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Abstract

The renoprotective ef-
fects of endothelial 

progenitor cells (EPC) 
have been clearly iden-
tified and many results 
have shown their suc-
cessful use in neovas-
cularization of ischemic 
tissues associated with 
blood vessel diseases. 
However, the availability 
of a sustainable source of
EPC for large therapeutic
applications remains cri-
tical. The aim of this 
work is to ensure the 
production of a specific 
EPC profile from mesen-
chymal stem cells (MSC). 
Non-adherent EPC were
significantly amplified after 6 days of angiogenic 
growth factor activation. Three day-EPC showed 
an over expression of the heamatopoietic markers 
CD34 and CD45 with a commitment to endothe-
lial lineage with the expression of CD31 and CD146 
cell markers. MSC lost their mesenchymal profile by 
down-regulating the CD90 and CD105 expression. 

Cytokeratin 8/18 and von 
Willebrand Factor VIII 
were progressively ex-
pressed on EPC as well 
as the monocytic CD14. 
In six-day EPC, all of the 
CD31+ cells expressed 
CD14 and CD146. CD54, 
CD11a, and CD49d adhe-
sion molecules were also
strongly expressed in both
3-day and 6-day EPC. 
These findings suggest 
that MSC-derived EPC 
might be a unique popu-
lation of CD34+CD45+C
D14+CD31+CD146+
cells sharing both stemness 
and progenitor characte-
ristics of endothelial cells 

and monocytes, and that this culture model improved 
EPC production and expansion for a potential future 
use in vascular diseases.

Keywords: Endothelial Progenitor Cells, Expansion 
Culture, Mesenchymal Stem Cells, Monocytes, Neovas-
cularization.
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1. Introduction

In vivo life-saving of human organs strongly suggested 
the presence of residual stem cells involved in the 
reconstitution of tissue damages and organ functions 
(Herrera et al., 2006; Gupta et al., 2006; Chen et al., 
2008; Bruno et al., 2009). These stem cells are mainly 
identified as mesenchymal stem cells (MSC) (Bruno 

et al., 2004; Chen et al., 2008; Pasquinelli et al., 2010) 
and act in a paracrine manner (Kinnaird et al., 2004; 
Hoch et al., 2012; Dorronsoro and Robbins, 2013) to 
repair injury. Over the last decade, such physiological 
aspects of MSC sparked great interest for advanced 
therapeutic applications in vascular diseases (Wang 
et al., 2004; Herrera et al., 2006; Pasquinelli et al., 2010; 
Dorronsoro and Robbins, 2013; Peng et al., 2013). 
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In animal subjects with renal injury, the transplantation 
of MSC induced angiogenesis, proliferation of renal 
cells and recovery of renal function improved by cell 
recruitment into ischemic sites (Asanuma et al., 2010; 
Fang et al., 2012; Peng et al., 2013; Dorronsoro and 
Robbins., 2013; Liu et al., 2013(1); Liu et al., 2013 (2);
Zhu et al., 2013). This cell migration resulted in neo-
vascularization of the renal tubules, and was achieved 
by the differentiation of circulating MSC under local
trophic preconditioning and changes in their morpho-
logy, size and function (Gang et al., 2006; Wu et al., 
2007). 

In addition, circulating endothelial progenitor cells 
(EPCs) have been identified (Asahara et al., 1997; Shi 
et al., 1998; Yamaguchi et al., 2003; Smadja et al., 
2007) but were less abundant than MSC (Aguirre et al., 
2010). These cells were able to form new blood vessels 
both in vitro and in vivo, to migrate to injured sites 
and to differentiate into endothelial cells inducing 
tissue repair and neovascularization (Shi et al., 1998; 
Yamaguchi et al., 2003; Hur et al., 2004; Asahara et al., 
2005; Blann and Pretorius, 2006; Duan et al., 2006). 
Furthermore, the angiogenic potency of these EPC 
was more important compared to MSC (Chade  et al., 
2009; Aguirre et al. 2010; Zhu et al., 2013). EPC hold 
great interest for renal tissue repair and efforts have to 
be doubled up to guarantee a sustainable specific cell 
source and profile for future therapeutic potential use.

EPC were primarily isolated from circulating blood, 
but this isolation appeared to necessitate more labor 
to collect the specific cellular profile at the suitable 
needed concentration. To overcome this, some authors 
have suggested that EPC be obtained from MSC when 
cultured in a conditioned media supplied with additional 
growth factors or by MSC-secreted proangiogenic 
factors media (Wang et al., 2004; Song and Tuan, 
2004, Wu et al., 2007; Hoch et al., 2012). In the present 
study, angiogenic growth factors were applied to MSC 
in order to obtain a sustained EPC production with an 
endothelial profile presenting abilities for proliferation, 
migration and homing properties.

2. Materials and Methods

2.1. Collection of human umbilical cord blood (hUCB) 
cells

All patients were informed about UCB collection, 
and signed informed consents were obtained before 
performing the collection. The institutional ethical com-
mittee requirements were respected from notification 
of patients to actual collection. UCB samples were 
obtained from full-term healthy and consenting women 
after normal vaginal and/or cesarean deliveries using a 
sterile syringe from the cord after placenta delivery and 
flowed into flasks containing a conservation medium 
composed of RPMI (Gibco, Life Technologies) at 10% 
EDTA (Gibco, Life Technologies), 5% Bovine Foetal 
Serum (BFS, Promega, Promega Corporation), 5% 
penicillin-streptomycine (Gibco, Life Technologies) 
and 2% fungisone (Gibco, Invitrogen). 

2.2. MSC separation and expansion culture 

Human umbilical cord blood (hUCB)-derived MSC 
were obtained as previously described (Mazini et al., in 
press). MSC were then cultured in DMEM supplemented 
with 10% BFS, 2% penicillin-streptomycin and 1% 
fungisone, and seeded at 2x106 cells into 75 cm² flasks 
and maintained at 37°C and 5% CO2. The culture 
medium was changed twice a week. When 90% flask 
confluence was reached, 5% trypsine EDTA (Gibco, 
Life Technologies) was added to the adherent MSC and 
incubated at 37°C for 10 min. Cells were washed twice 
in RPMI supplemented with 5% BFS. The final pellet 
was counted and tested for viability by Trypan Blue 
dye exclusion (Gibco, Invitgrogen) before seeding in 
new flasks for an additional passage. 

2.3. EPC production 

When total MSC flask confluence was reached, basic-
fibroblasts growth factors (b-FGF, Gibco, Life Techno-
logies) and vascular endothelial growth factor (VEGF, 
(Gibco, Invitrogen) were added to the culture medium 
at 10µg/ml and 40µg/ml, respectively. EPC were pro-
duced in the non-adherent supernatant of the culture. 
EPC were then collected and tested for viability by 
Trypan Blue dye exclusion.
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2.4. Immunophenotyping of MSC and EPC

The immuno-phenotypic characterization of cells was 
performed by flow cytometry, using the cell markers 
monoclonal antibodies (mAbs) CD11a (Beckman 
Coulter), CD14 (Invitrogen), CD25 (Invitrogen), CD31 
(Invitrogen), CD34 (Invitrogen), CD45 (Beckman 
Coulter), CD49d (Beckman Coulter), CD54 (Beckman 
Coulter), CD90 (Beckman Coulter), CD105 (Beckman 
Coulter) and CD146 (Beckman Coulter). According to 
the manufacturer’s instructions, a suspension of 1.106 
MSC or EPC was incubated with 10 µl of mAb for 30 min
at +4°C. MSC were collected by trypsinization of 
confluent flasks and EPC from the supernatant of 3 and 
6 days of activated culture. Cells were washed before 
being tested by the cytometer.

2.5. Immunocy to chemistry

Suspensions of MSC and EPC were seeded on  slides 
using Lab-Tek Chamber Slide System (Rotenta R 300, 
Hettich), and centrifuged for 30 min at 300g. Once 
the slides were dry, immunostaining with Cytokeratin 
8/18 (CK18/8) (Invitrogen, Life Technologies) and 
von Willebrand Factor VIII (Factor VIII) (Invitrogen, 
Life Technologies) mAbs was performed using the 
Histostain sp Broad Spectrum kit (DAB) (Invitrogen). 
The reaction color was visualized via a DAB reaction. 
The cells were then lightly counter-stained with hema-
toxylin and examined under optical microscope. 

Positive controls were realized by using primary specific
mAbs without the secondary ones while in negative 
controls staining with primary specific mAbs was 
omitted. EPC produced in the culture supernatant were 
labeled with CK18/8 and Factor VIII mAbs after 3 and 
6 days of activation, and compared to labeled MSC. 

2.6. Statistical analysis

Mean EPC yield proliferation was tested by student’s 
t-test for statistical differences. P value <0.05 was consi-
dered to be significant. 

3. Results and Discussion

3.1. hUCB-derived MSC and differentiation culture 

MSC are identified in culture as fibroblasts-like with 
a short spindle and are irregular in shape regardless of 
their origins. Previous findings suggested that hUCB-
derived MSC were shown to have mesengenic activity 
in vitro as well as in vivo (Gang et al., 2004; Peng et 
al., 2012; Fang et al., 2012; and Dorronsoro et al., 
2013). These cells promoted renal cell regeneration 
and enhanced angiogenesis through differentiation 
into endothelial cells promoting then new renal vessel 
formation.

In our culture, and when activated with b-FGF and 
VEGF, adherent MSC produce red colonies developing 
and spreading over the adherent layer and on the 
supernatant, as shown in Figure 1. After 3 days of 
activation, these colonies appear small with less than 
50 cells, and increase in size and number until 9 days of 
activation. The colonies containing cells were isolated 
from the supernatant for identification, and cells were 
called thereafter EPC.

3.2. Kinetic of EPC production

In a conditioned media with growth factors or MSC-
secreted proangiogenic factors, EPC can be obtained 
from MSC in vitro and expanded ex-vivo. Here, we 
report that colonies of EPC induced from hUCB-
derived MSC can be obtained in culture after activation 

Figure 1. MSC culture by optic microscope after 3 days (A), 6 days (B), and 9 days (C) of activation 
by b-FGF and VEGF (inverted phase contrast inverted optical microscope x40).



Ouardy, Benhassou, Khyatti, Mazini  / ISESCO Journal of Science and Technology - Volume 11, Number 19 (May 2015) (2-8)

5

with b-FGF and VEGF. These non-adherent EPC were 
collected after 3, 6 and 9 days of activation. The mean 
EPC yield increased progressively, as shown in Table 1, 
and presented a mean viability of 98% (unpublished 
data). EPC showed a significant production rate of more
than 130 fold from 3 to 6 days (P<0.05, Table 1). There-
after, the mean EPC yield did not differ significantly. 
Seeded at 2x106 per flask, MSC were able to produce 
more than 1x106 fold EPC in 6 days. 

Yield of EPC produced in activated MSC cultures

3.3. Surface markers of MSC and EPC

While differentiating to EPC, MSC have been reported 
to lose their mesenchymal stemness identified by 
their decreasing specific stromal markers expression 
(CD90, CD105) (Jin et al., 2009). According to these 
findings, we also report that MSC overexpressed the 

no-heamatopoietic CD105 and CD90 markers, but 
remained negative for the heamatopoietic markers 
CD34 and CD45 (Table 2). Furthermore, CD146 and 
CD31 markers have already been reported as specific 
indicators of the endothelial lineage and vascular 
smooth muscle commitment (Bardin et al., 2001, 
Kuwana et al., 2006, and Espagnolle et al., 2014). 
These markers were used to identify the EPC phenotype 
collected after 3 and 6 days of activation. Indeed, 3-day 
EPC presented a heamatopoietic immature profile 
expressing the CD34 and CD45 with a clear direction 
toward the endothelial lineage by overexpressing the 
CD31 and CD146 cell markers. A markedly decreased 
expression of the stromal markers (CD105 and CD90) 
was observed in these 3-day EPC in contrast to the 
CD14 and CD105 whose expressions were slightly 
observed (Table 2).

In 6-day EPC, CD14 and CD146 as well as CD31 were
overexpressed while a down-regulation of CD34 
expression was observed. This result suggested that 
colony-forming cells presenting a higher CD34 
expression and appearing at 3 days seem to be more 
primitive than those obtained at 6 days, as already 

TABLE 1. Kinetic of EPC production by mean value ± SD 
(n= 25).*: P<0.05 at 3-days versus 6-days

3-days EPC

65.4 ± 21*

6-days EPC

89.5 ± 25

9-days EPC

91.1 ±  45

Mean Yield of 

EPC (x106)

TABLE 2. Expression of surface markers on MSC and EPC detected by flow cytometry, -- negative<1%, + 1-25%,
++ 25-50%, +++ 50-75%, ++++ >75%. MSC: mesenchymal stem cells, EPC: endothelial progenitor cells.

CD34

CD45

CD14

CD38

CD11a

CD25

CD31(endothelial 

cell marker)

CD49d

CD54

CD90

CD105 (SH2)

CD146

--

--

--

--

+

--

-

+

++

++++

++++

++

EPC (%) in 3-day
activated culture (n=15)

++++

+++

++

--

++++

+

++++

++++

++++

+

++

+++

EPC (%) in 6-day
activated culture (n=10)

++

++++

++++

-

++++

+

++++

++++

-

-

++++

Heamatopoietic 
markers

Non-Heamatopoietic 
markers

MSC (%)Surface markers
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reported (Masuda et al., 2011). This commitment was 
enhanced in 6-day EPC with an increase in CD14 
expression relating to a monocytic cell profile. Similar 
EPC cell expression markers were observed regarding 
the expression of CD31, CD146, and CD144 (Asahara 
et al., 1997, Bardin et al., 2001, Kuwana et al., 2006; 
Hoch et al., 2012). Our results further show that cell 
adhesion molecules CD11a, CD49d, and CD54 were 
also strongly expressed in both 3 and 6-day EPC 
suggesting that the induced EPC presented homing 
and cell cohesion potentials. Elsewhere, EPC CD146 
expression was reported to enhance their ability to 
adhesion and migration, and this expression was found 
to be related to vascular smooth muscle commitment 
(Kebir et al., 2010; Espagnolle et al., 2014).

Our findings suggest that the population phenotype 
CD34+CD45+CD14+CD31+CD146+ we found might 
be a unique population sharing the characteristics of 
monocytes and endothelial progenitors. These EPC 
seemed to derive from heamatopoietic progenitor cells 
induced by differentiation of MSC.

3.4. Expression of CK18/8 and Factor VIII in EPC

To identify the blue DAB reacting color concentrated in 
the cell cytoplasm, EPC positive (with primary mAb) 
and negative (with secondary mAb) controls were 
realized. Negative and positive MSC controls showed 
no specific labeling with CK8/18 and Factor VIII (data 
not shown).

EPC were found to specifically express CK18/8 after
3 and 6 days of activation when compared with the 
negative controls (in upper) and with their respective 
positive control (Figure 2). In the latter, some no-
specific labeling was observed. After 6 days of acti-
vation, all EPC were labeled. Three-day EPC mostly 
expressed Factor VIII as compared to control cultures, 
and this expression increased at 6 days. Cell size 
increased progressively during activation. The increase 
in CK8/18 and Factor VIII expression is related to the 
epithelial phenotype acquired by the EPC. In addition, 
these changes were concomitant with the overexpression 
of CD14, CD31 and CD146, suggesting the acquisition 
of a functional profile of the induced EPC. 

Figure 2. Differential expression of Cytokeratin 18/8 (CK18/8) and von Willebrand Factor VIII (Factor VIII) in MSC 
control cultures and in EPC after 3 and 6 days of activation.(Phase contrast inverted optical microscope x40).
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Conclusion

Despite their high proliferative and self-renewal potentials, MSC were reported to have a less angiogenic effect 
than that observed with infused EPC (Kinnaird et al., 2004 and Dai et al., 2005), and respiratory complications 
associated with engrafted MSC were also reported (Forslow et al., 2012). Nonetheless,  a successful use of EPC 
in the transplantation of ischemic tissues appears to be a more promising approach in the treatment of diseases 
associated with blood vessel disorders (Madebbu et al., 2004; Kuwana et al., 2004; Ichim et al., 2008; Chade et al., 
2009). However, the direct isolation of EPC from bone marrow or peripheral blood is greatly limited by their 
relatively lower and insufficient numbers.  

The culture system using angiogenic growth factors we used appeared appropriate for a quick generation of 
EPC populations sharing endothelial and monocytic profiles. Indeed, using the VEGF in the culture medium 
mimicked the pathological situations where this cytokine is highly secreted by ischemic tissues (Chade et al., 
2009). Other findings reported that early appearing EPC in culture were a combination of angiogenic T cells 
CD3+CD31+CXCR4+ and CD14+ monocytes (Urbich et al., 2003; Hill et al., 2003; Hur et al., 2007), and that 
monocyte-derived multipotent cells also presented an endothelial potential (Kuwana et al., 2006), implying 
the possible role of monocytes in inducing vasculogenesis. Furthermore, our findings suggest that hUCB-
derived MSC might be a source of induced EPC with vasculogenesis potency, and that this culture model could 
be considered for EPC production as a future target in neovascularization in advanced therapeutics of blood 
vessel diseases. The use of such EPC for therapy may occur if a suitable model of standardized production and 
cryopreservation in a bank is realized under GMP regulatory conditions.
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Abstract

Adesign process of 
radial turbines es-

pecially used in turbo 
charging has been taken 
in this experiment. Much 
consideration was given 
to the techniques with 
which the designer can 
estimate the principal di-
mensions and overall form 
of a radial turbine in or-
der to meet a given per-
formance requirement. The procedures presented here 
took into consideration a design process of the radial 
turbine. Any preliminary design procedure must make 
assumptions about a number of critical parameters 
which must be refined as the design progresses through 
its various stages. Firstly, the designer has to specify 

the geometry of the tur-
bine together with any as-
sumptions about possible 
losses from which to cal-
culate an efficiency value. 
The procedure is then fol-
lowed in order to produce 
estimates of performance 
parameters such as mass 
flowrate, expansion ratio, 
power output and effi-
ciency. The procedure’s 
input is the performance 

specification at the design point which may include 
power output, mass flow rate, and rotor speed. The out-
put is the basic dimension of the inlet and exit lanes of 
the rotor in terms of diameter, blade height and angle.

Keywords: Mach number, Radial turbine, Rotor, Stator.

Radial Turbine
Design Process 

Adnan Hamza Zahed1

and Nazih Noaman Bayomi2 
1King Abdulaziz University,

Jeddah, Kingdom of Saudi Arabia
2Faculty of Engineering El-Mattaria, 

Helwan University, Cairo, Egypt 
E-mail: nbyomi@kau.edu.sa;

nnbayomi@hotmail.com

1. Introduction

The need for downsizing automotive and large engines
using high-boost-pressure turbocharging and the growing 
demands for turbocharger efficiency influencing engine 
overall efficiency has led to an intensive development 
of radial centripetal turbines that have the small size
advantage compared to axial ones. In fact, the aero-
dynamic design of turbo machines is a complex process 
that normally proceeds through a number of stages 
from the initial statement of requirements. Initial stages 
will involve some from of parametric variation of the 
main geometric parameters, using simple calculations 
based on assumptions of steady and one-dimensional 
flow. As a result, attention can be focused on a more 
narrow range of design options that can be investigated 
in detail using two- and three-dimensional flow field
and blade design methods that are becoming increa-

singly sophisticated. Clearly, the more the design is 
optimized in the early stages, the less time will be used 
subsequently investigating in-depth options that will 
ultimately be discarded.

The statement of a performance requirement will usually 
be incomplete in the sense that there will be a large 
number of possible machine designs that may satisfy 
it. Some requirements will be stated as bounds rather 
than fixed values, the «maximum possible efficiency» 
being a typical one. A preliminary design procedure 
should at least allow the designer to range through the 
free or only partly constrained variables, but, better, 
should steer attention towards an optimum solution to 
the problem.

One-dimensional design and analysis procedures for 
radial flow turbines have been described by many 
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authors, such as Whitfield & Baines [1], Chen & 
Baines [2], and Tancrez et al. [3]. The common feature 
of these is that the user has first to specify the geometry 
of the turbine, together with any assumptions about 
losses from which to calculate an efficiency value. The 
procedure is then followed in order to produce estimates 
of performance parameters such as mass flowrate, 
expansion ratio, power output and efficiency. A method 
carried out by Benson [4] is outlined for determining 
the overall dimensions of a radial gas turbine rotor 
under certain operating conditions. An optimization 
procedure is used based on one-dimensional analysis 
of turbine performance. 

Large et al. [5] introduced an analytical design of an 
advanced radial turbine that is part of an optimum 
ceramic radial inflow, single-stage turbine system for
an advanced automotive gas turbine engine. The 
program’s objective was to investigate the effects of tip 
speed, non-radial rotor blading, and deswirl vanes on 
system efficiency and mechanical reliability of a single-
stage, radial turbine designed to meet the performance 
requirements of an advanced automotive gas turbine 
cycle. 

A method carried out by Whitfield [6] is based on 
maximizing efficiency by minimizing the fluid’s energy
losses. These are considered to be a function of the 
square of the velocity, and Whitfield’s procedure assesses 
the turbine rotor inlet and exit conditions with a view 
to minimizing these velocities in terms of absolute and 
relative Mach numbers. Another procedure is that of 
Schobeiri and Dunn [7]. Here, the stage is defined by 
means of a number of dimensionless coefficients, and 
critical parameters such as rotor and stator angles are 
developed in terms of these. This has the advantage of 
reducing the number of independent variables to more 
manageable limits. The optimization proceeds from 
rotor and stator lift coefficients, which are given in 
terms of the blade geometry.

Chen and Baines [2] describe the optimization of
radial turbine design, based on simple one-dimensional 
aerodynamic principles. The objective is to minimize 
energy losses by reducing the inlet and exit velocities
of the rotor. The procedure is based on the specification 

of a loading coefficient. Also, Chen and Baines [8]
investigated the possibility of correlating the aero-
dynamic loading of radial turbine in some systematic 
manner, as is widely done and recognized for axial 
stages. Abdel-Rahim [9] shows an exergy analysis of the 
performance of a single-stage, radial-inflow expansion 
turbine. The analysis considers the effect of the design 
controlling parameters on the power output, and the 
first law and second laws efficiencies of the turbine. 
The design parameters include: inlet temperature, wheel
tip speed, exhaust Mach number and expansion pressure 
ratio. Also, an optimization system for the design of
radial turbine meridional curves is presented by Tsali-
coglou and Phillipsen [10].

An inverse design technique to design radial turbine 
with splitter blades in three-dimensional flow is deve-
loped by Tjokroaminata et al. [11]. The results indicate 
that the use of splitter blades is an effective means for 
making the blade filament at an axial location more 
radial. The design and off-design performance of a 
radial inflow turbine has been carefully measured by 
Japikse [12] with both internal component and overall 
stage data. However, Cretegny et al. [13] presented 
radial turbine design by criteria like specific speed 
and/or velocity ratios. For small capacity plants the 
size of the turbine wheel needs to be reduced and thus 
the rotational speed increased in order to reach a high 
efficiency. 

Issues relating to radial turbines include not only aero-
dynamic performance, but also the development and
evaluation of lightweight materials with high tempe-
rature endurance. Research on the aerodynamic perfor-
mance of the radial turbine and the development and
evaluation of lightweight materials with high tempe-
rature endurance were carried out by Kimishiro et al. 
[14]. The study by Marelli and Capobianco [15] was 
focused on the evaluation of radial turbine efficiency in 
automotive turbocharged engines. Moreover, Hellstrom 
and Fuchs [16] studied the effects of inlet conditions on 
the turbine performance of a radial turbine.

This paper is mainly concerned with the techniques 
with which the designer can estimate the principal 
dimensions and overall form of a radial turbine to
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meet a given performance requirement. At this stage, 
it is expected to optimize the design within the given
constraints, but it reasonably hopes to achieve some-
thing fairly close to the optimum, to be refined quite 
quickly and efficiently at later stages. This investigation 
is concerned in particular with radial flow turbines, 
commonly used for turbochargers or in small gas 
turbines. In this turbine, the change in radius through the 
rotor means that high stage loadings and power outputs 
can be achieved with less turning than is required for 
axial stages. However, this must be set against a blade 
passage shape of considerable complexity. 

2. Basic Design Concepts

The rotor is primarily a work transfer device, and any 
consideration of its design will logically start with the 
Euler turbomachinery equation. This can be used, in 
combination with the geometry of the velocity triangles 
at inlet and exit, to derive the following expression for 
the work transfer per unit mass flow in terms of fluid 
and rotor velocities:

Where subscripts 2 and 3 here denote the rotor inlet 
and exit planes respectively (1 is the turbine inlet). In 
general, the aim is to keep the flow velocities as low 
as is reasonably possible, since many losses including 
friction and exit kinetic energy increase as the square 
of velocity. If high efficiency were the sole requirement 
this would be the only major objective. However, in 
most applications high specific work output is at least 
as important if not more sometimes. In these cases, 
Eq. (2) implies high velocities in some regions of 
the machine and a compromise must be sought. The 
general form of the velocity triangles at entry and exit 
of rotor is to give an increase in relative velocity and a 
decrease in absolute velocity through the rotor.

The inlet blade angle bB2 of the radial inflow turbine 
is invariably set to zero. Strength limitations normally 

require that the rotor blades are radically fibred. That is 
to say, the blades are radial in any section taken normal 
to the rotor axis. This constrains the inlet blade angle 
to be zero. The absolute velocity at exit is normally 
designed to be axial and small in magnitude. This is 
because the kinetic energy associated with it is lost if 
the exit flow is not diffused effectively. It is evident 
from Eq. (1) that some negative exit swirl (C q3< 0) is 
beneficial for increasing the specific work output and 
some reduction in efficiency here may be acceptable.

For constant axial exit velocity with no swirl (C q3 = 0), 
the static pressure and temperature are constant across 
the exit. The blade speed varies proportionally with the 
radius, and the blade angle is defined by the requirement 
that the blade fibers are radial in the exit plane. This 
latter condition leads to the blade angle as a function of 
radius given by 

The amount of turning and the relative velocity are 
greatest at the tip. If the angle of flow at inlet relative to 
the blade is zero and the absolute exit velocity is axial, 
the energy Eq. (1) may be simplified by setting C q2 =U2 
and C q3 = 0,

The specific work output is in a simple function of the 
blade speed only. Designers often work to a maximum 
value of U2 determined by the rotor material and the 
operating temperature of the turbine.

3. Design Process of the Rotor

The design process procedure presented here is given as 
a means for determining the dimensions of the rotor. The 
input to the procedure is the performance specification 
at the design point, which may include power output, 
mass flow rate and rotor speed. The output is the basic 
dimensions of the inlet and exit planes of the rotor, in 
terms of diameter, blade height and angle. The power 
developed by the turbine is given by

        

(1)

(2)

(3)

(4)
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From which can be defined a dimensionless power ratio

If the power output, mass flow rate and inlet stagnation 
temperature are known then can Sw be calculated 
directly. For maximum generality a non-dimensional 
design should be opted for, that is, the rotor dimensions 
will be non-dimensionalized by the rotor inlet radius, 
and fluid and rotor velocities by the inlet stagnation 
speed of sound. Given the mass flow rate and the 
inlet stagnation temperature and pressure, it will then 
be possible to convert these to the actual dimensions 
and velocities. The power ratio is related to the stage 
expansion ratio and efficiency through the next equation 

Figure 1 shows the relation between the total to static 
pressure ratio P01/P3 and the power ratio Sw with different 
total to static efficiency hts. It can be seen that as the 
power ratio increases the total to static pressure ratio 
increases. An estimate of the power ratio can be obtained 
in this way if the turbine expansion ratio is known. It 
should be noted that an estimate of efficiency is required 
at an early stage in the calculation if Eq. (6) is used; this 
is the only point where the efficiency is required. 

3.1 Design of Rotor Inlet

It will be assumed that the blades are radial at inlet. 
It is found in practice that the best efficiency occurs 
not when the flow at the inlet is exactly matched to the 
blade, but at some negative incidence. This is because 
the blade loading produces a large static pressure 
gradient across each passage, which tends to move the 
flow from the pressure to the suction surface against 
the direction of rotation. It is necessary, therefore, to 
define the incidence angle at which the best efficiency 
occurs. Rodgers [17] quotes incidence angles of the 
order of -20°, and Rohlik [18] gives values as high as 
-30°. Measurements by Yeo and Baines [19] indicate an 
optimum angle of -25°. Initially the effect of different 
magnitudes will be assessed. For a radially bladed 
rotor, the incidence angle is also the angle of approach 
of the relative velocity vector b2. At the design point it 
is usually assumed that the fluid discharges from the 
rotor in an axial direction, in which case the Euler turbo 
machinery equation becomes

And it follows that

Where ao1 is the speed of sound at the inlet stagnation 
temperature. The objective is now to calculate all the 
parameters associated with the inlet velocity triangle, as 
this information is necessary not only for the following 
rotor design but also for the preceding nozzle or volute. 
From the velocity triangle it can be shown that,

By substituting C q2 =C2 sin  a2 this equation can be 
developed into

The term U2 Cq2 /a
2
o1 is obtained from the power ratio 

Sw in Eq. (8). The next term C2/a01 is the inlet stagnation 
Mach number, and if this is known or specified then

(5)

(6)

Figure 1. Turbine expansion ratios as a function of the power ratio.

(7)

(8)

(9)

(10a)
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Eq. (10 a) can be solved for tan a2. The inlet stagnation 
Mach number can be related directly to the more con-
ventional rotor inlet Mach number M2 = C2/√ (gRT2), 
assuming that the flow through the stator is adiabatic, 
that is To1 = To2 :

However, Eq. (10a) is quadratic in tan a
2
 and can only 

be solved if the solution contains a positive square root. 
The limiting value of C2/a01 is such that  

And substituting from Eq. (8) for U2Cq2 / a
2
01 it follows 

that 

  

The solution of this equation finally yields

This equation gives the minimum possible rotor inlet 
Mach number for any given power ratio and inlet 
relative flow angle. If it is desired to minimize the inlet 
Mach number, the value calculated in Eq. (11) can be 
substituted into Eq. (10 a) in order to determine the 
corresponding absolute flow angle a

2
. Figure 2 shows 

the minimum inlet Mach number as a function of the 
power ratio for an incidence angle various from 0 to 
- 60°. The effect of the incidence angle on the minimum 
Mach number is relatively small to that of the power 
ratio. It can be seen that the power ratio increases as the 
minimum inlet Mach number increases. It is of course 
open to the designer to specify inlet Mach numbers in 
excess of the minimum. However, high Mach numbers 
generally lead to increased stator losses, increased 
velocities in the rotor itself and increased incidence 
losses away from the design point, and this must be 
borne in mind. Furthermore, for the same M2, the power 
ratio shows an increase in the negative b2. 

Once the inlet Mach number is determined, the inlet 
velocity triangle is fully defined in non-dimensional 
terms. The absolute flow angle is given by Eq. (10), and 
for the minimum inlet Mach number case this equation 
is reduced to 

At the same condition the non-dimensional rotor speed 
is given by

Equations (8, 10 a & 10 b) are illustrated graphically in 
Figure 3 where the absolute flow angle (a

2
) is function 

of the inlet Mach number (M
2
) for different magnitudes 

of power ratio (Sw) and inlet relative flow angle b
2
. 

From this it can be observed that as the inlet Mach 
number is increased beyond the minimum permissible 
the absolute flow angle decreases.

(10b)

(10c)

(11)

(12)

(13a)

Figure 2. Rotor minimum inlet Mach number.

Figure 3. Variation of inlet flow angle with inlet Mach number.
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3-2 Design of Rotor Discharge

In the case of a zero discharge swirl, the relative velo-
city at the exducer shroud radius is given by   

By introducing the non-dimensional mass flow rate 
function,

     

Where u = r3h /r3s  is the exducer hub to shroud radius 
ratio, the shroud exit relative Mach number   

can be shown to be given by

 

Whereas MU =U2/a01. In order to use Eq. (14) the 
pressure ratio po1/p3 must be derived through the 
specification of a total to static efficiency of the turbine, 
using Eqs. (5 & 6):

Also Eq (14) can be simplified to the following equation:

Equation (14 or 15 b) is herein plotted in Figures 4 a, 
b, c & d. It can be seen that the relative Mach number 
is a minimum when the relative flow angle is about - 55°. 
The use of large flow angles (such as - 70°) cannot 
however be dismissed as an option, since this leads 
to a reduction in the absolute Mach number at exit. 
Therefore, a compromise is to be made between a low 
relative Mach number to reduce the internal passage 
losses, and a low absolute Mach number to reduce the 
exit kinetic energy loss. The analysis presented here 
can be used to provide a preliminary estimate for the 
relative exit flow angle b3. 

It can be seen from these figures that the effect of 
the efficiency on the relative Mach number at exit is 

small relative to that of the pressure ratio. A pressure 
ratio varies from 1.5 to 4.0, the relative Mach number 
decreases as the pressure ratio decreases. It can be seen 
that in the range of b3 equal -60° to -50° the relative 
Mach number is insensitive to the change of absolute 
Mach number. Therefore, the angle that is smaller 
than -50° (for example -60°) can be used to reduce the 
absolute Mach number without substantially increasing 
the relative Mach number. However, large negative exit 
blade angles can reduce the flow area and increase the 
stress of the blade and this should be considered as 
well.

The turbine exhausting arrangements are also an 
important consideration. If the installation permits 
a well-designed exhaust diffuser to be employed, a 
higher exit absolute Mach number may be permitted 
since a significant fraction of the exit kinetic energy 
can then be recovered. Angles within the range of 0° to 
about - 50° can certainly be ruled out as unsatisfactory. 
With the exit flow angle fixed, the exit velocity vector 
triangle is complete (assuming no swirl) once the 
magnitude of a velocity vector has been derived. This 
can come from a number of sources. Rohlik [20], for 
example, assumed a value of the relative velocity ratio 
W3/W2 =2.0 which has some justification since a value 
substantially in excess of unity is required to ensure a 
good expansion through the rotor. It  is convenient  here  
to   use   the   relative  velocity  ratio  WR = W3s/ W2 (W3s 
is the relative velocity at the exit shroud), which can 
be increased from unity to any desired value, with due 
regard to supersonic values of the Mach number M’3s if 
this is considered to be a problem.

Once the relative velocity ratio has been specified, the 
exit relative Mach number can be derived using   

Where To3/T3 is given by     

(14)

(15a)

(15b)

(16)



AH Zahed and NN Bayomi / ISESCO Journal of Science and Technology - Volume 11, Number 19 (May 2015) (9-22)

15

Figure 4. Relative flow angle for minimum relative Mach number.

(a) (b)



AH Zahed and NN Bayomi / ISESCO Journal of Science and Technology - Volume 11, Number 19 (May 2015) (9-22)

16

Followed Figure 4. Relative flow angle for minimum relative Mach number.

(c) (d)
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and

The absolute exit Mach number is then 

Whereas  

The velocity triangle is now established, and the 
remaining parameters can be calculated.

3.3 Non-Dimensional Geometry of the Rotor

The radius ratio of the rotor can express a function 
of the inlet velocities, the exit velocities and the inlet 
stagnation speed of sound ao1 can be deduced from the 
following equation:

In the case of the minimum inlet Mach number, this 
ratio is given by

Where WR =W3s/W2

In this case, the radius ratio is a linear function of 
the relative velocity ratio for any defined inlet and 
exit relative flow angles. This equation is illustrated 
in Figure 5. The actual value of the radius ratio 
selected depends on the choice of WR, and this will 
need to be reviewed in the light of other constraints 
and requirements for this radius ratio. In this figure, 
it can be observed that the inlet relative flow angles 
(b2)  varied from -20° to -40° and the exit relative flow 
angle b3) changed from -50° to -70°. These ranges help 
the designer select the suitable dimensions of the radial 
turbine.

The area ratio across the rotor can be determined from 
the application of the continuity equation between the 
rotor inlet and discharge. As the Mach numbers are 
known at these points, the dimensionless mass flow 
rates q2 and q3 can be written as 

      

It is necessary to determine the stagnation density 
ratio ro2 / ro3 across the rotor. This requires that the 
irreversibility associated with the complete stage (stator 
and rotor) are quantified, which is most easily done by 
specifying the appropriate efficiencies. By using the 
state equation, the density ratio can be rewritten in 
terms of the pressure and temperature ratios to give

Equation (22) can now be solved for the area ratio 
A3/A2. If the exit hub to shroud radius ratio n is now 
specified, the non-dimensional blade height at inlet can 
be determined from

Where u equales (r3h/r3s). This equation shows that the 
choice of u influences not only the rotor exit geometry 
but also the rotor inlet blade height. Both of these 
must be reviewed as the design progresses against the 
installation requirement, stressing and past experience, 
and it may be necessary to try several different values 
of u to converge on the preferred design solution.

The non-dimensional geometry of the rotor is presented 
as a function of the relative velocity ratio and the 
inlet relative flow angle for the case of the minimum 
inlet relative Mach number. Such function is herein 
demonstrated in Figure 5. It can be seen that as the 
relative velocity ratio and the inlet relative flow angle 
increase, the non-dimensional geometry of the rotor 
increases. 

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)
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3.4 Assessment of Alternative Designs

It is generally possible at a fairly early stage to fix 
values of the rotor inlet and exit relative flow angles. 
The radius ratio r3s/r2 is a simple function of the relative 
velocity ratio WR, and it is necessary to assign a value to 
this quantity which will maximize the rotor efficiency. 
Through the specification of the stator and rotor 
efficiencies and the exducer hub to shroud ratio v, the 
inlet blade height ratio b2/r2 can be determined. Rohlik 
[20] used a relative velocity ratio of 2 based on the mean 
radius of the exducer. Here the relative velocity ratio 
on the exducer tip radius and the value corresponding 
to this will be about 2.5. Rodgers and Geiser [21] 
correlated the efficiency against the exit velocity ratio 
Cm3/U2, and showed that the peak efficiency occurred at 
a magnitude of between 0.2 and 0.3. This velocity ratio 
can be derived from the calculation.

It is possible to give a qualitative consideration to the 
variation of the losses as the relative velocity ratio 
is increased. As the radius ratio and the blade height 
increase with increasing relative velocity ratio, Figure 5, 
both the passage friction loss and the clearance loss (for 
a fixed clearance gap) will decrease. If only some or 
none of the exhaust kinetic energy is recovered, the exit 
kinetic energy loss increases with increasing relative 

velocity ratio. The point of best efficiency therefore 
occurs where the falling passage and clearance losses 
combine with the rising exit loss to yield the minimum 
loss condition.

The choice of radius ratio r3s /r2 may not necessarily be 
based purely on efficiency considerations. A large value 
may give rise to very ‘tall’ blades in the exducer, which 
will have a large mass and may concentrate stress at the 
hub. Furthermore, the larger this ratio, the sharper will 
be the curvature of the shroud in the meridian plane, 
and this can give rise to excessive secondary flows 
which carry an aerodynamic penalty. Rodgers [17] 
provides a loss correlation, which allows for meridian 
plane curvature. Rohlik [20] recommended that the 
radius ratio should not exceed 0.7 for this reason, but 
it must be acknowledged that it is often exceeded in 
applications where the designer desires to reduce the 
inlet tip diameter and hence the rotating mass. This is 
very common in small turbocharger turbines, and even 
the gas turbine applications cited by Rodgers & Geiser 
[21] and Rodgers [17] employ radius ratios in excess 
of 0.7.

The remaining geometric parameter to come out of the 
design procedure is the inlet blade height to radius ratio. 
Hiett and Johnston [22] suggested that a value of about 
0.1 is optimal, whereas Watanabe et al. [23] preferred 
a rather higher value of 0.15. The turbine performance 
is probably not very sensitive to the values of this 
parameter in this range.

The desired rotational speed can be obtained through 
the adjustment of the selected power ratio: the larger 
the power ratio, the more compact the design and the 
greater the speed of rotation. However, stress levels 
in many cases further restrict the design of the turbine 
rotor.  If this proves to be a problem the speed must be 
reduced by reducing the power ratio Sw. In principle, 
increasing either the mass flow or the inlet stagnation 
temperature can do this. Neither is necessarily effective. 
An increased mass flow implies a larger size and 
consequently the centrifugal loading on the rotor 
cannot always be reduced sufficiently. Increasing the 
inlet stagnation temperature only serves to reduce 
the mechanical limits of the rotor material, unless an 

Figure 5. Non-dimensional rotor geometry as a function  of 
relative velocity ratio.
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alternative material is available or some rotor cooling 
can be introduced.

It should be clear from this discussion that only guidance 
and not a definite statement about the rotor geometry 
can be given. The final rotor optimization can only be 
done at a later stage, either with a detailed performance 
calculation including a full loss analysis, of more likely 
through the flow field predictions necessary to assess 
the effects of such parameters as shroud curvature or 
exit blockage.

3.5 Design Process of the Stator

The stator design parameter, which is most important 
to turbine performance, is the angle of flow at exit 
from the stator, and the focus of this section is the 
design features of the stator necessary to achieve a 
predetermined flow angle while maintaining a good 
aerodynamic efficiency. The stator could be vaned 
or vaneless, and could have between one and three 
components: a volute, a nozzle and an inter space. 
Installation or mechanical requirements commonly 
determine the choice of stator and of the principal 
diameters and areas. A volute design is basically taken 
only into consideration in this paper.

The simplest models of volute flow only simulate the 
through flow, or tangential, and the radial velocity 
component without any account of the secondary flows 
or the mixing of flow re-entering the mainstream under 
the tongue. In an ideal volute, angular momentum must 
be conserved so that the flow is a free vortex centered 
on the turbine axis. Indeed, Tabakoff et al. [24] and 
others have shown this to be a good approximate to 
their measurements. 

The mass flow through any cross-section plane at azimuth 
angle y is

For a uniform distribution of mass flow around the 
volute,

Where m. is the total mass flow rate. It follows that

Where r
y

 is the radius of the centroid of the section 
at azimuth angle y. To achieve a uniform mass flow
distribution around the volute, for the case of incomp-
ressible flow or where density variation is  relatively 
small, the ratio A

y
/r
y

 must be a linear function of the 
azimuth angle. If the mass flow rate, and hence also the 
flow velocity, are uniform around the exit periphery of 
the volute, the angle of flow at exit is given by 

Substituting for the velocities Cq2 and Cm2 from the 
free vortex and continuity equations respectively, and 
relating them to the volute inlet state at 1, 

            and

            So that

The volute exit dimension A2 and r2 will be fixed by 
the next component downstream, either the nozzle or 
the rotor. Equation (29) therefore implies that the exit 
flow angle is determined solely by the choice of inlet 
area and radius. Equations (27) and (29) thus give two 
simple design rules of turbine volutes of A/r for each 
section must decrease linearly with azimuth angle for 
uniform exit conditions, and the choice of A/r at the 
inlet determines the exit flow angle.

The inlet conditions to the volute are often fixed by 
external constraints such as the design of combustors or 
engine exhaust manifolds. In order to see the influence 
that this can have on volute design it is necessary to 
return to the free vortex Eq. (25), which can be written as  

(25)

(26 a)

(26 b)

(27)

(28)

(29)
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This can be developed in terms of the inlet and exit 
Mach numbers:

This equation enables the volute radius ratio to be 
calculated for any specified inlet Mach number and 
flow angle. The volute area ratio can be derived through 
the application of the continuity condition. The non-
dimensional mass flow rates at inlet and exit are given by 

Therefore, the volute inlet to exit area ratio is then 
given by

        

The effect of inlet Mach number  on  the  volute  area  
and radius ratios with various outlet Mach numbers is 
shown in Figures 6 a, b & c. It can be seen that from 
these figures the volute area and radius decrease as 
a result of the increase in the inlet mach number M1. 
At constant values of inlet Mach number M1 and flow 
angle a2 the volute area and radius ratio increase as a 
result of the increase in outlet Mach number M2.

For a compact design the radius ratio is usually less 
than 2, implying that an inlet Mach number of no less 
than 0.3 is required. For small radius ratios, high inlet 
Mach numbers are necessary, and this is likely to lead 
to additional frictional losses in the volute because of 
the increased velocity levels.

(30)

(31)

(32)

(34)

(33)
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Figure 6. Volute size as a function of inlet Mach number.

(a) (b) (c)

Conclusions

The present paper has undertaken a design procedure of the radial turbine. A specific case study is applied on the 
radial turbine of a turbocharger where guide vanes with a variable angle have been studied. Different calculations 
were linear and one dimensional. Some conclusions have been drawn:

1- This paper presents the procedures to be followed in making a design process of the radial turbine rotor.Any 
preliminary design procedure must make assumptions about a number of critical parameters that must be 
refined as the design progresses through its various stages. 

2- The designer has first to specify the geometry of the turbine together with any assumptions about losses 
from which to calculate an efficiency value. The procedure is then followed in order to produce estimates 
of performance parameters. The input of the procedure is the performance specification at the design point 
which may include power output, mass flow rate, and rotor speed. The output is basic dimensions of the 
inlet and exit lanes of the rotor in terms of diameter, blade height and angle.

3- For small size  radial turbines, the radius ratio is usually less than 2 implying that an inlet Mach number of 
not less than 0.3 is required. In the case of small radius ratios, a high inlet Mach number is necessary.

4- The effect of the efficiency on the relative Mach number is small compared to that of the pressure ratio.

5- Large negative exit blade angles can reduce the flow area and increase the stress of the blades.

6- Complete maps for radial turbines are processed for different pressure ratios, efficiency and exit blade angles.
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Abstract

Alow cost, microbial 
sensor is demons-

trated with ZnO and ZnO-
NiO nanocomposite thin 
films. ZnO and ZnO-NiO 
nanocomposite thin films 
were fabricated by the sol-
gel spin coating method 
and were exposed to a 60 
Co γ-radiation source at
0 and 30 kGy at room 
temperature. The structu-
ral and optical properties 
of these film sensors were 
characterized by X-ray 
diffraction (XRD) and 
UV-Visible spectroscopy 
respectively. The X-ray diffraction (XRD) spectra have 
been performed to observe the formation of crystal 
phases of all pure ZnO thin films. The diffraction patterns 

revealed good crystalline
quality. The optical band 
gap, Eg, has been deter-
mined by UV-Visible spec-
troscopy in the wavelength 
range of 300 nm - 800 nm
which indicate the energy
gap, Eg, from 2.25 to 
3.25eV. The presence of
Escherichia coli as a bac-
terial contamination in 
water was identified by 
measuring the changes of 
conductivity of thin films 
using current-voltage (I-V) 
measurement. The sensi-
tivity of the sensors has 
been observed to be higher 
with γ-radiation.

Keywords: Microbial sensor, Thin films; γ-radiation, 
ZnO nanocomposite.

Synthesis and Characteri-
zation of ZnO and ZnO-NiO 
Nanocomposite Thin Films 
with 30 kGy γ-radiation for a 
Microbial Sensor Application 

Huda Abdullah and
Norshafadzila Mohammad Naim 
Department of Electrical, Electronic

and System Engineering, 
Faculty of Engineering and

Built Environment,
43650 UKM, Bangi, Selangor, Malaysia

E-mail: huda@eng.ukm.my

1. Introduction

Many efforts have been made to ensure a proper 
healthy lifestyle from various diseases spread through 
contaminated water or food. Every year, millions of 
people are infected and thousands of them die because 
of water and food borne diseases (Kandpal et al., 
2009; Khot et al., 2011). Potential contaminants are 
the exposure of food and water to microorganisms. 
Detection of the presence of microorganisms and 
identification of specific causative microorganisms 
is necessary to control microbial infestation. Various 
standard methods are available for detection of 
microbial infestation in contaminated food and water. 
However, these methods are time consuming, which 
eventually puts a limitation to their extensive and actual 

use for site monitoring (Huang et al., 2008; Kandpal 
et al., 2009). Therefore, sensitive, quick and accurate 
detection of minute microorganisms is very essential 
(Berkenpas et al., 2006; Dixit et al., 2006).

A biosensor is a device that detects, transmits and 
records information regarding a physiological or bioche-
mical change. Technically, it is a probe that incorporates 
a biological component with an electronic transducer, 
thus converting a biochemical signal into a quantifiable 
electrical response (Dorsta et al., 2010).The general 
function of a biosensor is to convert biochemical 
reactions into a quantifying electrical response. The 
change in I-V characteristics of the metal oxide thin films 
after exposure to various microorganisms is a measure 
of microbial sensitivity and their sensitivity is directly 
dependent on the concentration of microorganisms.

ISESCO JOURNAL of Science and Technology
Volume 11 -  Number 19 -  May 2015 (23-29)
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Metal oxide nanomaterials are considered as the most 
promising candidates because of their nontoxic nature, 
high thermal stability, photo catalytic and antibacterial 
properties (Jan et al., 2014). Furthermore, metal oxide-
nano materials have been utilized in bio analytical 
chemistry as a strategy to amend the analytical 
properties of the resulting sensor contrivances (Marugan 
et al., 2013). Among metal oxide nanomaterials, zinc 
oxide (ZnO) procures the technological essentials for 
biosensors, perspicacious windows and dye sensitized 
solar cells, etc. because of its properties, including high 
surface area, catalytic efficiency, isoelectric point ~9.5 
and vigorous adsorption ability (Das et al.,2010). It 
additionally demonstrates consequential magnification 
inhibition of a broad spectrum of bacteria (Gordon et al., 
2011).

Gamma radiation is extensively used in many 
industrial, medical, military, and research fields, and 
of course in nuclear power production. The gamma 
radiation technique is useful and has been extensively 
used to generate nanoscale metals and nanocomposites 
at room temperature under normal pressure. Moreover, 
this technique is easily controlled and adaptable and 
does not contribute impurities into the matrix (Gordon 
et al., 2011).

In the present study, we have explored the prospective 
of ZnO and ZnO-NiO nanocomposite thin films by 
γ- radiation for the fabrication of a microbial sensor.  

2. Method

2.1 Samples preparation

A nominal composition of ZnO and ZnO-NiO nano-
composite thin film was prepared by the sol-gel process 
using the spin coating method onto glass substrates. 
The glass substrates were first cleaned in methanol and 
acetone. Then the substrates were rinsed with deionised 
water. The zinc acetate dehydrates (Zn (CH3CO2) 2.2H2O) 
precursor was dissolved in ethanol and added to the
polyvinyl alcohol (PVA) solution in distilled water. 
Apart from that, the zinc acetate dehydrates (Zn 
(CH3CO2) 2.2H2O) and nickel (II) nitrate (Ni (NO3)2)
precursors also were dissolved in ethanol and added to 

the PVA solution in distilled water. PVA is an agent
to promote the reduction of ZnO and NiO ions since 
simple alcohol can act as an electron donor. All 
solutions were mixed at 60ºC/24 h using a magnetic 
stirrer until a clear and stable solution was obtained. 
The substrates were rotated at a speed 4000rpm for 
30s using a spin coater and underwent 5 layers of 
deposition. Having completed the 5 coating layers, 
the thin film-coated samples were annealed at 450ºC 
for 1h in a furnace to reach the crystal phase. The thin 
films were thenradiated by 60Co γ-radiation at 0 and 
30 kGy at room temperature. The role of the gamma 
ray is to decrease the size of metal oxide particles and 
roughness of film surfaces in order to obtain the high 
sensitivity of the sensor.

2.2 Characterizations

The orientations of the thin film samples were 
determined by X-ray diffraction measurements (XRD) 
with Cu Kα irradiation (λ =1.5406 Å) and Bragg angle, 
2θ ranged from 20º to 60º. The optical characterization 
of samples was carried out using Perkin Elmer UV-
Visible spectroscopy.

2.3 Fabrication of microbial sensors

The concentration of E. coli in the stock solution was 108 
colony forming units (CFU/mL). A comb-type structure 
of silver electrode was sputtered on the nanocomposite 
thin films for 1000 Å thickness. Copper wires were 
soldered to the silver electrodes as the connection 
between the thin film and measuring instrument. The 
sensor performance was conducted using GAMRY 
Physical Electrochemistry by measuring the I-V charac-
teristics of the thin film. 

3. Results and Discussion

3.1 Structural studies (XRD)

Figure 1 shows the typical XRD patterns of un-radiated 
and radiated ZnO and ZnO-NiO nanostructure samples, 
respectively. XRD analysis was used to determine 
the crystal structure of the samples. It was observed 
that the crystal structure for both ZnO and ZnO-NiO 
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nanostructures belongs to the hexagonal crystal system 
with space group P63mc. From Figure 1 (a) and (b), it 
is clearly seen the three diffraction peaks match very 
well with the database for ZnO (Zincitesyn, JCPDS 
01-070-807). The diffraction peaks for pure ZnO 
have been observed at 2θ = 31.75º, 34.58º, and 36.35º 
corresponding to (100), (002) and (101), respectively 
with lattice constants a = 3.2489 Å and c = 5.2049 Å. 
From the XRD patterns, ZnO nanostructures were 
crystallized and the prominent peak (101) of pure ZnO 
was selected as preferential orientation along c-axis.
The crystallite sizes were being calculated using the 
Scherrer equation (Saini et al., 2013):  

Where D is crystallite size, λ is x-ray wavelength 
(1.5406 Å), β is full width at half maximum (FHWM) 
and θ is the diffraction angle. The values of the 
calculated crystallite size have been summarized in 
Table 1. The crystallite size for all thin films is in the 
range 20 nm - 31 nm.The crystallite size of ZnO-NiO 
nanocomposite is larger than the crystallite size of ZnO 
nanocomposite.

On the other hand, ZnO-NiO nanostructures as shown 
in Figure 1 (c) and (d) corresponded to the standard 
pattern of zinc nickel oxides (JCPDS 01-078-3346) 
with the dominant peak (101). The zinc nickel oxides 
film reveals peaks at 2θ = 31.8˚, 34.5˚, 36.3˚, 47.5˚ 
and 56.5˚ corresponding to (100), (002), (101), (102) 
and (110) with lattice constants of a =3.2520 Å and 
c =5.2025 Å. The observed diffraction peaks of ZnO 
and ZiO-NiO nanostructuresare consistent with those

reported by Rusdi et al. (2011) and Fernandes et al. 
(2013). From Figure 1 (a), (b), (c) and (d) one may 
conclude that the ZnO and ZnO-NiO components in 
the patterns do not show obvious change, although the 
relative intensity of diffraction peaks showed obvious 
change, and that the peaks do not affect each other’s 
position (Nalbant et al., 2013).

3.2 Optical band gap

The absorption spectrum of radiated and un-radiated 
ZnO and ZnO-NiO nanostructures are measured in 
the wavelength range of 300 nm - 800 nm. The energy 
band gap (Eg) can be determined by plotting the curve 
of 2 against the photon energy, , and extra-
plotting the linear portion of the curve to the  axis. 
The Eg for the films can be calculated using Tauc’s 
equation (Smirnov et al., 2010; Thongsuriwong et al., 
2013),

and n = 1/2 for direct transition. This relation holds 
very well above the exponential tail, where it presents 
a linear behavior. The graphs of 2 versus  
for nanocomposite thin films are shown in Figure 2. 
From these spectra, the band gap energy obtained for 
ZnO nanocomposite thin films, (a) is Eg= 3.20 eV 
whereas the samples containing (b) 30 kGy have Eg at 

(1)

TABLE 1. Crystallite size of ZnO and ZnO-NiO 
nanocomposite fabricated from 

γ- radiation precursor at 0 kGy and 30 kGy respectively.

(a)

(b)

(c)

(d)

ZnO

ZnO

ZnO-NiO

ZnO-NiO

Sample

0

30

0

30

γ-dose (kGy)

25.58

20.90

27.86

30.40

Crystallite size (nm)

Figure 1. XRD patterns of ZnO thin films with γ- radiation at 
(a) 0 kGy and (b) 30 kGy and ZnO-NiO thin films with γ- radiation 

at (c) 0 kGy and (d) 30 kGy.

(2)
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2.25 eV which is slightly attributed to other reported 
by Singh et al. (2010). While ZnO-NiO nanocomposite 
thin films, (c) is Eg= 3.30 eV, the samples containing 
(d) 30 kGy have Eg at 3.20 eV and are  similar to the 
results of Farag et al., 2011). The results of band gap 
energy were summarized in Table 2. This decrease in 
the optical band gap was basically due to the increase 
in the energy width of the band tails of localized states. 
Similar observations have also been reported by other 
researchers (El-Fadl et al., 2004; Najiba et al., 2014).

3.3 Current-voltage (I-V) measurement

The detection of microbes by microbial sensors is 
based on the principle of interaction of electrical  
charges on the microbe’s cell wall with the dangling 

bonds of metal oxides, especially in thin films. Since 
the microorganism’s cell wall is charged, it can be 
assumed that the microorganism carries an electric 
charge (Abdullah et al., 2014; Azmy et al., 2014). The 
current-voltage (I-V) characteristics of the ZnO and 

TABLE 2. Band gap energy for of ZnO and ZnO-NiO 
nanocomposite thin films fabricated from γ- radiation 

precursor at 0 kGyand 30 kGy, respectively.

(a)

(b)

(c)

(d)

ZnO

ZnO

ZnO-NiO

ZnO-NiO

Sample

0

30

0

30

γ-dose (kGy)

3.20

2.25

3.30

3.20

Eg (eV)

Figure 2. The optical band gap of ZnO thin films with γ- radiation at (a) 0 kGy and (b) 30 kGy and ZnO-NiO thin films 
with γ- radiation at (c) 0 kGy and (d) 30 kGy.
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ZnO-NiO nanocomposite thin films were measured 
with and without exposure to Escherichia coli at room 
temperature, as shown in Figure 3. The results can be 
explained on the basis of a change in the concentration 
of charge carriers around the metal oxides thin films 
upon exposure to microorganisms, which in turn affects 
the I-V characteristics. There is a rise in the output current
from the sensor which hasbeen exposed to the Esche-
richia coli. From the results shown in Figure 3, the 

influence of γ-radiation can be seen in the I-V plots and 
the sensitivity of the sensor is observed to be higher 
with γ-radiation. It was also found that the sample 
withlow band gap energy resulted in higher sensitivity. 
Gamma radiation is very sensitive to the vegetative 
cells of bacteria, thus E. coli cells were easily affected 
by gamma radiation. Microorganisms are more 
sensitive to radiation because of a higher presence of 
free radicals (Azmy et al., 2014).

Figure 3. Current-voltage (I-V) measurement of ZnO thin films with γ- radiation at (a) 0 kGy and (b) 30 kGy and ZnO-NiO 
thin films with γ- radiation at (c) 0 kGy and (d) 30 kGy.
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Conclusion

ZnO and ZnO-NiO nanocomposite thin films were successfully deposited on glass substrates by a spin coating 
method. After radiation, the films depicted very good structure and electrical properties. X-ray diffraction analysis 
shows the presence of a peak in the concentration and the presence of a peak indicates high crystallinity. The energy 
gap, Eg, decreased as the γ-radiation increased. The presence of Escherichia coli in the water was identified by 
measuring the changes of conductivity of the thin film using I-V measurement and it proposed to be higher with 
γ-radiation. 
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Abstract

Fruit yoghurt was pre-
pared with the addi-

tion of different ratios (5, 
10 and 15%) of jackfruit 
and mango juice. The 
physical, chemical and 
microbiological charac-
teristics were analyzed to 
assess the quality of yo-
ghurt. The physical parameters showed that 5% JFD 
and 10% MFD came in top position compared to other 
types of yoghurt or Dahi. The fat and protein contents 
decreased in both JFD and MFD but not in plain Dahi 
owing to the lower fat and protein content of fruit jui-
ce.  Acid contents increased in JFD and MFD due to 

the high concentrations 
of fermentable sugars in
fruit juice which promotes 
acid formation. The mi-
crobial concentration of 
fruit Dahi were within 
standard values, though 
the H and K Dahi samples 
contained slightly below 
standard cocci and bacilli. 
The findings confirm that 

the addition of fruit juice up to a certain limit, not 
exceeding 5-10 % of the milk, improved the color, tex-
ture, flavor and taste of yoghurt.

Keywords: Fruit juice, Yoghurt intervention.
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1. Introduction

Dahi is a coagulated milk product produced by using a 
culture of Lactobacillus delbrueckii subsp. bulgaricus 
and Streptococcus salivarius subsp. thermophilus 
bacteria. In addition, Lactobacillus acidophilus, 
bifidobacteria and Lactobacillus casei are sometimes 
added during or after yoghurt culturing (Wikipedia, 
2009). Dahi is the curd resulting from the lactic 
fermentation of milk.  Good quality Dahi or yoghurt has 
a weak jell like junket, clean sweet curd, no proteolysis 
and gassiness, milk color (gold or yellow), cream layer 
on the top, and no off-flavors. Of all cultured milk 
products, yoghurts are well known and most popular 
worldwide (Mansour et al., 1994). Similar to milk 
fruit, Dahi is a healthy and delicious food thanks to 
its high nutritive and therapeutic value (Perdigon et 
al., 2002). It also has medical uses, in particular for a 
variety of gastrointestinal conditions (Adolfsson et al., 
2004). Yoghurt has medicinal properties, stimulate the 
immune system and kill harmful pathogen or bacteria 
in the human gut (Bell, 1994). Moreover, due to its 

low lactose content, it is more easily digestible and 
palatable than milk. 

In our country, sweet and sour types of Dahi are prepared 
from whole cow milk or sometime by mixing dry skim 
milk powder. About 4% of the total milk produced in 
Bangladesh is used in the preparation of Dahi (Mustafa, 
1997) adding Dahi culture at a rate of 1.5 to 2.5 percent 
depending on the season. In contrast, a wide variety of 
yoghurt is available in the supermarkets of European 
countries. At present, there is good demand for fruit 
Dahi (Routary and Mishra, 2011). Fruits such as 
strawberry, jackfruit, apricot and blackberry are usually 
used in manufacturing fruit yoghurts (Rahman, 1998). 
Very little research has been conducted on fruit Dahi 
in Bangladesh. Jackfruit and mango are customarily 
cheap in view of their huge production in summer. 
Keeping this in mind, attempts were made to prepare 
a healthy fermented fortified dairy product to open the 
door to milk marketing. 
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2. Material and Methods

The experiment was conducted from July 2012 to June
2013 in the dairy science laboratory, Sylhet Agricul-
tural University. Raw milk was collected from the 
governmental dairy farm in Sylhet. Jackfruit, mango, 
sugar and starter culture were collected from local 
markets.

Three levels of jackfruit and mango fruit juice were 
incorporated to prepare F, G and H samples of Jackfruit 
(JF) Dahi and J, K, L for Mango fruit (MF) Dahi, 
respectively. In both cases, plain Dahi was prepared 
from fresh milk using a traditional method. Fruit Dahi 
was prepared by adding two types and three levels of 
fruit juice to milk. After collection, the milk was heated 
to boiling temperature until its volume was reduced 
by 20-25 %. Sugar was gradually added at the rate 
of 8-10% during boiling and was stirred thoroughly. 
After completion of heating, the mixture was taken off 
the burner and allowed to cool down to 40°C. When 
the milk’s temperature reached 40°C, it was divided 
over four plastic cups. JF juice was incorporated into 
each cup at the ratios of 5%, 10% and 15% except 
the control (E) group. After the addition of culturing 
agents, the cups were placed in the incubator at 37°C 
until complete coagulation (8-12 hours) was achieved. 
The same process was followed to prepare MFD Dahi. 
Similarly, plain Dahi was prepared with milk and the 

addition of the mother culture following the same 
procedure. Their qualities were monitored by physical, 
chemical and microbial tests. The chemical parameters 
were determined according to AOAC (2003).

The microbial counts were performed by the method as 
described in the ‘Standard Methods for examination of 
Dairy products by APHA (1998).

Statistical analysis was done using SAS 2007/ 9.1
Version for statistically arranged Completely Rando-
mized Design (CRD).   

3. Results

Physical parameters: 

The smell and taste scores of E, F, G, and H Dahi 
samples were 40.22, 43.44, 41.44 and 40, respectively 
(Table 1). There were significant differences in respect 
of the smell and taste scores of plain yoghurt and of 
both the jackfruit and mango fruit Dahi. The highest 
smell and taste scores were recorded in the F type Dahi 
and the lowest in the H type Dahi. On the other hand, 
the K type mango fruit Dahi content scored the highest 
in terms of smell and taste and the L sample was the 
lowest in the smell and taste scoring.

Statistical analysis showed that there were significant 
differences (P<0.001) among the body and consistency 

TABLE 1. Physical parameters of plain, jackfruit and mango fruit Dahi

Smell and 
Taste (50)

Body and 
Consistency 
(30)

Color and 
Texture (20)

Parameter

40.22 c 

22.56 b 

16.00 b 

Plain (E)

40.22 c 

22.56 b 

16.00 b 

Plain (E)

43.44 a 

25.78 a  

18.11 a  

41.44 b 

21.56 b 

15.11 c 

40.00 c 

19.89 c 

13.00 d 

0.391

0.412

0.275

***

***

***

Jackfruit Dahi (JFD)

F G H SEM LS

36.78 d 

23.00 c 

14.67 d 

41.56 a 

26.89 b 

17.33 a 

38.89 c 

25.00 a 

15.44 c 

0.442

0.329

0.355

***

***

***

Mango Fruit Dahi (MFD)

J K L SEM LS

*** = Significant score at 0.1% level.
The above plain, 5%, 10% and 15% JFD Dahi samples were designated as E,F,G,H and Plain, 5%, 10% and 15% MFD Dahi were designated as E, J, K 
and L samples, respectively.
a,b,c and d on the superscript in the same row differ significantly.
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scores of different Dahi types (Table 1). The body and 
consistency scores were the highest in the F sample and 
the lowest in the H type Dahi. In MF Dahi, the highest 
body and consistency scores were allocated to the K 
type and the lowest to the J sample.                                  

These highly significant differences (P<0.001) were found 
among the color and texture scores of different Dahi 
types (Table 1). It was found that the color and texture 

scores were very high in the F sample and very low in 
the H dahi sample. The K sample also scored higher 
in color and texture than the mango fruit Dahi sample. 

Nutritional Status:

The fat, protein, total solids and ash content of different 
Dahi samples are shown in Table 2. 

TABLE 2. Nutritional parameters of plain, jackfruit and mango fruit Dahi

Fat

Protein

Total Solids

Ash

Acidity

Parameters

4.467a

3.67b

24.78d

0.68d

0.95b

Plain (E)

4.467a

3.67b

24.78d

0.68d

0.95b

Plain (E)

4.13b

3.61b

27.89c

0.71c

1.02a

3.78c

3.50c

32.33b

0.73b

0.95b

3.55d

3.40d

41.44a

0.82a

0.97ab

0.046

0.032

0.326

0.003

0.018

***

***

***

***

***

Jackfruit Dahi (JFD)

F G H SEM LS

4.24b

3.51b

27.67c

0.81c

0.98c

3.96c

3.28c

31.00b

0.85c

1.03b

3.70d

3.14d

36.67a

0.90a

1.06a

0.039

0.038

0.331

0.007

0.003

***

***

***

***

***

Mango Fruit Dahi (MFD)

J K L SEM LS

*** = Significant level at 0.1% .
The above plain, 5%, 10% and 15% JFD were designated as E,F,G,H and Plain, 5%, 10% and 15% MFD  were designated as E, J, K and L samples, 
respectively.
A,b,c and d on the superscript in the same row differ significantly.

The maximum fat percentage was recorded in plain 
Dahi (E sample) and the minimum in the H Dahi 
sample. There were significant differences (P<0.001) in 
the fat content of different Dahi samples. The addition 
of mango juice to milk might have decreased the fat 
percent of mango fruit Dahi. 

The average total solids content for E, F, G and H Dahi 
types were 24.78, 27.89, 32.33 and 41.44, respectively. 
There were significant differences (P<0.001) between 
the total solids content of different types of Dahi. 
The total solids content was the lowest in the E Dahi 
sample and the highest in the H sample of JF Dahi. In 
the Mango fruit Dahi, the highest percentage of total 
solids was in the L type and the lowest percentage was 
in the E type Dahi.

There were significant differences (P<0.001) among 
the protein contents of plain and different types of 

jackfruit and mango fruit Dahi. In the jackfruit Dahi, 
the highest protein content was found in the E type and 
the lowest was found in the H type. 

The acidity percentages of E, F, G and H Dahi 
samples were 0.95, 1.02, 0.95 and 0.97, respectively. 
It was found that the E sample had the lowest acidity 
percentage but the highest was in the F Dahi sample. 
There were significant differences (P<0.001) observed 
in respect of the acidity content of the samples. 

The ash content percentages of of E, F, G and H Dahi 
samples were 0.68, 0.71, 0.73 and 0.82 respectively 
(Table 2). Statistical analysis showed that there were 
significant differences (P<0.001) in the ash content of 
different Dahi samples.

Microbiological study:

The percentages of gram positive cocci content in 
the E, F, G and H Dahi samples were 66.00, 62.12, 
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63.75 and 53.23, respectively (Table 3). There were 
significant differences (P<0.001) among the different 
Dahi samples. The highest and lowest cocci counts 
were found in the E plain sample and the H sample 
of JFD. Similarly, the L sample had the highest cocci 
count and the K sample the lowest count. This result 
indicates that the culture contained more gram positive 
cocci. On microscopic examination, gram positive rods 
contained in E, F, G, H types Dahi were 32.89, 33.00, 
35.77 and 41.89 (Table 3), respectively. The H sample 
contained a higher rod count than any other types of 
JFD. On the other hand, the highest gram positive rods 
were in the J sample of MFD and the lowest counts were 
in the E type - plain Dahi. Statistical analysis showed 
that there were significant differences (P<0.001) in 
both JFD and MFD varieties. The yeast count of E, F, 
G and H type JF Dahi were 1.11, 2.11, 3.35 and 4.88%, 
respectively. Table 3 also showed the yeast content of 
different types of JF and MF Dahi. For MFD, the E 
sample contained the minimum level and the L sample 
contained the maximum yeast level. It is evident from 
the study that the Dahi’s yeast content increased with 
the increased level of fruit juice.

4. Discussion

The smell and taste scores of fruit juice yoghurts were 
better than those of plain Dahi. These results were 
supported by Desai et al. (1994) who also found that the 
smell and taste scores of mango and pineapple yoghurts 

were higher than those of plain Dahi. Similar results 
were reported by Keating and White (1990). The body 
and consistency score of 5 % JFD and 15 % MFD were 
higher than those of other types of Dahi. The findings of 
the present experiment concur with the work of Desai 
et al. (1994), Rahman (1998) and Mustafa (1997). 
These researchers found that the body and consistency 
of Dahi or yoghurt improved through the addition of 
fruit juice. Mustafa (1997) explained that the addition 
of fruit juice improved the color and texture of Dahi, 
which corroborates the present findings, but that the 
color and texture of mango fruit Dahi were very high 
at 20% mango juice content. Similar conclusions were 
reached by Ahmed et al. (2010).

Desai et al. (1994) found that fruit yoghurts contained 
lower amounts of fat compared to plain yoghurt. Similar 
results were obtained by Rahman (1998) and Mustafa 
(1997). Rashid and Miyamoto (2005) found that the 
fat content of plain yogurt was 4.31-4.88%. It was 
supported the present study. Ara et al. (2010) observed 
the fat content of plain dahi depends on the composition 
of milk. Yonus et al. (2002) reported a fat content of 
plain Dahi within the range of 0.96 % to 4.3 %. Similar 
observations were made by Desai et al. (1994) who 
found that total solids contents increased significantly 
through the addition of fruit juice. The same results 
were reached by Rahman (1998). Mustafa (1997) 
also conducted an experiment with different types of 
fruit juice and found that juice addition significantly 
increased the total solids content of Dahi Ghosh and 

TABLE 3. Microbial density of plain, jackfruit and mango fruit Dahi

G+Cocci

G+Rod

Yeast

Microbial 
Parameter

66.00d

32.89a

1.11a

Plain (E)

66.00d

32.89a

1.11a

Plain (E)

63.75c

33.00ab

2.11b

62.12b

35.77c

3.35c

53.23a

41.89d

4.88d

0.293

0.366

0.291

***

***

***

Jackfruit Dahi (JFD)

F G H SEM LS

60.89c

41.22c

3.25b

54.78a

41.00c

3.45bc

55.33b

36.44b

4.22d

0.337

0.382

0.285

***

***

***

Mango Fruit Dahi (MFD)

J K L SEM LS

*** = Significant level at 0.1% ratio.
The above plain, 5%, 10% and 15% JF Dahi were designated as E,F,G,H and Plain, 5%, 10% and 15% MF Dahi were designated as E, J, K and L samples, 
respectively.
A,b,c and d on the superscript in the same row differ significantly.
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Rajorhia (1987) observed that the total solids content 
of plain market Dahi varied from 26.92 % to 43.04 
% with an average value of 34.64 %. Kamruzzaman 
et al. (2003) reported that plain Dahi contained a 
lower amount of total solids compared to fruit Dahi. 
The results of this experiment are corroborated by 
the findings of Desai et al. (1994) who explained that 
the titratable acidity of fruit yoghurt was significantly 
increased due to the addition of fruit juice which 
speeded up the process of milk fermentation, which 
explains the higher acidity in fruit Dahi. The findings of 
this experiment are in agreement with those of Rahman 
(1998), Mustafa (1997) and Desai et al. (1994). Similar 
results were reported by Mostafa in 1997. A proper 
ratio of cocci and rods is generally important for 
cultured dairy products to obtain a better quality (Davis 
et al., 1971, and Driessen et al., 1982). Mustafa (1997) 
reported that the yeast content of plain Dahi was 6.33% 

and that fruit Dahi had a yeast content ranging between 
4.0 and 9.0%. The result concurs with the findings of 
Rahman (1998) and Mustafa (1997) on the aspect of 
yeast. Bakri and Zubeir (2009) found that traditional 
plain yoghurt contains more yeast and moulds than 
fruit Dahi and suggested that manufacturers give more 
attention to hygienic practices. 5% JF Dahi contained 
the highest physical score while 10% MF Dahi also 
contained the highest physical score. Addition of fruit 
juice increased the physical score but decreased when 
adding larger amounts. Addition of fruit juice decreased 
the fat and protein content in both JFD and MFD and 
increased the total solids and ash content in both cases. 
Moreover, it increased the acidity percentage with the 
addition of higher amounts of fruit juice. The highest 
gram positive cocci were observed in plain Dahi. The 
increased microbial load might be due to the addition 
of fruit juice but it was not constant.

Conclusion

A variety of plain yoghurts are available in supermarkets, but fruit juice flavored Dahi or milk is an exception. 
Addition of fruit juice in the fermented dairy product might catch the consumer’s attention and uplift the yoghurt’s 
nutritional value as well. On the other hand, it may seasonally reduce production costs. These new dairy products 
might benefit elderly consumers by reducing the risk of blood cholesterol, and would also make use of seasonal 
surplus fruits and therefore profit to farmers. 
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Abstract

In this study, onions of 
the Spanish sweet va-

riety in three size groups 
(small, medium and large) 
were stored for 4 months
in two rooms: a cold 
room at 1- 4°C, 70± 5 % 
of RH, and a traditional 
storage room with about 
20±5°C in ambient RH. 
The onion bulb changes 
in humidity, total soluble 
solids, firmness, weight 
losses, sprouting rate and 
pungency were measured using a completely rando-
mized design and factorial split method along with 3 
replications. The results showed that onion humidity at 
the end of 4 months of cold storage treatment was hi-
gher than in traditional storage. In both storage condi-
tions, the humidity of medium size onions showed no 

significant change. The 
total percent of soluble 
solids in onions increased. 
Onion firmness decreased 
as the onion size increased. 
Weight losses were signi-
ficantly higher in medium 
and large sized onions in 
traditional and cold sto-
rage, respectively. While 
storage conditions had no
effect on the sprouting 
percentage of large and 
small size onions, medium 
sized ones had the highest 

sprouting percentage in the conventional storage room 
and the lowest rate in the cold room. The pungency rate of 
medium and small onions increased under both storage 
conditions, while the pungency rate of large onions 
increased only under cold storage treatment.          

Keywords: Onion, Pungency, Size, Storage. 
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1. Introduction

In Isfahan province (Iran), onions are planted in the area 
of 4000 ha annually and almost 145000 tons of crops 
are produced. All crops cannot be sold in the market and 
therefore some have to be stored. The Spanish sweet 
onion variety is considered one of the most important 
in the region in view of its high yield, good storage 
ability and compatibility with most crop management 
procedures. Considering the low onion prices at harvest 
time and its high price in the incoming year, it is essential 
to select proper storage methods. In addition, bulb 
size plays a determining role in the pricing of onions. 
Researchers mentioned relative humidity of 65 to 75% 
and temperature of -1 to +1°C as standard conditions 
to keep the bulbs in stock (Anonymous, 1997; Imandel 

& Sadeghi, 1995). During the first 2 months of cold 
storage, roots and sprouts are not produced in the onion. 
Root and leaf growths are the result of high humidity 
and high temperature, respectively (Anonymous, 
1997). Research on onion storability at 3-5°C and in 
a a relative humidity percentage of 80± 5 for 3 to 4 
months showed that onion pungency, moisture content, 
storability and bulb weight loss followed increasing 
or decreasing trends depending on the onion variety 
(Kopsell & Randle, 1997). Also, it was observed that 
during storage, the total percentage of soluble solids 
follows an upward trend and then a downward one. 
Investigation of the effect of two relative humidity 
ranges (75-80 and 98-100%) on onion quality showed 
that at a relative humidity of 75-80%, the weight loss 
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was estimated at 8% / month of storage. Under such 
conditions, the firmness of the onion was significantly 
reduced after 7 to 8 months in storage (Van Denberg 
& Lentz, 1973). Benkelbia (2000) indicated that the 
amount of pyruvic acid in the onion bulb depends on 
storage temperature and moisture content of the onion 
bulb. Pyruvic acid content underwent similar changes 
at the two temperatures of 4 and 20°C till the 10th week 
of storage. After 20 weeks of storage, the difference 
between them increased so that keeping onions at 
a 20°C temperature led to a sharp increase in their 
pungency. Also, measuring onion sprouting at these 
two temperatures revealed that sprouting started from 
the fourth week at a temperature of 20°C, but it did not 
happen till week 12 at 4°C.

Studies carried out by Brown (1999) showed that while 
under a temperature of 2 to 4°C, onions could be stored
up to 5 months, a storage temperature between 10 and 
20°C might be the worst condition for onion storage as 
it affects onion quality. At the above mentioned storage 
temperature, sprouting was accelerated as the storage
duration increased. Studies on onion storage at the three 
temperatures of 1, 15 and 30°C reveal that sprouting 
occurred quickly at 1 and 30°C. Furthermore, starch 
content was increased in the bulb at 15°C before sprouting 
which could be regarded as an indication of sprouting 
beginning (Ernest et al., 1999). The effects of storage 
temperatures of 1, 5 and 27°C on the marketability of 
onions were studied by Smittle (1988) who indicated 
a drop of marketability by 20, 13-15 and 1-2% per 
month at 27, 5 and 1°C, respectively. Onion pungency 
depended on the amount of pyruvic acid produced after 
onion slicing. Also, total soluble solids percentage and 
pyruvic acid amounts in the onion depended on its 
genetic characteristics and variety (Lin et al, 1995). 
Lancaster et al. (1998) stated that onion pyruvate 
resulted from hydrolysis of S. Alkenyl Cysteine Sulfo-
xide Enzyme. The highest hydrolysis duration was 
estimated at 5 s after slicing the onion tissues whereas 
the highest pyruvate amount was produced during 20 s 
to 5 min after slicing. Pyruvic acid was the computed 
amount produced by the grown onion bulb as 4-20 
Mmolg-1 (0.35-1.16 mg). Some studies contended that 

that the pyruvic acid amount was related to the onion 
pungency percentage (Schwimmer & Guadagni, 1961). 
Freeman and Whenham (1976) reported that after 190 
days of storage, pyruvic acid first increased and then 
decreased till the 240th day. These changes have been 
attributed to respiration intensity and sprouting effects. 

This paper aims to investigate changes in the qualitative 
and quantitative properties of the Sweet Spanish onion 
variety in three sizes at the end of a 4-month storage 
period with traditional and cold treatments.           

2. Materials and Methods

In this study, the effects of onion size and storage conditions 
were studied on some quantitative and qualitative 
properties of the Sweet Spanish onion cultivar after a 
4-month storage period. A split factorial randomized 
completely block design with three replications was 
used. The main plot included two traditional and cold 
storage treatments. The first subplot included the onion 
bulbs in three sizes: small (less than 5 cm in diameter), 
medium (8-5 cm) and large (larger than 8 cm). The 
second subplot consisted of two storage times, one 
at the beginning and one after 4 months. The sample 
onions of Sweet Spanish variety were prepared. Some 
physical characteristics of the fresh onion are presented 
in Table 1. The curing operation consisted of drying the 
onions and was carried out by storing them in a field 
outdoors for 6 to 7 days. When the outer shell humidity 
reached 12 to 14 percent, they were transferred to 
a storage warehouse. Then, two storage treatments 
involving a traditional one (a room along the field with 
ambient temperature and humidity) and a cold one 
(temperature of 4±1° C and relative humidity of 70 
±5% in a dark environment) were applied. The onion’s 
qualitative and quantitative properties were measured 
before storage and 4 months after. Thus, three bulb 
samples were randomly selected from three size groups 
and their qualitative traits, such as moisture content, 
soluble solids, tissue firmness, weight loss, sprouted 
bulbs percentage (gravimetric method), and pungency 
percent were measured. The moisture content of 
every onion weighed as 5 g from each treatment was 
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measured after being dried at 100 °C for 5 hrs. The 
difference ratio between the initial sample weight and 
the dried one gives the moisture percent of the onion. 
To determine the total soluble solids percent, a desktop 
CHD refractometer model was used. After pouring a 
drop of onion juice on the prism, the brix value was 
read from the calibrated eyepiece. To determine tissue 
firmness, a manual penetrometer device was applied. 
The diameter and penetration depth of the device’s 
probe into the onion were 6.5 and 7 mm, respectively. 
Device accuracy and maximum measurable force were 
0.25 and 4.5 kgcm-2, respectively. Thus, necessary 
pressure for the probe’s penetration into the bulb was 
measured at three specified points on the onion. Given 
numbers were averaged and the obtained number 
indicated tissue firmness. To measure weight loss, the 
onion was weighed at the beginning and again after 
4-months in storage in each of the treatments. The 
weight loss rate against the initial weight gives the 
weight loss percent of the desired onion.     

In order to determine the sprouted onions percent, the 
sprouted onions weight ratio to total weight in both 

treatments has been calculated and then recorded. To 
measure pungency changes during storage, some onions 
were peeled and cut in half. Afterwards, a specific 
weight of the onion with the same weighed water was 
mixed in a mixer to obtain a uniform mixture and put 
in a room for 10 min. The mixture was passed through 
a filter and the resultant liquid was centrifuged with 
the speed of 10000 rpm for 5 min in order to achieve 
two completely distinct phases. 25 ml of the filtrate 
was mixed with 1 ml of distilled water within a tube. 
Afterwards, 1 ml of 0.25 g Di-nitro-phenyl hydrazine 
solution (DNPH) was added to 1 mol of Hydrochloric 
acid and kept in a water bath at the temperature of 
37°C for 10 min. At the end, adding 1 ml of 1.5 M soda 
solution, the sample’s optical absorbance value was 
measured by a spectrophotometer device (Pharmacia 
KB Biochroma model) at the wavelength of 515 nm. 
Results were reported by means of a standard curve of 
sodium pyruvate (Micro mol pyruvate per gram). Data 
analysis and means comparisons of meaningful effects 
were conducted by the SAS software and the MSTATC 
program, respectively. 

TABLE 1. Physical characteristics of the Spanish sweet onion cultivar [8]

(50<)

(50- 80 )

(<80)

Onion size
(mm)

Mean

CV (%)

SD (%)

Mean

CV (%)

SD (%)

Mean

CV (%)

SD (%)

Weight
(g)

54.20

15.77

8.55

107.03

12.51

13.39

199.18

9.85

39.55

Volume
(cm3)

54.39

15.49

8.42

109.11

12.34

13.46

206.83

18.72

38.72

1.04

7.76

0.08

1.05

2.46

0.02

1.12

5.02

0.05

Shape index*

0.99

5.73

0.05

0.98

3.73

0.03

0.96

2.57

0.02

Density
(gcm-3)

*Shape indexes smaller and greater than 1.5 indicate spherical and elliptic shapes of onion bulb, respectively (Bahnasawy et al., 2004). 
CV and SD are coefficient variation and standard deviation, respectively. 
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3. Results and Discussion

Changes in moisture content, soluble solids percent, 
tissue firmness, weight loss, sprouting percent and 
pungency percent have been affected by the storage 
treatment and time and onion size. Looking at Table 2, 
it can be observed that large onions had higher moisture 
content in comparison with small and medium ones. 
Also, the onion moisture content was reduced after 4 
months in storage. Investigating the effects of onion 
size and storage conditions on moisture content showed 
that medium sized onions underwent no changes in 

moisture content under both treatments (Figure 1). 
The mean moisture content of large and small onions in 
cold and traditional treatments, respectively, might be 
more than similar. After a 4-month storage period, no 
changes were observed in the medium onion moisture 
content but a moisture drop was reported in small and 
large ones. The interaction effect of storage time and 
onion size on onion moisture content revealed that 
medium onions underwent no changes in moisture 
content during storage time (Figure 2) while small 
and large onions experienced a drop in the moisture 

TABLE 2. Means comparison of onion variety, storage treatment and time effects on changes in moisture content, soluble 
solids percent, tissue firmness, weight loss, sprouted onions percent and pungency.

Moisture content (%)

Soluble solids (%)

Tissue firmness (kgcm-2)

Weight loss (%)

Pungency (Mmg-1)

Sprouted onions (%)

Measured objects

For every measured trait, means with the same letters have no meaningful difference at the probability level of 5% (Duncan test)

Onion size

92.53 b

8.61 a

2.95 c

7 a

3.03 a

11.53 a

92.34 b

8.55 a

3.61 b

6 b

2.83 b

14.97 a

93.67 a

8.5 a

3.92 a

6 b

2.14 c

12.13 a

Small Medium Large

Storage time

93.19 a

8.96 a

3.46 a

0 b

2.25 b

0 b

92.45 b

8.07 b

3.48 a

13 a

3.41 a

36.27 a

At the 
beginning 
of storage

After 4 
months

92.73 a

8.62 a

3.41 a

6 a

2.72 a

14.46 b

92.86 a

8.46 a

3.53 a

6 a

2.74 a

11.44 a

Storage treatment

Traditional 
storage

Cold 
storage

Figure 1. Interaction effects of storage treatment and onion size on 
onion moisture content.

Figure 2. Interaction effects of storage time and onion size 
on onion moisture content.
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content. Figure 3 shows that in total, the moisture 
drop in traditional treatment is higher than under cold 
treatment. According to Table 2, the percent of soluble 
solids increased as the onion passed time in storage. 
Storage treatment and onion size had no meaningful 
impacts on percentage of soluble solids. Other research 
showed that the soluble solids percent was altered 
during storage (Kopsell & Randle, 1997). Derbyshire 
(1978) observed an increase in fructose levels at low 
temperatures during storage. Increased fructose levels 
influenced the increase of soluble solids percent. Onion 
tissue firmness was not affected by storage treatment 
and time (Table 2) whereas onion firmness increased 
in tandem with the increase in onion size. As Table 2 
has already shown, the increase in onion size totally 
reduced the pungency percent. During storage, the 
pungency percent was increased.

Interaction effects of storage time, onion size and 
storage treatment on pungency (Figures 4 and 5)
demonstrated that in small onions, the two treatments had 
similar changes of pungency which was meaningfully 
increased. In medium onions, the pungency percent 
increased in cold treatment more than in the traditional 
one. Pungency alterations in large onions were of no
meaningful differences in traditional treatment whereas
in cold storage, this increase was meaningful and tan-
gible. Pungency changes in onions have been attributed 
to the respiration intensity and sprouting effects during 
storage.

According to Table 2, small onions experienced consi-
derable weight loss during storage as compared to large 
and medium ones. Averagely, no meaningful difference 
was noted between weight losses of onions stored by 
traditional and cold treatments. In total, a 13% weight 
loss was observed after the 4-month storage period. 
Interaction effects of onion size, storage time and sto-
rage treatment on weight loss are shown in Figure 6.

According to Table 2, almost 36% of onions sprouted 
at the end of the storage period. Onion size had no 

Figure 3. Interaction effects of storage treatment and time on 
onion moisture content.

Figure 4. Interaction effect of storage time and onion size on 
pungency.

Figure 5. Interaction effect of storage time and onion size on 
pungency.
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effect on the sprouting percent and the sprouting 
percent in traditional treatment was 3% higher than 
in cold treatment storage. Investigating the interaction 
effects of onion size, storage treatment and time on the 
percentage of sprouted onions (Figure 7) showed that 
the sprouting percent was varied in medium onions as 

opposed to small and large ones based on the storage 
type. Therefore, the highest and lowest sprouting percen-
tages can be found in medium onions stored by tradi-
tional and cold treatments, respectively. This result 
confirmed that the increase in temperature led to a rise 
in the sprouting percent (Van Bueren & Van den Brook, 
2001). The sprouting percent of large and small onions 
is not influenced by the type of storage treatment.

Figure 6. Interactions of storage time, onion size and weight loss 
percent after 4 months in storage.

Figure 7. Interaction effects of onion size, storage treatment and 
time on sprouting percentage.

Conclusion

The choice of appropriate storage treatment for different sizes of onions can help sustain quality and reduce crop
wastage while separating the onions per their size before storage. According to the results, medium onions (5-8 cm 
diameter) are considered as most suitable for storage in cold treatment where their sprouting percent was 
significantly lower than small and large onions. This helps eliminate the additional costs incurred to clean the 
onions and increase their marketability. 
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Abstract

Several countries have 
begun to take an inte-

rest in building design and 
construction as a way of 
counterbalancing harsh 
climate impacts and sus-
tainability concerns. Coo-
ling and refrigeration ac-
count for about 15% of 
the world’s total electri-
city consumption and as 
much as 40% in highly 
developed countries with hot climate such as Iraq.

Iraqi households pay high electricity bills in summer 
due to the excessive use of fans, evaporative coolers, 
etc. In fact, solar radiation in Iraq at noontime in 
summer can exceed 1000 W/m2 and air temperature 
climbs as high as 48 degree Celsius.   

The objective of this research is to study the impact 
of windows equipped with solar control film on heat 
transfer and energy balance inside the simulation 
model, saving electrical energy through window 

films, and reducing CO2 
emissions.

In the present work, two
wooden cabinets were 
built as simulation models
to investigate the perfor-
mance of solar control 
film. Measurements of 
solar radiation and other 
weather elements were 
made. For simulation pur-
poses, one cabinet was 
fitted with solar control 

film coating on a window’s glass and another was left 
without. Calculations of solar heat gain reduction 
for a small scale test-cell (wooden cabinet) indicated 
that the total difference in solar (heat) gain was about 
451.51W. Moreover, environmental benefits and CO2 
reduction thanks to electrical energy savings through 
window film were calculated and presented.

Keywords: Carbon Dioxide (CO2) Reduction, Cooling, 
Iraq, Solar Control Window Film, Solar Heat Gain, 
Transmittance for Solar Control Film.
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1. Introduction

International concerns and awareness of air quality 
have motivated the shift towards pollution free energy 
production such as solar and wind energies [1]. In 
regions with arid climate, excessive heat is the major 
factor in human thermal discomfort [2]. In such cases, 
cooling becomes a basic requirement for any building’s 
occupants [3]. 

Electricity production in Iraq took a major hit after the 
2003 war. Within a month of the incursion, daily energy 
production dropped from 4,075 to 711 megawatts due 
to post-war looting and sabotage, according to the US 

Special Inspector for Iraq Reconstruction [4]. According 
to the UN’s Inter-Agency Information and Analysis 
Unit (IAU) in Iraq, the electricity supply system is 
“particularly unreliable and serves its users only a 
few hours each day.” Iraq spent around 37 Billion US 
dollars in the past 10 years on the electricity sector, yet, 
the country continues to suffer from an energy deficit.  
Today, as environmental concerns are growing, more 
efficient energy conversion and utilization technologies 
have become cost-effective. Savings on energy bills are 
highly attractive to businesses, industries, etc. 

Environmental conditions impact on all aspects of 
human life, and since the clear part of our life is spent 
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inside buildings, creating a desirable environment within 
these buildings is very important. ASHRAE Standard 55 
defines comfort as ‘that state of mind which expresses 
satisfaction with the thermal environment. [3]. 

Although Iraq is rich in energy resources, improper 
use of these has led to irreparable damages to the 
country’s annual budget, hence the crucial importance 
of a rational use of energy resources and planning 
in the field of energy optimization. Advances in thin 
film coatings for glass windows provide a means of 
substantially reducing heat gain without proportionally 
reducing daylight transmittance inside the building. 
In this project, a Solar Control Window Film (SCWF) 
was applied to the windows of a cabinet. SCWF is a 
sheet of strong polyester laminate treated in a variety of 
ways to improve the look and performance of existing 
windows. One side has a scratch-resistant coating and 
the other has an adhesive that clings to the glass [5]. 
Figure 1 shows the schematic diagram of the SCWF 
component [5]. These window films are made of 
complex layers of various coatings. The diagram 
illustrates the general construction or components of 
the film, where PET (see Figure 1) is a thermoplastic 
polymer resin of the polyester family (Polyethylene 
terephthalate), Metal Layer is a thin layer of one or 
more metals that is sputtered onto the window film, 
Hard coat is a scratch-resistant chemical coating that 
is placed on the exposed surface of the window film, 
PS/CDA adhesive is a pressure sensitive (PS) or clear 
dry adhesive (CDA) that is used to bond the film to the 
window, and the Release Liner is made from PET and 
used to protect the PS/CDA adhesive during storage 
and transportation [5]. The release liner is removed 
immediately before installation and discarded.

SCWF is a spectrally selective film and acts by blocking 
certain wavelengths of the sun’s infrared radiation, 
rejecting heat without reducing natural light, and 
eliminating the damaging and dangerous effects of 
ultraviolet rays [6]. Lampert [7] presented an extensive 
review on the technology and characteristics of these 
coatings. 

In order to decrease the solar heat gain inside houses 
in Iraq, SCWF may be a good choice against the solar 
heat gain caused by windows.

In this research, two wooden cabinets were built to 
serve as simulation of a building. Measurements of 
solar radiation and other weather elements were made 
inside and outside the two wooden cabinets, one with a 
solar control film coating on the windows and the other 
without (see the experimentation section). 

2. Objectives 

The objective of this research is to investigate the 
performance of thin window film in the wooden cabinet 
for purposes of saving electrical energy, as well as the 
reduction in CO2 emissions resulting from the drop 

Figure 1-A

Figure 1-B

Figure 1. Schematic diagram of the component of the Solar 
Control Window Film- (diagram adapted from Ref.5).
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in the building’s energy utilization. Another objective 
is to study the impact on heat transfer of applying 
Solar Control Film to windows. The study includes an 
investigation of the energy balance inside the simulated 
model, calculations of solar heat gain reduction, and an 
estimation of CO2 emission reduction. 

3. Theoretical Background

Heat gain is the rate at which energy is transferred to 
or generated within a space. The origin of solar heat 
gain is the direct and diffuse radiation coming from 
the sun and the sky (or reflected from the ground and 
other surfaces). Some radiation is directly transmitted 
through glazing to the building’s interior, and some 
may be absorbed in the glazing and indirectly admitted 
inside. A certain amount of radiation absorbed by the 
frame will also contribute to the overall window solar 
heat gain factor [8]. Other thermal (non-solar) heat 
transfer effects are included in the overall heat transfer 
coefficient - U-value of the window. Heat gains occur in
many forms, e.g. solar radiation passing through glazing
and other openings, and heat conduction with convection 
and radiation from inner surfaces into the space. Other 
forms of heat gain are given by Kalogirou [9]. Solar 
heat gain through fenestration is considered as the 
largest provider to the building’s envelope cooling load 
and the most important parameter for determination 
of the overall thermal transfer value. Wall and roof 
constructions affect the thermal performance of 
buildings in which a high overall heat transfer coefficient 
(U-value) yields more heat flow by conduction inside 
the building through the walls and roof. 

It would be advantageous to bring energy consumption 
in buildings down to more environmentally friendly and 
more cost effective levels through the use of SCWF. 
The optical and thermal properties of the SCWF were 
investigated by many researchers (10-13). Yin et al. [14]
developed a procedure to estimate the energy perfor-
mance of SCWF as an energy saving retrofit to existing 
buildings in Shanghai, China.  An equation was used by 
Alnaser [15] to model the solar heat gain in a car after 
exposure to sun for a time interval (t). That equation 
was modified and an approximated equation was used 
by Yousif et al. [16] to fit the case of solar heat gain 

(SHG) for a room in a building. Yousif [17] studied 
the advantages of using SCWF to reduce energy 
consumption in buildings in Iraq.  

This literature review shows that studies have been 
carried out on systems with and without solar control 
films using software such as WINDOW [18], and 
Energy-10 [19] which used a standard model for the 
calculation of thermal parameters (ISO-15099, [20]). 
For example, Gueymard and DuPont [18] used the 
software WINDOW 5.2.17 and OPTICS 5.1 for the 
calculation of thermal parameters to classify systems 
that use  one to three glazing layers in six categories: (a) 
window films on glazing, (b) laminates and laminated 
glazing, (c) reference glazing, (d) double glazing – 
electrochromic, (e) double glazing - low-E, and (f) 
triple glazing - clear, heat mirror and low-E. 

For this study, two identical wooden cabinets, A (without 
the use of solar control window film) (WOSCWF), and 
B (windows fitted with solar control window film) 
(WSCWF), were built for simulation purposes.

When the solar control window film is applied to a 
window, it acts by reducing the solar radiation entering 
the wooden cabinet (room) through this window. This 
causes the solar heat gain within the wooden cabinet 
(room) or building (SHG 1) to drop to a lower value 
(SHG 2). The difference, solar heat gain Δ SHG, will be 
given by [16]: 

Δ SHG = SHG 1- SHG 2            (1)

Thus, the difference in solar heat gain Δ SHG in 
wooden cabinet-A (WOSCWF) and wooden cabinet-B 
(WSCWF) can be estimated as [16]: 

Δ SHG = (τb-τa) I Ag + ρairViCair/t {(ΔTb- ΔTf)} 
+ ε σAi (Tfb

4-Tff
4) 

Where τb is trasmissivity of the window glass for 
cabinet-A, τa is the transmissivity of the window 
glass for cabinet-B. I is the solar radiation (W/m2), 
Ag is area of the glass windows (m2), ρair is air density 
(kg/m3)  inside the wooden cabinet, Vi is the interior 
volume of the cabinet (m3), ΔT is the temperature 
difference between the cabinet’s interior and exterior, 
Cair is the air’s specific heat capacity (J/kg K), ε  is  the 

(2)



Kamil M. Yousif / ISESCO Journal of Science and Technology - Volume 11, Number 19 (May 2015) (43-50)

46

emissivity, σ  (= 5.6697x10-8  W/m2K4) is the Stefan-
Boltzmann constant, and Ai is the cabinet interior area. 
The temperature difference ΔTb will be given by [16]: 

 ΔTb= Tfb- Tib      (3-a) 

Tfb and Tib are the final and initial temperatures in 
cabinet-A, respectively.

Temperature ΔTf will be given by [16]: 

 ΔTf = Tff - Tif,      (3-b)

Tff and Tif are the final and initial temperatures in 
cabinet-B, respectively. 

4. Mathematical Model and Boundary 
Condition

The thermal analysis of the systems (two wooden 
cabinets with and without solar control film fittings) is 
in the process of achievement. Results will be reported 
in the near future.

When solar radiation falls on the cabinet’s external and 
internal surfaces, the opposite wood sheet interacts 
with the internal environment at different temperatures. 

Since the impact of high radiation on the thermal 
performance varies, the governing equations of 
momentum, mass, and energy of the air enclosed 
between the two walls (glass  and wood), or (solar  
control film  and wood) need to be solved, modified, 
and developed to incorporate buoyancy. Also, the heat 
conduction equation for the environment, glass, wall 
and solar control film needs to be modified. 

Therefore, the boundary conditions, value, and 
solution of boundary value problems (a solution to 
the differential equation which also satisfies boundary 
conditions), as well as limitation to hot climatic zones, 
will be explained and discussed. The equations of 
motion that govern the natural convection flow in 
the laminar boundary layer have been derived. The 
solution of such heat transfer depends on successfully 
solving the nonlinear Navier-Stokes equation, along 
with the energy equation. With the advent of high 
speed computers, the numerical modeling of complex 
free convective heat transfer solutions has become 
simpler [21]. 

However, and as mentioned previously, the thermal 
analysis results of our systems will be published in the 
near future.  

5. Experimentation 

Measurements were made for the two identical wooden 
cabinets, A and B, which were built and used as the 
study’s simulation of a building. Each cabinet had 
internal dimensions of about 120 cm in height, 70 cm 
in length, and 40 cm in width, as shown in Figure 2, 
with a window-to-wall ratio (WWR) of around 0.178. 

Wooden cabinet B was fitted with a solar control film 
coating on the window glass, and the other cabinet, 
cabinet-A, was left without.  Both cabinets consist of 
upper and lower sections. These sections are separated 
from each other by a wooden shelf. There are two glass 
windows through each of the front and rear faces of 
the upper part. Each glass window measures 26 cm in 
width, 112 cm in height and 0.3 cm thickness.

The front side of the cabinet faces south. Solar radiation 
intensity and other weather elements were measured 
inside and outside the cabinet for ten hours, from 
08:00 to 18:00 local time. The solar radiation intensity 
inside both wooden cabinets was measured during all 
the ten hours outside and inside both cabinets using a 
solar radiation intensity meter. The temperature and 
relative humidity were also measured for the same 
cases and period using a digital thermometer and a 
simple hygrometer. Measurements of wind speed were 

Figure 2. Test wooden cabinets.
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made by means of an anemometer. Readings of the 
solar radiation intensity, temperature, wind speed and 
humidity were recorded every half hour. Because of 
the semi-darkness inside the cabinet after applying the 
window film, a small aperture was made in the cabinet to 
facilitate the task of taking the readings of measurement 
devices. Field measurements were conducted between 
June and early September 2013 in Duhok city, Iraq.  
Measurements of the window glass absorbance and 
transmittance, as well as the Solar Control Window 
Films (SCWF) in the regions of UV, VIS, and NIR 
were made by means of a spectrophotometer (Perkin 
Elmer, Lambda 25). 

6. Results and Discussion

Average indoor hourly temperatures for cabinets A and 
B, together with average outdoor hourly temperatures 
confirm that in summer, temperatures reach values 
beyond comfort levels. The maximum temperature = 46°C 
(outside the cabinet) was observed at 14:00, while the 
highest temperature= 68.5°C inside cabinet A (without 
the use of solar control window film) was measured at 
14.30. With solar window films, significant reductions
in the temperatures are observed (maximum tempe-
rature= 57°C). Concerning the indoor and outdoor 
relative humidity, it was found that there was no 
noticeable change in the humidity both indoors and 
outdoors, with and without the use of the solar control 
window film. Wind speed was in the range 0.5-3.2 m/s. 

The transmittance (TR) of solar control film in the UV-
Visible-NIR region indicates that no light is transmitted 
in the UV region. The TR for both the glass and solar 
control film together is less than 8% at the 400-650 
nm wavelength. Then it increases exponentially to 
about 58% at the wavelength of 750. It was about 57% 
(between the wavelengths of 800 to 1000 nm). The TR 
for glass was 0.87%. 

To study the average performance of the film coating, 
the mean daily solar heat profile based on the 20 sets of 
daily data was determined and is plotted in Figure 3. 
Significant solar heat reductions are observed between 
11:00 and 15:00, indicating a clear sky and the absence 
of clouds. It is observed that the measured solar heat 

data for the two cabinets follow very similar trends 
and peak at the same time (i.e. 14:00). In general, the 
features are quite similar for both curves in the morning 
and the evening, the solar radiation data are mainly 
diffuse in low values, and the solar heat TR becomes 
smaller. The solar heat reduction ranges from 3 to 15% 
in those  periods, while it increases at noon to more 
than 50% due to the component of direct solar radiation 
at high values. This suggests that the solar heat TR of 
the solar control film depends largely on the amount of 
solar heat received. The areas under the two curves in 
Fig. 3 indicate the average daily amount of solar heat 
received by the two cabinets, and the difference is the 
solar heat rejected by the film coating. 

It was found that the measured solar heat varies from 
one day to another but similar patterns can be found 
for the two curves, indicating that the same amount of 
solar radiation falls on the facades of cabinets A and B.

A few other measurements show low solar heat, 
indicating a cloudy sky, dominated by a diffuse solar 
component. This means that the film coating’s solar 
heat reduction ability is directly proportional to the 
amount of solar radiation received and depends on 
the types of solar radiation. Since the two cabinets 
face south, the total solar radiation (pure direct and 
diffuse component) of solar heat would be received in 
the afternoon. Therefore, the performance of the film 
coating in a sunny sky at noon would be much higher  
than some of the values recorded at other measurement 
times coinciding with a cloudy sky. 

Figure 3. Average daily interior solar heat profiles for the 
two cabinets A and B.
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Blocking solar radiation (or solar heat reduction 
percentages) for SCWF is shown in Figure 4. This 
graph highlights the performance of the SCWF. The 
results show that the thin film blocks between 10 and 
90% of solar radiation, depending on the time of day 
and weather conditions, e.g. clouds, haze, etc.  Between 
12:30 and 16:00, the thin film blocks about 90% of the 
solar radiation. A large reduction in solar radiation 
usually represents a sunny sky with a large portion of 
direct sun component. 

7. Calculations of Solar (Heat) Gain

Equation (2) was used to calculate the reduction in 
the solar heat gain in the wooden cabinet under test. 
Following are the calculations of the solar heat gain 
reduction.

The difference between the transmissivity  Δτ of the 
window glazing of the test cabinet before applying the 
film and after applying it is given by:

τb-τa= 0.87 - 0.57= 0.30

Therefore the reduction in the amount of solar heat gain 
due to Δτ of the window glazing caused by window 
film application is give by the amount of (τb-τa).I. Ag, 
which is the first term of equation (2). The average 
value of the solar radiation (W/m2) - I is (900 W/m2) 
and the total area of the glazing is 1.16 m2.

Thus, the value of the first term of equation (2) is

0.30 x 900 x 1.16 = 313.2 W

The value of the 2nd term of equation (2) is = 0.0579 W. 
The value of the 3rd term of equation (2) is 138.25 W. 

The total difference in solar (heat) gain will be: 

ΔPgain =313.2 + 0.0579+138.25=451.51W

The ratio of the glazing area to the total area
Ag/Ai = 0.178, and this led the first term of equation (2) 
to be dominant. The second term is almost negligible. 

Accordingly, for a large scale practical case, if a 
window film of similar properties is applied to the 
windows  of  classrooms in a three-storey school along 
the south perimeter of Duhok, Iraq (with the following 
dimensions: width=5m, height=3m, length=7m), each 
class being equipped with two windows for a total net 
glazing area of 8m2, (e.g. Safen Secondary School),  
and by considering  that  the temperature difference 
ΔTb and ΔTf of equations (3-a) and (3-b) have  the same  
values in both cases (i.e. the test cabinet and  the case of 
classrooms), the results will be as follows: 

The value of the first term of equation (2) is (τb-τa).I. 
Ag = 0.30*900* 8=2160 W, the value of the 2nd term of 
equation (2) is 18.1W, and the value of the 3rd term of 
equation (2) is 6 134.84. The ratio of the glazing area 
to the total area A/Ai is 0.16. This makes the 3rd term of 
equation (2) to be dominant.

The total difference in solar (heat) gain (in the case of 
the classrooms) will be:

ΔPgain = 2160 + 18.1 + 6 134.84= 8312.94 W

This causes the reduction in solar heat gain (in the case 
of the classrooms) to be almost ΔPgain= 8312.94 W. 

For a south-facing three-storey school with 5 classrooms 
on each floor, the reduction in solar heat gain is almost 
ΔPgain=8312.94x 5 x3=124694.1 W

8. Calculation of Reduction in CO2 
Emissions 

Total energy consumption on heating, ventilation and 
air-conditioning (HVAC) systems will be reduced by 
the net difference in solar (heat) gain. 

In the case of the test cabinet, (ΔPgain=451.51 W), the 
savings will average 1648 kWh/year. 

The estimated reduction in CO2 is 1.17 tons (in the case 
of the test cabinets under study). 

Figure 4. Blocking of the solar radiation by solar 
control film.
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This was calculated on a factor of 0.71 Kg.CO2 for 
every kWh. (See Ref. 22).

Likewise, in the case of the school: 

The total difference in solar (heat) gain (ΔPgain=124694.1 W) 
will generate savings of about  455133.465 kWh/year 

The estimated reduction in CO2 emissions is about 
323.14476 tons/ year. For 100 schools (or similar 
classrooms or laboratories at a university) in Duhok, 
the estimated reduction in CO2 emissions will be about 
32314.476 tons/year.

Conclusion

In this research, two wooden cabinets were built for the purpose of simulating buildings in Duhok, Iraq. 
Measurements were made for two wooden cabinets, one was fitted with a solar control film coating on the 
windows glass and the other was left without. This paper investigates the performance of solar control film based 
on a clear window glass in a cabinet. The study is generalized for a large scale practical case if window film of 
similar properties is applied to the windows of classrooms in a school or similar classrooms or laboratories at a 
university at Duhok, Iraq. 

Using the solar control window film in buildings will reduce their energy consumption and subsequently reduce 
CO2 and other greenhouse gas (GHG) emissions. Further advantages in using such film are the reduction of glare, 
heat and UV. It was found that the solar control window film can block a significant amount of the sun’s heat. 
This could help alleviate the air conditioning energy load on buildings.   

Calculating the reduction in solar heat gain for a small scale test-cell (wooden cabinet), and for 15 classrooms 
in a school in Duhok, showed that the net differences in solar (heat) gain are about 451.51W and 124694.1W, 
respectively.   

The estimated reduction in carbon dioxide (CO2) emissions/year due to savings in electrical energy through 
window films was calculated at about 1.17 tons in case of a small wooden cabinet. In the case of 100 schools (of 
15 class rooms each, or similar classrooms or laboratories at a university) in Duhok, the savings are estimated at 
32314.476 tons/ year.

It was observed and confirmed that the thin solar control film’s blocking capacity depends on the time of day, and 
on such weather conditions as  haze, clouds, etc…
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Abstract

The countries of the 
Middle East possess 

an enormous potential for
the development of rene-
wable energy resources. 
This region of the globe
captures a plentiful
amount of direct sunshine, 
which in turn creates both
wind and solar energy. 
Tapping into this poten-
tial will dramatically re-
duce fossil fuel depen-
dency, and thus create a
cleaner environment and
new platforms of socio-
economic growth. Although previous attempts to eva-
luate this renewable energy potential have been small 
in scale and scattered, they have demonstrated an en-

couraging outlook for the 
entire region and lead to 
the contention that there 
is a sufficient amount of
renewable energy to meet
all of these countries’
energy needs. This paper
examines future rene-
wable energy exploitation 
goals for MENA countries 
and explains how solar 
and wind resource assess-
ment and site selection 
models, along with strong 
governmental involvement,
can create success or 
failure in emerging rene-

wable markets.

Keywords: MENA, Middle East, Renewable Energy, 
Solar Energy, Wind Energy.
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1. Introduction

When people hear the term “natural resources”, they 
often think of desirable materials that are stripped from 
the surface of the earth or mined from underground. 
These materials include lumber, minerals, gems, 
natural gas and crude oil. However, solar and wind are 
also part of a country’s natural resource potential and 
similar to those mentioned, they are more abundant 
in some areas than in others. In the Middle Eastern 
and North African (MENA) countries, solar and wind 
resources are abundant and can readily be harvested. 
Both wind and solar energies are regularly replenished 
by the sun, which shines brightly and steadily in these 
countries. Additionally, areas with a good number of 
sunshine hours appear to also have a good probability 
of strong and steady winds.

Tapping into renewable energy sources is not something 
new to the MENA region. The world’s first parabolic 
trough solar plant was commissioned in the Egyptian 
suburb of Maadi, Cairo, in 1913. It was so successful 
that there were plans to build a massive 20,000-
mile plant in the sub-Saharan desert that could have 
produced the same amount of power as the rest of the 
entire planet (at that time) [13]. If it were not for the 
onset of World War I, which waylaid those plans [13], 
solar power may have spent the last century playing as 
important  a role as crude oil products, and may have 
even displaced the petroleum era altogether.

This paper will detail present and future renewable 
energy goals for MENA region countries and will 
present some of the factors that either promote or 
obstruct the realisation of those goals.

ISESCO JOURNAL of Science and Technology
Volume 11 -  Number 19 -  May 2015 (51-59)
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2. MENA Potential, Technical 
Adaptations, Recent Achievements 
and Projected Targets

The MENA region includes Algeria, Bahrain, Djibouti, 
Egypt, Iran, Iraq, Jordan, Kuwait, Lebanon, Libya, 
Malta, Morocco, Oman, Qatar, Saudi Arabia, Syria, 
Tunisia, United Arab Emirates, the West Bank and 
Gaza, and Yemen [16]. MENA has the world’s highest 
potential for renewable energy exploitation. However, 
in the past, renewable did not account for more than one 
percent of the region’s primary energy mix [14]. Rapid 
and sustained increases in global energy consumption 
have encouraged a recent corresponding increase 
in adaptations to renewable energy technologies 
specifically suited to the MENA climate and geography, 
which will allow better collection of wind and solar 
resources. For instance, “Gulf-Spec” solar panels have 
been developed as specially modified for increased 
efficiency in the Gulf countries’ dust and humidity. 

MENA countries are positioning themselves to benefit 
from the development of these technologies, not only 
in the arena of domestic use, but also as an export 
commodity. As a result of these types of adaptations, 
MENA is expected to produce about 3.5 GW of energy 
from renewable in 2015, or nearly 8% of the world’s 
demand. The renewable energy industry in certain 
parts of the MENA region has grown rapidly in recent 
years, spurred by an increase in investment, well-
organised plans and projects, government sponsorship, 
and supportive policies. Countries that have seen 
the greatest successes usually have a high level of 
government intervention in terms of market alterations 
and diversions of community and industry away from 
systems that rely on fossil fuels. 

These policies build a solid foundation for the renewable 
industry, which in turn attracts serious and deep-
pocketed investors. Policy frameworks, coupled with 
renewable energy markets, have developed swiftly and 
today’s outlook indicates that over the next ten years, 
the area’s diversification efforts will shift significantly, 
particularly in the GCC (Gulf Cooperation Council) 
countries. The area witnessed a marked increase in 
investor interest during the 2009-2012 periods, with 
new renewable energy investments totalling more than 

2.9 billion USD in 2012. This was a 40% increase over
the year 2011 and is a 6.5% increase over 2004. Most 
impressively, some of the world’s largest energy players, 
especially national and international oil and gas com-
panies, are now involved in the MENA solar market. 

National resources are being devoted not only to the 
research and development of such technologies, but 
also to their implementation and real-world application. 
Examples of these successful government interventions 
include: 

• The UAE Masdar city, aiming to develop the 
world’s most sustainable eco-city.

• Enertech is the branch of Kuwait’s National Tech-
nology Enterprises Company, (NTEC), respon-
sible for strategic investment in renewable and 
clean technology [12].

• Saudi Arabia’s KA-CARE King Abdullah City 
for Atomic and Renewable Energy which focuses 
on policy and research.

• Saudi Arabia’s King Abdullah University of 
Science and Technology, where R&D focus is on 
water / solar and solar-powered desalinisation plants.

Moroccan projects are largely responsible for the recent 
40% jump in the region’s investments between 2011 and 
2012. It is in that country’s city of Ouarzazate that the 
Saudi Arabian company ACWA Power International, 
together with World Bank financing through the Climate 
Technology Fund, developed and built a 1.16 billion 
USD CSP (Concentrated Solar Plant), which boasts a 
160 MW capacity. In the city of Tarfaya, a 563 million 
USD, 300 MW wind farm was developed by the 
Moroccan company Nareva Holdings [7].

Meanwhile, Saudi Arabia houses the world’s largest CSP 
plant, the UAE’s 100 MW Shams-1 project, valued at 
765 million USD and 20% owned by France’s Total SA. 
Also in Saudi Arabia, the 0.5 MW Farasan Island PV 
(Photovoltaic) plant was developed through financing 
from Royal Dutch Shell’s Japanese subsidiary; Showa 
Shell Sekiyu KK [20].

MENA countries are also motivated by the European 
Union’s stated desire to transmit large amounts of solar 
and wind-derived power from their territories into 
Europe via a cross-continental power grid, with the goal 
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of meeting as much as 20% of the continent’s energy 
demand. Such a transmission would save the EU about 
€33 billion annually. It is further expected that global 
energy demand will increase by 40% by 2035 [14]. 

Renewable energy technology targets in the MENA 
region are adapting to the change in investments and the
continuously increasing demand for energy. Table 1
below shows recently announced MENA countries targets:

TABLE 1. The most recently announced MENA country targets [2],[3],[9],[10],[15],[18],[22].

Algeria

Libya

Morocco
Tunisia 

Egypt

Jordan

Lebanon 

Syria

Bahrain

Iran

Iraq 

Kuwait 

Oman 

Qatar 
Saudi Arabia

 
UAE

Yemen

Country

15% 2020
40% 2040
7% 2020
10% 2025
42% 2020
11% 2016
25% 2030

40% installed 2030
20% 2020 

7% 2015
10% 2020
12% 2020

5% 2025

5% 2020

10% 2025

2% 2016

5% 2015
10% 2020
15% 2030
10% 2020

2% 2020
50% 2032

Dubai 5% 2030
Abu Dhabi 7% 2020 
20% 2030 (2.5 GW)

15% 2025

Targets

37% Solar (PV and CSP)
3% Wind
Solar PV

Solar PV and CSP
Wind 1.7 GW 2030
Solar PV 1.5 GW 2030
Solar CSP 500 MW
8% Solar PV & CSP
12% Wind
Solar PV & CSP (460MW Solar farms, 110MW roof panels)
Wind (800 MW)
Solar PV & CSP 100-150 MW 
Wind 400 MW
1000–1500 MW of Wind Power
250 MW of PV Solar plant
PV Solar
Wind
Solar PV & CSP
Wind
240 MW Solar PV
400 MW Solar CSP
80 MW Wind 
Solar PV 15%
Solar CSP 40%
Wind 10%
Solar PV
Solar CSP
Wind
Solar PV
Total 54GW
Solar PV & CSP 42 GW
Wind 9 GW
Solar PV
Solar CSP
Wind
400MW Wind
100 MW CSP
4 MW Solar PV

Type of Technology
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3. Wind Contribution

As can be seen in Table 1, wind energy is projected to
play nearly as large a role in future industry developments
as solar energy. Wind energy is an avenue that is attracting 
a great deal of research and investment. Countries such 
as Morocco and Oman boast several locations with 
brilliant natural wind profiles and high wind speeds, 
while countries such as Iran and Turkey are planning 
to incorporate large wind farms in order to supplement 
their overall energy profile and decrease their depen-
dence on foreign imports [16],[13]. Wind energy is 
one of the sources of electricity in Egypt, Morocco and 
Tunisia [6], and by the end of 2012 eight countries had 

a wind power capacity totalling 1.1 GW [9]. 

Additionally, Saudi Arabia is analysing wind potential 
for remote villages in order to decrease high energy 
costs that result from having long transmission lines 
[19]. Jordan is even considering wind turbines as the 
means of operating brackish water reverse osmosis 
desalination plants [11]. Due to the MENA countries 
varied topography, the nature of the wind is not the 
same everywhere. The geographical character of a 
location affects wind speed, which in turn affects wind 
potential. The wind potential for the MENA countries is 
graphically presented in Figure 1 [21] at a 100 meters 
hub height:

Figure 1. Annual average wind speed for MENA countries[21]

4. Can MENA Meet its Solar and Wind 
Targets?

There are many factors that will affect whether or not 
any specific MENA country is successful at meeting its 
stated renewable energy goals. As mentioned earlier, 
government involvement and active participation 
in developing policies and redirecting market 
dependencies plays acrucial role in the initial success or 
failure of an emerging renewable infrastructure. When 
MENA governments do not or cannot aid the budding 
technology by protecting it against well-established 
fossil fuel-based energies, it will be very difficult for 
renewable technologies to break through the market. 

In addition to establishing an industrial infrastructure, 
cultural acceptance must be created through public 

awareness and education campaigns, and regulations 
must beset to standardise the new technologies. 
Countries suffering from a high level of internal 
unrest, such as Egypt, Syria, Iraq, Yemen and Libya 
will find it difficult to either implement or enforce such 
policy and market changes, and their lack of stability 
will additionally turn off investors. These nations are 
therefore highly unlikely to meet even modest goals, 
despite past achievements.

Where internal stability is not an issue, success can rest 
upon the depth of planning. This has been achieved 
to a limited degree in Morocco and Algeria; countries 
that are leading the region in tangible gains, by 
implementing highly structured regulatory codes and 
well organised plans for expanding renewable energy 
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capacity, despite the lack of financial resources. Still, 
without securing more foreign investments, even these 
countries will struggle to meet their goals by the set 
deadlines. 

On the other hand, very secure and economically stable 
countries such as UAE and Saudi Arabia will rank 
very highly and are expected to meet all of their goals, 
due to government support, with Saudi Arabia being 
expected to reach the greatest achievement with up to 
54GW of renewable energy capacity by 2032. Iran, and 
other GCC countries are also expected to achieve their 
targets by 2020.

5. Solar and Wind Resource Assessment

One of the best ways to guarantee success in the 
development of renewable technologies is via proper 
planning and preparation, and the best way to achieve 
that is through the development and use of the “Solar 
and Wind Resource Assessment” (SWERA) program, 
which like any other technical project, requires 
planning and coordination and is constrained by budget 
and schedule limitations. It also demands a clear set 
of objectives so that the best approach is selected. A 
SWERA’s ultimate success rests on the quality of the 
program’s assets—sound siting and measurement 
techniques, trained staff, quality equipment, and 
thorough data analysis methods [23].

Unfortunately, the deployment of this method is not 
yet utilised across MENA. The ‘UAE Solar Atlas’, 
developed by the Research Centre for Renewable 
Energy Mapping and Assessment (Re CREMA) at the 
Masdar Institute of Science and Technology is a good 
start. However, many MENA countries do not yet 
have any type of atlas for their own renewable energy 
resources. A SWERA maps out the best locations for 
building either solar plants or wind farms. Not using 
the SWERA program is equivalent to not having a 
map that tells you where all of your country’s woods, 
mineral deposits, rivers, underground water, oil, and
natural gas reserves are located. However, the inter-
governmental organisation IRENA (International Rene-
wable Energy Agency) has published the Global Atlas
for Renewable Energy, which is closing the gap between

nations by providing access to the datasets, expertise 
and financial support they need to evaluate their 
national renewable energy potentials [8]. Starting with
solar and wind, IRENA is expected to expand the initia-
tive to encompass all renewable energy resources. 

6. Solar and Wind Potential Assessment 

Renewable energy resources in the MENA region can 
be categorised with respect to power generation as 
follows [4]:

• Direct solar irradiance on surfaces tracking the 
sun CSP;

• Direct and diffused solar irradiance on a fixed 
surface tilted towards the south according to the 
latitude angle (photovoltaic power); and

• Wind speed (Onshore and offshore wind power 
plants).

For the MENA region, the following three indicators 
must be examined to properly assess renewable energy 
potential: 

• Technical indicators, those which could poten-
tially be exploited using current technology.

• Performance indicators, such as the average 
renewable energy yield which can be potentially 
generated.

• Economic indicators that will allow new plants in 
the medium and long term to become competitive 
with other renewable and conventional power 
sources, considering their potential technical 
development and economies of scales [4].

7. Solar and Wind Technology Options for 
MENA and Site Selection Factors

Concentrated solar thermal power generation is by far 
the greatest renewable energy resource in the MENA 
region. Photovoltaic technology can be widely used for 
small size farms as well as large complex systems. The 
two main characteristics that make concentrated solar 
power a key technology for MENA’s future renewable 
energy supply mix are that:

• It can deliver secured power as requested and 
on-demand.
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• It is very abundant and practically unlimited.

Other solar power technologies can also be exploited, 
such as those used in heating and cooling systems.

Wind energy can also be used to balance the increasing 
energy demand. The wind turbines that are most 
suitable for the MENA region fall into the 1kW – 250 
kW range for onshore sites. If future consideration 
includes offshore wind power, then those turbines will 
fall into the 250 kW – 2.5 MW range. Through the 
ideas and adaptations presented in this paper, we can 
ease this evolution with the best possible outcomes. 
SMART technologies and intelligent systems are one 
of the key factors for the transitioning of a net neutral 
community in these countries [6].

In addition to solar radiation or wind speed availability, 

there are many parameters that must be considered in 
order to correctly select the right solar or wind site.  
For instance, choosing a site as the result of high 
average wind speeds alone will be insufficient. The 
probability of their occurrence and the height at which 
they are measured must also be considered. Most 
available figures are at a height of 10 meters, which 
must be carefully converted to other heights in order 
to determine their utilisation possibility. Additionally, 
these figures must be supported by data derived from 
a remote sensing research facility. When considering 
solar energy sites, an important parameter for the site 
selection is the annual solar radiation levels at different 
orientations versus tilt angles. Figure 2 below displays 
the methodology to consider in order to identify appro-
priate solar farm sites.

Figure 2. Solar power site selection factors [8]

When placing solar panels, it is beneficial to not only 
consider ecological parameters such as environmentally 
sensitive areas and land accessibility, but also econo-
mical parameters, such as energy production potential, 

existing transmission system, and the solar power 
market [8]. The solar and wind energies site selection 
parameters are shown respectively in Tables 2 and 3 
below:
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TABLE 2. Solar energy site selection parameters [5].

TABLE 3. Wind energy site selection parameters, [1], [17].

Wind energy potential

Land issues

Criterion

•  Wind frequency distribution.
•  Wind power density.
•  Annual mean wind speed.
•  Gusts and extreme turbulence.
•  Land size.
•  Topography and soil conditions.
•  Availability.
•  Roughness and obstacles (flat, smooth, open, coastline, mountains, tunnelling gaps, no trees, 

sloping).
•  Conservation.
•  Transport (roads and railways).
•  Cultural heritage and archaeology.
•  Distance from residential areas.
•  Internationally- designated areas, such as: 

o  SPA (Special Protection Areas), 
o  SAC (Special Areas of Conservation), 
o  Ramsar site (sites are designated under European legislation and are afforded more 

protection under law in this respect).
o  World heritage site.

•  Existing land use (agricultural, cattle, sheep, grazing and cutting for silage).
•  Masts for communication signals.

Sub-Criterion

Demand and supply 

Slope 

Direct normal irradiance / solar potential 

Proximity to roads

Distance to transmission/power lines or 

pipelines

Sand/dust / fog risk 

Access to water source

Enviro-sensitive areas 

Land cover /use profile (accessibility) 

Visual impact

Weather history

Solar panels specifications(to match the 

selected site)

Natural disaster risk

Cultural heritage 

Criterion

Potential energy demand and generation capacity of local areas/regions, which can 

be assessed to determine the optimal size of the farm.

The land’s slope affects the direction of receiving the radiation.

Solar potential information to area of interest.

Proximity minimizes construction and maintenance costs.

Long distances lead to loss of power and connection to network.

A combination of dust, mist and fog. 

Necessary for cooling the panels.

Effects should be specified according to the local areas.

Accessibility of land to another land.

The aesthetic regarding the surrounding environment.

The amount of expected during the different seasons of the year.

Different system configurations for different sites.

Risks of  flood, earthquake, dam burst, etc. 

Protecting the cultural heritage.

Description
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Benefits

Economical

Social and political

Wind turbine related 
issues

Risks and technical 
issues

•  Special scientific interest.
•  Distance from green belt.
•  Broad-leaves woodland.
•  Veteran trees.
•  Water courses.
•  Wetlands.
•  Flower-rich meadow.
•  Mature hedgerows.
•  Geological and hydrological conditions (drainage, water sedimentation, water supply issues, 

streams, rivers, lakes, or other watercourses/ aquatic habitat on or within 200m-500m).
•  Proper selected height of installation.
•  Affordable technology.
•  Policy supports.
•  Capital cost.
•  Operation and maintenance cost.
•  Land cost.
•  Payback period.
•  Incentives.
•  Electricity market.
•  Public interest and acceptance.
•  Government policies.
•  Job creation.
Noise.
Visual impact.
Size, scale and layout, which could affect the visibility of these turbines to a certain distance.
Shadow flicker.
Aviation.
Air defence.
Electrical connectivity.
Electro-magnetic interference.
Distance from the power network.

Conclusion

Solar and wind energies are part of a country’s natural resources and should be valued as highly as all other 
indigenous resources. The Middle East and North Africa (MENA) countries have an abundance of these resources 
to tap at will into. The proper exploitation of these resources relies upon strong governmental involvement, which 
includes setting policies and regulations, markets alterations,  developing detailed & thorough project plans, and 
implementing a “Solar and Wind Resource Assessments” (SWERA) program. Renewable energy targets are 
unlikely to be met for some unstable and limited financial resource countries. International (particularly EU) 
support is needed to achieve the best utilization. EU countries can get a very good source of power supply if they 
encourage investors to undertake projects in the MENA region. Higher public awareness and education are major 
factors that MENA governments need to enhance in order to achieve a Net-Neutral Community. Community 
Zero Energy behaviour is essential. This can be materialised by setting community goals for energy use. 
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Abstract

In the present study, a 
novel solar industrial 

wastewater treatment unit 
was designed, constructed 
and tested under actual 
meteorological conditions 
of Greater Cairo, Egypt. 
Non-conventional treatment 
and decontamination of 
highly polluted wastewater 
such as solar degrada-
tion is the new approach 
and currently the focus 
of intense investigations 
in view of their potential 
for revolutionary technological applications in the 21st 
Century. Industrial wastewater is considered as chemi-
cally polluted water that causes most of water-borne 
diseases. The pollution potential of textile dyes has 
been primarily attributed to their possible toxicity and 
carcinogenicity. Color is the first contaminant to be re-
cognized in wastewater and has to be removed before 
discharge into water bodies or on land. This is mainly 
due to the fact that many dyes are made from known 
carcinogens and other aromatic compounds. The pho-
tocatalytic degradation of dyestuffs from aqueous syn-

thetic samples as well as 
from real textile wastewa-
ter representing industrial 
color-containing waste-
water from a textile com-
pany will be used in this 
study to investigate the 
performance efficiency of 
the system for color re-
moval and decontamina-
tion of pollutants. Results 
showed that the treated 
water was colorless, held
minimum chemical conta-
minates and was pathoge-
nically decontaminated. 

Experimentally, the system was affected by meteoro-
logical conditions such as ambient temperature, wind 
speed, solar radiation intensity, pollutant concentra-
tion in the wastewater, the quantity of water exposed, 
and the water contact time in the system. The use of 
solar energy for water treatment processes will provide 
good potential for using renewable energy on a  large 
scale for a non-conventional wastewater treatment plant 
using clean energy in the coming decades.

Keywords: Industrial Wastewater Treatment, Photoca-
talytic Degradation, Solar Energy.
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1. Introduction

In view of the noticeable shortage of power resources 
and the high cost of energy supply in developing countries, 
Egypt has to find a renewable source with low cost infra-
structure and minimum operation and maintenance 
facilities. This innovative system was manufactured to 
bridge the gap between available and required energies 

in industrial zones, and to offer a clean technology to 
the industrial sector.

The pilot plant under investigation represents an 
independent unique innovative prototype that can be 
implemented for all categories of industrial wastewater 
at the small and medium scales with no need for 
electric or other power sources, especially in remote 
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and new communities. Wesley, 2001, stated that due to 
the nature of industries and the projected uses of water 
in the receiving streams, various waste constituents 
may have to be removed before discharge, especially 
dyestuffs, soluble organic pollutants such as phenol, 
heavy metals, cyanide, and toxic chemicals. These 
undesirable waste characteristics present aesthetic 
problems even though they may not be particularly 
deleterious for most water uses. In addition, the 
discharge of industrial effluents from textile industries 
containing highly colored dyes into aquatic ecosystems 
and their efficient removal from the textile industry 
continues to be a major environmental challenge. 
Different techniques, including almost all known 
physical, chemical and biological processes, were 
described for de-colorization and the final conclusion 
was that each process alone might not be able to 
meet requirements (Sidra et al., 2012). Moreover, 
Bizani et al. (2006) showed that the photocatalytic 
degradation of two commercial azo dyes in the 
presence of TiO2 suspensions had been investigated, 
where de-colorization was achieved within 100 min of 
illumination, while in the presence of TiO2 and UV, a 
complete color disappearance occurred in less than 50 
min of light exposure. Also, Sahel et al. (2010) showed 
that photocatalytic degradation of a mixture of two 
anionic dyes was investigated where the amount of 
each dye in the mixture was compared individually and 
mixed, with the degradation of both dyes having the 
same discoloration rate, both individually or mixed at 
low dye concentrations. Consequently, Ibrahim et al. 
(1998) concluded that anionic acid, reactive, and direct 
Ciba dyestuffs were effectively removed from their 
aqueous solutions as well as dye house effluents. Results 
indicated that the CR percent followed a decreasing 
order: Direct > Acid > Reactive, respectively. On 
the other hand, when utilizing cement kiln dust as an 
adsorbent to remove color from synthesized disperse 
and vat aqueous solutions, as well as from textile 
industrial wastewater, results showed that color in 
all cases was totally removed from all samples up to 
99.9%, respectively. Moreover, El-Awady et al. (2005) 
concluded that the photocatalytic degradation of dye-
stuffs from aqueous synthetic samples, as well as from 
real textile industrial wastewaters in the presence of 
an artificial source of ultraviolet irradiation, did occur. 

The utility of Hydromag - TiO2 in the photocatalytic 
degradation of aqueous as well as dyestuff effluents 
showed a complete destruction of acid, reactive and 
vat dyestuffs, respectively at their optimum operating 
conditions. Accordingly, Sandeep et al. (2012) compared 
the adsorption isotherms and photocatalytic de-
colorization of two anionic dyes, Reactive Red 120 
(RR120) and Reactive Black 5 (RB5), in a single dye 
solution to that containing their mixture. Both dyes 
showed adherence to Langmuir adsorption isotherms 
in the single dye solution. 

2. Experimental Set Up

The solar Industrial Waste Water Treatment System 
(IWWT), as shown in Figure 1, was experimentally 
installed at the National Research Centre, Dokki, Cairo, 
Egypt. The next paragraphs briefly describe the system 
operation. The industrial waste water was stored in 
a chemically polluted elevated water tank fixed on a 
two-meter high metal frame. The cold contaminated 
water was then passed from the raw water tank into the 
solar IWWT unit through a Fan Coil Unit (FCU) which 
represents the air-water heat exchanger to exercise a 
cooling effect on the coil surface. This causes the humid 
air coming from the solar IWWT unit to condense on the 
coil surface and the ensuing condensate is accumulated 
in a galvanized steel basin located under the coil. A DC 
fan is used to convectively force the humid air across 
the coil surface. The DC fan is fed with electricity from 
a solar PV module located beside the solar IWWT unit. 
This ensures that the system operates independently 
from the national electricity grid.

Figure 1. Photographical view of the novel Solar Industrial 
Wastewater Treatment Plant
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The warm contaminated water outlet from the FCU is 
introduced into the solar IWWT unit which consists 
of a black painted metal basin of 1m2 in surface area. 
The water is passed at the desired flow rate through 
10 manufactured 1-meter long channels. The water 
sample is thus exposed to solar radiation in the heated 
basin with a total stroke of 10 m before the outlet of the 
solar IWWT unit. Some of the water evaporates due 
to heat and mass transfer inside the thermal enclosure. 
The humid air then condenses on the inner surface on 
the truncated pyramidal glass cover. The accumulated 
condensate is let out of the system through the basin 
corners. Following is a detailed description of the 
system components:

The wooden base: The wooden base is manufactured 
in dimensions of 1 m x 1 m and at a 5-centimeters thick-
ness. It is designed to serve as a support frame to which 
are affixed 4 wheels to make the system easily movable 
when needed. These wheels are supported by a manual 
brake to halt the system’s motion.

Metallic basin: The basin is made out of a galvanized 
steel sheet of 1 m2 and a thickness of 1mm. It is designed 
as square-shaped with a 5-centimeters height. Nine 
galvanized metal strips with a height of 4 cm and a 
thickness of 0.5 mm are fixed to the basin to create 10 
identical channels, as shown in Figure 2. The basin has 
two inlet and exit ports, each port is designed to have 
two connections, one for the inlet or exit and the other 
for the drain. When the industrial waste water sample 
enters the metal basin, it passes through the 10 channels 
in sequence, each channel is 1 meter in length, thus 

making the total water stroke 10 meters at the desired 
flow rate.

Glass cover: Four strips of transparent glass are used 
to cover the water basin. Each strip is designed in a 
trapezoidal shape with a minor base of 30 cm and a 
major base of 1m, and a thickness of 4 mm. When the 
four glass strips are attached to the basin and sealed 
from each side by a silicon rubber, they form a truncated 
transparent pyramidal shape with a base of 1m x 1m 
cross sectional area, while the top is a 30 cm x 30 cm 
cross sectional area, as shown in Figure 2. 

Fan Coil Unit: The FCU consists of three parts. The 
first one is the electrical fan that is designed as a DC fan 
to be powered by the system. The second part is a solar 
PV module intended to ensure that the system operates 
as a standalone unit in any place, regardless of the 
presence or absence of a national electricity grid. The 
third part of the FCU is the copper coil which serves 
as a heat exchanger to cool the humid air in the system 
to be condensed at the coil fins and accumulated in a 
condensed water basin located under the coil.

3. Materials and Methods

Commercial anionic dyes:

a- Kiton Scarlet 4R: It is also known as Victoria 
Scarlet 3R, Strawberry Red with the molecular 
formula:  C20H11N2Na3O10S3 and the molecular weight: 
604.473048. The following Figure 3 represents its 
chemical structure. 

Figure 2. Photographical view of the 
metallic basin and glass cover.

Figure 3. Chemical structure of 
Kiton Scarlet 4R.
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b- Reactive Blue No. 9: [2-anthracene-sulfonic acid,
1-amino-9,10- dihydro-9,10-dioxo-4-((3-((2-(sulfooxy)
ethyl) sulfonyl) phenyl)amino)-, disodium salt] (CAS 
Reg. No. 2580-78-1).

The chemical structure of Reactive Blue No. 19 is 
shown in Figure 4. 

c- Spectrophotometer: A UV/VIS Spectrophotometer 
with Integral Printer was used to detect the maximum 
wavelength (λ max) of both dyestuffs used in the 
reactor and to detect the residual as well as color 
removal efficiency along the experimental work. 

d- Raw feeding stock solutions: About 40 liters 
from each aqueous dye waters were freshly prepared 
dye solutions of 10 microgram per liter each with the 
addition of chlorine free tap water to represent the raw 
aqueous feeding water. The raw water was transferred 
to the main feeding tank.

e- Solar unit operation: The raw feeding water was 
prepared to adapt the hydraulic retention time, flow 
rate, sunshine and sunset to the meteorological data of 
the system.

4. Results and Discussion

4.1 Detection of the maximum wavelength of both 
dyestuffs: 

Wavelength scanning was carried out for the two 
dye solutions. The results showed that the maximum 
wavelength of the Kiton Scarlet was 434 nm, while it 
was 662 nm for the Reactive Blue.

4.2 Evaluation of the novel Industrial Wastewater 
Treatment Plant (NIWWTP) performance in the 
removal of two dyes from industrial solutions: 

Several experiments were conducted to investigate the
system’s performance. In each experiment, weather 
conditions such as ambient dry and wet bulb temperatures 
and solar radiation intensity were measured. Also, 
the wavelength scanning of the periodical samples 
throughout the experiment’s schedule was carried out. 
A sample weather conditions experiment day is shown 
in Figure 5.

4.3 Kiton Scarlet and Reactive Blue dyestuffs:

• A stock solution was freshly prepared in the feeding 
tank, while the continuous flow was adjusted to fulfill 
the optimum retention time. Sequential frequent 
samples were collected along the test period; each 
sample was collected after 15 minutes.

• Raw, as well as treated samples were collected and 
analyzed for the residual dye concentration.

• Results were collected and analyzed.

• The results showed that a gradual reduction was 
observed during collection time, while total color 
removal was observed after 60 minutes for the first 
dye (Kiton Scarlet) and after 120 minutes for the 
second dye (Reactive Blue). 

All results were recorded for the standard novel 
Industrial Wastewater Treatment Plant without any 
additional parameters. Progress and more efficient 
removal can be fulfilled with additional parameters 

Figure 4. Chemical structure of Reactive Blue No. 19. 

Figure 5. Ambient temperature and solar radiation variation of 
the test day.
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such as catalyst or other enhancement parameters. The 
initial dye concentration of the first dye type (Red Kiton 
Scarlet 4 R Acid- Ciba anionic dyestuff) was 4.0994 
while for the second dyestuff (Reactive Blue anionic 
dyestuff) it was 6.21432.  This means that two different 
concentrations were used to investigate the system’s 
capability to treat industrial wastewater.  

The percentage of dye removal from the water sample 
versus retention time for both the heavily concentrated 
Reactive Blue dyestuff and the moderately concentrated 
Kiton Scarlet 4R red dyestuff is shown in Figure 6. It is 
clear that the moderately concentrated Kiton scarlet 4R
red dyestuff was totally removed from the water sample
within a retention time of 60 min. The heavily concen-
trated Reactive Blue dye stuff, on the other hand, was 
totally removed from the sample within a retention 
time of 120 min. This means that the higher the sample 
concentration the higher the retention time needed.

The residual dye concentration of the studied dyestuff 
is presented versus the exposed solar radiation dose, 
as shown in Figure 7. It is clear that the moderate 
concentration of Kiton Scarlet 4R red dyestuff was 
totally removed from the water sample when it was 
exposed to 455 Wh/m2, while the heavily concentrated 
Reactive Blue dyestuff was totally removed from the 
water sample when it was exposed to 870 Wh/m2, all of 
which means that solar energy can positively contribute 
to industrial wastewater treatment. Considering that 
the daily average solar radiation dose falling on a 
horizontal surface in Cairo is about 5500 Wh/m2/day, 
there is room to encourage the use of solar energy as an 
industrial wastewater treatment technique.

The solar photo-degradation of the commercial anionic 
dye, namely Diphenyl Red 5 B Direct dyestuff and the 
fate of color degradation along the reactor basin are 
illustrated in Figure 8 and 9.

Figure 6. Percentage of dye removal from the water sample versus 
retention time.

Figure 7. Residual dye concentrations from the water sample 
versus solar radiation dose.

Figure 8. Flow stream of Red Anionic dyestuff.
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Figure 9. Flow stream of Blue Anionic dyestuff.

Conclusion and Recommendations

Findings show that the system fulfills the following:

1. A remarkable reduction of both dyestuffs.

2. The quality of the treated industrial wastewater complies with the regulatory guidelines on wastewater 
disposal in water bodies.

3. The condensate can be safely reused in all categories of industrial sectors.

4. The system is fully operational with a solar energy source.

5. The novel system is a safe way to treat wastewater as a clean and cheap technology.

6. The reuse of the reclaimed water as a non-conventional water source. 
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Abstract

The amount of energy
radiated to the earth 

by the sun exceeds the an-
nual energy requirement 
of the world population. 
Making use of this ine-
xhaustible energy source 
for our everyday electri-
city requirement is the 
great challenge of the 
present and the future. 
The generation of electric 
energy from the sun via 
photovoltaic (PV) gene-
ration is one of the most 
eligible candidates in this 
regard. For PV applications, the accurate simulation 
of the PV module performance, which is an important 
point in the accurate design of these systems, depends 
mainly on the electrical parameters of the PV module 
(series resistance, reverse saturation current, short 
circuit current temperature coefficient, and ideality 
factor). Also, knowledge of the effect of ageing on the 

PV module’s performance 
after a certain period re-
quires an accurate identi-
fication of these parame-
ters. This paper presents 
accurate methods to ob-
tain the PV module elec-
trical parameters through 
practical measurements 
for its current-voltage (I-V)
characteristics under dif-
ferent operating conditions 
(different solar radiation 
intensity and module tem-
perature) using an accu-
rate data acquisition 
system. The paper then 

compares the theoretical performance of the PV mo-
dule using the identified parameters with the measured 
curves to work out the accurate determination of the 
PV module parameters.

Keywords: PV module Parameters, PV Measurements, 
Photovoltaic Simulation.
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1. Introduction

The strong demand for alternatives to fossil fuel-based 
energy sources and growing environmental concerns 
have boosted interest in solar (photovoltaic, PV) cells 
as a long-term, exhaustless, environmentally friendly 
and reliable energy technology. Continuous efforts to 
develop various types of solar cells are being made in 
order to produce solar cells with improved efficiencies 
at a lower cost, thereby taking advantage of the vast 
amounts of free energy available from the sun. Due to 
the rising costs of conventional energy and its limited 
supply, PV energy has become a promising energy 
for the future in the world [1]. The PV system is a 

generating system using the photoelectric effect which 
changes the light energy into electric energy. And 
the performance of the PV system is dependent upon 
radiation and temperature [2].

Most solar cell parameters can be obtained from simple 
current-voltage (I-V) measurements. Figure 1 shows 
the I-V characteristics of a typical solar cell under 
forward bias and illumination. The short circuit current 
(Isc) is the current through the solar cell when the 
voltage across the solar cell is zero. The open circuit 
voltage (Voc) is the voltage across the solar cell when 
the current through the solar cell is zero and it is the 
maximum voltage available from the solar cell. The 
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maximum power point (MPP) is the condition under 
which the solar cell generates its maximum power 
(Pmax); the current and voltage in this condition are 
defined as Imax and Vmax, respectively. The fill factor 
(FF) and the conversion efficiency (h) are metrics 
used to characterize the performance of the solar cell. 
The fill factor is defined as the ratio of Pmax divided by 
the product of Voc and Isc. The conversion efficiency 
is defined as the ratio of Pmax to the product of the 
input light irradiance and the solar cell surface area. 
Therefore, it is of prime importance to measure the 
I–V characteristics with high accuracy under natural 
environmental conditions [3].

The equivalent circuit used to model the DC behavior of 
a typical solar cell is shown in Figure 2. The equivalent 
circuit, which describes the static behavior of the solar 
cell, is commonly composed of a current source, a pn 
junction diode and a shunt resistor (Rsh) in parallel along 
with a series resistor (Rs). The current source models 
electron injection from light. Rs is the total Ohmic 

resistance of the solar cell, which is essentially the bulk 
resistance. Smaller Rs values equate to increased solar 
cell efficiencies. Rsh accounts for stray currents such 
as recombination currents and leakage currents around 
the edge of the devices. In this case a larger Rsh value 
equates to increased solar cell efficiency since it means 
that the stray currents are reduced.

From the equivalent circuit of the typical solar cell, we 
can write the cell current as follows:

Since the shunt resistance of the PV cell is much greater 
than its series resistance, the current Ish becomes much 
smaller compared to the other currents in the cell. 
Therefore, this current will be neglected as it will not 
cause a large error in the PV cell simulation model [4]. 
Then, equation (1) can be written as follows:

And, I–V characteristics of a PV cell can be expressed 
in terms of the cell current and voltage as follows [5]:

The PV cell photoelectric current and reverse saturation 
current will be calculated respectively using the fol-
lowing equations [6]:

Figure 1. I-V characteristics of a typical solar cell.

Figure 2. Equivalent circuit of a typical solar cell.

(1)

(2)

(3)

(4)

(5)

(6)

(7)
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Since the photovoltaic module consists of series of 
connected solar cells, the I-V characteristics of the whole 
module can be derived by scaling the characteristics of 
one cell with a factor equal to the number of cells in 
series. Then equations (4) and (5) will be modified to 
the following pattern:

Equations (8) and (9) simulate the current-voltage 
characteristics of the PV module, provided that the PV 
module parameters such as series resistance, reverse 
saturation current, short circuit current temperature 
coefficient and module ideality factor are known.

Several methods for the determination of photovoltaic 
module parameters are proposed by different authors 
[7-10]. An accurate knowledge of the photovoltaic 
module parameters is essential for the design and 
quality control of solar modules and for simulating their 

performance. These parameters are often determined 
using experimental data under a given illumination and 
temperature [11]. 

The present paper presents an accurate method to 
estimate  PV module parameters such as module series 
resistance, reverse saturation current, short circuit 
current temperature coefficient, and ideality factor 
based on practical measurements of I-V curves for the 
PV module under different operating conditions. 

2. Practical measurements

Practical measurements of the I-V curves of the PV 
module depend mainly on the data acquisition system 
(DAS). DAS is used to record the signals from the 
different sensors that are used for measuring the 
different physical parameters of the PV system. These 
measurements include the incident solar radiation on 
the surface of the PV module, PV module surface tem-
perature, module voltage, and module current. These 
parameters can be measured and recorded via a PC 
driven by AD card [12]. Figure 3 shows the electronic 
circuit diagram for the proposed data acquisition system.

(9)

(8)

Figure 3. I-V Electronic circuit diagram for the proposed data acquisition system.
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As shown in Figure 3, using the data acquisition 
system, the PV module voltage can be measured 
accurately by using an LV 25-P voltage transducer with 
galvanic isolation between the primary circuit (high 
voltage) and the secondary circuit (low voltage), while 
a current transducer LA 25-NP is used to measure 
the PV module current. A thermopile pyranometer, 
mounted on  the PV module structure and parallel to the 
module of type Kipp and Zonen (model CM5-774035) 
is used to measure the solar radiation intensity. A type 
K thermocouple is used to measure the PV module 
surface temperature.

3. PV module

The PV module is a thin film triple junction silicon 
solar cell technology with a maximum output of 64 W 
(at STC 25 °C ambient temperature and 1000 W/m2 
global radiation). The complete specifications of the 
PV module are listed in Table 1. 

4. Determination of the PV module 
parameters

The PV module parameters that needed to be determined 
are the module series resistance (Rs), reverse saturation 
current (Io), short circuit current temperature coefficient 
(Ki), and ideality factor (A). The next sections describe 
the methods of detecting these parameters.

4.1. PV module series resistance

The series resistance modifies slightly the shape of 
the I-V characteristics of the PV module. It causes a 
reduction in the slope of the I-V characteristics in the 
region of the peak power point. For more efficient PV 
modules, its series resistance must be very low [13]. 

To obtain more accurate estimates of Rs, a series of 
forward biased I-V measurements are made using 
different values of input light irradiance (please see 
Figure 4). First, a forward-biased I-V measurement 
under an arbitrary light irradiance is made and a value 
V1 that is slightly higher than Vmax (as shown in Figure 
4) is selected. Next, a value of ΔI is calculated where 
ΔI = Isc1(0) - Isc1(V1). This process is then repeated more 
times using lower values of light irradiance as shown 
in Figure 4. Finally, Rs is estimated by averaging R1, 
R2 and R3, as shown below [13]. Figure 5 shows the 
group of practical measured I-V curves used in these 
calculations.

Where

                                             ,                       ,

TABLE 1. PV module characteristics at STC.

Maximum power                                                     

Operating temperature                                             

Open circuit voltage                                                 

Short circuit current                                                 

Dimensions in cm3                                                  

Weight                                                                     

64 W

47°c

27.1 V

4.8 A

137 cm x 74.1 cm x 3.2 cm

9.17 Kg

Figure 4. Determination of the PV module series resistance.

Figure 5. Measured I-V curves of the PV module at different
radiation levels (Temp. 45 °C).

(10)

(11)
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4.2. Other PV module parameters

The PV module light generated current, Iph, equation 6,
slightly differs from the practical PV module short 
circuit current. This difference resulted from the 
temperature coefficient of the short circuit current, Ki, 
equations 8 and 9. Also, the I-V characteristics of the 
PV module presented in equations 8 and 9 is valid only 
for a certain solar radiation and module temperature. 
If the solar radiation or the module temperature is 
changed, then another I-V characteristic for this module 
can be drawn. Equations 8 and 9 contain two important 
parameters that are the PV module saturation current, 
Io, and module ideality factor, A. These parameters 
can be calculated by curve fitting for the measured I-V 
characteristics of the PV module, shown in Figure 5, 
with the theoretical model in equations 8 and 9, based 
on the least square method. 

5. Test the estimated PV module 
parameters

The obtained parameters of the PV module from the
previous sections are listed in Table 2. These parameters 
will be used in the simulation of the PV module charac-
teristics at different temperature and radiation levels. 

Figures 6 and 7 show the measured and calculated 
I-V curves of the PV module at different operating 
conditions. From these figures, it is clear that there 
is good agreement between the calculated and the 
measured values of the PV module characteristics, 
which indicates the accuracy of the method used to 
get the PV module parameters based on practical 
measurements.

TABLE 2. Calculated PV module parameters.

Series resistance, Rs

Reverse saturation current, Io

Short circuit current temperature

coefficient, Ki

Ideality factor, A

1.055 Ω

1.9955 x 10-9 A

0.0014 A/°C

1.48

Figure 6. Measured and calculated I-V curves of the PV module at 
778 W/m2, 45 °C.

Figure 7. Measured and calculated I-V curves of the PV module at 
676 W/m2, 45 °C.

Conclusion

The present paper introduces an effective method used for determining PV module series resistance, reverse 
saturation current, short circuit current temperature coefficient, and ideality factor based on practical measurement 
of I-V curves for the PV module under different operating conditions. The determination process depends mainly 
on the accurate measurement of the module characteristics and calculation of the module parameters via the 
slope of the I-V curve and curve fitting with least square method. The agreement between the measured and the 
calculated I-V curves of the PV module explains the quality of the method used to get the module parameters.
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Ideality factor.
Band gap for silicon (1.1 ev).
Solar radiation on the PV cell surface (W/m2).
Diode current (A).
PV cell reverse saturation current (A).
PV cell reverse saturation current at reference temperature, Tr (A).
PV cell light generated current (A).
PV cell short circuit current at STC (A).
Shunt current (A).
Boltzman’s constant (1.38x10-23 Nm/°K).
PV short circuit current temperature coefficient (A/°C).
The number of cells in series in the PV module (22).
Electron charge (1.6x10-19 C).
PV module series resistance (Ω)
PV module shunt resistance (Ω)
PV module surface temperature (K).
Reference temperature (298 K).
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Abstract

Nanotechnology deals
with the study and 

manipulation of matter 
at minute scales of the 
order of less than 1mm in 
length, and is a leading 
research topic among 
scientists and engineers. 
This study discusses the contributions that nanotech-
nology has to offer in the context of renewable energy. 
Focus is mainly on improvements in efficiency, feasibi-
lity and supply of renewable energy resources. Specific 
emphasis is placed on hydrogen technologies.

Considerable growth is being witnessed in the rene-
wable energy industry. Climate change, triggered by 

greenhouse gas emissions, 
and consequent changes 
in public opinion, and 
pressure have all resulted 
in renewed interest in re-
newable energy sources. 
Only certain specific areas 
of renewable energy tech-
nologies, such as mate-

rial strength and its physical properties, are influenced 
by nanotechnology as there are no alternative means of 
achieving the desired thermochemical/electrochemical 
efficiencies than through the use of nano-scale techno-
logies.

Keywords: Renewable Energy, Nanotechnology, Photo 
Electro-chemical Cells, Fuel Cells.
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1. Introduction

The area of examination in this study is the impro-
vement in hydrogen technologies with special 
emphasis on photo-electrochemical technology and 
hydrogen storage techniques. In photo-electrochemical 
technology, improvements in hydrogen production are
achieved through improvements in surface area pro-
perties and fabrication techniques on nano-scale. Re-
search on the use of nanotechnology in renewable 
energy is still at its budding stages, hence this study 
which outlines certain technical issues that can lead to 
improvements in output, process efficiency and costs.

2. Solar cells-photo electrochemical 
hydrogen production 

The configuration of a potential solar cell employed 
for hydrogen generation is one using a photo-
electrochemical effect with water as an electrolyte. 

The use of a photo-electrochemical cell is encouraged 
because of the low cost of fabrication as no vacuum 
equipment is involved [1]. Low to average efficiencies 
have been achieved. However, certain existing problems
involve improvements in the glass substrate conductivity 
[2], the surface recombination of electrons [3], and the 
spectral absorbance of specialized dye molecules. 

a. Solar cells-the photo-electrochemical effect

Although the operation of photo-electrochemical devices 
and photovoltaic devices differs slightly, the electron 
collection and excitation requirements are identical. 
Photo-electrochemical cells are composed of 

• Electrons carrying nano crystalline particles

• Electrolyte solution and conducting substrate

• An adsorbing dye

The nano particle network is surrounded by a monolayer 
dye that injects electrons into the network, which then 
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transports the electrons to the electrode for collection. 
The whole conductor which is usually an electrolyte 
solution (water in the case of hydrogen generation) 
restores the dye to its base state. An oxidization reaction 
causes donation of an electron to the dye monolayer 
[4]. An external circuit introduces electrons causing a 
reduction of the oxidized electrolyte [5]. Equations 1 
and 2 represent the reduction reactions as follows:

The generation of hydrogen and the generation of 
electricity from photo-electrochemical cells are almost 
identical, except that in the former case water (H2O) is 
used as an electrolyte. A high surface area is required in 
photo-electrochemical cells in order to trigger electron 
excitation and collection. This characteristic is perfectly 
fulfilled with the help of nanotechnology.

b. Nanotechnology & photo-electrochemical cells

Nanotechnology has a lot of potential to advance 
research in photo-electrochemical cells in a number of 
ways, including:

• Introduction of mesoscopic pores in nano-
crystalline films;

• Addition of nanoparticles to electrodes;

• Enhancing the conductivity of glass substrates; 
and

• Decreasing the electron recombination.

One of the main improvements nanotechnology has
made in photo-electrochemical cells is the replacement 
of bulk semiconductor materials with nano-crystalline 
films. Nano-crystalline films are made up of nano-
particles ranging in size between 7 and 10 nm in 
diameter, with a high surface roughness, thereby 
providing a greater surface area, and facilitating the 
injection of electrons and reduction reactions [6]. 
Furthermore, these nano-crystalline films are also meso-
porous, which further increases the surface area, thus 
allowing the maximum possible area to absorb the 
sensitizing dye [7]. Nano-technology has enhanced 

harvesting from photons through the embedding of 
nanoparticles (400 nm in diameter) within the electrode 
material. This has resulted in a photo-electrochemical 
cell with an efficiency of almost 11% [8]. A similar 
technique is being used to improve the conductivity of
glass substrate. In this technique, a dual layer of 350 
nm fluorine doped tin-oxide with 650 nm tin-doped 
indium oxide is used, resulting in a sheet resistance of 
1.30 ohm/square which is one of the lowest measures 
for optically transparent glass [2]. The surface recom-
bination of electrons has also been reduced through the 
introduction of magnesium impurities to tin oxide nano-
crystalline film. These impurities have been found to be 
very effective in removing the recombination areas in 
the surface of nano-crystalline films, thus increasing the 
electron harvest from the solar cell over the entire solar 
spectrum. Presently, hydrogen generation from photo-
electrochemical cells is still under research, although 
with advances in nanotechnology and improvement in 
efficiency, photo-electrochemical cells would be able to 
produce large quantities of hydrogen at an economical 
rate.

c. Efficiencies of photo-electrochemical cells 

Research in photo-electrochemical cells is still in its 
early stages and the efficiencies achieved are based 
on laboratory values and are not commercial values. 
Hydrogen conversion efficiencies up to 5% [5] have 
been achieved with some tandem designs where half 
of the cell is responsible for the oxidation reaction and 
the other half for the reduction reaction. This design 
is more economical compared to the multi-junction 
cell which is more efficient but has higher fabrication 
charges. Efficiencies up to 20% have been achieved with 
multi junction cells that are manufactured by stacking 
multiple semi-conductor layers capable of harvesting 
the solar spectrum at a broader range. The efficiency 
of these devices is improving in an incremental fashion 
that can lay the foundation for constructing commercial 
prototypes.

3. Fuel cells - electricity generation

A fuel cell is a device that operates through an electro-
chemical function and in which the replacement 
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of reactants is a continuous process. This is a very 
beneficial renewable energy application as it does not 
cause direct pollution and has no limitation as regards 
thermal efficiency. Fuel cells are thus able to convert 
chemical energy directly into electricity at a high 
efficiency rate (35-70%) [9]. Material performance and 
high costs have limited the use of fuel cells despite a long 
history. However, with the advent of nanotechnology 
and material research, the electrode technology is now 
more advanced and has found greater applications in 
the automotive field.

a. Generation technique in fuel cells

Proton exchange membrane fuel cells generate electri-
city in the following way: the anode of the fuel cell 
is supplied with hydrogen where it dissociates into 
electrons and protons; the electrons pass through an 
external electric circuit to reach the cathode while 
protons pass through an electrolyte membrane; oxygen 
is supplied to the cathode separately where a catalytic 
reaction with the electrons and protons produce heat 
and water. In order to yield a significant voltage value, 
multiple fuel cells are arranged to form a cell-stack [10].

In order to achieve high mass flow rates and reagent 
contact, electrodes of either carbon or metal have to 
be specifically engineered for high surface areas and 
porosity. Platinum is generally used as a catalyst 
attached to the electrodes. However, due to the high cost 
and limited availability of platinum, alternate materials 
for developing electro-catalysts are still an important 
research area. Electrolytes in fuel cells are generally 
proton conductors that are in the form of a membrane 
but do not allow electricity flow. As membranes are 
to be hydrated, issues of water management in fuel 
cells need to be addressed as well. Other aspects of 
significance to fuel cell operation include temperature, 
pressure, catalytic fouling and reagent flow rates.

The microbial fuel cell is another design currently under 
research where the transfer of electrons takes place 
through an organism. Presently, the selection of microbes 
and transfer mechanisms is the focus of current research 
[11]. Nanotechnology is likely to play an important role 
in the development of microbial fuel cells.

b. Nanotechnology and fuel cells

Nanotechnology has specific solutions for fuel cell
electrodes and electro-catalysts. In this regard, platinum 
and its alloys are known effective electro-catalysts, 
while platinum–ruthenium is regarded as most effective 
in the oxidation of methanol [12]. Unfortunately, if 
platinum is used as an electro-catalyst in fuel cells 
for all automotive internal combustion engines, it 
would deplete the entire global supply of platinum 
several times [13]. If nanotechnology is applied, 
materials can be developed that can either replace or 
be used in combination to produce electro-catalysts 
that are of equal or superior performance. The nano 
scale manipulation of materials thus results in lower 
platinum usage with higher efficiency in the desired 
applications. 

Chan et al. [12] maintains that in order to progress in 
fuel cell industry, it is necessary for the development of 
electro-catalysts to take place at nano scale. With the 
help of these techniques, it is possible to have mixed 
metal nanoparticles in carbon structures that can easily 
adapt to various fuels and electrolytes.

Another fuel area cell where nanotechnology is making 
its impact is the reformation of fuels that can be used 
within a fuel cell for hydrogen generation. In the case of 
Uemiya [14], it has been found that the hydrogen yield 
is substantially increased by the use of micro-porous 
metal membranes, while the separation of hydrogen is 
improved through steam reforming and membrane use.

c. Fuel cell - economics

The fuel cell cost is difficult to compare with conven-
tional power generation methods since the energy 
generated by a fuel cell is normally meant for a 
portable application and in magnitudes that cannot be 
sold to an electric grid. Moreover, the economic gain 
by use of nanotechnology is also difficult to calculate 
in terms of benefit to the fuel cell industry. Most of the 
research pertaining to nanotechnology is only labo-
ratory based and does not offer a cost estimation of the 
process. However, it has been estimated that the cost of 
catalysts is likely to fall sharply. An additional issue is 
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the availability of cheap hydrogen that directly affects 
the economy of fuel cell output. Hydrogen production 
through steam methane reforming is currently the most 
cost effective method [15]. However, it correlates 

directly to the cost of conventional fossil fuels. Nano-
technology, together with fuel cell research, can effec-
tively make fuel cells an attractive source of energy 
generation for the future.

Conclusion

The contribution that nanotechnology can make to the development of renewable energy resources, and conse-
quently to power output, through hydrogen production involves research initiatives in the renewable energy 
sector. These improvements have the potential of addressing the global issues of climate change, reduction of 
greenhouse gases, alternate fuels, and also of enhancing the efficiency of existing power generation methods. 
The techniques discussed reveal the potential of improving hydrogen production and, consequently, of making 
hydrogen a future energy carrier in the hydrogen economy.

The technologies discussed in this study have demonstrated a lab-scale efficiency improvement. However, the 
economics of these technologies have to be evaluated to represent an economic improvement. A utility-scale 
production of electricity may not be possible with the current technology, but advances in nanotechnology are 
offering other multiple benefits in the form of development of infrastructure, technical innovation and public 
awareness of renewable energy applications. Nanotechnology has great and constantly growing implications for 
renewable energy, a matter that can lead to a higher potential of energy generation and storage.
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Abstract

This paper describes a 
future trend in which 

biomass becomes a first
rank primary energy used
worldwide based on the 
premise that biomass 
combustion is a carbon-
neutral process. Should 
biomass be explored as 
tomorrow’s energy for 
small power generation in
Indonesia? The climate 
change status is briefly 
described, especially with 
regard to the 2095 atmo-
spheric concentrations 
target of 550 ppm across 
the board. This exceeds 
the target set in the Copenhagen Accord which limited 
it to 450 ppm by 2100 to ensure that global temperature 
increases are kept at 2C.

With Indonesia’s forests as resources of woody biomass, 

the elements of forest 
ageing, decline and die-
back which account for 
this resource’s degradation 
are described here. Indo-
nesia’s energy situation, its
renewable energy share in
electricity development, 
declining fossil fuel re-
serves, biomass use for 
cooking and the possibi-
lities of implementing bio-
mass planning for small 
power generation are also
addressed here. Biomass 
gasification, catalysts, 
global partnership in the 
transfer of green techno-
logy know-how and other 

suggestions are also described. 

Keywords: Biomass - Gasification, Catalyst, Climate 
Change, Forest, Reduced Emission, Small Power 
Generation.
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1. Climate Change Status

Figure 1 left shows the ‘unequivocal’ warming of the
climate system. The low data from Koto Tabang indi-
cate the sequestration impact of Indonesia’s forest. 
Figure 1 right shows that CO2 increased from 386 ppm 
in 2009 to 400 ppm on 2 May 2013. This indicates a 
yearly CO2 increase rate of 3.5 ppm. The Copenhagen
Accord states that CO2 concentration in the troposphere 
must not exceed 450 ppm by 2100 to ensure that the 
global temperature increase is kept at 2C [1]. This means 
that only 50 ppm are left for the 87 years separating 
2013 and 2100, or 0.57 ppm per year. The International 
Energy Agency (IEA) reported that in 2010, emissions 

from fossil fuel burning reached 30.6 Giga tones of 
CO2 equivalent. The total, including Land Use, Land-
Use Change and Forestry (LULUCF), reached 50 Giga 
tCO2eq. The IEA predicted that CO2 concentrations will 
reach 420 ppm in 2017 [2], which translate into a CO2 
increase rate of 5 ppm a year. The Cancun Agreement 
suggests further discussions on whether the global 
average temperature is should be decreased to 1.5 C at 
the next COP meeting 2015 in Paris.[3]

When an aircraft is gearing up to land, passengers can 
see the land below on TV screens at the back of each 
passenger’s chair. All mega cities emit CO2. Human 
activities in housing areas, commercial buildings, in-
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dustries etc. emit CO2. For lighting, fossil fuels are 
pumped up then processed and burnt for conversion. 
Without CO2 sequestration facilities, CO2 floats up in 
the atmosphere, blanketing the earth and triggering 
global warming. Over pumping aquifers for various 
purposes reduces the earth’s capability to support 
human life. Human civilization has changed the earth’s 
skin.

Indonesia’s rain forest will absorb the CO2 floating 
around it. With photon from the sun, the photosynthesis 
process begins and oxygen is produced and released 
into the atmosphere. The photon and CO2 are absorbed 
by proteins that contain green chlorophyll pigments. 
These proteins are held inside chloroplasts which are 
most abundant in leaf cells. 

Considering this tiny process, the forest in Kalimantan 
will not absorb the CO2 directly emitted in the USA or 
Europe.

Oceans surrounding the archipelago are the sequestration 
facilities that help lower CO2 concentrations as moni-
tored by the Koto Tabang monitoring stations which 
feature lower levels than those taken at Mauna Loa 
(see Figure 2). Al Gore states: “Warming of the climate 
system is unequivocal”, and “Most of the observed 
increase in global average temperatures since the mid 
twentieth century is very likely [90% probability] due 
to the observed increase in anthropogenic greenhouse 
gas concentrations”.[5;6;7]

Fig. 1: Left: CO2 concentrations  from the monitoring stations of KotoTabang-Indonesia (purple) and Mauna Loa-Hawai (green), Global 
Average (black), processed by NOAA.[4]

Right: CO2 concentrations profile from the Mauna Loa monitoring station showed 400 ppm on 2 May 2013.

(a) (b)
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Can humans halt their emissions of greenhouse 
gases? 

In the next UNFCCC meeting in Paris, environmental 
activists worldwide should encourage their governments 
to engage in a-forestation and reforestation in order 
to increase CO2 sequestration facilities, as well as 
encourage people to reduce their CO2 emissions. 
Humans need to have a more charitable spirit in the 
sense of a higher willingness to lower their high living 
standards.

In 2007, the IPCC assessment reported the estimated 
economic mitigation potential by sector and region 
through the use of technologies and practices expected 
to be available in 2030 (Figure 3). It does not include 
lifestyle changes. The ranges for economic potential 
in each sector are based on end-use allocations of 
emissions; meaning that electricity-related emissions 
are counted towards the end-use sectors (not the energy 
supply sector). The building sector shows the highest 
economic mitigation potential. Bottom-up studies sug-

(c)

Figure 2. Contrast outlook, (a): Indonesia’s rain forest [Gallo-Getty’s photo]as carbon sinks, (b): Chicago,(c): Paris,
(d) A sequestration facility among sky scrapers in the New York megacity.

Retrieved from internet on 14 February 2015.

(d
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gest the following: at a carbon price <20 USD/tCO2eq. 
and <100 USD/tCO2eq., the economic mitigation 
potential is 9-17 GtCO2eq./year and 16-31 GtCO2eq./
year respectively. 

The reduction relative to SRES A1B emission projection 
(of 68 GtCO2eq.) in 2030 is 14-25% (<20) and 23-46% 
(<100).

The reduction relative to SRES B2 emission projection 
(of 49 GtCO2eq.) in 2030 is 19-23% (<20) and 32-63% 
(<100).[8]

The energy supply and transport used the World Energy 
Outlook (WEO) 2004 baseline.

The building sector used a baseline between SRES 
A1B and B2. 

For industry, the SRES B2 baseline was used. For 
agriculture and forestry the baselines mostly used were 
B2 driving forces, and for waste use was made of SRES 
A1B driving forces.

The 2007[9] IPCC Special Report on Carbon Dioxide 
Capture and Storage shows two different integrated 
assessment models to predict global primary energy 
and the corresponding contribution of CO2 mitigation 
until 2095. The six ranks of primary energy used in 
B2-SSO-Message (Figure 4b) are: Biomass (26.26%); 

Solar and Wind (20.86%); Gas-CCS (16.16%); Coal to 
Gas substitution (13.47%); Nuclear (9.09%); and Oil 
(5.78%). 

Both models feature biomass as the top primary energy 
used by humans worldwide.

The B2-SSO-Message (Figure 4d) shows that CO2 
is emitted by four technologies: Renewable Energy 
(36.76%); CCS (31.62%); Coal to Gas substitution 
(16.91%); and Conservation and Energy Efficiency 
(14.71%). CO2 emissions are expected to stabilize at 
550 ppm, which exceeds the 450 ppm target set in the 
Copenhagen Accord. 

Can the environment support this projection? 

The research of Craig D. Allen et al. (2010)[10] found 
that climate change tends to amplify tree mortality 
worldwide. This might exacerbate the risk of forest 
shrinking and various trees worldwide might not grow 
well.

2. Indonesia’s Energy Situation

The 2012 Handbook of Energy and Economy Statistics 
of Indonesia [11] published by the Ministry of Energy 
and Mineral Resources  (KESDM in Bahasa) shows that 
the primary energy used in 2011 was 1,490,771barrels 

Figure 3. Estimated economic mitigation potential by sector and region
using technologies and practices expected to be available in 2030. [8]

Energy supply     Transport Buildings Industry Agriculture Forestry Waste
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of oil equivalent (BOE), consisting of: natural gas 
(458,952 103BOE), coal (334,143 103BOE), crude oil 
(327,422 103BOE), biomass (280,171 103BOE), other 
fuels (200,795 103BOE), LNG (197,244 103BOE), bio-
fuel (46,676 103BOE), hydro power (31,269 103BOE), 
other petroleum products(27,029 103BOE), LPG 
(17,564 103BOE), geothermal (16,494 103BOE), and 
electricity (1,558 103BOE). Biomass comes in the 4th 

position after natural gas, coal, and oil.

2.1. Biomass as primary energy for cooking 

The KESDM Data and Information Centre stated that 
firewood and charcoal used in households are classified 
under biomass. Statistics Indonesia 1999[12a] shows 
52.54% of households in Indonesia use firewood. 
The rate drops to 36.35% in 2012, see Figure 5.[12b] 
People use firewood because their economic conditions 

are limited. The poverty line in rural areas in some 
provinces is very low. In East Nusa Tenggara, for 
example, where 81.26% of households use firewood, 
the poverty line stands at 234,141 IDR/capita/month. If 
one person works and he or she has two children, this 
7553 IDR/day covers food only. [13] In 2013, the ratio 
of electricity in East Nusa Tenggara was below 60%.

This situation affects the achievement of our Millen-
nium Development goals. These are eradicate extreme 
poverty and hunger; achieve universal primary education 
(lighting is a barrier, in 2013 the ratio of electricity in 
East Nusa Tenggara was below 60%); ensure envi-
ronmental sustainability (this might be related to 
aforestation, reforestation, forest regeneration and 
rehabilitation actions); and global partnership for 
development which requires many efforts to advance 
to better levels.

(a) (b)

Figure 4. The primary energy used in 2095 in Mini CAM model (a) and in MESSAGE model (b).[9]

(c) (d)
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2.2. Electricity

Electricity is a priority in satisfying basic needs:
lighting for education, household needs, commu-
nication, entertainment, and information. There is a 
subsidy for electricity.

In 2004, Sukma S. Hasibuan[14] made a projection of 

electricity generation in 2020 which should stand at 
73.56 GW (see Table 1). Coal and diesel oil power 
plants contribute 28.31 GW. The electri-fication ratios 
expected to stand at 90%. Biomass is off the record.

BPPT shows the renewable energy share in electricity 
development until 2020, see Table 2. Total RE contri-
bution until 2020 was projected as high as (6.736 / 73.56=) 

Figure 5. The red line represents the percentage of households using firewood by province in 2012.[12b]

TABLE 1. Projections of power plant development by 2020 (in Giga Watt) [14]

Hydro PP

Diesel PP

Gas PP

Coal fired PP

Geothermal PP

Steam & Gas PP (PLTGU)

Steam PP - Gas

Nuclear PP

Steam PP - MFO

TOTAL

3,02

2,55

1,2

5,93

0,79

6,86

0,86

0

1,13

22,33

2000

3,54

2,59

1,45

8,81

1,51

8,31

0,86

0

1,15

28,21

2005

5,92

2,59

3,18

12,52

1,99

10,6

0,86

0

1,4

39,04

2010 2015

7,45

2,59

4,38

17,92

3,97

15,1

0,86

0

1,4

53,65

2020

8,1

2,59

5,82

25,72

8,83

21,6

0,86

0,6

1,4

73,5
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TABLE 2. Renewable energy share in electricity development until 2020 [15]

Geothermal

Microhydro

Solar

Wind

Biomass

Biogas

Gambut

Ocean thermal

Total

National Energy Need

Sharing of RE (%)

Resources

309,5

20,85

0,88 (3,09)

0,38

177,85

0,06

509,52 (511,73)

99745,81

0,51

Installed Capacity
per 1996

MW

1654,19

59,5

118,95

1,55

259,51

233,33

2327,03

163079,67

1,43

Installed Capacity
per 2003

MW

4915

153,38

405,68

4,38

457,85

800

6736,29

585535,8

1,15

Installed Capacity
projected for 2020

MW

105610,68

2464,59

2155,6 102

16630,5 103

267585,54

127,47

16,88 102

1289376,49

2155,64 102

19558

458,75

1203 102

9286,61

49807,43

684,83

240000

1204 102

Thousand BOE

Potential

MW

9.16%. The installed biomass capacity is only 457.85 
MW.[15]

With an additional 3% from biofuel applications and
from the implementation of 4 nuclear PP units (2 GW
in 2016-17 and 2 GW in 2023-24) that contribute 
(4/73.56=) 5.44%, the total RE implementation will 
reach 17.6% in 2025. A projection higher than 17.6% 
for RE implementation in 2025 seems impossible as 
nuclear PP’s are not implemented yet.

Indonesia’s electricity development plan is shown in 
Table 3. Coal demand in 2013 is 79.38 Mtons. As the 
production cost of electricity from oil is 1383-1600 
IDR/kWh, while the same production from coal is 
500 IDR/kWh, a number of power plants have been 
redesigned to use coal. 

For example, the coal fired power plant (PLTU) of 
Banten-Suralaya 1, which has a capacity of 625 MW, 
has been redesigned to use coal of 2.9 Mtons/y, and the 
capital needed was 368 million USD and 1*1012 IDR. 
The oil that can thus be saved amounts to 1.2 Mkl/y or 
7.5*1012 IDR. 

The PLTU Tanjung Jati B, 4662 MW, was converted to 
2.2 Mtons/y of coal to save 0.6 Mkl/y of oil or 8.6*1012 
IDR. [16]

According to PT.PLN (Indonesia’s electricity provider) 
the national peak load is 29500 MW and the installed 
capacity is 4,000 MW. The reserve is only 15.25% while 
the national electricity demand is growing at 9% /year. 
Ngurah Adyana (Java-Bali Operation Director of PT. 
PLN) stated: “For good security, the reserves should 
be 30% of the peak load of each operation area”. An 
electricity crisis has already emerged in North Sumatera 
and is expected to emerge in Java by 2018. [18; 19]

The 2013 electrification ratio is 77.1%, but in Sulawesi 
Selatan, Sulawesi Tenggara, Nusa Tenggara Barat, Nusa 
Tenggara Timur, Riau dan Papua, the electrification 
ratio is still below 60%.

2.3. Depleting fossil fuels resources

Oil

Indonesia’s oil production is on the decline (Figure 6). 
Crude production in 2005 was 1.05 Mb/d, to fall in 
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2011 to 0.903 Mb/d. In  2013, it was 0.882 Mb/d and 
dropped to 0.794 Mb/d in 2014. Consumption in 2014 
was 1.622 Mb/d.

The yearly oil subsidy from 2000 to 2014 was respec-
tively 53.81, 68.38, 31.29, 30.00, 69.00, 95.60, 64.71, 
83.79, 138.11, 45.09, 82.35, 166.20, 222.80, 210.00, 
and 284.90 1012 IDR. [20] Indonesia needs to import oil 
to cover its consumption needs.

Coal

W. Partowidagdo states that these resources amount to 
161.3 Btons (billion tons). Of these, proven reserves 
stand at 17.8 Btons, and possible and probable reserves 

are estimated at 10.2 Btons.[21] Hartiniati reported that 
60% of these reserves is lignite with a heating value < 
4000 kcal/kg and moisture of 33-43%. [22] Indonesia is 
the world’s 4th largest producer with a production of 
489 Mtons in 2013, coming after China (3561Mt), the 
USA (904Mt), and India (613Mt). [23]

If the proven reserves are only 17.8 B tons and these 
reserves are processed, they will be depleted within 36 
years from 2013. It is essential to maintain some coal 
reserves to back up the operation of all coal fired power 
plants in Indonesia. Exports of bituminous and sub-
bituminous products must also be reduced. This will be 
more beneficial than using lignite for all power plants 
designed with bitumen as intake. The use of lignite 
needs a wider service area around the PLTU, and an 
additional drying system to reduce its moisture content 
from 33-43% to 12-15% to match the boiler of a PLTU 
designed for bitumen. Slagging problems will emerge, 
manpower costs will increase in order to maintain the 
PLTU, all with declining efficiency. It is therefore 
necessary to keep some coal deposits untapped.

Gas

Blue Print PEN 2005-2025 [24]provides the estimates 
of gas reserves left for 47 years - counted from 2005, 

TABLE 3. Projected Electricity Demand, Electricity Ratio and Coal Demand in Indonesia [17]

Electricity demand (Terra Watt hour)

Jawa-Bali

Outside Jawa-Bali

INDONESIA

Electricity Ratio (%)

Jawa-Bali

Outside Jawa-Bali

INDONESIA

Coal need (tons/year)

PT.PLN

IPP (Independent Power Purchase)

Total

2008

107.8

138.7

21 396 650

10 390 061

31 786 711

2009

119.0

30.9

153.1

70.2

55.9

64.8

24 476 480

11 680 383

36 156 863

2013

174.9

45.8

225.4

81.4

70.2

77.1

55 281 974

24 101 717

79 383 690

2010

131.2

34.1

168.9

72.9

59.2

67.6

34 397 704

11 074 362

45 472 030

2014

191.8

50.5

247.5

84.2

74.2

80.4

2011

144.6

37.7

186.2

75.6

62.6

70.6

32 946 941

12 646 878

55 593 813

2015

250.9

55.7

325.2

87.3

78.5

83.9

2012

159.4

416.6

205.2

78.4

66.3

73.8

51 533 199

19 428 979

70 982 178

2018

74.3

97.3

92.7

95.5

Figure 6. Indonesia’s crude production from 1965 until 2012. [20]

The consumption increases steeply.
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at an exploration rate of 8.35 BSCF (billion standard 
cubic feet) per day: 4.88 BSCF for exports and 3.47 
BSCF for domestic use. Evita Legowo, Director 
General of Oil and Gas at the Ministry for Energy 
and Mineral Resources stated that shale gas potential 
is estimated at 574 TSCF and Coal Bed Methane at 
453.3 TSCF[25]. W. Partowidagdo, Vice Minister for 
Energy and Mineral Resources (ESDM) stated that gas 
potential was about 334.5 TSCF and the proven gas 
reserves stand at 112.4 TSCF.[26] Regarding the energy 
mix policy, demand for gas in 2013 is expected to soar 
to 10 Mtons/y (=523 BSCF natural gas/y).[27] If the 
proven gas reserves of 112.4 TSCF are used to cover 
domestic needs only (no exports), then these reserves 
will last for about 200 years. 

With fossil fuels (oil, coal and gas) declining, various 
energy alternatives should be explored to guarantee 
national energy security. Biomass combustion is a
carbon-neutral process since the CO2 emitted has pre-
viously been absorbed by plants from the atmosphere. 
In this regard, biomass can be one of the most viable 
alternatives.

3. Biomass resources

Biomass is organic material of plant origin, which 
means it requires land for planting. Biomass resources 
are classified as:

- Forestry waste. Wood is used for heating and 
cooking;

- Agriculture waste;

- Energy crops such as coppice (eucalyptus, poplar, 
and willow), grasses (Miscanthus), sugar crops 
(sugar cane, beet, sorghum), starch crops (corn, 
wheat) and oil crops (soy, sunflower, grape seed 
oil  jatropha, palm oil). All these energy crops are 
gaining in importance with re-planting. Sugar, 
starch and oil crops are primarily used for fuel 
production for transportation;

- Lignocell feedstock. 

This classification includes:

- Industrial waste; 

- Municipal waste (residue from food and paper); 

- Sewage sludge and animal manure to generate 
biogas. 

- Wastes, residues and bagasse (cellulose fibre 
residue from sugar cane) are primarily used for 
heat and power generation.

In 2004, the forest area in Indonesia spread across 
109.958 million hectares (Mha)[28]: Sumatera (14.670 
Mha), Jawa (3.290 Mha), Bali and Nusa Tengara 
(2.960 Mha), Kalimantan (25.671 Mha), Sulawesi 
(13.878 Mha), Maluku and Papua (49.489 Mha). The 
Riau Province had 8.87 Mha of pristine forests. In 
2008, critical land expanded to reach 77.81 million ha 
(Table 4).[29]

TABLE 4. Critical land as per Indonesia’s islandsin 2008.[29]

Sumatera

Jawa

Bali dan NusaTenggara

Kalimantan

Sulawesi

Maluku&MalukuUtara

Papua dan Papua Barat

INDONESIA

Island

15 395 568.07

2 103 618.39

1 833 745.00

21 234 574.98

3 617 823.59

1 239 966.14

2 184 784.69

47 610 080.86

Moderately critical (Ha)   

8 314 101.46

1 003 566.26

2 523 125.10

5 306 761.75

1 709 981.25

747 675.22

3 701 021.97

23 306 233.01

Critical (Ha) Highlycritical (Ha)

2 189 303.24

386 365.34

1 058 338.48

1 376 712.34

890 405.52

415 294.37

574 147.62

6 890 566.91
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Critical land is land that has lost its vegetation cover. 
The land thus loses its function of conserving oil and 
water, controlling avalanches and desertification, stabi-
lizing and dunes and protecting coastal areas from flood. 

The Indonesian government launched nationwide 
a-forestation, reforestation (via CDM), forest regene-
ration and rehabilitation (via future REDD+) programs. 
Three meters- thick peat forests shall not be converted 
for any other purposes (Cf. Presidential Decree No. 32, 
990, on the Management of Protected Areas. 

These are part of the efforts exerted to contribute to a 
26% reduction of Indonesia’s total CO2 emissions by 
2020.[30]

Forest ageing, forest dieback and decline

Generally, the rate of biomass accumulation peaks in 
the earlystage of development (at the time of canopy 
closure), and declines thereafter.[31]

Shrinking biomass growth is associated with: 

i. physiological constraints in individual trees
including photosynthesis-respiration imbalance,
nutrient limitation, and hydraulic constraint;  

ii. changes in stand structure and canopy domi-
nance; and

iii. increased biomass loss due to age-related tree 
death.

Photosynthetic organisms convert around 100–115 103 
million tons of carbon into biomass per year.[32; 33]

Age-related reductions in stand biomass accumulation 
are frequently observed in old-growth forests. The 
phenomenon may be caused by reduced production, 
increased mortality or both. It is commonly interpreted 
as the consequence of a large decrease in productivity 
as forest ageing. The number of tree deaths in a long-
term observation decreased from about 30 trees/ha 
in 1937-46 to about 15 trees in 1997-2006, while the 
annual mortality remained constant at about 2%. Long-
term studies in several old-growth stands have shown 
that mortality is higher than the productive trees, thus 
stand biomass accumulation of the old trees is close to 
zero or negative.[34; 35; 36] 

It is not only logging that ca uses forest degradation. 
There are some causes that might degrade the tree in 
the forest.

“Decline” is a general term describing the gradual 
reduction of growth in a plant. 

“Dieback” refers to a progressive death of twigs and 
branches, generally starting at the tips and progressing 
downward. Trees affected by dieback might die within 
a year or two after symptoms first appear, but in some 
cases, the process might take longer. Leaves become 
smaller in size and fewer in number resulting in a 
diminished ability to absorb CO2. Cutting the dying 
trees in an old dense forest is a cumbersome process, 
while people around the world are concerned about 
forest degradation.

 

4. Should biomass be explored as future 
energy for small power generation in 
Indonesia?

Forest woody biomass is a carbon stock. Biomass 
combustion is a carbon-neutral process as the CO2 
emitted had previously been absorbed by the plants 
from the atmosphere. At this point, using biomass is a 
good alternative. 

Barriers to the use of biomass for power generation 
remain very challenging and include conversion effi-
ciency, feedstock availability (competition with other 

Figure 7. Dieback tree [37], the trunk looks big.
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purposes), risks associated with intensive farming 
(fertilizers, biodiversity needs), and lack of supply 
logistics, which increases transport costs .Considering 
these barriers, planting a production forest of energy 
trees around a biomass power plant should be explored, 
especially in the islands where fossil resources are 
nonexistent.  

The energy tree varieties most suitable for the type of 
soil on the targeted is land would be investigated. 

Al Gore[7] presenteda NASA slide showing the 
movement of vapour on the globe. A huge vapour 
moves from the tips of South Africa and South America 
and the earth’s rotation pushes the vapour to flow 
around the Equator. 

This fact is crucial as it can serve as a drive for faster 
growing trees in the Indonesian maritime continent that 
spreads in the Equator.

At present, biomass co-firing in modern coal power 
plants with efficiencies up to 45% comes across as the 
most cost-effective biomass use for power generation. 
Co-firing in coal power plants requires limited 
incremental investment ($50-$250/kW). 

The electricity cost may be competitive at US$ 20/
MWh, if local feedstock is available at no transport 
cost. 

Due to feedstock availability issues, dedicated biomass 
plants for combined heat and power (CHP) are typically 
of smaller size and lower electrical efficiency compared 
to coal plants. 

Its efficiency is 30-34% using dry biomass, and around 
22% for municipal solid waste use. 

Until 2007, the global biomass electricity capacity was 
47 GW (2–3 GW added in 2005), the capital invested 
was 7% of the total investment in RE capacity in 
2005(excluding large hydro). IEA projections suggest 
that the share of biomass in electricity production may 
increase between 3% and 5% by 2050. It is a small 
contribution compared to the estimated total biomass 
potential that is about 10 to20% of primary energy 
supply by 2050.[38]

Research on biomass gasification and the use of low 
cost catalysts

The production of synthesis gases (syngas) via the 
thermal decomposition of biomass gasification is an 
alternative process of a complete firing (co-firing) that 
is usually used in power generation systems.

The common reaction process of biomass gasification 
is:

At temperature 100-250 C (drying zone):
wet biomass  →  dry biomass + H2O

At temperature 250-500 C (pyrolysis zone):
biomass  →  C + H2O + tar + CH + etc

At temperature >600-1000 C (reduction zone):
C+H2O  →  CO + H2
C+CO2  →  2 CO

At temperature 1000-1200 C (combustion zone): 
C+O2  →  CO2 + heat

The syngas produced might consist of 18-20% CO,
18-20% H2, 2-3% CH4, 12% CO2, 2.5% H2O and N2.
Its calorific value is 4.7-5 MJ/Nm3. A further decom-
position process using more steam and heat can change 
the gas composition to be 50% CO, 40% H2,10% of 
methane, CO2, N2 and impurities. It has a higher calo-
rific value of 8-9 MJ/Nm3.[39]

Pyrolysis products are: solid charcoal, liquid pyro-
ligneous acid, tar, combustible gases including carbon
monoxide, hydrogen and methane, and other hydro-
carbons. The main component of pyroligneous acid is 
water. The organic matter consists of acetic acid, formic 
acid, methanol, acetone, methyl acetate and about 10% 
of wood tar[40].

Tar formation during pyrolysis is one of the major 
problems. At lower temperature tar condenses to be a 
black greasy and sticky material that can act as fouling 
and block the inner side of the pipes in the system 
(engine and turbine).

Haifa Wahyu et al.[39] explains the difficulties in 
controlling operation parameters to reduce excessive 
char and tar and to raise the calorific value of syngas. 
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Her team conducted investigations on a circulating 
fluidized bed (CFB) reactor that covered a heating 
process to reduce tar and to investigate a right operating 
process that matches certain biomass types.

Operating parameters such as temperature, catalyst and 
residence-time play an important role in tar formation 
and decomposition. It is necessary to investigate a 
process with the right combination of several parameters 
in order to raise conversion efficiency. The concepts of 
two-stage gasification and secondary air injection into 
the gasifier are of prime importance. [41] 

Abu El-Rub et al.[42] investigated catalysts that are 
divided into two classes according to their production 
method: minerals (calcined rock, olivine, clay minerals 
and iron ores) and synthetic catalysts (char, fluid 
catalytic cracking catalysts, alkali metal based catalysts, 
activated alumina and transition metal based catalysts). 
They used a fixed-bed tubular reactor and the results 
were used in designing the process. They found that 
char shows good catalytic activity for tar elimination, 
which is noticed in the downdraft gasifier.

Biomass steam gasification with porous clay-derived 
materials that hold tar inside the reactor to enhance 
gas production was investigated.[43] Reiji Noda et al. 
compared the tar capturing ability of commercial FCC 
(Fluidized Bed of Porous Clay Catalyst) particles, 
lightly acidified bentonite, raw bentonite, porous 
silica particles and silica sand by using a laboratory 
scale fluidized bed reactor. FCC particles and all clay 
materials, even raw bentonite, were found to reduce 
heavy tar and to increase carbonaceous materials depo-
sited on the bed materials. 

The activated clay held twice to three times more the 
amounts of carbonaceous materials in porous silica at 
the same specific surface areas. Carbonaceous materials 
deposited on FCC particles in 923 K were easily 
gasified at temperatures greater than 973 K. Following 
up on these results, wood biomass gasification expe-
riments were carried out at 923-1023 K for 90 minutes 
in activated clay or silica sand beds. Activated clay 
showed a significantly high energy conversion to gas 
by gasification of captured carbonaceous materials.

Efforts to investigate small biomass power generation 
for Indonesian Islands

Currently BPPT is developing a model of Fluidized 
Bed Catalytic Gasification of Biomass Waste with a 100 
kW capacity. International cooperation on technology 
transfer is sought to overcome the tar problem and to 
raise system efficiency. This effort is gaining much 
attention. The project obtained a grant from the Japan 
International Cooperation Agency (JICA) for a 5-year 
period which begun in June 2014. The Japanese 
partners are from Tokyo University of Agriculture 
and Technology (TUAT), University of Gunma - 
Division of Environmental Engineering Science, and 
Japan’s Asian People’s Exchange (APEx).Within the 
project period, it is planned to combine this biomass 
gasification model with a methanol synthesis system 
that uses low pressure (1-1.5 MPa). Another partner is 
from the Nagasaki Institute of Applied Science.[45]

The system uses low cost clay-particles as acatalyst and 
is tested to drastically reduce tar. Certain range in size 
of biomass intake can be accommodated. It is planned 
to be scaled up to 1000 kW. 

Nao Tanaka and Reiji Noda [46] designed the process 
stages:

- Clay-particles are heated to 650-750 C.

- The biomass is charged into the gasifier, and 
oxygen and gas are injected from the bottom 
simultaneously to geta better quality of gas-
product. The process products are: tar in vapour 
shape, water vapour, carbon and fuel gas.

- The clay-particles will soon be covered by carbon 
(carbonisation) and then become an inactive 
catalyst.

- The black clay-particles are then removed to the 
“regeneration chamber”.

- The injected oxygen will burn these clay par-
ticles so that all carbon deposits on the clay are 
removed. This process creates extra energy for 
the gasification process.

- The clean clay particles are then removed to the 
previous place to trap the carbon to avoid tar.

The preliminary test results will be published soon.
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Conclusion

Biomass combustion is a carbon-neutral process. By 2095, CO2 emissions are expected to stabilize at atmospheric 
concentrations of 550 ppm. However, such target will be difficult to achieve as other technologies are not carbon-
neutral. The human race is in danger. In the upcoming UNFCCC meeting in Paris in 2015, environmental activists 
should encourage their governments to engage in a-forestation and reforestation, in addition to encouraging people 
to reduce their CO2 emissions. These efforts will increase the number of sequestration facilities to absorb CO2. 

Biomass is expected to contribute 26.26% of global primary energy use in 2095. This might be possible if: - the 
young energy trees in production forests around the globe grow at a good pace to provide wood biomass feedstock; 
-biomass energy technology developments in the next 45 years keep progressing to improve the conversion 
efficiency; -technology transfer efforts are boosted to help energy institutes develop various small biomass power 
generations.

Rising global temperatures lead to climate change and cause some regions to face longer dry spells at higher 
intensity, while other regions face overwhelming floods. Longer droughts and diminished rain fall might stunt the 
growth of energy trees. Therefore, it is important tore search the category of energy trees that are suitable for the soil 
of the targeted sites and start a success story of energy tree production forests worldwide, and to ensure that people 
do not duplicate the same research. The saved funding can be used for climate change mitigation actions and to help 
the victims of climate change disasters.

The diverse ecosystems, cultures and environmental wisdoms existing across Indonesia create an archipelagic 
paradigm where people can appreciate difference. It is a good chance for a wider community participation in the 
energy sector. 
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Abstract

To end its heavy de-
pendence on imported

fossilfuels(95%), Morocco 
has implemented a large 
scale strategy in the 
electric power sector to
increase renewable energy
production. It has given 
priority to this form of 
energy in its desire to di-
versify sources of electri-
city generation. By 2020,
the capacity of the wind, 
solar and hydro power planned to be installed is 
2000MW for each category, which would correspond 
to 20% of all electricity consumption at that date.

Thanks to its geographical position, Morocco has many 
sites with an annual average wind speed that can reach 
11m/s at 40 meters (Tangier). In addition, the annual 
sunshine value, the annual mean direct normal and 
global irradiation can reach 3405 hours, 7.22 kWh/m2 
and 5.86 kWh/m2, respectively (Ouarzazate).

In addition to an important solar energy potential, high 
wind, the proximity of the European energy market, a 
high electrical interconnection capacity developed with
Europe and the Maghreb, Morocco has an attractive 
legislative and regulatory framework offering investors one 
of the best platforms for developing renewable energies.

In recent years, energy 
supply has been reinforced 
by the installation of wind 
farms totaling 287MW 
and by the energetic gas 
installation of AinBani-
Mathar (400MW), inclu-
ding 20MW from solar 
power. As part of its on-
going national energy 
strategy, the year 2012 
was marked by the awar-
ding of the first phase of 
a 160MW Concentrated 

Solar Power (CSP) with 3 hours of storage to Acwa 
group Power83 for commissioning in 2015. The group 
plans to invest almost $ 1billion in producing solar 
electricity at a competitive price (1.62Dirhams/kWh 
-1$ = 8 Dirhams). For record purposes, the Ouarza-
zate solar project (500MW) is the largest solar project 
in North Africa and the Middle East.

In 2012, the annual Moroccan energy consumption was 
17.76Mtoe. The percentages from wind and hydro were 
1.1% and 2.4%, respectively. They correspond to 2.3% 
for wind and 5.1% for hydraulic energy of the annual 
electricity consumption (31.6 TWh).

Keywords: Concentrated Solar Power, Electricity and 
Independence, Renewable Energy, Wind Energy.
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1. Introduction

Morocco has significant renewable energy resources 
that can be tapped into for the production of large 
electric power in connection to the national grid. There 
are several pathways for the generation of electricity 
from renewable energy sources. The most advanced 

techniques are hydroelectric plants, wind farms and 
solar thermal power plants. In addition to securing 
its energy independence; Morocco’s embarkation on 
large solar and wind projects will allow local resources 
to contribute to the economic and sustainable social 
development efforts.

ISESCO JOURNAL of Science and Technology
Volume 11 -  Number 19 -  May 2015 (90-96)



H. Nfaoui and A.A.M. Sayigh / ISESCO Journal of Science and Technology - Volume 11, Number 19 (May 2015) (90-96)

91

Thus, the significant potential of solar and wind 
resources in Morocco, the high energy demand, job 
creation, reducing oil imports and protecting the country’s 
environment are assets that support the installation of 
wind farms and solar energy plants.

Morocco has undertaken to ensure its energy indepen-
dence and become a leader in renewable energy south of 
the Mediterranean. Thus, plans for the development of 
renewable energy have been launched. The Moroccan 
solar energy project, run by the Moroccan Agency 
for Solar Energy (MASEN) and its wind counterpart, 
powered by the National Electricity Office (ONE) fall 
within this framework. Their aim is to bring to 42% the 
share of electricity produced from renewable energy 
sources by 2020, respectively 14% each by wind, 
hydraulic, and solar sources [1-4].

2. Characteristics of the Energy Sector 
in Morocco in 2012

Morocco depends for 96% of its energy supply on 
foreign sources. The total national consumption of 
primary energy is 17.7 Mtoe. It is characterized by 
an important proportion of petroleum materials in the 
energy balance (60.6%) and a high level of the net 
energy bill (98.3 Billion Dirhams). The net electricity 
consumption amounted to 31.06 TWh (Figures 1 and 2). 
The energy demand has increased by: 

- Primar yenergy: 2.6%,

- Electricity: 8%.

Figure 1. Evolution of net electric energy[5]

Figure 2. Net electric power[5]
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3. Solar, Wind and Hydraulic Potential

1. Solar power

The annual averages of daily global irradiation 
nationwide vary from 2.38 to 6.89kWh/m2/day, which 
represents a range of 2154hours of sunshine per year 
for the less-favored regions and more than 3504 hours 
per year for the best exposed ones (Figure 3) [6-7].

On average, the direct normal irradiation levels of 
Rabat (coastal city), for example, range from 3.2 to 
5.5kWh/m2/day. In contrast, in Ouarzazate (semi-arid), 
these averages vary between 5.56 and 8.47kWh/m2/
day, which correspond to a range of 2847hours of 
sunshine per year (December) and 3942 hours per year 
(May) [6-12].

Figure 3. Mean annual daily global solar radiation in Morocco [6,7]
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2. Wind power

With over 3500 km of coastline (Atlantic Ocean and 
Mediterranean Sea) and mountains (Atlas and Rif 
ranges), Morocco has a large wind resource and several 
windy areas. We cite as examples [13-18]:

• Tangier and Tetouan with an annual average speed 
of 8.11 m/s at 10 meters;

• Dakhla, Laayoune, Tarfaya, Taza and Essaouira 
with annual average speeds of around 7 to 8.5 m/s 
at 10 meters (Figure 4).

These regions are favorable to the installation of wind 
farms for power generation in connection with the 
national power grid, wind pumping systems, hybrid 
systems for lighting, etc. Several regions of the Atlas 
and Rif mountain ranges were not evaluated until 
recently, in addition to off-shore areas that are yet to 
be explored.

3. Hydraulic power

The exploitable hydropower potential is estimated 
at 5000GW, but only a quarter is currently exploited 
with twenty dams equipped with hydroelectric plants. 
The most important dam has a capacity of 240MW 
and is operational. Approximately 200 sites have been 
identified to accommodate micro hydraulic electrical 
stations of a capacity between 15 and 100 kW. This type 
of energy perfectly meets the criteria of decentralized 
electrification, especially in mountainous zones that 
have waterfalls [2,5]

4. Electricity Power in Connection with 
the National Grid

1. Solar power

In Morocco, the use of large scale solar energy started 
in 2010 with 472MW, with the installation of a solar 

Figure 4. Wind potential in Morocco [13,15]
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thermal plant (Solar-natural gas hybrid plant) on the 
AinBani Mather site in Eastern Morocco. It is made 
up of a combined cycle that uses natural gas conveyed 
by the Maghreb-Europe pipeline. The solar component 
(20MW) consists of a field of cylindro-parabolic 
mirrors with a total area of 220000 m2. Direct solar 
radiation on a normal plan in the AinBani Mather site 
is about 2290 kWh/m2. The net electricity production is 
around 3538 GWh [1,2,and 4].

Following an international invitation to tender, the plant 
is being built by the Spanish company Abener under 
a turnkey contract (directing, infrastructure assembly 
and maintenance) during the first five years of plant 
operation [1,2, and 4].

As part of diversifying its electricity sources, reducing 
energy dependence and integrating regional and 
European markets, Morocco has scheduled 2000MW 
of solar power. This program was entrusted to the 
Moroccan Agency for Solar Energy (MASEN), a 
limited company with public capital, in accordance 
with Moroccan law n° 57/09. This program is primarily 
designed to meet national Moroccan needs, through 
ONE -the main customer [4].

The first phase of this program, 500MW, led by 
MASEN, is taking shape in Ouarzazate. The site was 
chosen because it meets the conditions most favorable 
for a solar power installation: land availability, accessi-
bility and important direct normal solar radiation (7.22 
kWh/m2/day), all of which makes it an ideal location 
for solar energy production. Moreover, the site is close
to an existing 225/60 kV transmission line. The com-
missioning of the plant is scheduled for 2015 [4,12].

ACWA Power Ouarzazate awardedan EEC contract 
(engineering, equipment supplies and construction) 
to a Spanish consortium composed by Acciona, Sener 
and TSK, to build the considered Independent Plant 
Production (IPP). It is a cylindro-parabolic collector 
of 160MW using concentrated solar power (CSP). It 
has 3hours of available thermal storage with molten 
salt technology, allowing it to cover the peak power 
consumption between 19:00 and 22:00. It is among 
the largest CSP in the world and was developed 
according to the «BOOT» model (Build, Own, Operate 
and Transfer). This is the first of a series of solar 

power plants launched by MASEN to be developed 
on the Ouarzazate site, using different solar energy 
technologies [4].

In addition, the NOMAC Company, a subsidiary 
of ACWA Power, takes charge of operation and 
maintenance while MASEN buys electricity under 
the terms of a power purchase agreement valid for 
25 years. The sale price is estimated between 1.6 and 
2Dh/kWh, which remains higher than that of fossil 
fuels. In fact, ONE’s production cost from oil is about 
0.65Dh/kWh. In order for the solar electricity price to 
be sustainable, it must be subsidized by 1Dh/kWh in 
average. Calculations aside, and considering that it will 
produce 4500GWh/year, it will make possible, from 
an ecological angle, savings of approximately 470000 
tons of CO2 equivalent per year of operation [4].

The plant would be funded up to 80% by loans and 
20% by own funds, 15% provided by ACWA and 5% 
by MASEN. The future of renewable energy from solar 
sources and of which Morocco has made a major focus 
in its energy policy depends on the success of this first 
phase, theinstallationof160 MW [4].

AQWA Power Ouarzazate is owned by the ACWA 
Power International Company (Saudi Arabian firm), 
MASEN and the Spanish companies Aries and TSK 
[4].

2 Wind power

For wind-powered energy, the Koudia Al Baida wind 
farm in Tetouan was the first to be installed in Morocco 
in 2000. Its capacity is 54MW, provided with 84 wind 
turbines. It produces 225GWh per year at a competitive 
cost. Financing and operation is provided by a private 
company [1-3,15].

The installation of other wind farms by ONE or the 
private sector have enabled Morocco to produce 5.1% 
of its net electricity consumption (32.02TWh) from 
wind in 2012, and increase the installed wind power 
from 54MW in 2000 to 287MW in 2012 (Figures 1,2 
and 5) .

Two other wind farms in Tarfaya and Taza, with 
capacities of 300MW and 150MW, respectively, are in 
progress. They are to be commissioned in 2014 for the 
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first and 2015 for the second. Tarfaya’s wind farm is 
among the largest wind farms in Africa [1,2].

Under Morocco’s stated objective to reach 20% of 
electricity produced by renewable resources (mainly 
hydro and wind) by 2020, ONE has scheduled another 
large integrated power plant of 850MW. The concerned 
sites were selected in different windy regions across 
Morocco in order to provide better production and 
stability of the electricity grid. In addition, other 

projects are being considered for electricity production 
or for sea water desalination [1-3ad5].

3. Hydraulic power

Figure 6 shows that the installed hydraulic power 
has almost been the same since 2005. During the last 
decade, the contribution of hydropower was between 
5.1% and 13.7% of the net power consumption which 
depends on rainfall.

Figure 5. Evolution of wind power and energy[5]

Figure 6. Evolution of hydraulic power and energy[5]
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Conclusion

In 2012, Morocco’s energy dependence was 96%. The energy consumption was 17.7Mtoe, including petroleum 
products which accounted for 61%. The energy bill is high (98.3Billion Dirhams). During this year, primary 
energy increased by 2.6%. On the other hand, net electricity consumption rose by 8%.

During the last decade, net electricity consumption increased from 17.95 in 2004 to 32.02TWh, increasing by 
78%. The contribution of hydropower can be significant (13.7 % in 2010) but it depends on rainfall.

On the other hand, wind energy contribution increased from 1.1% in 2003 to 5.1% in 2012. Though wind energy 
generally varies in accordance with the wind force, the electrical energy produced increases with the installed 
capacity. This shows that wind energy is one of the most promising renewable energy sources for Morocco. Its 
contribution to the energy independence of Morocco depends largely on the installed power capacity, and such 
growth is possible since Morocco has an important wind potential and land for wind farm installation. On the 
other hand, during the last decade, the weight and price of wind turbines have dropped significantly. Their ratings 
and efficiency have also significantly improved.
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