attributed to photocatalysis and not
photolysis. The optimal conditions are as follows: TiO,
dosage of 4 g/L, initial pH of 7.9, and DO concentration
of 10.75 mg/L. After the treatment under the optimal con-
ditions, the wastewater could meet the indirect discharge
standard. The degree of removal gradually increases with
the dosage of the photocatalyst, although the irradiation of
UV light is weakened by the agglomeration caused by an
excess amount of catalysts. Since the relative concentra-
tion of photo-holes in the space charge region is inversely
proportional to the pH, high reaction rates are obtained at
low pH values. However, a positive charge is formed on the
catalyst surface when the pH is lower than 6.7 (pH, ). This
results in a decrease in both the number of active sites and
the reaction rates by adsorption of negative ions. Oxygen in
water usually plays the role of an electron acceptor to inhibit
the recombination of electron-hole pairs. The figure-of-merit
E., meets the requirement, and our study shows that rolling
emulsion wastewater can be treated effectively with the UV/
TiO, process wth an E_ value of 2.237 x 10° kW h/m®/order.
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Symbols

E. — Electrical energy per order, kW h/m*/order
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article can be found in the online version of this paper (DOI:
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