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Abstract

A
n artiicial neural 
network (ANN) mo-

del is used to forecast 
annual wind speeds and 
solar irradiation and to 
predict the annual hy-

drogen potential in Mo-

rocco. Solar irradiation 
data are taken from the 
new Satellite Application
Facility on Climate Moni-
toring (CM-SAF) - PVGIS 
database. The annual 
wind speed data are taken 
from (CDER, 2007). In 
this paper, the data are 
inferred using an ANN 
algorithm to establish a 
forward/reverse corres-

pondence between the longitude, latitude, elevation, 
solar irradiation and wind speed. The paper aims to 
present a useful tool for the selection of locations with 
high hydrogen production, based mainly on the use 
of solar and wind resources. Speciically, for the ANN 
model, a three-layered, back-propagation standard 
ANN classiier is considered consisting of three layers: 
input, hidden and output layers. The learning set consists
of the normalized longitude, latitude, elevation and 

the normalized mean an-

nual wind speed of 20 
sites and the normalized 
mean annual solar irra-
diation of 41 Moroccan
sites. The testing set con-
sists of patterns just re-

presented by the input 
component, while the out-
put component is left un-
known and its value re-

sults from the ANN algo-
rithm for that speciic
input. The results are 
given in the form of an-

nual wind speed, solar
irradiation and anual hy-

drogen potential maps.
It indicates that the me-

thod could be used by 
researchers or engineers 

to provide helpful information for decision makers in 
terms of site selection, design and planning of new 
solar and/or wind power plants as well as future hy-

drogen infrastructures.

Keywords: Artiicial Neural Network; Geographic In-

formation System; Hydrogen Atlas; Morocco; Solar 
Atlas; Wind Atlas.

Artiicial Neural Network 
Analysis of Moroccan

 Solar and Wind Potential 
and their Use in 

Hydrogen Production 
Younès Dagdouguia, Samir Berrhazia, 

Driss Zejlib and Rachid Benchrifa a 
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bEcole Nationale des Sciences Appliquées, 
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1. Introduction

Renewable energy is an environmental friendly option

which may be economically competitive with conven-

tional power generation, where good resources are 

available. It represents an opportunity to enhance sustai-

nable development both in countries that traditionally 

lack fossil fuels and in those restricted by environmental 

policies and regulations. Renewable energy can play

a stronger role in countries with considerable environ-

mental wealth and great renewable energy potential. 

Quality of resource data and their accessibility will 

enable private investors and public policy-makers to 
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tap into the technical, economical and environmental 

potential for large-scale investments in green techno-

logies. For more accurate resource assessment, detailed 

site-speciic micro-sitting analysis should be done 
considering the existing transmission grid, accessibility, 

land availability, altitudes and topography [1,2].

Renewable power generation has experienced remar-

kably rapid growth in the past twenty years, and has 

now become a mature, reliable and eficient technology 
for electricity production [3]. In addition, in regions 

with proper resource characteristics, renewable energy 

may already be competitive with coal or nuclear power, 

especially when the cost of pollution is taken into 

account in the overall economic evaluation [4]. Any 

choice of renewable energy development site must 

be based on the preliminary investigation of average 

wind velocity, solar irradiation and potential since  the 

accuracy of resourcedata analysis is a crucial factor. In 

the literature, many studies have focused on providing a 

forecasting tool to predict and assess renewable energy 

sources and power production with accuracy. From a 

wind speed prediction viewpoint, many authors [5-10] 

have used different approaches to predict wind speed 

and energy production.

Energy security generally refers to ensuring adequate 

and reliable energy supplies at reasonable prices in 

order to sustain economic growth [11]. Worldwide 

energy consumption has been rapidly increasing and 

almost exponentially since the industrial revolution, 

and this upward trend in energy consumption has been 

accelerated by the improvement of the quality of life 

which almost directly relates to the amount of energy 

consumption, by the industrialization of developing 

nations, and by population growth in the world [12]. 

The current trend of rising environmental fossil fuel-

related problems and other energy security issues make 

exploration for more sustainable ways to use energy 

more attractive than ever. Sustainability is now a core 

concept in major policy-making processes, in the 

environmental aspects of population growth, and in the 

redevelopment of existing facilities and infrastructure. 

In order to overcome the drawback of renewable energy 

sources (RES), one of the alternatives is the adoption 

of RES-Hydrogen systems. In fact, hydrogen is an 

energy carrier and as such needs to be produced from 

other sources of energy. A renewable-based hydrogen 

economy is one of the possible implementations of such 

systems. Using RES as a basis of hydrogen production 

could lead to many environmental advantages. Recent 

studies suggest that renewable hydrogen will have 

a small price premium compared to hydrogen from 

traditional fossil sources (such as steam reforming of 

natural gas) if hydrogen were to become a competitive, 

environmentally-friendly alternative to gasoline [13]. 

In a long term, hydrogen from renewable energy can 

provide a signiicant bridge to the implementation of 
RES in the transportation sector. In addition, hydrogen 

could be more used as a storage medium for electricity 

from intermittent renewable energies such as wind 

power and photovoltaic systems, thus signiicantly 
contributing to the widespread use of renewable energy 

technologies.

Hydrogen implementation will help overcome the 

storage dificulty of renewable energy. A renewable 
hydrogen system with electrolyzer, storage and fuel cell 

can be used to provide households with reliable power 

supply. In fact, hydrogen has been regarded by many as a 

popular carrier of renewable energy in remote locations 

[14-16]. Several authors have proposed the use of 

hydrogen for the management of the energy generated 

[17-20]. In fact, electricity generated from renewable 

sources such as wind, solar, and hydro can be turned 

into hydrogen using the electrolysis process. Hydrogen 

can then be stored until it can be transferred into 

electricity and fed into the electrical grid. Renewable 

hydrogen is mainly an economic option in countries 

with a large renewable resource base and/ or lack of 

fossil resources, for remote and sparsely populated 

areas (such as islands) or for storing surplus electricity 

from intermittent renewable energy sources. Hydrogen 

coupled with RES provides an energy storage medium 

which enables greater use of intermittent RES in the 

transportation sector, thus enabling new interactions 

between the electric and transportation sectors. Rene-

wable hydrogen production offers the potential of 

a distributed hydrogen supply network that would 

be based on on-site or off-site hydrogen production. 

Electricity generated from renewable sources can be 

turned into hydrogen using the electrolysis process. In 
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fact, about 55 kWh of electricity are needed to liberate 

1 kg of hydrogen from 9 kg of water by electrolysis 

[21]. Hydrogen can then be stored until it is needed 

as fuel for either transportation applications or local 

stationary power generation sources, or transformed 

into electricity and fed into the electrical grid [22].

2. Assessment of available wind/solar 

energy potential

Meteorological measurement stations are usually insuf-

icient to determine the wind and solar potentialities 
available in the whole territory. However, prediction 

methods are needed to estimate wind and solar potentials 

in other locations where no measurement stations exist.

A number of prediction methods are available to 

construct an interpolated surface between available 

points data measurement. Kriging is an interpolation 

technique that estimates unknown values from known 

sample values and semi-variograms. In recent years, the 

method has been widely applied in different research 

ields, such as the application in GIS to interpolate data. 

Kriging techniques have been adopted in renewable 

energy predictions. With these Kriging techniques, 

good results have recently been obtained through the use 

of artiicial neural network (ANN) techniques. In this 
paper, data have been inferred using an ANN algorithm 
to establish a forward/reverse correspondence between 

the longitude, latitude, elevation and mean annual 

renewable energy. Speciically, for the ANN model, a
three-layered, back-propagation standard ANN classiier
has been used consisting of three layers: input, hidden 

and output layer. The ANN input layer consists of 3 
units which are associated with longitude, latitude and 

elevation (linearly normalized between 0 and 1, taking 
into account, respectively, the maximum and minimum 

longitude, latitude and elevation of the territory) of a 
speciic location. 

In a back-propagation standard ANN learning phase, 
the characterizing “weights” are deined on a given set 
of patterns. Speciically, the output y

i
 of each unit i in 

the network is determined by [23]:

This output has a real value between 0 and 1; x
i
 is the 

total input to unit i given by [23]:

where w
i,j
 is a real number, called weight, representing 

the strength of the connection from unit j to unit i. 

The weighted sum of inputs is adjusted by the bias 

characteristic of the unit i, b
i
. Network weights are 

initially assigned random values uniformly distributed 

in [-0.3, 0.3], in each back-propagation cycle, the 
weights are adjusted in the total output error. The 

learning ends either after a user-deined number of steps 
or when the total output error becomes asymptotic, 

where this error is deined as [23]:

where O
p,j

 is the observed output on unit j for learning 

pattern p and D
i,j
 is the desired output.

The ANN learning procedure is performed on a set of 
learning patterns, where, in our model, each learning 

pattern p is represented by 3 parameters (input layer) 
and by 1 output parameter (output layer).

3. Assessment of available hydrogen 

potential

Once the wind and solar potentials are assessed, the 

estimation of the hydrogen production potential can 

be done. The quantiication of the hydrogen mass 
could be performed from the knowledge of the RES 
available within a speciic location. In this analysis, an 
electrolyser with an eficiency of 75% is considered. 
The computation of the hydrogen mass produced from 

both wind and solar energy is described as follows:

where M
H2

 [kg] is the hydrogen gas mass produced, 

E
RE

[kWh] is the renewable energy production, LHV
H2

 

[kWh/kg] is the hydrogen higher heating value, 

E
H2

[kWh] is the hydrogen energy produced, h
1
 is the

eficiency of the electrolysis system and h
2
 is an addi-

tional eficiency coeficient included to take into 
account energy losses in the electrolyser. 

(1)

(4)

(2)

(3)
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4. Results and Discussion

In this paper, solar irradiation data of 41 Moroccan sites 

have been taken from the new Satellite Application 

Facility on Climate Monitoring (CM-SAF) - PVGIS 
database [24]. These data were in the form of yearly 

solar irradiation on a horizontal plane. Table 1 shows 

TABLE 1. Geographical coordinates, solar and hydrogen potential of the 41 sites

Agadir

Ain bnimathar

Safi

Azilal

Bouarfa

Boujdour

Dakhla

El jadida

Errachidia

Esmara

Essaouira

Fes

Glyab

Imintanout

Kenitra

Khmisset

Khenifra

Khouribga

Laayoune

Lagouira

Larache

Marrakech

Msaysat

Nador

Ouarzazat

Oujda

Ousard

Ouazane

Chtoukane

Tanger

Tantan

Taounat

Taourirt

Tarfaya

Taroudant

Tata

Taza

Tetouan

Tinghir

Tiznit

Zagora

9.6019

2.0377

9.2447

6.5752

1.9775

14.4238

15.9463

8.5141

4.4383

11.6783

9.7722

5.0097

13.0844

8.8602

6.5861

6.0644

5.6741

6.9047

13.2108

17.0725

6.163

8.0033

15.8202

2.9441

6.8991

1.9169

14.3261

5.5919

14.7763

5.8005

11.1125

4.6525

2.9058

12.9308

8.8877

7.9813

4.01

5.3722

5.548

9.7413

5.8555

30.3963

34.0116

32.3102

31.9705

32.5283

26.1355

23.6997

33.2338

31.9519

26.7455

31.5175

34.0344

21.2891

31.1797

34.2661

33.7972

32.9438

32.8886

27.1566

21.0638

35.1827

31.6344

23.1605

35.1647

30.9208

34.6963

22.553

34.8

24.6369

35.7686

28.4347

34.538

34.4202

27.9361

30.4675

29.7402

34.2252

35.5766

31.5325

29.7069

30.3347

Sites Longitude Latitude

0

914

14

1331

1128

0

9

24

1050

178

0

410

0

907

4

460

854

805

0

0

40

455

135

29

1133

547

306

289

129

12

48

582

389

3

232

741

487

172

1314

231

730

Altitude

2073.2

1934.5

2018.45

1825

1960.05

2182.7

2102.4

1971

1992.9

2084.15

2065.9

1828.65

2135.25

1934.5

1938.15

1868.8

1938.15

1930.85

2179.05

2299.5

1963.7

1934.5

2102.4

1945.45

2106.05

1795.8

2084.15

1828.65

2029.4

1839.6

1992.9

1814.05

1748.35

1912.6

2036.7

2095.1

1814.05

1839.6

1985.6

1890.7

2120.65

Available Solar energy 

[kWh/m2/yr]

42.024

39.213

40.915

36.993

39.731

44.244

42.616

39.953

40.397

42.246

41.876

37.067

43.282

39.213

39.287

37.881

39.287

39.139

44.170

46.611

39.805

39.213

42.616

39.435

42.690

36.401

42.246

37.067

41.136

37.289

40.397

36.771

35.440

38.769

41.284

42.468

36.771

37.289

40.249

38.325

42.986

Hydrogen mass 

[kg/m2/yr]
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the geographical coordinates, solar and hydrogen 

potential of the selected sites. Analysis of the table 

shows that the mean annual solar irradiation ranges 

between 5 and 6.3 kWh/m2/day. In addition, the mean 

annual hydrogen production from solar ranges between 

35 and 46 kg/m2/yr. It can be concluded that Morocco’s 

hydrogen potential from solar displays a quite similar 

behavior between all sites.

With regard to wind data, 20 stations distributed over 

the whole Moroccan territory have been considered, 

these data have been collected from [25]. Table 2 shows 

the geographical coordinates of the 20 sites. Table 3 

shows wind regime characteristics and the available 

hydrogen potential of the 20 sites. From the analysis of

the table, it can be concluded that the mean annual avai-

lable wind power ranges between 50 and 1100 kW/m2. 

Furthermore, the mean annual available hydrogen 

potential from wind ranges between 9 and 196 kg/m2/yr. 

It can be concluded that hydrogen potential of Morocco 

from wind shows an important variation between all 

sites in the whole territory.

TABLE 2. Geographical coordinates of the 20 Moroccan 
sites (wind).

K. Elbaida1

El fnidek

Houma

Fardiwa

Sendouk1

Tanger

Kenitra

Zagora

Tiznit

Tantan

Bouznika

Rabat

Dakhla

Nador

Tanger sadan

Essaouira cap sim

Essaouira tagant

Tarfaya

Taroudant

Safi had hrara

5.45

5.35

5.5

5.616

5.683

5.801

6.401

5.866

9.716

11.666

7.166

6.733

15.733

2.916

5.701

9.383

9.816

12.933

8.866

9.233

35.816

35.083

35.866

35.816

35.816

35.766

34.516

30.316

29.701

28.45

33.783

33.966

23.45

35.216

35.766

31.8

31.116

27.916

30.466

32.301

400

190

207

149

150

310

133

800

150

0

0

132

100

150

400

100

265

100

2000

100

Sites Longitude Latitude Altitude

TABLE 3. Wind regime characteristics and hydrogen potential of the 20th sites.

K. Elbaida1

El fnidek

Houma

Fardiwa

Sendouk1

Tanger

Kenitra

Zagora

Tiznit

Tantan

Bouznika

Rabat

Dakhla

Nador

Tanger sadan

Essaouira cap sim

Essaouira tagant

Tarfaya

Taroudant

Safi had hrara

10.94

5.81

9.42

9.1

8.5

6.8

3.88

4.04

4.5

5.12

3.83

3.85

7.95

3.32

7.96

8.37

5.55

7.1

5.71

6.27

12.1

5.74

10.61

10.22

9.68

7.64

4.35

4.49

5.15

5.75

4.35

4.25

8.97

3.74

8.99

8.4

6.41

7.93

6.28

7.07

2.75

2

2.29

2.51

2.19

2.28

1.66

1.47

2.02

2.15

2.25

1.96

2.89

1.72

1.62

2.01

1.65

2.97

1.43

1.86

Sites
Wind speed 

[m/s]

C

[m/s]

K 

[-]

Available energy 

[kWh/m2/yr]

Hydrogen mass 

[kg/m2/yr]

9701.516

1321.378

7368.758

6165.73

5807.899

2760.851

729.7399

988.3801

944.499

1237.438

515.114

548.1582

3856.761

440.1379

6691.325

4119.613

2356.668

2632.351

2855.034

2681.397

196.6523

26.7847

149.3667

124.981

117.7277

55.9632

14.79202

20.03473

19.14525

25.08319

10.4415

11.11131

78.1776

8.921714

135.635

83.50566

47.77029

53.35847

57.87231

54.35265
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Starting from the DEM of Morocco reported in Figure 1, 

mean annual wind speed and solar irradiation maps 

of Morocco have been obtained. Figure 2 shows the 

annual wind speed map obtained by ANN techniques 
of the whole Moroccan territory. As expected and as 

is widely known to Moroccan decision makers and 

stakeholders and according to wind resources, this 

map shows that from a wind speed viewpoint the 

most interesting sites in Morocco are in the northern, 

south-western and some territories in the interior. The 

Mediterranean coast and

the southern Atlantic coast seem to be important from 

a wind energy production viewpoint. But an accurate 

monitoring campaign conducted directly on the site is 

always highly recommended for a reliable assessment.

The solar irradiation map shows a rather different pat-

tern from the one observed for wind power. Figure 3 

displays the annual solar potential map as obtained 

by ANN techniques of the whole Moroccan territory. 
It is observed that the most interesting sites are in 

the southern and eastern parts of the country. The 

Mediterranean coast, the northern parts, and some 

internal territories are of little interest.

Figure 4 displays the annual hydrogen potential map 

of the whole Moroccan territory from wind as obtained 

by ANN techniques. The hydrogen mass produced 
from solar energy shows a quite different behavior 

than the one observed for wind. Figure 5 shows the 

annual hydrogen potential map from solar as obtained 

by ANN techniques of the whole Moroccan territory. 
It can be seen that the most interesting sites for 

hydrogen production from solar in Morocco are in the 

southern and eastern parts. The Mediterranean coast, 

the northern, and some internal territories are of no 

interest for hydrogen development from solar sources

Figure 1. Digital elevation model of Morocco

Figure 2. Annual wind speed map as obtained by ANN techniques

Figure 3. Annual solar irradiation map as obtained by ANN 
techniques
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In order to mitigate the stochastic behavior of RES, the 

approach adopted is based on a mix of solar and wind 

resources in order to provide information to decision 

makers as to the selection of appropriate sites for mixed 

wind and solar hybrid systems for hydrogen production. 

Figure 6 shows the hydrogen map produced using 

both the wind and solar resources available within the 

Moroccan territory. It is obtained through an overlapping 

process of the wind and solar hydrogen potential maps as 

obtained by ANN techniques.

Figure 4. Annual hydrogen potential map from wind as obtained by 
ANN techniques

Figure 5. Annual hydrogen potential map from solar as obtained by 
ANN techniques

Figure 6. Hydrogen map produced using both wind and solar 
resources.
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Conclusion and Recommendations

Renewable energy systems can be considered as an attractive option to conventional power generation as well 

as to enhance sustainable development, especially in developing countries such as Morocco which traditionally 

lacks fossil fuels but has a significant environmental wealth, land availability and great solar potential. Although 

the production of hydrogen from RES presents many challenges, hydrogen can be used to further the penetration 

of renewable energies. On the one hand, hydrogen can be developed as a bridge to electricity generation by 

serving as a storage medium to balance the intermittency of many RES. On the other hand, hydrogen can be 

considered as an alternative fuel for the future and carries many environmental advantages. The results obtained 

indicate that the method could be used by researchers or engineers to provide helpful information for decision 

makers in terms of site selection, design and planning of new wind and/or solar power plants as well as future 

hydrogen infrastructures. Future research will be directed at the selection of promising sites and the optimal 

technology to be installed under a multi-criteria approach. In particular, the focus will be dedicated to the design 

and planning of new renewable energy infrastructures.
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Abstract

S
un is the main source 

of energy in the uni-

verse. There are several 

technologies to convert 

solar energy into a usable 

form. One of the known 

technologies is the air-

type lat plate solar heater 
(collector) which is per-

fect for low and medium 

temperature purposes such 

as for domestic uses and greenhouse heating and the 

drying of agricultural products. In this paper, two lat 
plate solar air collectors were designed and construc-

ted. In these collectors, air lows from a channel 
mounted under the absorber plate using a blower. One 

of collectors’ channel holding no obstacles is conside-

red as a testiier, and the other one, used to improve 
collector performance, has some V-shaped obstacles 

mounted at a 45 degree slope on a sheet under the ab-

sorber plate. Data was 

collected over seven days, 

each set recorded from 

9am to 6pm. The results 

show that the average 

temperature of the simple 

absorber plate collector

was higher than the col-

lector with obstacles, 

while the eficiency of the 
collector with obstacles 

was found to be higher 

than the simple collector’s 

eficiency. 

The aim of this study was to analyze the thermal 

eficiency of two lat plate solar air collectors. For 
this purpose, two lat plate solar air collectors were 
designed and assembled. Based on the results of 

experiments conducted over 7 days from 9am until 6pm.

Keywords: Collector with obstacles, Energy optimi-

zation, Solar air lat collector, Solar energy.
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1. Introduction

Energy plays an important role in countries and human 

life improvement. It ensures economic development 

and is considered as a production factor along with 

other factors such as the labor force, investment 

capital and raw materials. Fossil fuels are providing an 

important part of the consumed energy but their overuse 

has caused some environmental and earth overheating 

problems. During a full combustion cycle, 1 kilogram

of fossil fuel burning produces 16 kilograms of CO
2
. 

Similarly, if the combustion process is incomplete,  other 

polluting agents such as carbon monoxide, unburned 

hydrocarbons and nitrogen oxides are produced along 

with CO
2
. Domestic heating and hot water are two main 

consumers of fossil fuels. Fortunately, many countries’ 

policies, especially since the 1970s, are earnestly 

exploring the uses of renewable energy sources.

Solar energy can be considered a great source of energy

that not only provides electric lighting but can also be 

used for household heating. Recently, various techno-

logies such as collectors, have been introduced to the 

world to make the most of this energy source. One 

of these technologies is the solar collector. A solar 

collector collects sun radiations and transfers them 

into a form of heat into a heat carrier and increases 

temperature. Most of the time, the heat carrier luid is 
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water or air. To increase the heat carrier luid’s tempe-
rature, concentrating collectors (usually used in power 

supply constructions) and for low temperature lat 
collectors (usually are used domestically or in light 

industries) are used. Figure (1) schematically shows 

the solar air collector components.

After striking a transparent cover, usually made from 

glass, solar radiations (G) penetrate into the collector. 

Radiations transmitted from glass are absorbed through

the absorber plate to be transmitted into the heat 

carrier luid. Air channels, mounted under the absorber 
plate, are used for the air low. During its motion 
(through laminar or turbulent convection), air sucks 

up the absorber plate’s heat and pushes it out of the 

collector for different applications. To decrease the 

collector’s thermal losses, insulators like poly-ortan, 

iberglass and rock wool, mounted on back side (under 
the air channels) are used. To reduce thermal losses, 

all edges must be insulated and different parts of the 

collector should be covered to eliminate the air leakage 

probability. All aforementioned parts should be put on 

a frame for more protection.

Considerable studies have been conducted on the effect

of obstacles on the performance of solar collectors. 

Semmar and Mokhtari (1999) performed an experi-

mental study about solar collectors in natural and 

turbulent convection conditions. The results showed 

that in natural convection, and for 25°C of inlet air, 

the output air collector temperature can rise to 75°C; 

and in turbulent convection, for 27°C of air inlet, outlet 

temperature reaches 53°C. Moummi et al. (2004) 

produced a turbulent low between the absorber and 
obstacles’ plate. Results showed a better performance 

by collectors itted with obstacles. As a result, it can 

be concluded that the Reynolds number enhancement 

and turbulent low can improve eficiency, but it is 
necessary to optimize the number and coniguration 
of obstacles by considering air low and eficiency. 
Karsli (2007) compared four different collectors of 

which only one had no obstacles. The result showed 

signiicant differences between them and the minimum 
eficiency belonged to the no-obstacle collector. Essen 
(2008) conducted an experimental study of lat plate 
solar collector thermal analysis by mounting different 

obstacles against air low and without using any 
obstacles. Results showed considerable improvement 

in collector eficiency.

El-Sebali et al. (2010) numerically studied the selective 

cover of absorber plate inluences on the thermal 
performance of solar air collectors. They suggested 

an absorber plate covered with nickel-tin for better 

collector performance. Donggen et al. (2010) studied 

the effect of small pin shaped obstacles mounted on 

the absorber plate on the thermal eficiency of the solar 
collector. The results showed that the mean collector 

eficiency with different pin coniguration was about 50-
75 percent. Bhushan and Singah (2011) demonstrated 

the existence of a relation between Nusselt number 

and the friction coeficient based on experimental data. 
They found that at irst, obstacles separate air low 
layers and then combine together again for the rest of 

the path. Thus, thermal resistance will decrease and the 

heat low rate will considerably increase. Moreover, 
obstacles cause frictional losses and to diminish them, 

the turbulent low should be really close to the heat 
transfer surface. As a result, obstacle heights must be

very small compared to the channel dimensions. Oztop

Hakan et al. (2013) studied the methods of performance 

and eficiency improvement of different collectors using 
energy and exergy analysis. They found that applying 

obstacles can improve eficiency in comparison to 
simple ones.

The main objective of this study is to improve the solar 

air collector eficiency using obstacles mounted under 
the absorber plate and on the insulator sheet. Also, for 

the experimental validation, two solar air collector 

devices were designed and manufactured.

Figure 1. Different parts of air solar collector.
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2. Collectors’ thermal analysis

The most important parameter to be considered during 

collector thermal analysis is the collector thermal 

eficiency which is deined as the useful energy ratio to 
radiated incident energy on the collector. Under stable 

condition, the useful power of the collector is equal to 

the absorbed energy through the absorber plate minus 

direct and indirect heat losses from the collector to the 

ambiance. It is deined as follows:

In this equation, the heat removal factor FR can be 

written as (Chaji, 2013):

In equation 2, luid inlet temperature (T
i
) depends on 

the total solar heating system characteristics and also 

on the amount of hot water or warm air required. The 

irst term in equation 2 is a key factor called optical 
eficiency which represents the absorption energy, and 
the second term shows the collector thermal losses. For 

the purposes of optimizing and designing the collector, 

it is necessary to try and select transparent glass (with 

little iron which has a high transmittance coeficient) 
and an absorber plate with a high absorption coeficient 
and low emissivity (e). Thus, with better isolation 

methods (specially the front part of the collector) 

and total coverage of the interstices, the collector’s 

eficiency will improve.

F
R
 can change as per the collector’s characteristics, 

luid type and low rate for a solar collector with a black 
absorption plate and single wall glass, u

l
 is about 

8w/m2K. It should be mentioned that ul does not change 

at one collector during the working range (Chaji, 2013).

Considering u
l
, t, a, F

R
 = cte, the thermal eficiency 

data curve versus declined parameter         is linear and 

its slope is -F
R
u

l
 and intercept equals F

R
ta, but these 

parameters are not constant.

In technical literature, their approximate values are as 

follows:

Kurtbash and Durmush (2004) deined solar collector 
eficiency as follows: the solar collector eficiency 
is the ratio of useful heat recuperated by heat carrier 

luid to the solar energy incident on the collector. This 
expression can be written as:

3. Materials and Methods

Using solid work software, two solar air collector 

devices were designed and fabricated. The area of the 

absorber plate was (80x125 cm) and its thickness was 

1.5 mm. These absorber plates were made of iron and to 

increase the  absorption coeficient were covered with 
black color (because of the non access to the absorber 

plate with selective covers). Obstacles were mounted 

on the MDF wood plate which was placed under the 

absorber plate and over the insulator sheets while their 

distances from each other, in length and width, were 

10 cm. These obstacles were placed in rows as they 

provide a complete overlapping. Figure 2 shows the 

arrangement of the obstacles on the wood plate.

Every collector used 18 LM35 IC thermal sensors 

which were connected to a programmed LAN controller 

to record collector temperatures at different intervals. 6 

of these sensors were mounted on the wood plate with 

obstacles and 12 were mounted on the absorber plate. 

Figures 3 and 4 show the sensor conigurations on 
the wood plate with obstacles and the absorber plate. 

(1)

(2)

(3)

Figure 2. Position of obstacles on the wood plate.



S.H. Jahed and Y. Ajabshirchi  / ISESCO Journal of Science and Technology - Volume 10, Number 18 (November 2014) (11-16)

14

Sensor A is considered as the inlet sensor and the E 

and F sensors are considered as the outlet thermal 

sensors. 12 sensors on the absorber plate with air lows 
assumed as symmetrical are mounted on only one part 

of plate. Collectors at a 29 degree angle facing south 

are stabilized on their columns.

To measure air low at the collector outlet, an anemo-
meter with 0.1 m/s precision was used, and to measure 

solar radiation a TES1333 pyranometer with 1W/m2 

precision was used. Data were collected at 1.7.2013 and 

4.7.2013 and also from 10.7.2013 to 14.7.2013 during 

summer days from 9am to 6pm, at the agricultural 

faculty outside Tabriz University. A schematic igure of 
the fabricated collector is shown in Figure 5.

4. Results and Discussion

In order to mitigate the recorded data errors during 

the acquisition of experimental data, an average of 7 

days were taken in consideration. Figure 6 shows the 

average ambient temperature and outlet temperature for 

both the collectors used. As can be seen in this igure, 
the outlet temperature in the collector with obstacles is 

higher than temperatures acquired from a simple plate 

(without obstacles) and this increase is about 5.5% (at 

solar noon). This increase is owed to the fact that the 

turbulent low generated by the obstacles which can 
leak absorber plate heat. These results are completely 

consistent with the indings of Aouesk et al. (2009).

 

Figure 7 shows the average temperature of the absorber 

plate during experimenting for the two collectors used. 

This igure shows that the average temperature of the 
simple collector is higher than that of the collector with 

obstacles, and this is due to the fact that the collector’s 

obstacles can absorb more heat from the absorber plate 

and as a result the collector’s absorption panel is cooler 

than a simple collector plate, which difference stands at

solar noon at about 5 percent. Figure 6 conirms this matter.

Figure 3. Position of sensors on the wood plate

Figure 4. Position of sensors on the absorber plate.

Figure 5. Schematic figure of the fabricated collector.

Figure 6. Variation of ambient and collectors outlet tempera-

ture in termsof day hours.

Figure 7. Average temperature of the collectors’ absorber 

plate in terms of day hours.
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Figure 8 shows the temperature variation of the wood 

plate with obstacles and the simple plate in both 

collectors. This igure reveals that at most of the day’s 
hours, the temperature of the wood plate with obstacles 

is higher than the simple collector wood plate t since 

these obstacles can get more heat from the absorber 

plate and transfer it to the wooden plate. Also, the 

obstacles are suppressing the outlet air’s contact with the

plate surface. These two parameters cause an increase 

in the plate temperature with obstacles. This difference 

at solar noon is about 10 percent.

Figure 9 shows the eficiency variation of both collectors 
in terms of day hours. It is deduced from this igure 
that at almost every hour of the day, the eficiency of 
the collector with obstacles is higher than the simple 

one because of the higher temperatures at the former 

collector. At solar noon, the eficiency of the collector 
with obstacles is 7 percent higher than that of the simple 

collector. These results are completely consistent with 

the indings of Moummin et al. (2004), Karlsis (2007), 

Akpinar and Kocyigite (2010) and Oztop Hakan et al. 

(2013). 

Figure 8. Average temperature of the collector’s wood plate as a 

function of day hours.

Figure 9. Variation of the collector’s efficiency in termsof day 

hours.

Conclusions and Suggestions

The following conclusions were drawn:
1- The average temperature of the simple absorber plate collector was higher than the collector with obstacles.

2- The temperature of the obstacles plate was higher than the simple plate because of the air turbulence flow 

owed to obstacles.

3- The efficiency of the collector with obstacles was higher than that of the simple collector.

4- It is suggested that different shapes of obstacles must be investigated for further improvement of air collectors.
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Abstract

T
he helical Savonius 

rotor has a high 

starting torque and rea-

sonable eficiency at low 
rotational speeds during 

start-up and is able to pro-

vide a positive coeficient 
of static torque at all rotor

angles. In order to im-

prove the power and tor-
que coeficients, a helical 
Savonius rotor at diffe-

rent twist angles - mainly 
60°, 90° and 120° -is pro-

posed. For this purpose, a 
helical Savonius rotor with a shaft of 40 cm in height 
and 24 cm in diameter and with 60°, 90° and 120° 
helix angles was designed in Gambit 2.3.16. In this 
paper, CFD analysis of the helical shape rotor using 
FLUENT 6.3 was used to predict performances such 
as power coeficient and torque coeficient at different 
tip speed ratios. Furthermore, two-bladed and three-

bladed helical Savonius 

rotor performances were 
compared at 30°, 90° and 
180° rotor angles and at 
0.392, 0.523, 0.785, 1.57 
and 2.09 tip speed ratios. 
A three-dimensional un-

structured grid was deve-
loped to give the best 

meshing accuracy as well
as computational results. 

An RNG k-e turbulence 

model was used for pres-

sure and velocity contour 
analysis with a standard 

wall function. It was con-cluded from the analysis that 
the highest power coeficient and torque coeficient va-

lues were obtained from a two-bladed 90° twist helical 
savonius rotor.

Keywords: Computational Fluid Dynamics, Helical 
Savonius rotor, Power Co-eficient, Twist angle, Torque 
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1. Introduction

Energy is an essential ingredient of socio-economic 

development and economic growth. Renewable energy 

sources such as wind energy are indigenous and can help 

reduce dependency on fossil fuels. Wind, the indirect 

form of solar energy continuously being replenished 

by the sun, is caused by the differential heating of the 

earth’s surface by the sun. It is estimated that roughly 

10 million MW of energy are continuously available 

in the earth’s wind [1]. The Savonius rotor is simple 

in structure, has good starting characteristics, relatively 

low operating speeds, and an ability to accept wind 

from any direction. Its aerodynamic eficiency is lower 
than that of other wind turbine types such as Darrieus 

and propeller rotors. The concept of the Savonius rotor 

is based on a principle developed in 1929 by Flettner  

Savonius [2, 3]. From the p aerodynamic eficiency 
viewpoint, Savonius wind turbines cannot compete 

with high-speed propellers and Darrieus type wind 

turbines. The Savonius rotor has a low power output 

per given rotor size, weight and cost, thereby making it 

less eficient at a performance coeficient of about 15% 
[ 4, 5]. Between the 1960s and 1970s, many researchers 
conducted experiments on the Savonius rotor. The 

highest measured eficiency in a model test was 33% as 
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reported by Macpherson. Newman concluded that the 

full-scale performance of the rotor cannot be estimated 

from the model test results because of wind tunnel 

interference, but model testing can be used to assess

the relative merits of each. The maximum power 

coeficient reported by him was only 20% [6-7]. 
Saha and Jaya Rajkumar report that a twisted three-

bladed Savonius rotor with a twist angle of 15° has a 
maximum power coeficient of 0.14 (tip speed ratio of 
0.65) compared to 0.11 for a three-bladed conventional 
Savonius rotor [9]. On the premise of stable operation 

and better performance, the concept of the spiral rotor 

can be enriched by some new structures. The spiral 

rotor with two end plates and one middle plate is an 

attempt to achieve a more appropriate structure for 

low capacity use. In this study, the spiral rotor with a 

central shaft exhibits better performance than the one 

without a central shaft. Air velocity ranges from 10m/s 

to 15m/s, wind energy utilization ratio distributes 
smoothly with comparatively high values in the case 

of a rotor with central shaft [10]. The power coeficient 
of a two-bladed helical Savonius wind rotor was 

measured experimentally at the exit of a centrifugal 

blower for ive different overlap ratios by T Bhaumik 
et al. [11]. The power and static torque coeficient of 
a helical Savonius rotor were evaluated in an open jet 

wind tunnel test under various design and operating 

conditions by M. A. Kamoji et al. [12]. The power 

coeficient increased with the increase of the overlap 
ratio up to a certain limit, but then decreased even 

though the latter was increasing further. Thus, there 

was an optimum overlap ratio for which a maximum 

0.421 power coeficient was obtained at an optimum 
0.147 overlap ratio. The twist angle of each blade 
was set at 45°. The material used for the blades was 
aluminum. Nevertheless, Savonius type turbines are 

simple to construct, insensitive to wind direction and 

self starting [13]. A maximum 0.5 power coeficient 
was reported by Saha who performed experiments on 

twist bladed Savonius rotors made from bamboo in a 

low-speed wind tunnel test. The results indicated that 

the rotor was independent of wind direction though 

the model produced a slightly lower rotational speed 

[14]. Zhenzhou Zhao et al. studied the improvement 

of performance of Savonius Rotor based on numerical 

simulation. Their research focused on the improvement 

of the power coeficient (0.15) which is low for the 
conventional Savonius rotor. They introduce a new 

type helical Savonius rotor and a simulation was made 

using Fluid Dynamics (CFD). Their indings show 
that the performance coeficient of an optimum rotor 
reaches 0.2 when the rotor has two blades and H/

D=6:1, e=0.3, q=180°. The starting torque is also better 
than that of the conventional rotor. Their computation 

results largely concurred with experimental results 

which proves that computation results are correct [15]. 
The low behavior of 90° twist three bucket helical 
Savonius rotor was analyzed using CFD. At different 
rotor angles contours of static pressure and velocity 

magnitude, a maximum positive static pressure was 

obtained at a 150° rotor angle [16]. In this study, the 
steady state incompressible low was considered. 
The numerical simulation was carried out by solving 

the conservation for mass, momentum and energy 

equations. The unstructured-grid with inite volume 
method was used to solve the governing equation with 

the moving mesh technique [17].

2. Physical Model

The three dimensional model of a two-bucket helical 

Savonius rotor with 60°, 90° and 120° twist angles 
and 90° twist two blades and three blades are shown in 
Figure 1(a) and Figure 1(b). The blades’ arc angle is 

180° for two blades and 120° for three blades apart and 
of a 3mm thickness and ixed with a central shaft of 40 
cm in height and 1.5 cm in diameter. The height of the 
rotor is 40 cm and its diameter is 5.25 cm.

3. Computational Study 

3.1 Computational Mesh Generation and Boundary 

Conditions

The computational mesh was generated using a Gambit

2.3.16 package. The computational domain of the rotor 
with the boundary conditions and the computational 

mesh of the rotor are shown in Figure 2. The compu-

tational mesh is composed of tetrahedral cells and 
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was generated by placing the rotor in a box of 60 cm 
x 60 cm x 60 cm through which the air low occurs. 
The velocity inlet and outlow conditions were taken 
on the left and right boundaries, respectively. The 

top and bottom boundaries and the sidewalls are in a 

symmetrical condition. The blades and rotor shaft were 

given in a standard wall condition.

3.2 Grid Independence Test

The grid Independence Test described the improvement 

of results by successively using smaller cell sizes 

grid. The correctness of the result depends largely 

on the grid’s resolution. The grid density is reined 

up to a certain limit, but beyond this limit, called the 

Grid Independent Limit (GIL), the reinement ceases 
to signiicantly affect the results obtained. Figure 3 

shows the various levels of reining using different 
mesh sizes. Each level was solved in Fluent 6.3 with the 
same set of input parameters. After a particular reining 
limit, the results cease to change. At this point, the grid 

independence in meshing is said to be achieved. Here, 

the successful achieved nodes are 45830.

3.3 Numerical Formulation

The power coeficient (C
p
) and torque coeficient (C

t
) 

can be calculated through the following equation after 

the convergence of the solution. 

Thus, the power coeficient of any rotor can be expressed 
as,  

Figure 1. (a) Helical Savonius rotor with different twist angles and (b) two blades and three blades helical Savonius rotor with a 90° twist 
angle.

Figure 2. Computational domains with boundary conditions and 
mesh generation.

Figure 3. Variation of total force with respect to number of nodes 
from the grid independence test.

(1) 
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The power of the rotor P
rotor

 can be expressed as

P
max

 is the useful extract power from wind, which is 

given by,

The power coeficient calculated equation is as follows,                                  

The tip speed ratio of the wind rotor is given by,      

Finally, the torque co-eficient of the rotor is calculated 
from the following equation,

Where, r is density of wind (kg/m3), T is Torque 
(N-m), A is the cross-sectional area (m2), V is wind 
velocity (m/s), N is rotor speed (rpm), D is overall rotor 
diameter (m) and ω is the angular velocity (rev/sec).   

4. Results and Discussions:

4.1 Effect of Twist Angle

The variation of the power and torque coeficients at 
60°, 90° and 120° twist of the helical Savonius rotor 
with shaft is shown in the Figure 4. The maximum 

power coeficient of 0.35, 0.41 and 0.37 were obtained 
at the aforesaid three twist angles at 1.75 tip speed ratio 
(TSR). For a helical Savonius rotor, the lowest power 
coeficient of 0.05 was found at a 60° twist angle at 
0.25 tip speed ratio. For the helical Savonius rotor with 
a 90° twist angle and the same TSR, the lowest power 
coeficient was obtained was 0.064; and at a 120° twist 
angle the lowest power coeficient seen was 0.056 at 
the same the TSR. After that, from 60° twist angle the 
maximum torque coeficient was obtained was 0.20 for 
a 1.5 TSR, the maximum torque coeficient of 0.234 

was found at a 90° twist angle at the same TSR, and 
for a 120° twist angle, the maximum torque coeficient 
obtained was 0.211 at 1.5 TSR. Figure 4(a) clearly 

shows that the power coeficient always increases with 
TSR increases up to 1.75, then gradually decreases at a 
2 tip speed ratio. Figure 4(b) also shows that the torque 

coeficient was always constant up to the 1.5 TSR, then 
gradually deceased at a 1.75 to 2 tip speed ratio. From 
the power coeficient and torque coeficient analysis, 
it was found that the maximum values were obtained 

starting from the 90° twist angle.

The low ield was analyzed under the steady-state 
condition for Reynolds number Re>105. For the helical 

Savonius rotor with a shaft at 60°, 90° and 120° twist 
angles, the contour of dynamic pressure and contour of 

velocity magnitude are shown in Figure 5, Figure 6 and 

Figure 7 at 1.5 TSR. The power and torque coeficients 
were calculated at 0.25, 0.5, 0.75, 1, 1.25, 1.5 and 
1.75 TSR. The optimum TSR is 1.75 for the power 
coeficient and 1.5 for the torque coeficient because 

(2)

(3)

(4)

(5)

(6)

Figure 4. Variation of (a) power coefficient and
(b) torque coefficient with tip speed ratio (TSR).
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at the 1.5 TSR the maximum torque coeficient was 
obtained and after that began decreasing. Therefore, 

the color contour plot was only visible at the 1.5 TSR. 
Figure 5(a), 6(a) and 7(a) show the dynamic pressure 

distributions near the rotor blades and Figure 5(b), 

6(b) and 7(b) show the velocity magnitude contours on 

the upstream and downstream sides of the rotor at 60°, 

90° and 120° twist angles, respectively. These contour 
plots show clearly the variations of the wind dynamic 

pressure and velocity ields across the rotor. For the 
twist angles mentioned earlier, the maximum velocity 

was obtained at 8.28m/sec, 7.9m/sec, 8.19m/sec, and 
the maximum dynamic pressure was obtained at 42 

Pascal, 38.2 Pascal and 45.4 Pascal, respectively.

Figure 5. Color contour plots of (a) dynamic pressure, (b) velocity magnitude from CFD results at 60° twist angle for 1.5 TSR.

Figure 6. Color contour plots of (a) dynamic pressure, (b) velocity magnitude from CFD results at 90° twist angle for 1.5 TSR.
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4.2 Effect of Blade Number

Based on  the computational simulation performed after 
converging the solution in FLUENT 6.3, the power 
coeficient (C

p
) and torque coeficient (C

t
) values were 

calculated for input boundary conditions and rotational 

speed for the helical Savonius rotor with two blades 

and three blades. The graphical representation of the 

power and torque coeficients is shown in Figure 8, 

Figure 9 and Figure 10 at 30°, 90° and 180° rotor 
angles with 0.392, 0.523, 0.785, 1.57 and 2.09 tip speed 
ratio. The representation of the power coeficient and 
torque coeficient are shown in Figure 11 at the above 

mentioned rotor angles and in one revolution (360°) of 
the rotor angle. Figure 8 shows the (C

p
) and (C

t
) of 

two-bladed and three-bladed helical Savonius rotors at 

different tip speed ratios at a 30° rotor angle. It was 
observed that the power coeficient increases with the 
rise of the tip speed ratio. Maximum  C

p
 was obtained 

at 0.477 for the two-bladed rotor and at 0.337 for the 
three-bladed helical Savonius rotor. The maximum C

t
 

was obtained at 0.228 for the two-bladed rotor and at 

0.161 for the three-bladed helical Savonius rotor at 2.09 
TSR. At a 90° rotor angle, the highest power coeficient 
was obtained at 0.33 for the two-bladed and of 0.32 for 

the three-bladed rotor at a 2.09 tip speed ratio, as shown 

in the Figure 9 where the highest torque coeficient 
was obtained at 0.158 for the two-bladed rotor and 

0.154 for the three-bladed rotor. Figure 10 shows that

at a 180° angle, the maximum power coeficient of 
0.53 was obtained for the two-bladed rotor and 0.35 
for the three-bladed rotor at a 2.09 tip speed ratio; 
and the maximum torque coeficient was obtained 
at 0.25 for the two-bladed and at 0.16 for the three-
bladed rotor at a 2.09 tip speed ratio. Later on, the 

maximum C
p
 and maximum C

t
 obtained for the two-

bladed and three-bladed helical Savonius rotor from 

the computational study are shown in Figure 11 in a 

complete cycle of rotation from 0° to 360° rotor angle. 
The maximum power coeficient and torque coeficient 
were obtained at 0°, 180° and 360° rotor angles for the 
two-bladed helical Savonius rotor. The initial starting 

torque is high and it varies at different rotor angles. So, 

at the above-mentioned rotor angles, maximum power 

coeficient and torque coeficient were obtained at the 
2.09 tip speed ratio. For the helical Savonius rotor with 

two blades, the maximum power coeficient obtained 
was 0.53 at 0°, 180° and 360° rotor angles, and for 
the three-bladed rotor the maximum power coeficient 
obtained was 0.36 at a 60° rotor angle. For the two-
bladed helical Savonius rotor, the maximum torque 

coeficient of 0.255 was obtained at the 0°, 180° and 
360° rotor angles, and for the three-bladed rotor, a 
maximum torque coeficient of 0.1763 was obtained at 
a 60° rotor angle.

Figure 7. Color contour plot of (a) dynamic pressure, (b) velocity magnitude from CFD results at a 120° twist angle for a 1.5 TSR.
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Figure 8. Variation of (a) power coefficient (C
p
) and (b) torque coefficient (C

t
) at a 30° rotor angle.

Figure 9. Variation of (a) power coefficient (C
p
) and (b) torque coefficient (C

t
) at a 90° rotor angle.

Figure 10. Variation of (a) power coefficient (C
p
) and (b) torque coefficient (C

t
) at a 180° rotor angle.

Figure 11. Variation of (a) power coefficient (C
p
) and (b) torque coefficient (C

t
) at one revolution (360°).
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The low ield of the two-bladed and three-bladed 
helical Savonius rotor was analyzed under a steady 

state condition for a 90° twist angle. The contour of 
velocity magnitude and static pressure were obtained at 

30°, 90° and 180° rotor angles as shown in Figure 12, 

Figure 13 and Figure 14. The color contour variation 

of velocity magnitude and static pressure contour across 

the rotor low ields distributed from the upstream to the 
downstream sides were shown in a symmetrical state for 

each rotor angle. For the two-bladed helical Savonius 

rotor, the maximum velocity magnitudes at 30°, 90° 

and 180° rotor angles were found at 13.1m/sec, 14.8m/
sec and 12.6m/sec in Figure 12 (a), Figure 13 (a) and 

Figure 14 (a). These velocity magnitudes are related 

to the power coeficient and torque coeficient. The 
maximum static pressure at the aforesaid rotor angle 

obtained, 67.9 Pascal, 74.9 Pascal and 97.9 Pascal, are 
shown in Figure 12 (b), Figure 13 (b) and Figure 14 (b).

The focus of the research was to ind the optimum 
velocity and pressure magnitudes for power coeficient 
calculation. For the three-bladed helical Savonius rotor,

maximum velocity magnitude at a 30°, 90° and 180° 

Figure 12. Color contour plots of (a) velocity magnitude, (b) static pressure for 2-bladed and (c) velocity magnitude,
(d) static pressure for 3-bladed rotor at a 30° rotor angle.
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rotor angles were obtained at 14.7m/sec, 15m/sec and 
14.6m/sec as shown in Figure 12 (c), Figure 13 (c) and

Figure 14 (c). The maximum static pressures at the 

above-mentioned rotor angles were obtained at 100 

Pascal, 103 Pascal and 108 Pascal as shown in Figure 

12 (d), Figure 13 (d) and Figure 14 (d).

Figure 13. Color contour plots of (a) velocity magnitude, (b) static pressure for 2-bladed and (c) velocity magnitude,
(d) static pressure for 3-bladed rotor at a 90° rotor angle.
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Figure 14. Color contour plots of (a) velocity magnitude, (b) static pressure for 2-bladed and (c) velocity magnitude,
(d) static pressure for 3-bladed rotor at a 180° rotor angle.
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Conclusion

The power coefficient and torque coefficient of two bucket helical Savonius rotors are evaluated from CFD 
analysis at 60°, 90° and 120° twist angles. Also, the power coefficient and torque coefficients of 90° twist two-
bladed and three-bladed rotors were evaluated at 30°, 90° and 180° rotor angles. The results are compared with 
two-bladed and three-bladed 90° twist helical Savonius rotors. Flow physics were analyzed in FLUENT 6.3 and 
the following conclusions were drawn:

- The power coefficient and torque coefficient were evaluated at 60°, 90° and 120° twist angles and at different 
TSR, after which these power and torque coefficients were compared at different TSR for the said twist 

angles. From these comparisons, it was found that a 90° twist helical Savonius rotor is more efficient in 
terms of power coefficient and torque coefficient.

- For the helical Savonius rotor at different twist angles, high concentrations of dynamic pressure and velocity 

were found near the advanced bucket. It was observed that the pressure and velocity magnitude contours 

always depend on the twist angle. In the case of different rotor angles, static pressure and velocity also 

depend on rotor angle and on the number of blades. 

- From comparisons between two-bladed and three-bladed helical Savonius rotors, it was found that the 

maximum power coefficient (C
p
=0.53) is high for the two-bladed rotor compared to the three-bladed 

(C
p
=0.36) helical Savonius rotor. The maximum power coefficient is obtained at 0°, 180° and 360° rotor 

angles for the two-bladed helical Savonius rotor, and the maximum power coefficient was obtained only 

at the 60° rotor angle for the three-bladed helical Savonius rotor. For two blades in three rotor angles and 
for three blades in one rotor angle only, a maximum power coefficient was obtained. Thus, the two-bladed 

helical Savonius rotor was found to be more efficient.

- Positive power and torque coefficients were obtained at all rotor angles in one revolution (360°) for both the 
two-bladed and the three-bladed helical Savonius rotor.
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Abstract

D
eveloping countries 

lack the capacity to 

effectively harness energy 

resources and the techno-

logies to increase the ef-

iciency of energy already 
in use. This problem is 

largely owed to the lack 

of inancial resources 
needed to consolidate

energy infrastructures. 

Development, technological advances in the energy sec-

tor and privatization are key factors in the sustainable 

use of energy resources in Iran where the Government 

is developing some programs and encouraging private 

sector investment. These measures can play a key role 

in furthering the development of renewable energy. Set-

ting a guaranteed price for renewable energy is another 

major factor in sustaining 

and encouraging new in-

vestment in this industry.

In this paper, the marginal 

cost of renewable energy 

production has been mea-

sured and compared with 

that of existing sources. 

A guaranteed pricing 

system has been recom-

mended as an incentive 

to more investments by 

the private sector. This would increase the share of re-

newable energy in energy production and consumption, 

and in the long run, the renewable energy sector could 

draw beneits.

Keywords: Guaranteed Pricing, Renewable Energy, 

Sensitivity Analysis.
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1. Introduction

At least 30 countries around the world have already 

achieved renewable energy shares above 20%. Some 

120 countries have various types of policy targets 

for long-term renewable energy shares, including a 

binding 20% target for the European Union by 2020. 

Some countries have long-term policy targets that will 

place them squarely in the “high renewable” domain by 

2030 or 2050, such as Denmark (100%) and Germany 

(60%). Outside Europe, a diverse group of at least 20

other countries target energy shares in the 2020–2030

time frame that range from 10% to 50%. These countries 

include Algeria, China, Indonesia, Jamaica, Jordan, 

Madagascar, Mali, Mauritius, Samoa, Senegal, South

Africa, Thailand, Turkey, Ukraine, and Vietnam. [1]

The production of renewable energy must have 

a larger share in the world’s energy basket, and 

international politics and programs such as those of 

the United Nations (UN) and the World Bank (WB) 

must be given due consideration to ensure sustainable 

development of renewable energy sources throughout 

the world. Additional research and the development 

of new studies are warranted to accurately address 

regional barriers and limitations to renewable energy 

industry worldwide. One of the important barriers to 

the implementation of programs aimed at an increased 

recourse to these energy sources is the constraint of 

inancial resources and the lack of government support, 
largely owed to weak economies and fundamental 

infrastructural deiciencies in countries. This needs to 
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be addressed,  irst and foremost, through appropriate  
government policies and strong support from private 

investors. [2]

Clause «A» of Article 44 of the Iranian Constitution 

addresses the development and establishment of the 

governmental sector. [3] According to this clause, the 

government shall not be allowed to engage in economic 

activities that fall outside those envisioned in Article 

44. Moreover, it is obliged to relinquish any activity, 

including continuation and operation of previous 

activities that are covered under Article 44 which 

addresses the role of the private sector and private 

equity investment.

The Government’s responsibility is therefore to 

create a conducive environment for the development 

and increase of the renewable energy share in Iran’s 

energy basket through an enhanced private sector 

participation by removing obstacles and creating 

favorable investment conditions by issuing policies 

and guidelines, setting proper requirements (market-

oriented), creating incentives and long-term agreements 

to guarantee energy pricing and sustainable stability.

It should be noted that a protective incentive policy, 

investment, and guaranteed pricing of renewable 

energy are crucial for developing this ield in Iran. This 
approach has been successfully used in Turkey, Canada, 

Germany, Denmark, America, Spain, and is also being 

used in countries bent on promoting investments in 

renewable energy sources.

Research has shown that in order to support the 

sustainable energy market and increase the share of 

renewable energy in Iran’s energy basket, incentives 

for each of these technologies must be increased, as 

evidenced by the sensitivity analysis of the marginal 

cost of electricity production in the attached appendixes.

2. Materials and Methods

Cost-beneit analysis methods were used to evaluate 
data in this study. It is the customary method in 

evaluating and measuring the marginal cost of a 

production unit or cost of each energy production unit, 

which help identify the incentive factors recommended 

for guaranteed electricity purchases and the equality of 

the cost-beneit ratio (B/C) for comparison purposes.

The Equivalent Uniform Annual Cost (EUAC), and 

in this case the Levelized Cost of Energy (LCOE), are 

used. 

B/C = EUAB / EUAC  (1)

If B/C ≥ 1, it justiies private sector investment, and

If B/C < 1, private sector investment is not justiiable.

In this method, all annual marginal costs are measured 

with a discounted rate (i=10) for the referenced year, 

then it is divided over the project’s lifespan.

Costs related to loan interest rates are important factors 

in arriving at a inancial decision, as evidenced by the 
calculations, comparisons and analysis using a 7% 

interest rate from the National Development Fund of 

Iran. [5] All indexes in this research are used to measure 

and study the projects that are suitable for investment 
by private sector with IRRE = 20%. Please note that the 

measurement processes used in this research made use 

of the COMFAR software.

In this article, cost-beneit analysis was used to measure 
and compare the marginal cost of electricity production 

from every renewable source (solar-thermal, wind, and 

small hydropower) and the recommended incentives 

for guaranteed pricing with respect to the B/C ratio. 
The NPV, IRRE, DPB, NPB, and IRR criteria were 

used for measuring and comparing the annual cost-

beneit related to every technology (cf. Appendix 2).

In this method, LCOE is calculated as follows:

LCOE = AC + O&M + P
vf
 / E

out
  (2)

The variable terms for the above calculation method 

are deined as follows:

AC: Annual cost of investment ($)

O&M: Annual cost of Maintenance and operation ($)

P
vf
: Annual cost of consumption ($)

E
out

: Total annual gross electricity produced by plant 

(kWh)
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AC: Annual investment cost

The annual investment cost is a uniform cost with a 

constant value throughout the plant’s lifespan. To 

obtain the annual investment cost, the investment 

return coeficient CRF should irst of all be multiplied 
by the total cost of primary investment:

AC = CRF * C  (3)

C is the total primary investment amount for Engi-

neering, Procurement and Construction –EPC, and

CRF = i / 1- (1+i) n (4)     (n is the plant 

lifespan and i is the discount rate)

O&M: Operation and Maintenance

The operation and maintenance cost is considered as a 

percentage of the annual cost.

P
vf
: Annual fuel consumption cost 

The annual fuel cost is calculated using the following 

formula:

P
vf
 = (W * h / R

a
 * NHv) * P

g
  (5)

W: Plant power (MW)

R
a
: Plant eficiency

P
g
: Base price of consumed fuel ($)

NHv: Heat value of net fuel (MW)

H: Number of work hours of plant unit in a year 

(h = CR * 8760)

CR: Coeficient of accessibility

E
out

: Annual gross value of plant production 

The total annual gross energy production by the plant 

(kWh): 

E
out

 = W * CR * 8760  (6)

The properties and technical information used in this 

process are based on methods recommended by experts 

and professionals in the energy industry and selected 

by the Renewable Energy Organization of Iran-SUNA- 

for the following energy sources: solar thermal, wind 

and small hydropower. 

Renewable energy technology properties and infor-

mation and calculations of renewable energy costs 

for the private sector in 2014 have also been included 

in the Appendixes, as obtained from the Strategic 

and Economic Studies Department of the Renewable 

Energy Organization of Iran-SUNA (Cf. Appendix 1).

3. Calculation and Recommended Prices 

for Guaranteed Renewable Energy in 

Iran

The key and most effective mechanism in developing 

renewable energy around the world is the guaranteed 

purchase price of electricity produced from renewable 

energy sources to enable private investors to perform 

their feasibility calculations of such investments in 

light of the regional economy and other inancial 
factors, and to arrive at the decision to whether or not 

invest in such projects.

TABLE 1. Calculation method of some technical-

economical parameters.

Tax
 

Annual Net 
Energy
Production 

Income

Annual
Amortization

Cash Flow
 

Total
Investment

Levelized
Cost of
Energy–
LCOE

(income – cost of exploration – capital 
amortization – loan interest) * tax coefficient

(Access coefficient * internal consump-
tion – 1) * nominal capacity * production 
coefficient * 8760

Tariff * annual net production energy

Investment cost * plant lifespan / (Depre-
ciation coefficient-1)

Income – maintenance cost – loan origin 
rebate – loan interest

Total primary cost + manufacturing period 
interest

Investment annual cost + annual operation 
and maintenance costs + (total annual 
gross energy produced by plant/annual cost 
of fuel consumption)
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Iran’s irst electricity tariff guaranteed the purchase of 
renewable energy development with a renewable target 

in 2008 for a 5-year contract and was delivered (for 

peak load hours at the normal cost of 13.13¢/kWh and 
for fewer hours’ time at 9.10 ¢/kWh). [6]

In 2010, the tariff-based guaranteed purchase price 

did not seem to provide enough incentive for private 

sector commitment as the level of private investments 

in renewable energies declined.

In 2013, ive years later, and in line with the provisions 
of paragraph (b) of Article 133 of Iran’s Fifth Five-

Year Plan and the procedures of determining power 

purchase rates of new and clean energy, the basic rate 

of electricity purchase from the resource for contracts 

guaranteed for purchase over ive years was equal to:  

The average price of energy converted into the 

electricity market per kWh

+Savings on fuel values for liquid combined fuel 

per kWh

+Savings on values due to lack of emissions 

-Social Cost per kWh

The base price calculated for the guaranteed purchase 

rate was determined and communicated for electricity 

from renewable energy sources at the rate of 17.77 ¢/
kWh. [7]

In order to assess the economic feasibility of power 

generation from renewable sources (solar thermal, wind 

and small hydro) in 2014, the answer to the following 

three equations requires inding out the B/C ratio of the 
technologies:

1- Is the production of electricity through wind 

power plants justiied in Iran? 

2- Is the production of electricity through small 

hydropower plants justiied in Iran? 

3- Is the production of electricity through solar 

thermal power plants justiied in Iran?

According to the tariff, the cost of generating electricity 

from renewable resources-LCOE- in 2014 per resource 

is as below:

It should be noted that the calculation of electricity 

production from renewable sources is based on a 7% 

interest loan to inance foreign exchange reserves, to 
be considered by the private sector. Therefore, for the 

purpose of examining the economic viability of LCOE 

tariffs by resource, the loan interest is set at 7%. With 

the tariff set by the government, it becomes clear that 

generating electricity through solar thermal power is 

not economically feasible, although the tariff might be 

appropriate for the two other options.

It is very important that due consideration be given 

to setting different tariffs for the guaranteed purchase 

of electricity in terms of electricity production cost 

through investments in different technologies. Thus, 

different tariffs for different technologies must be

applied. Applying the same tariff for different techno-

logies impedes the balanced development of various 

renewable energy technologies as investors will favor 

the development of the more proitable technology.

According to the economic and strategic studies expert

serving as consultant for the Renewable Energy Orga-

nization of Iran, addressing the cost per unit of electricity 

generated through renewable sources -LCOE- in 2014 

with the aim of improving economic viability and thus 

encourage private investments in this sector, different 

tariffs for different technologies are proposed and 

the B/C ratio of each resource has been calculated as 
follows:

TABLE 2. B/C Ratio of Renewable Resources Tariff

in 2014*.

LCOE (¢/kWh)

Tariff (¢/kWh)

B/C

9.42

17.77

1.80

9.40

17.77

2.03

20.96

17.77

0.91

Wind
Small

Hydro

Solar

Thermal

*Based on research studies
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As can be seen, the proposed electricity tariff for the 

three technologies can be economically feasible. Having 

the proposed tariff - which has a relatively high level - 

for solar heating power plants; it is hoped that this type 

of power plants will receive more attention. When the 

installation capacity of the same power plant and also 

the growth of the related industry increase; the solar 

heating power plants will result in reduced investment 

costs and will be put forward as a candidate to generate 

cheap electricity in the future.

With wind power forecasts dependent on Iran’s Fifth 

Economic and Social Development Program on wind 

power, the research-based purchase price is expected 

to be determined based on the high potential of wind 

power in the technology’s value chain and further 

supported by the Government for wind power plants.

The investment policy in terms of tariff protection and 

guaranteed purchase of electricity from renewable 

energy sources are the most important tools in 

developing these sources, which policy has been 

implemented with success in Turkey, Canada, Germany, 

Denmark, America, and Spain. [8]

The policy of guaranteed electricity pricing is impacted 

by certain factors such as upstream documents, 

strategic programming, social and political conditions 

in the respective countries. In Iran, the goals set in 

upstream documents are based on a 20-year period 

and the 5th Development Program Law which sets a 

10% contribution of electricity production through 

renewable energy sources by end 2016 and a 50,000 

MW electricity production via renewable energies by 

end 2016, would become the standard by which banks 

and national development funds can present appropriate 

investment facilities for the sector and the government 

would pay the set tariffs. As a result, the development 

of this technology would lead to a growing contribution 

of this energy source to Iran’s energy basket.

4. Sensitivity Analysis of Renewable 

Electricity Cost 

The levelized cost of electricity (LCOE) produced 

from renewable energy sources is affected by many 

factors, known and unknown variables. The three main 

factors are “Discount Rate (i), Investment Cost for 

Engineering, Procurement and Construction (EPC) and 

Net Production Factor”.

Net Production Factor is the ratio of total energy 

produced by the plant during a speciied period 
(generally one year) divided by the system’s peak load 

and the length of time in hours (generally 8760 hours).

The “sensitivity analysis” is used to determine the 

most important factors affecting the cost of generated 

electricity and the extent of that impact. Sensitivity 

analysis repeats the calculations of a inancial process 
by changing the main parameters and comparing 

the results from primary data. If a small change in a 

parameter causes considerable change in the results, it 

is said that the plan has high sensitivity with respect 

to that parameter, and that is a sensitive parameter. 

To investigate a project’s sensitivity with respect to 
these changes, the Sensitivity Geometrical Graph 

methodology is used here.

Figures 1, 2 and 3 represent the analysis of sensitivity 

of the cost of electricity produced from renewable 

energy resources (Appendix 3) with respect to three 

main components: “discount rate, investment cost 

for EPC and net production factor”, calculated and 

presented as follows:

TABLE 3. Tariff and B/C ratio proposed by the researcher 

in 2014.

LCOE (¢/kWh)

Tariff (¢/kWh)

B/C

9.42

17.70

1.84

9.40

12.70

1.91

20.96

43.40

2.27

Wind
Small

Hydro

Solar

Thermal

*Based on research studies
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Figure 1. Sensitivity graph analysis of wind power (LCOE)

Figure 2. Sensitivity graph analyzing small hydro (LCOE)

Figure 3. Sensitivity graph analysis of solar thermal (LCOE)
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The following assumptions were used in analyzing the 

Sensitivity Graphs in Figures 1, 2 and 3:

- The cost/price of renewable electricity 
production -LCOE- in terms of the EPC 

component has a direct relation, and an 

indirect relation in terms of the two other 

components (discount rate and net production 

factor).

- The cost/price of renewable electricity 
production -LCOE- with respect to the EPC 

component is most sensitive in the cases of 

solar thermal, hydro-electrical, and wind 

plants, respectively (according to their EPC 

values).

- The cost/price of renewable electricity 
production -LCOE- with respect to the 

discount rate element is most sensitive in 

the cases of solar thermal, wind, and small 

hydro plants, respectively (according to their 

inancial calculations).

- The cost/price of renewable electricity 
production -LCOE- with respect to the Net 

Production Factor is most sensitive in the 

case of solar thermal, small hydro and wind 

power, respectively.

- The cost/price of the solar thermal power plant 
with respect to the three components varies 

in accordance with the discount rate, the net 

production factor and the EPC, respectively.

- The cost/price of small hydro power plant with 
respect to three components varies based on 

the net production factor, EPC and Discount 

rate, respectively.

- The cost/price of Wind Power plant with 
respect to three components varies based on 

the Discount rate, Net production factor, and 

EPC, respectively.

The main reason behind the high sensitivity of solar 

thermal power cost/price with respect to the two 
elements of discount rate and EPC compared to the 

two other options is the amount of initial and long term 

inancial investment over the plant’s lifespan. Therefore, 
it is recommended that the solar thermal option be 

investigated more thoroughly, so that by increasing the 

installation capacity of this type of plant and the future 

growth of related industries, the investment costs would 

be reduced over time and the option would be marketed 

as viable for cheap electricity in the future.

Conclusion and Recommendations

The price/cost of electricity production has particular importance in different economic sectors. The lack of cost 
coverage through tarification on the one hand, the lack of a competitive market and the lack of acceptable private 

sector investments in the energy sector on the other, have negatively impacted the level of service continuity by 

the energy industry.

The issue of the cost of electricity production from renewable energy sources is investigated from two viewpoints:

According to research from supportive policies, the first and most successful mechanism of development of 

renewable energies around the world is the guaranteed purchase of the electricity produced from renewable 

sources since the non-state investor gains confidence about the purchase of electricity sales, and proceeds with 

financial and economic feasibility studies as to the viability of investment in this technology. Additionally, it is 

evident that alternative electricity generation technologies and the cost and tariff of purchasing electricity produced 

from renewable sources require different investments and all of them cannot be considered in an identical way. 

Therefore, any viewpoint or law based on a uniform approach to different technologies is outright rejected and 
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would certainly be ineffective (refer to Table 3). Assuming we accept guaranteed renewable electricity pricing, 

the lack of reliable resources results in a lack of confidence from the investor and in the banks’ unwillingness 

to grant funding to these facilities, hindering further development of these sources. If the required budget for 

purchasing electricity is guaranteed by the government, the private sector and the banks would be eager to invest 

in this sector.

Research studies present the following findings and suggestions aimed at developing and improving electricity 

production through renewable energy resources in Iran, with the goal of increasing the contribution of renewable 

electricity in the Iranian energy basket and achieving the goals set in the 20-year outlook document and the 

Iranian 5-year development plan.

1. Considering as justifiable the production of renewable electricity with an interest rate of approximately 7%, 
it is recommended that the private sector be encouraged to invest in this field either through the National 

Development Fund’s financing this sector or by establishing a special fund for renewable energies, as did  

countries that progressed far in this industry.

2. It is recommended that a balanced development in renewable energy resources is pursued. The research 

study’s calculation of different tariffs as per Table 3 for different technologies, 17.90 ¢/kWh for wind 
power, 12.70 ¢/kWh for small hydropower and 43.40 ¢/kWh for solar thermal power should be set.

3. Considering the high costs of investment in solar thermal energy, it is recommended that more attention 

be given to solar thermal plants. By increasing the installation capacity of this kind of station, accounting 

for the industry’s future growth, investment costs would be reduced over time, making it a viable source of 

cheap electricity.

4. Concerning wind power and forecasts of Iran’s 5th Program of Economic and Social Development based on 

the development of wind plants; research has suggested a base purchase price for electricity. It is expected 

that in view of the high potential of wind-generated power, and recognizing the technology and value chain 

of wind plants in Iran, wind plant technology would get more supportive action from the government.

Needless to say, the option of privatization and of granting ownership of the electricity industry in Iran is still in 

its early stages. It is necessary for the government to continue funding and supporting the private sector to invest 

in fossil fuel technology and also to support and encourage the private sector with the appropriate means and 

methods to invest in renewable technology and its development as a means towards increasing the contribution 

of clean energy in the country’s energy basket in the short and long term programs, and until such time as it 

becomes a reality, with tangible progress in the realization of a steady supply of energy and of development.

Additionally, the following approaches are necessary in order to support the development, production, and power 

generation from renewable sources in Iran:

• Exemption of commercial profit from duties on import of equipment for renewable energy power plants;
• Guarantee of the purchase of products from domestic factories that manufacture renewable energy power 

plants equipment;

• Exemption of producers of clean energy from the payment of a fee for the use of land belonging to the 
government during the initial establishment phase;

• Priority to the transfer of electrical energy generated from renewable energy resources throughout the 
power grid;
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• Granting licenses for electricity export to the holders of licenses to generate renewable energy;

• Exemption of the applicants for export and import of electricity generated through renewable sources from 
the payment of commercial profit;

• Removing obstacles and providing favorable conditions for foreign investment;

• Applying policies and setting proper requirements (market-oriented) to create a favorable environment for 
the development of renewable energy;

• Increasing the share of clean energy in the energy basket through private sector participation within the 
framework of guaranteed purchase of power at definite tariff.

Finally, it is recommended to use tax increment financing of which the calculations are finalized and will be 

presented in the next study. 
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APPENDIX 1

Calculations of renewable electricity cost/price from an in 

investor’s viewpoint in 2014

The following information was developed using data 

from the Strategic and Economic Studies Department 

at the Renewable Energy Organization of Iran (SUNA) 

in 2014

Share of financial facilities

Investor’s share 

Rate of bank discount

Rate of granted discount

85%

15%

10%

10%

Investment cost as EPC (¢$/kWh)

Maintenance and operation cost (¢$/kWh)

Coefficient of net production (%)

Plant lifespan (year)

Fuel cost (¢$/kWh)

Maintenance and Operation cost (¢$/kWh)

Constant brought cost (¢$/kWh)

 Cost of plant  installation (¢$/kWh)

Social cost/¢$)kWh)

Cost/price before tax (LCOE) (¢$/kWh)

Minimum tariffs (¢$/kWh)

Cost price  after tax (¢$/kWh)

1600

0.8

30%

20

0.00

0.81

1.07

7.54

0.00

9.42

17.90

10.35

4700

1.3

30%

30

0.00

1.30

2.85

16.81

0.00

20.96

43.40

24.10

2300

2%

50%

10

0.00

1.05

1.28

7.07

0.00

9.40

12.70

9.40

Some consumption calculations Wind
Solar

Thermal

Small

Hydro

Cost/price components

from private sector’s viewpoint
Wind

Solar

Thermal

Small

Hydro
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APPENDIX 2

Measurements related to renewable energy technologies- 2014

Solar 

thermal

Small 

hydro

Wind

7

 

7 

7

8.5

8.5

8.5

20.96

 

9.40

9.42

43.40

 

12.70 

17.90

11.98

 

13.53

 12.91

22.30

 

20.00

20.02

9.16

 

7.93

7.84

18.37

 

14.10

13.57

11.08

 

10.73 

10.61

13.20

 

13.12

12.65

2.27

 

1.91 

1.84

Interest 

(%)

Loan 

payment 

period 

(years)

LCOE 

($¢/kWh)

Tariff

($¢/kWh)

IRR

(%)

IRRE 

(%)

NPB 

- total 

(years

DPB 

- total 

(years)

NPB - 

Equity 

(years)

DPB - 

Equity 

(years)

Cost 

-Benefits 

Ratio
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APPENDIX 3

Renewable electricity cost data sensitivity analysis in 2014

9.74

9.64

9.53

9.42*

9.31

9.21

9.10

8.99

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

9.17

9.24

9.32

9.42*

9.54

9.69

9.88

10.14

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

8.96

9.11

9.26

9.42*

9.59

9.76

9.94

10.13

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

LCOE($¢/kWh)
Δ EPC 

(%)
LCOE($¢/kWh)

Δ N.P.F 
(%)

LCOE($¢/kWh) Δi %

*     i = 10%  Net Production Factor = 30%           EPC = 1600 $¢/kWh

Wind

10.1

9.87

9.63

9.40*

9.17

8.93

8.70

8.47

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

8.86

9.01

9.19

9.40*

9.66

9.98

10.40

10.96

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

8.97

9.11

9.25

9.40*

9.56

9.72

9.89

10.07

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

LCOE($¢/kWh)
Δ EPC 

(%)
LCOE($¢/kWh)

Δ N.P.F 
(%)

LCOE($¢/kWh) Δi %

*   i = 10%    Net Production Factor = 50%          EPC = 2300 $¢/kWh

Small hydro
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10.1

9.87

9.63

9.40*

9.17

8.93

8.70

8.47

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

20.30

20.48

20.70

20.96*

21.27

21.67

22.17

22.85

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

19.92

20.25

20.60

20.96*

21.33

21.72

22.12

22.54

+30%

+20%

+10%

0%

-10%

-20%

-30%

-40%

LCOE($¢/kWh)
Δ EPC 

(%)
LCOE($¢/kWh)

Δ N.P.F 
(%)

LCOE($¢/kWh) Δi %

*   i = 10%          Net Production Factor = 50%          EPC = 2300 $¢/kWh

Solar thermal



424242

ISESCO JOURNAL of Science and Technology

Volume 10 -  Number 18 -  November 2014 (42-57)

Abstract

This paper examines 

the causal relationship 

between total CO
2
 emis-

sions, diesel consumption 

and economic growth 

in Cameroon. Tests for 

unit roots, Johansen 

cointegration and Gran-

ger-causality based on 

a multivariate Vector 

Error Correction Model 

were employed on an-

nual data covering the 

period 1975-2008. Empi-

rical results conirm the 
presence of a long run 

equilibrium relationship 

between the variables. 

They also suggest a uni-

directional Granger-cau-

sality running from diesel 

consumption to total CO
2
 

emissions and to GDP in 

the long run at the 5 % 

level of signiicance, and 
a bidirectional Granger-

causality in both the long 

run and short run rela-

tionship at the 5 % level 

of signiicance between 
total CO

2
 emissions and 

GDP. The indings of the 
study have signiicant po-

licy implications. Thus, 

environmental policies in 

Cameroon stipulate that 

the country’s emergence 

and development must 

be in a process of Clean 

Development Mechanism

while considering as a 

priority the discovery of 

new oil ields.

Keywords: CO
2
 emissions; 

Diesel consumption; GDP; 

Cointegration and Gran-

ger causality; Cameroon.
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1. Introduction

The United Nations Commission for the Environment 

(UNCE) has clearly demonstrated the degradation 

of the environment both globally and regionally in 

conjunction with economic activity. This awareness 

grew stronger at the Rio Summit (Brazil) in 1992 

through the acceptance of the concept of Sustainable 

Development by the entire international community [1]. 

After the Rio Summit, Cameroon became a member 

of the United Nations Framework Convention on 
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Climate Change (UNFCCC) in 1994. Cameroon is thus 

committed, along with the international community, 

to help stabilise concentrations of greenhouse gases 

(GHGs) in the atmosphere at levels that would prevent 

the dangerous interference of human activities with the 

climate system [1]. 

According to the Intergovernmental Panel on Climate 

Change (IPCC), among various GHGs, anthropogenic 

carbon dioxide (CO
2
) emissions -through the com-

bustion of fossil fuels- appear to be a major contributor 

to global warming [1-3]. In order to reduce global 

warming effects, the Kyoto Protocol, an international 

agreement linked to the UNFCCC was signed in 1997.

Climatic problems associated with the increased accu-

mulation of pollution affecting world economy have 

been intensively assessed by researchers since 1990 [2]. 

The combustion of fossil fuels, particularly diesel, is 

the largest contributor to CO
2
 emissions in Cameroon.

As a Non-Annex 1 party, Cameroon is experiencing  

growing demand for energy, particularly petroleum 

products. We foresee the acceleration of this growth in 

the years to come because of the current policy of large 

projects launched by the Cameroonian government, 

which will generate greater demand for petroleum 

products, particularly diesel. These works will however 

pose a threat to the environment and cause global 

warming through GHGs. Diesel consumption has been 

noted to have a direct impact on environmental pollution 

level. In addition, there is a strong correlation between 

CO
2
 emissions, diesel use and economic activities [4].

Cameroon will become an emerging country by 2035 

[4,5].  Its success will have at its pivot the  availability 

of fossil energy. The multiple uses of diesel will make 

it the most demanded fuel. An increased use of this 

fuel will negatively impact on the environment and the 

emergence of Cameroon will have a positive inluence 
on economic activities through, inter alia, with the 

creation of job opportunities. It is therefore essential to 

gauge what inluence diesel consumption and economic 
growth will have on CO

2
 emissions in order to put in 

place mitigation mechanisms, hence the importance of 

studying the CO
2
-diesel-GDP correlation for the success 

of the major works currently launched in Cameroon.

A few scientiic works have been carried out in the 
energy ield in Cameroon a. We can state in the domain 
of causality the works of Tamba et al. [6] on the 

causality between diesel consumption and economic 

growth, and the works of Fondja Wandji [7] on the 

causality between energy consumption and economic 

growth. Research on other aspects include Pineau [8] 

on whether privatization is a solution for the electricity 

sector reform in Cameroon, Tamo Tatietse et al. [9] 

on the cost of electricity self-generation for industrial 

companies in Cameroon, Djiofack &t Omgba [10] on the 

critical appraisal of the permanent income hypothesis 

of oil depletion and development in Cameroon, and 

inally, Diboma and Tamo Tatietse [11] on the costs of 
power interruption to industries in Cameroon. 

To date, no study has been carried out on the causal 

relationship between CO
2
 emissions, energy (or diesel) 

consumption and economic growth in Cameroon. 

However, we follow the current studies of Chang [12] 

and the approach of Hatzigeorgiou et al. [13]. 

This paper aims to describe the relationship between 

total CO
2
 emissions, diesel consumption and economic 

growth, and to investigate the long and short-run 

causality relationship based on the Vector Error Cor-

rection Model (VECM) between total CO
2
 emissions, 

diesel consumption and GDP from 1975 to 2008 in 

Cameroon. The method used in this study is as follows: 

the irst step is to check the properties (stationary and 
integration order) of three time series using the unit 

root test of Augmented Dickey-Fuller (ADF) [14]. 

Secondly, the cointegration theory from the Johansen 

multivariate approach [15-17], used to examine the 

long run relationship between total CO
2
 emissions, 

diesel consumption and economic growth. Thirdly, 

we establish the Granger-causality tests [18-20] based 

on the VECM, in order to determine the direction of 

causality between CO
2
 emissions (total CO

2
 emissions), 

diesel consumption and economic growth. 

The contribution of this paper is to reach the irst indings 
on the existence and direction of a causal relationship 

between CO
2
 emissions, diesel and GDP in Cameroon. 

The indings of this study will help Cameroon’s 
government to control its emissions throughout the 
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emergence period i.e., to develop its economy, consume 

the necessary energy for its emergence and reduce CO
2
 

emissions while still respecting the UNFCCC, ratiied 
in 1994.

This paper is organized as follows: the following section 

provides a brief review of literature on causality studies 

related to energy-environment-economy. Section 3 is 

an overview of CO
2
 emissions, diesel consumption and 

GDP in Cameroon. Section 4 presents an overview of 

the proposed methodology. A description of data used 

is made in Section 5. In Section 6, the empirical results 

are reported, and the last section deals with the study’s 
conclusions and its policy implications in Cameroon.

2. Literature review

According to Ghosh [21] and Omri [22], there have 

been three streams of research to investigate the rela-

tionship between carbon dioxide emissions, energy 

consumption and economic growth. Investigating the

relationship between economic growth and environ-

mental pollutants constitutes the irst stream of research.
Here, researchers study the existence of the environ-

mental Kuznets curve. The environmental Kuznets 

curve hypothesizes an inverted U-shaped relationship 

between environmental degradation and income per 

capita [21]. Ever since the original empirical study 

by Grossman and Krueger [23], an increasing body 

of literature has tested the relationship between 

economic growth and environmental pollutants. Stren 

[24] and Dinda [25] provided an extensive review of 

environmental Kuznets curve literature.

The relationship between energy consumption and 

economic growth is the second stream of research. This

relationship suggests that energy consumption and 

economic growth may be jointly determined and the 

direction of causality may not be determined a priori. 

Starting with the work of Kraft and Kraft [26], a number 

of studies examine the causal relationship between 

energy consumption and economic growth. [6,7,27-30] 

provide extensive review surveys of these studies.

Finally, the last stream of research that emerged in 

recent literature combines the two earlier approaches 

by examining the dynamic relationship between 

CO
2
 emissions, energy consumption and economic 

growth [21]. The analysis of the causal relationship 

between CO
2
 emissions, energy consumption and 

economic growth is predominantly addressed in 

energy-environment-economy literature and has been 

the subject of many empirical studies. [2, 22, 31-33] 

supply us with additional review of these studies. The 

energy-environment-economy nexus has been a point 

of interest for researchers in different countries for a 

long time [31]. For example, the causal relationship 

between pollutant emissions, energy consumption and 

output for France using cointegration and VECM was 

carried out by Ang [34]. According to the causality 

results, economic growth causes a causal inluence on 
energy use and pollution in the long run. The results 

also acknowledge a unidirectional causality running 

from growth of energy use to output growth in the short 

run. Ang studies the long run relationship between 

output, pollutant emissions, and energy consumption 

in Malaysia using the same modelling technique [35]. 

Pollutant and energy consumption are positively related 

to output in the long run. Considering the output-

pollution link, only a weak causality running from CO
2
 

emissions growth to economic growth was noticed in 

a long run. The investigation on energy consumption, 

output and carbon emission nexus for China was 

carried out by [36]. The causal relationship running 

from GDP to energy consumption and from the latter to 

carbon emission was found to be a unidirectional long-

run  causality. The new time series technique known 

as the Toda-Yamamoto method is used in the study of 

Lotfalipour et al. [2] to investigate the causal relationship 

between economic growth, carbon emissions and fossil 

fuel consumption for Iran. Empirical results from this 

country suggest that there is a unidirectional Granger 

causality running from GDP and petroleum products 

and gas consumption to CO
2
 emissions. However, there 

is no Granger causality between total petroleum fossil 

fuel consumption and CO
2
 emissions. The causality 

of carbon dioxide emissions, energy consumption 

and economic growth in China is examined by [12] 

using the multivariate cointegration test and VECM. 

There exists a bidirectional running from GDP to CO
2
 

emissions and the consumption of crude oil and coal. 

Chang [12] also shows that a bidirectional running 
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exists from electricity consumption to GDP. In Greece, 

the causal relationship between CO
2
 emissions, GDP 

and energy intensity (EI) was investigated by [13]. 

This study was conducted using Granger causality 

tests based on VECM. The study results indicate that 

there is a unidirectional causality between GDP and EI, 

running from GDP to EI. Also, there is a unidirectional 

causality between GDP and CO
2
, running from GDP to 

CO
2
 emissions. Furthermore, CO

2
 emissions Granger 

cause EI and EI Granger cause CO
2
 emissions in this 

study. There is abundant literature on the relationship 

between energy consumption, CO
2
 emissions and eco-

nomic growth. However, existing literature pertaining 

to African countries is limited to the test of either energy 

conservation hypothesis or the environmental Kuznet 

curve. However, Koi Adom et al. [32] deviate partially 

from existing literature by considering the same issue 

within a broader spectrum. Koi Adom et al. [32] 

investigate the long run equilibrium relationships and 

short-run causal relationships among CO
2
 emissions,

economic growth, technical eficiency, and industrial 
structure for Ghana, Morocco and Senegal using the 

Bounds cointegration approach and Toda and Yomamoto 

Granger causality test, respectively. The indings of Koi 
Adom et al. [32] show that: (1) there are bidirectional 

causal relationships between industrial structure and 

CO
2
; technical eficiency and CO

2
; and economic 

growth and CO
2
, and a unidirectional causality from 

technical eficiency to industrial structure and economic 
growth; and from industrial structure to economic 

growth for Ghana. (2) There is a unidirectional causality 

from industrial structure to carbon dioxide emissions, 

technical eficiency and economic growth, and from 
technical eficiency to carbon dioxide emissions and 
bidirectional causality between economic growth and 

carbon emissions for Morocco. For Senegal (3), there 

is a unidirectional causality from industrial structure 

to carbon emissions, from economic growth to carbon 

emissions and technical eficiency; and bidirectional 
causality between technical eficiency and industrial 
structure. However, no causal relationship was found 

between economic growth and industrial structure for 

the three countries. Koi Adom et al. [32] conclude that 

these results have important policy implications for 

these countries’ energy eficiency systems. Chandran 
Govindaraju and Tang [33] investigate the relationship 

between CO
2
 emissions, economic growth and coal 

consumption in China and India using the newly-

developed cointegration analysis for the period 1965-

2009. There exists a long-run relationship between the

variables in the case of China but not for India. A bidi-

rectional causality, in the short and long-runs, is detected 

between economic growth and coal consumption as 

well as between coal consumption and CO
2
 emissions 

in China. In addition, a unidirectional causality is 

detected from economic growth to CO
2
 emissions. For 

India, Chandran Govindaraju and Tang [33] also show 

that short run bidirectional causality exists between 

economic growth and CO
2
 emissions and CO

2
 and coal 

consumption. However, economic growth Granger 

causes coal consumption in the short run in India.

This study was carried out with various countries as 

case studies. The research shows that there is no clear 

conclusion about energy consumption, environmental 

pollutants and economic growth. We noted that a wide 

range of econometric techniques and procedures has 

been used to test the validity of the relationship between 

environmental pollutants, energy consumption and 

economic growth. The results and implications of these 

studies clearly depend on underlying variables, data 

frequency, and the development stages of a country [2], 

thus giving rise to different conclusions.

3. CO
2
 emissions, diesel consumption 

and GDP in Cameroon

CO
2
 has shot to the top of the list of energy environmental 

concerns, as the source of anthropogenic climate change [37].

The current policies of large projects have resulted in

a sustained growth of fossil fuel consumption (particu-

larly diesel) in Cameroon; and have contributed to the 

increase of Cameroon’s CO
2
 emissions. We note that 

CO
2
 emission is not produced by all energy consumption 

in Cameroon since biomass and electricity are not 

considered as polluters. The main sources of electricity 

in Cameroon are hydroelectric dams. CO
2
 emissions in 

this study correspond to the CO
2
 emissions attributable 

to all activity sectors in Cameroon.
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Visual examination of Figure 1 shows that the CO
2
 

emissions’ curve has a positive slope trend. Nevertheless, 
despite the many inexplicable luctuations, the CO

2
 

emissions curve has been on the increase over the period 

between 1975 and 2008. Thus, from 1162 kilotons in 

1975, Cameroon’s CO
2
 emissions rose to 5302 kilotons 

in 2008, i.e., an average growth rate of 4.71% per year.

 

Primary energy production in Cameroon was 10.12 

million tons oil equivalent in 2008, with 50% as 

biomass, 46% as oil and 4% as electricity [38]. Energy 

consumption in a ton of oil equivalent in Cameroon is 

dominated by biomass (77%), followed by petroleum 

products (16%) and electricity (7 %) in 2008 [38]. In 

different sectors, households are the largest consumers 

of inal energy in Cameroon with about 74%, followed 
by the transport sector at 12% and other sectors (agri-

culture, livestock, hunting, ishing, logging etc…) at 
9 %. The industrial sector came last with 5% of inal 
energy consumption in 2008 [38]. Since 2000, diesel has

become the most consumed petroleum product. In 2008,

diesel consumption represented 7.52% of Cameroon’s 
energy consumption against 8.48% for other petroleum 

products. Diesel as energy is used in almost all sectors 

of Cameroon economy [4, 6]. It is found in the lighting 

of homes and industries by means of self-production of 

electricity and the production of public electricity using 

diesel power plants. Diesel is present in three types of 

transport means in Cameroon: road, shipping and rail 

transport. It is used as fuel in industries for the operation 

of furnaces and boilers, as well as in agriculture through 

tractors. National diesel consumption has a greater 

inluence on the economic growth of Cameroon than 
other petroleum products [4, 6]. 

Figure 1 suggests that the evolution of diesel 

consumption in Cameroon for the period 1975-2008 

progressed in three phases. Phase 1 marks the growth 

of diesel consumption and covers the period 1975-

1982, which corresponds to an annual average growth 

rate of 13.71%. Phase 2 shows a decline in diesel 

consumption over the period 1983-1995. It decreases 

at an annual average rate of -3.55%. This corresponds 

to the increase of the vehicle leet using gasoline and to 
the economic crisis that hit Cameroon, leading to the 

devaluation of the CFA franc in 1994 [6]. Finally, we 

note an increase in diesel consumption over the period 

1996-2008 which represents phase 3. This phase has a 

relatively weaker annual average growth rate than the 

irst one and stands at 5.22%. Thus, it can be deduced 
that diesel consumption in Cameroon evolved over the 

period of 1975-2008 at an annual average growth rate 

of 4.12%.

Figure 1. CO
2
 emissions (a), diesel consumption (b) and economic 

growth (c) in Cameroon, 1975 to 2008.
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The Cameroon Energy Information System [38] of the 

Ministry of Energy and Water Resources carried out a 

comparative study for the period 1960-2008 between 

Gross Domestic Product (GDP) growth and crude 

oil production drawn from the World Development 

Indicators data for 1960-1994 and the Cameroonian 

National Institute of Statistics during 1994-2008. 

Comparison resulted in the notion that crude oil 

production greatly inluences the evolution of the 
Cameroonian economy. Thus, from 6612 billion Francs 

CFA in 2000, Cameroon’s real GDP rose to 8699 billion 
Francs CFA in 2008, with an average growth rate of 

3.5% per year [37].

Figure 1 equally shows GDP evolution in Cameroon 

over the period 1975-2008. It has a zone that disturbs the 

time series and is marked by a GDP fall between 1986 

and 1994. This period corresponds to the economic 

crisis that hit Cameroon, leading to the devaluation 

of the CFA franc in 1994. After 1994, GDP shows a 

positive slope trend with a mean annual growth rate 

of 4.02% until 2008 [6]. Similar to the evolution of 

diesel consumption over that period, GDP growth goes 

through three phases. Phase 1 extends from 1975 to 1986 

and stands out as a period of high growth with a GDP 

average growth rate equal to 7.76%. This corresponds 

to the explosion of oil production in Cameroon. Phase 

2 covers the period from 1987 to 1994. It corresponds 

to a period of economic crisis and recession with a 

negative GDP growth rate of -3.4%, a decrease driven 

by falling oil production. Finally, phase 3 extends from 

1995 to 2008. It corresponds to a period of renewed 

economic growth with a GDP average growth rate of 

about 4.02%. Thus, from 3052 billion CFA francs in 

1975, Cameroon’s real GDP rose to 8699 billion CFA 
francs in 2008, posting an average growth rate of 3.2% 

per year. 

4. Methodology

4.1 Stationarity tests

The stationarity tests are aimed at verifying the order 

of variable integration using ADF [14]. According to 

Engle and Granger [19], a linear combination of two 

or more non-stationary series, with the same order 

of integration, may be stationary. The unit root test 

consists in verifying the null hypothesis H
0
: r=1 against 

alternative hypothesis H
1
: r<1.  For the time series x

t
, 

ADF relationship is expressed as Hurlin [39]: 

where ∆ is the difference operator, k is the auto-

regressive lag length, j is the number of observations 

in our sample, e
t
 is assumed to be a Gaussian white 

noise random error in the three forms, t=1,…,T is a 

term for trend and r, a and β are the coeficients of 
interest. Equation (1) represents model 1 (no constant, 

no trend), equation (2) model 2 (constant, no trend) and 

equation (3) model 3 (constant, trend).

To conclude that a stochastic process x_t is stationary, 

these three conditions should be satisied [40]:

where E represents time independent expectation, 

m and h the time, q
h
 is auto-covariance which only 

depends on the retardation h between two considered 

dates. When these series are found to be non-stationary, 

we take irst-difference and we apply the ADF tests 
again on the differenced data and so on. To test for 

cointegration, the Johansen’s vector autoregressive 
methodology is used. 

4.2 Multivariate cointegration tests

If series x
t
 is non-stationary and y

t
 is non-stationary 

and are both integrated of order d, the usual ordinary 

(3)

(1)

(2)

(4)

(5)

(6)
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least squares (OLS) signiicance tests to carry out the 
cointegration test are used: 

The residual e
t
 may have the property of being I(0) or 

stationary. If such a property holds true, then x
t
 and y

t
 

are cointegrated.

As in Hatzigeorgiou et al. [13], this step involves 

examining the cointegration relationship among 

variables using the vector autoregressive (VAR) 

approach of Johansen [15, 17] and Johansen and 

Juselius [16]. The number of long run equilibrium 

relationship among integrated variables of the same 

order is determined. This test determines the number 

of equations for any normalisation used. The Johansen 

cointegration test based on the VAR method can be 

formally tested with two common approaches, namely 

the maximum eigenvalue test and the trace test [6]. 

We use the latter test to establish cointegration. If 

the variables are cointegrated, causality tests based 

on the VAR estimated in irst difference constitute 
a non-well speciied model [13] and may result in 
incorrect inference. If the presence of such relationship 

is veriied, it should be incorporated by means of the 
classic VAR model, giving rise to a VECM [13, 19]. 

Since the cointegration tests are sensitive to the choice 

of lag length, we use the Schwartz information Criteria 

(SIC or SC) to determine the optimal lag lengths. The 

works of Chang [12], Hatzigeorgiou et al. [13], Ghali 

and El-Sakka [41], Odhiambo [42] and Feng et al. [43] 

present a multivariate cointegration analysis.  

4.3 Granger-causality tests

Cointegration implies that causality exists between the 

series, but it does not indicate the direction of the causal 

relationship [6]. Therefore, we use the VECM to detect 

the direction of the causality. Causality based on the 

VECM has the advantage of giving a causal relationship 

even without any signiicant estimated coeficients 
[27]. Granger [20] maintains that if variables are non-

stationary but become stationary after the difference 

and cointegrated, it becomes necessary to estimate a 

VECM for the multivariate causality test. The VECMs 

for this test can be speciied accordingly as [21, 34, 35, 
and 42]: 

where x
t
, y

t
 and z

t
 represent CO

2
 emissions, diesel 

consumption and economic growth in logarithmic 

form, respectively. ∆ is the difference operator, β’s are 
the parameters to be estimated and μ

t
 are the serially 

uncorrelated error terms. ECT
(t-1)

 is the error correction 

term, which is derived from the long-run  cointegration 

relationship. In the Wald tests, chi-square c2 statistics 

and their probabilities were obtained to determine the 

short-run causalities in VECM [34, 35]. The t-statistics 

on the coeficients of the lagged error-correction term 
indicate the signiicance of the long run causal effect 
[21, 42]. The optimum lag length p is determined 

on the basis of SC. In our study, the Granger causal 

relationship analysis is given in Table 1 [42].

(7)

(8)

(9)

(10)

TABLE 1. Granger causal relationship analysis

(1) Diesel consumption (y
t
) → CO

2
 emissions (x

t
)

(2) CO
2
 emissions (x

t
) → diesel consumption (y

t
)

(3) Economic growth (z
t
) → CO

2
 emissions (x

t
)

(4) CO
2
 emissions (x

t
) → economic growth (z

t
)

(5) Economic growth (z
t
) → diesel consumption (y

t
)   

(6) Diesel consumption (y
t
) → economic growth (z

t
)    

β
12i

≠0 

β
22i

≠0

β
13i

≠0 

β
33i

≠0 

β
23i

≠0 

β
32i

≠0 

β
14

≠0 

β
24

≠0

β
14

≠0 

β
34

≠0 

β
24

≠0 

β
34

≠0 

Causal flow

Conditions

Short 

run

Long 

run
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5. Data analysis

Our empirical study uses the time data of CO
2
 emissions, 

diesel consumption and GDP for the 1975- 2008 period 

in Cameroon. In this paper, CO
2
 emissions measured 

by  metric tons and data are obtained from the World 

Development Indicators produced by the World Bank 

[44]. Diesel consumption and GDP are taken in Tamba 

et al. [6]. The logarithm terms of these variables are 

used because the logarithmic transformation leads to a 

more stable variance of data. LNCO2 is the logarithm 

of CO
2
 emissions, LNDIE is the logarithm of diesel 

consumption and LNGDP is the logarithm of GDP. The 

GDP is used as a proxy for economic growth. Table 2 

shows the summary statistics of each of the variables 

used in the analysis. From Jarque-Bera’s statistics, it 

is concluded that all the variables follow the Normal 

Distribution at the 5% level of signiicance. Figure 2 

shows logarithmic transformation of the evolution 

of total CO
2
 emissions, diesel consumption and 

development of Cameroon’s GDP from 1975 to 2008. 

If one considers that the 1986 shock is cancelled by that 

of 1991 on the CO2 emissions curve, it is noted that 

these three variables show long run upward trends with 

slopes of 0.008 for the LNDIE, 0.01 for LNGDP, and 

0.02 for LNCO2. This seems to point to the existence 

of an equilibrium relationship or cointergation between 

these three series. The coeficient of correlation is equal 
to 0.62 for LNCO2-LNDIE series, 0.52 for LNCO2-

LNGDP series and 0.75 for LNDIE-LNGDP series. 

Thus, the series are not strongly correlated.  

6. Empirical Results and Discussion

6.1 Unit root tests

Table 3 reports the results of the ADF tests on the 

integration properties of CO
2
 emissions, diesel 

consumption and GDP for Cameroon. According to the 

ADF results, the null hypotheses could not be rejected 

even at the 5 % level for LNCO2, LNDIE and LNGDP 

in level, but the null hypotheses were rejected at the 

5% level for LNCO2, LNDIE and LNGDP in irst 
difference. Consequently, the series are stationary in 

irst difference. This indicates that the LNCO2, LNDIE 
and LNGDP variables are individually integrated of 

order one, I(1). 

TABLE 2. Descriptive statistics of time series

 Mean

 Median

 Maximum

 Minimum

 Std. Dev.

 Skewness

 Kurtosis

 Jarque-Bera

 Probability

 Observations

15.00271 

15.13598 

15.84865

13.90444 

0.536716

-0.532214

 2.407995

 2.101593

 0.349659

 34

 12.58113

 12.52276

 13.01882

 11.92706

 0.280014

-0.223573

 2.318627

 0.940961

 0.624702

 34

 15.55917

 15.59046

 15.99155

 14.87472

 0.276520

-0.791108

 3.274692

 3.653391

 0.160945

 34

Series LNCO2 LNDIE LNGDP

TABLE 3. ADF unit root tests

LNGDP

LNDIE

LNCO2

First

difference

LNGDP

LNDIE

LNCO2

2.008303

-2.922798a

-2.981174a

-6.051617a

-1.875990

-3.341704

-1.759899

-3.427038

ADF unit 

root tests

1. no constant.

no trend

t-statistic

2. Constant. 

no trend

t-statistic

3. Constant. 

trend

t-statistic

aRepresents rejection of null hypothesis at a 5% level of signiicance. 

Figure 2. Logarithmic transformation of the variables from 1975 

to 2008.
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TABLE 4. Selection of lag length

0

1

2

3

Lag

12.41335 

84.24432 

93.98510 

105.1847

NA 

120.4907a

 14.45406

 14.45106

 0.000133

 2.32e-06

 2.28e-06

 2.10e-06a

LogL LR FPE

-0.413765

-4.467376

-4.515168 

-4.657076a

-0.136219

-3.773511a

-3.404984

-3.130573

-0.323291 

-4.241193a

-4.153276

-4.159474

AIC SC HQ

aindicates lag order selected by the criterion/SC: Schwarz information Criterion.

Before undertaking the cointegration tests, one must 

specify the variables optimum order of lag length. The 

choice of lag number is done by using information 

criteria on the VAR in levels. The information criteria do 

not favour the same values. According to the Schwarz 

Information Criterion (SC), the optimal lag order of the 

VAR is chosen as one (see Table 4). A dummy variable 

D8694 has been introduced as exogenous I(0) variable 

in the multivariate VAR(p); p=1, which otherwise 

takes the value 1 in the period 1986-1994 and 0. The 

inclusion of D8694 is intended to capture the volatility 

in the years 1986-1994 and is found to be statistically 

signiicant.

The cointegration analysis is typically applied to verify 

if a long-run relationship exists between the variables. 

The results of the Johansen maximum likelihood 

cointegration tests are presented in Table 5. This table 

presents maximum eigenvalues and trace statistics 

and shows the cointegration relationship between 

variables. The number of the cointegration test is two 

according to the trace test and one by the maximum 

eigenvalue test at the 5% signiicance level. In this 
paper, we are only interested in the irst cointegration 
equation because of its ability to determine the impact 

of the explicative variables under consideration of the 

CO
2
 emissions in the long-run. Therefore, we use the 

maximum eigenvalue tests. According to these maximal 

eigenvalue tests, the null hypothesis H
0
:r

0
=0 of no 

cointegration is rejected at the 5% level of signiicance 
in favour of the alternative hypothesis. However, the 

null hypotheses H
0
:r

0
 ≤1, the maximum eigenvalue is 

equal to 15.88599, which are below the 5% critical 

value of 15.89210. Thus, the null hypotheses H
0
 are 

accepted at the 5% level of signiicance.

TABLE 5. Johansen and Juselius cointegration test

Trace test

Nonea

At most 1a

At most 2

Maximum eigenvalue test

Nonea

At most 1

At most 2

Number of cointegration 

0.640165

0.391305

0.190245

0.640165

0.391305

0.190245

Eigenvalue

55.34624

22.63873

6.752740

55.34624

22.63873

6.752740

35.19275

20.26184

9.164546

22.29962

15.89210

9.164546

Statistic 5 % Critical Value

0.0001

0.0231

0.1401

0.0013

0.0501

0.1401

Probabilityb

adenotes rejection of the hypothesis at the 5 % signiicance level.
bMacKinnon-Haug-Michelis (1999) p-values.
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TABLE 6. Selected results of VECM

LNCO2(-1)

LNDIE(-1)

LNGDP(-1)

C

Error Correction:

CointEq1

Δ (LNCO2(-1))

Δ (LNDIE(-1))

Δ (LNGDP(-1))

D8694

 R-squared

 Adj. R-squared

 F-statistic

 Log likelihood

 Akaike AIC

 Schwarz SC

Cointegrating Eq.

 1.000000

-1.365570 (1.01545)

[-1.34480] 

 2.444182 (0.96426)

 [ 2.53479]

-36.95194 (8.05211)

 [-4.58910]

Δ(LNCO2)

-0.315293 (0.10186)

[-3.09540] 

-0.070474 (0.17037)

 [-0.41366]

-0.926765 (1.28800)

 [-0.71954]

-3.290067 (1.32550)

[-2.48214]

-0.424041 (0.19781)

[-2.14364]

 0.354473

 0.258839

 3.706569

-16.30902

 1.331813

 1.560835

CointEq1

Δ (LNDIE)

-0.034329 (0.01786)

 [-1.92244]

 0.003888 (0.02987)

[ 0.13019]

 0.280470 (0.22581)

[ 1.24209]

-0.066388 (0.23238)

[-0.28569]

-0.032090 (0.03468)

[-0.92533]

 0.365688

 0.271715

 3.891443

 39.40853

-2.150533

-1.921512

Δ (LNGDP)

-0.045354 (0.00960)

 [-4.72553]

 0.033999 (0.01605)

 [ 2.11791]

-0.201737 (0.12136)

[-1.66226]

 0.223996 (0.12490)

[ 1.79347]

-0.069377 (0.01864)

[-3.72209]

 0.577740

 0.515184

 9.235430

 59.27698

-3.392311

-3.163290

Standard errors in ( ), t-statistics in [ ], Δ is irst-difference and one lag value (-1).

6.3 Multivariate Granger-causality tests

The existence of the cointegration relationship leads 

to the estimation of a VECM including the long run 

relationship and short run adjustment dynamics. As 

shown in Table 6, the normalised cointegration equation 

is LNCO2=1.3656 LNDIE-2.4442 LNGDP+36.9519. 

According to the results, the magnitude of the diesel 

consumption variable implies that a 1% increase in the 

level of energy activity will increase CO
2
 emissions 

in Cameroon by 1.37%. This result is evident because 

Solomon et al. [3] clearly show that greenhouse gas or 

CO
2
 emissions are proportional to the quantity of fuel 

fossil consumed. 

The GDP coeficient is negative. The estimated long 
run GDP elasticity is equal to -2.44, implying that a 

1% increase in economic activity will lead to a 2.44 %
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reduction in total CO
2
 emissions. This may seem 

contradictory if we only refer to Figure 1 and the 

result between CO
2
 and GDP of our study contradicts 

the works of many researchers for other countries. 

For example, Hatzigeorgiou et al. [13] show that a 

1% GDP increase contributed to a 1.19% increase of 

CO
2
 emissions in Greece for the period 1977-2007. 

This result may seem incompatible with the terms 

of the UNFCCC on emission mitigation. However, 

considering that since 1994 and following UNFCCC, 

Cameroon has been implementing measures for CO
2
 

emission mitigation, our result is appropriate in the 

context of our study. Furthermore, this econometric 

result is consistent because the p-value (0.0093) of the 

F-statistic (3.7066, see Table 6) is signiicant at the 
statistical threshold of 1%. Additionally, this result is in 

line with Wang et al. [31]. Wang et al. [31] found that 

a 1% increase in economic growth is associated with a 

decrease in CO
2
 emissions by 0.63 % in China. Thus, 

we remark that the indings of these studies differ from 
each other. Briely, the estimated co-integration vector 
shows that CO

2
 emissions in Cameroon are affected by 

changes in diesel consumption and GDP rate.

Technically, ECT measures the speed of adjustment 

back to the cointegration relationship. We note that the 

ECT coeficient is found to be negative (-0.3153) and 
statistically signiicant at the 5% level (see Table 6). 

We conclude that we have a phenomenon of return to 

equilibrium, and thus the presence of an error correction 

mechanism is established. This provides further support 

for the use of an error-correction framework. The 

output adjusts at the speed of 31.53% every year, or 

it takes about 3.2 years to restore equilibrium when 

a shock affects the steady-state relationship. We also 

note that the CO
2
 emissions growth rate depended 

heavily on GDP growth in the previous period and 

was signiicantly different from zero at the statistical 
threshold of 5% (the t-statistic (−2.48214) in absolute 
value greater than 1.96).

The robustness of the VECM is evaluated using the 

normality test, the autocorrelation test and White’s 
heteroscedasticity test. Table 7 summarises the test 

results of the residuals of each equation as well as 

the residuals’ vector. The joint test for the residual 
vector leads to the non-rejection of the hypothesis 

that it follows a normal multivariate distribution. 

Indeed, the probability associated with the statistics 

of Jarque-Bera is 0.73, 0.29 and 0.79 in Eqs. (8), (9) 

and (10), respectively, which indicate that we accept 

the null hypothesis of normality of the residuals. The 

autocorrelation LM test indicates that we accept the 

null hypothesis of no serial correlation up to lag 12. 

The joint test statistics of White’s homoscedasticity test 
with the no cross term is 54.63, with a p-value of 0.09, 

which indicates that we accept the null hypothesis of 

non- heteroscedasticity at a 5% conidence level. At the 
5% level, none of the tests rejects the null hypothesis, 

hence the model passes all the tests successfully and 

the residuals are Gaussian white noise. 

Cointegration implies the existence of Granger 

causality but does not indicate the direction of the 

causality relationship. Multivariate Granger-causality 

tests based on a VECM are carried out to examine both 

long and short-run causality. The results of the Granger 

causality tests for time series based on the VECM are 

shown in Table 8.

According to the results obtained from the Granger-

causality test for LNCO2-LNDIE time series, LNDIE 

Granger cause LNCO2 and LNCO2 Granger cause 

LNDIE at the 1% and 10% levels of signiicance, 
respectively. However, the short run causality is 

not found between the series. We can conclude that 

energy is a stimulus of CO
2
 emissions. The results of 

the Granger-causality test for LNCO2-LNGDP time 

series show that long-run causality is running from 

GDP to CO
2
 emissions, with a feedback effect at the 

1% level of signiicance. Examining the short-run, 
LNGDP Granger cause LNCO2 and LNCO2 Granger 

cause LNGDP at the 5 % level of signiicance. Results 
indicate that CO

2
 emissions lead to higher economic 

growth; at the same time, economic growth leads to 

the rise of CO
2
 emissions. In the long-run, the results 

of the Granger causality test for LNDIE-LNGDP time 

series show that LNGDP Granger cause LNDIE at the 

10% level of signiicance, and LNDIE Granger cause 
LNGDP at the one % level of signiicance. However, 
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TABLE 7. Results of the diagnostic test of residuals

Component

1

2

3

Joint

Autocorrelation LM tests

Lags 

1

2

3

4

5

6

7

8

9

10

11

12

White heteroscedasticity tests 

Chi-sq.

 54.63382

Normality tests

Skewness

0.269900

-0.562796

0.062140

Probability 

0.5268

0.1869

0.8841

0.5391

Kurtosis 

  

2.591724

2.279665

3.566165

LM-Stat

9.216949

13.07383

12.05913

8.431908

12.42806

8.758389

4.419553

5.419060

14.34786

7.101940

11.88145

2.444380

df

42

Probability 

  0.6321

 0.3983

 0.5068

 0.7094

Probability

 0.4175

 0.1593

 0.2100

 0.4913

 0.1902

 0.4599

 0.8817

 0.7964

 0.1105

 0.6265

 0.2201

 0.9823

Probability

0.0915

Jarque-Bera 

0.629851

2.455530

0.461984

3.547366

Probability 

0.7298

0.2929

0.7937

0.7377

these results show that short- run causality is running 

unidirectional from diesel consumption to GDP at the 

10% level of signiicance. Thus,  energy is a stimulus 
to economic growth and feedback at the 10% level of 

signiicance.

Finally, the results conirm the unidirectional long-
run causality and absence of causality in the short-

run relationship between total CO
2
 emissions and 

diesel consumption, both the bidirectional long-run 

and short-run causality relationship between total CO
2
 

emissions and GDP, and the unidirectional long run 

causality and no causality in the short run relationship 

between diesel consumption and GDP at the 5% 

level of signiicance in Cameroon. This last result is 
conirmed by [7] who analyzed the causal relationship 
between energy consumption and economic growth in 

Cameroon over the period 1971-2009. Fondja Wandji 

[7] concluded that there was a unidirectional causality 

from the consumption of oil products to the GDP and 

no causality in the short run for these two variables at 

the 5% level of signiicance. Figure 3 summarizes the 

results of this study.
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TABLE 8. Granger causality test for time series based on the VECM

Long run

Null hypothesis

LNDIE does not Granger 

Cause LNCO2

LNCO2 does not Granger 

Cause LNDIE

LNGDP does not Granger 

Cause LNCO2

LNCO2 does not Granger 

Cause LNGDP

LNGDP does not Granger 

Cause LNDIE

LNDIE does not Granger 

Cause LNGDP

t-statistics

-3.09540

-1.92244

-3.09540

-4.72553

-1.92244

-4.72553

Probability 

0.0045a

0.0652c

0.0045a

0.0001a

0.0652c

0.0001a

Null hypothesis 

ΔLNDIE does not Granger 

Cause ΔLNCO2

ΔLNCO2 does not Granger 

Cause ΔLNDIE

ΔLNGDP does not Granger 

Cause ΔLNCO2

ΔLNCO2 does not Granger 

Cause ΔLNGDP

ΔLNGDP does not Granger 

Cause ΔLNDIE

ΔLNDIE does not Granger 

Cause ΔLNGDP

c2-statistics 

0.517733

0.016949

6.161021

4.485553

0.081619

2.763125

Probability 

0.4718

0.8964

0.0131b

0.0342b

0.7751

0.0965c

Short run

aDenote signiicance level at 1 %.
bDenote signiicance level at 5 %.
cDenote signiicance level at 10 % respectively.

Figure 3. Relationship between CO
2
 emissions, Diesel consumption and GDP for Cameroon



Tamba, Njomo, Limanond & Nomo / ISESCO Journal of Science and Technology - Volume 10, Number 18 (November 2014) (42-57)

55

Conclusions and Policy Implications

This paper analyses the causal relationship between total CO
2
 emissions, diesel consumption and GDP in 

Cameroon over the period 1975-2008. We began by testing the order of integration of series by the ADF unit root 

test. Then, we tested the Johansen multivariate cointegration to determine the existence of a long-run relationship 

between variables. Finally, Granger-causality tests based on the VECM were employed. VECM tests were used 

to estimate the direction of the Granger causality for the multivariate cointegration data.

The results indicate that the time series are stationary in first difference. The Johansen multivariate cointegration 

tests established the existence of ECT with the variables. The model successfully passes all the tests (the normality 

test, the autocorrelation test and White heteroscedasticity test) and the residuals are Gaussian white noise. The 

Granger-causality tests based on the VECM show that a unidirectional causality exists in the long-run, running 

from diesel consumption to total CO
2
 emissions, and conclude to the absence of short run causality for these two 

variables at the 5% level of significance. They also show that a bidirectional causality exists both in the long run 

and short run relationship at the 5% level of significance between total CO
2
 emissions and GDP. Subsequently, 

the Granger causality tests show that a unidirectional causality runs from diesel consumption to GDP and no 

short run causality exists for these two variables at the 5% level of significance. This result is confirmed by [7].

An interesting finding of the study illustrates that the VECM established that a 1% increase in diesel consumption 

corresponds to a 1.37% in CO
2
 emissions. On the other hand, a 1% increase in GDP will lead to a 2.44% reduction 

in CO
2
 emissions in the long-run . We conclude that this result is appropriate in the context of our study and 

country. In addition, this econometric result is consistent because the p-value (0.0093) of the F-statistic (3.7066) 

is significant at the statistical threshold of one %, and is consequently significant at the statistical threshold of 5 %.

In Cameroon, a government policy aimed at improving energy supply and economic growth will inevitably have 

a positive impact on total CO
2
 emissions from an environmental point of view. That is, to reinforce Cameroon’s 

energy demand with low emission fuels and respect the terms of the UNFCCC by mitigating emissions while 

improving economic growth. Thus, GDP growth and energy consumption will stimulate total CO
2
 emissions. 

Given that Cameroon is a developing country that aspires to achieve its full emergence by 2035 [4,5], reducing 

diesel consumption to reduce CO
2
 emissions is not an option. Cameroon has not yet reached a level of energy 

autonomy to enable a reduction in energy consumption. In addition, Rosellini [45] clearly shows that to reach 

their emergence, Central African countries would need to use much of their potential for oil development.

However, despite the fact that Cameroon is  a Non-Annex 1 party, the reduction of CO
2
 emissions can be achieved 

through the proposed economic growth. According to the environmental policy of Cameroon, the increase of 

economic growth will have a significant positive impact on climate change. This policy states that Cameroon’s 
development strategy should be a clean development process. Thus, economic growth will lead to sustainable 

development and eventually reduce the amount of CO
2
 emissions in the atmosphere. 

For its emergence, and while reducing its CO
2
 emissions, Cameroon intends to modernize all of its industries, 

making them more efficient (use of new technologies, CO
2
 capture and storage) and reducing the use of chemical 

pollutants [37]. Rejuvenation of the vehicle fleet and other means of transport will enable the transport sector 

to grow while reducing CO
2
 emissions [1]. At last, a National Communication on the GHG inventory to the 

UNFCCC in Cameroon will certainly influence its emissions.
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Abstract

T
he low ield cha-

racteristics of mul-
tiple wall jets issuing 
from cylindrical surfaces 
in still air, their mutual 
interaction, separation 
and reattachment to the 
wall are experimentally 
investigated. The effects 
of cylinder curvature 
and pitch between jets 
are studied. Mean velo-

city distribution in both 
spanwise and normal planes was measured using both 
pressure probes and a hot wire anemometer. Good 
agreement for the results of the two techniques has 
been obtained. Surface curvature seldom has an effect 
on merging between in-line jets, but it affects the reat-
tachment length on the wall. In the spanwise direction, 
the jet growth rate increases as the pitch decreases. 

There is good agreement 
between the reattachment 
lengths determined by the 
hot wire anemometer and 
those obtained by low vi-
sualization using the oil 
ilm technique. The effect 
of the wall offset from jets 
on the low ield was also 
investigated. The results 
indicate that as the dis-

tance between the wall 
and jets increases, the 
growth rate of the jet de-

creases and causes maximum velocity deviation towards 
the wall. Increasing the offset of the wall also delays both 
the merging between jets and reattachment to the wall. 
Local turbulence intensity and root mean square value 
in normal direction are measured downstream the jets.

Keywords: Merging, Reattachment, Wall jets.
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1. Introduction

A major problem hindering the enhanced performance 

of gas turbine systems through temperature increasing 

is the availability of blade material that can withstand 

such high temperatures and combined stresses. Film 

cooling is one type of cooling methods applied to gas 

turbine engine systems. In a ilm cooled turbine blade, 
the coolant is injected into the mainstream through 

discrete holes drilled along the blade surface. The coolant 

acts as a protective layer between the blade surface 

and the hot combustion gas. Injecting ilm cooling in 
regions of mean low deceleration and separated low 
is most important as by effectively cooling regions 

of high thermodynamic loads near the stagnation and 

reattachment lines, and secondly re-energizing the 
low-momentum luid with coolant injection, separation 
may be delayed or avoided. The main problem is the 

achievement of eficient cooling systems combining 
high and uniform blade surface coverage with low 

coolant mass-low rate and small aerodynamic losses, 
which means minimum interference with the main low 
aerodynamics. 

Cooling effectiveness is dependent upon the approach

low characteristics, the ilm cooling low temperature, 
velocity distribution, turbulence, and the blade 
cooling and ilm cooling hole geometries. Film 
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cooling literature is extensive, focusing primarily on 
surface and low ield measurements. Surface measu-
rements include ilm cooling effectiveness and heat 
transfer coeficient measurements, whereas low ield 
measurements include mean velocity, turbulence inten-
sity and turbulent shear stress proiles. 

The jet hole geometry has been the subject of many 

investigations. Many of the earlier studies on ilm 
cooling considered injection from a single row or multi 

rows of discrete holes. Due to the three-dimensional 
character of the low ield downstream of the coolant 
injection, cooling effectiveness decreases compared to 
injection from a continuous slot, Kadja and Bergelest 
[1]. Many researchers investigated the low ield of 
plane wall jets such as Hsiao and Sheu [2] Kechiche 
et al. [3], Venas et al. [4] and Villafruela et al. [5], or 
radial wall jets such as Krishnan & Mohseni [6] and 
Zhi-wei et al. [7]. Johnston et al. [8] investigated the 

low downstream of round, pitched and skewed wall-
jets (vortex generating jets) to illustrate the effects of 

changing the geometric inlet conditions of the jet-holes. 
Improving the ilm’s cooling performance by shaped 
injection holes for the turbine blade leading edge region 

has been investigated by Kim and Kim [9] at turbine 
blade leading edge. Other research was conducted 

on the effect of the wall shape on the low ield.  The 
inluence of wall curvature has been investigated by 
Lutum et al. [10] and Hung et al [11]. The effect of wall 

angle (β) on the development of the velocity ield of an 
inclined wall jet was irst investigated using constant 
temperature hot-wire anemometry by Lai and Lu [12] 
for β = 0°, 15°, 30° and 45° and a nozzle exit Reynolds 
number of 10000. A detailed study of an inclined wall 

jet with β = 30° was conducted by Lai and Lu [13] 

using a two component laser Doppler anemometer 

(LDA). Also, Schneider and Goldstein [14] presented 
measurements of a two dimensional plane wall jet 

using laser Doppler anemometry.

However, further investigation is still needed of the 
low ield of ilm cooling jets at leading edge, the region 
exposed to the most extreme temperature, and at suction 
blade surface in the endwall regions. The sensitivity of 

the wall jets to the supply plenum geometry continues 

to be an unsettled issue. Due to the complexity of the 

phenomena, the present paper attempts to address 
this problem with a certain simpliication. The 
system’s complexity is owed to the need to simulate 
the supply stream, the feeding ducts and the main 
low all together. Therefore, as a irst step, the study 
will focus on ilm cooling physics in the presence of 
an endwall without external stream. The trajectory 

and physical path of the jets, their mutual interaction, 
separation and reattachment to the walls are critical 

design parameters that need to be investigated prior 

to the mixing phenomena. The wall jets are issuing 

from cylindrical surfaces at ambient temperature in 

still surroundings in order to detect the effects of 

such geometrical parameters as cylindrical curvature, 
pitches between jets’ centerlines and wall distance from 
the jet centerline on the low behavior at the constant 
exit Mach number. Offset jets, at a wall distant from 
the jet, are very important in a variety of industrial and 
environmental applications such as entrainment and 

mixing processes in boiler and gas turbine combustion 

chambers, fuel injection systems, thrust augmenting 
ejectors for V/STOL aircraft, defrosters in automobiles 
and ventilation systems.

Mean velocity distributions, velocity decay, merging, 
reattachment and spreading rates in both spanwise 

and normal planes are detected using total pressure 

and boundary layer probes, respectively. An hot-
wire anemometer was used to validate the probes’ 
measurements. In addition, turbulence characteristics 
of the low ield such as turbulence intensity and 
root mean square values can be evaluated. Also, the 
low visualization technique was used to detect the 
reattachment lengths with different plan wall jets. 

2. Test Rig and Instrumentation

A special test rig was designed and constructed in the 

turbomachinery lab at the Faculty of Engineering, 
Mataria, Helwan University. A schematic diagram of 
the test rig is given in Figure 1. The test rig consists of 

a cylindrical plenum chamber instrumented by a row 
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of nine in-line holes equipped with a lat wall normal 
to the cylinder axis and parallel to the jets’ axis. The 
compressed air for the jets is provided by a screw 

compressor of 22 kW rating power with a maximum 
pressure of 12 bar, equipped with an air storage tank of  
2000-liters capacity. The compressed air is delivered 
to the plenum chamber through an air hose, pressure 
regulation system, water and oil trap and air ilter. The 
pressure inside the plenum chamber is adjusted and 

maintained constant during the experiments by means 

of a manual regulator valve in addition to the pressure 

regulator.

Four 200 mm-long cylinders were chosen with different 
diameters termed, D1, D2, D3, and D4 of 313.2, 264.4, 
217.3 and 165.5 mm, respectively. Each cylinder 
surface is instrumented circumferentially at its mid 

length, with four parallel sets of nine in-line holes of a 
2.5 mm diameter (d) each at four different pitches (p) 
equivalent to arc lengths of 25, 20, 15 and 10 mm. The 
pitch length is maintained constant independent of the 

cylinder tested. The 5 mm-thick steel cylinders make 
a hole length to diameter ratio equal to 2. The bottom 
end of the cylinder is attached to the indexing head of 

a milling machine through a central guide to permit 

the plenum chamber to rotate around its center with an 

angular displacement of 1/16o resolution. The upper 
end is provided with an air entry and a pressure tap. 

A  lat 1500 mm-long perspex wall  inserted normal to 
the cylinder axis and parallel to the jets can be itted at 
different distances, Y, from the jet centerlines varying 
from Y/d = 0.5 to 3.5. At position Y/d = 0.5, the plane 
is tangent to the jet exit forming the wall jet. A sketch 
deining a wall jet is shown in Figure 2 b. 

A traverse mechanism moves the probes with ine-
tuning in both streamwise and normal directions with 

an accuracy of about ± 0.25 mm using DC motors. 
The spanwise direction is provided by the rotation of 

the cylinder as shown in Figure 2 a. The spanwise 

and normal velocity proiles at different streamwise 
locations are obtained using a total pressure and a 

boundary layer probes, respectively. The two probes 
are square-ended noses with an external diameter of 
0.6 mm and an internal diameter of 0.3 mm, giving 
each a blockage ratio of 14.45% with the jet exit area. 
A standard calibration nozzle of known discharge 
coeficient has been used for calibration of the probes. 

Figure 1. A schematic diagram of the test rig.
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A digital micromanometer is used with an accuracy 

rate of ± 98%. The maximum uncertainty of velocity 

measurements is ± 5%. To validate results obtained 

by the pressure probes, the velocity measurements in 

normal direction are repeated using a 5 μm tungsten 

single wire type 55P11 probe as a sensing element, 

through a type 55H20 support and a 1864 BNC/BNC 

cable. It is then connected to a streamline system, Dantec 

90C10 Constant Temperature Anemometer (CTA), to 

obtain the velocity signal as shown in Figure 3. The hot 

wire anemometer is controlled from the PC through the 

streamware software running under Windows. Another 

PC, equipped with a 12 bit PCL-718 A/D converter 

board, is used as the data acquisition system and for 

subsequent data storage and processing. The A/D card 

includes 16 single ended analog input channels. Input 

range for the unipolar category lies between 0-10V with 

a sampling rate of 0.5 kHz. The hot-wire anemometer 

is used also for measuring turbulence intensity. Jet 

exit velocity was regulated during the experiments in 

order to keep the low incompressible. Its value was 
limited to 86.8 m/sec corresponding to a Mach number 

of 0.25 and a Reynolds number of 1.5×104. Repeating 

the measurements at each location 3 times with an 

interval of 30 sec over which the data were averaged 

reduced errors due to random conditions. The permitted 

variation of the pressure inside the test section was 

±0.1 Kpa, which nearly corresponds to a variation of 

velocity of 1% at the jet exit.

Measurements were performed on the central jet to 

provide symmetry on both sides in the spanwise plan. 

The probes’ alignment with the jet centerline is checked 

at each run. Flow visualization was made to determine 

the reattachment length for the different cases using the 

oil ilm technique with a mixture of oleic acid, silicon oil 
and titanium dioxide in average proportions of 1:0.5:1 

by volume as speciied by Yang [15]. These proportions 
could be lightly changed during experiments according 

to inter-spacing to obtain the proper viscosity leading 

to good visualization. 

Figure 3. Typical CTA measuring chain.

(a) (b)

Figure 2. Configuration and nomenclature for the plane wall jet.

Z1/2

Z
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3. Experimental Results and Discussion

The results of the present experimental investigation 

revealed the low ield characteristics downstream the 
central wall jet. The experimental study was conducted 

to detect the effect of some chosen geometrical 

parameters such as cylindrical surface curvature, jet 
pitch and wall position vis-à-vis the jets. Putting the 
wall at Y/d =0.5 forms a real wall jet. Results are 
repeated at different offset distances from the jet. 

Mean velocity distributions and spreading rates in 

both spanwise and normal directions are plotted. 

Samples of the experimental results have been carried 
out using the hot wire anemometer to validate the 

probe measurement results. It was also used to detect 

turbulence characteristics such as turbulence intensity 

and root mean square values. 

3.1 Mean velocity distribution

Mean velocity distributions downstream nine in-
line jets with four different pitches p1, p2, p3 and p4 
have been deduced for each surface curvature. All 

measurements were carried out on the central jet at ive 
stations in streamwise direction, at both sides of the 
jet centerline in the spanwise direction using the total 

pressure probe, and on the normal plane of symmetry 
using the boundary layer probe.

Velocity proiles normalized by jet exit velocity were 
qualitatively very similar for all tested conditions. 

Figure 4 shows samples of spanwise and normal 

proiles for wall jet (Y/d=0.5) expressed as (U/V) at 
ive typical downstream stations, x/d=5, 10, 20, 30, and 
40 for surface curvature D1 at pitch p1. Experiments 

were repeated at different offset distances of the wall, 
at Y/d= 1.5, 2.5, and 3.5. Spanwise velocity proiles 
show a typical bell shape type irrespective of wall 

position. It must be noted that the probe data cannot 

discriminate against reversed low in the recirculation 
low region between in-line jets. The effect of the wall 
position can be noticed at the jet boundaries. As the 

wall’s offset distance wall increases, the growth rate of 

the jet in the spanwise direction decreases. The increase 

of air entrainment in the streamwise direction between 

jet and wall delays merging between jets.

The non-dimensional normal mean velocity proiles 
obtained at the typical axial stations for all conditions 

conirmed that for a wall jet, at Y/d= 0.5, the jet injected 
from the nozzle lows around the edge attaching irmly 
on the wall surface without separation and forms the 

fully developed similar wall jet in downstream sections. 

When the jet is at an offset distance from the wall, a 
separation zone is formed in the gap between the jet 
and the wall in the near ield region. The negative 
pressure forces the jet to delect towards the wall, and 
owing to air entrainment as it proceeds downstream, it 
eventually reattaches to the wall at some downstream 

location. Unfortunately, pressure probes cannot detect 
circulating lows; therefore measurements stop at 
almost zero velocity values indicating jet stream edges. 
Two-scale characters can be clearly noticed from the 
results and which describe the wall jet low ield. 
The inner layer of the wall jet is similar to that of the 

turbulent boundary layer, and the outer layer resembles 
that of a free jet. 

Another plot of the results is shown in Figure 5 for 

a wall jet (Y/d=0.5), the jet half width in normal 
direction against dimensionless velocity distribution 

(U/Uo) for cases D1 and p1, where U is the mean 
velocity distribution and Uo is the local maximum 
velocity. On the same plot, comparison with the proile  
of  Venas et al. [4] of a  three  dimensional  wall  jet 
formed by air injection from a circular oriice with a 
diameter d=20 mm placed adjacent to a large horizontal 
plate with exit Re equalling 5.3x104 and x/d=80. A 
high vertical wall was placed over the inlet in order 

to give the well-deined boundary conditions as in the 
present study. There is good agreement with the present 

work. Another comparison with velocity distribution 
downstream a slot exit for a plane wall jet at Re equal 
3.77x103  shows the top hat shape characteristic of low 

Re, Hsiao and Sheu [2].
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Figure 4. Spanwise and normal velocity distributions of wall jets for D1and p1 at various wall positions Y/d.



Bayomi, Abdel Haiz, Nawar & Heikal / ISESCO Journal of Science and Technology - Volume 10, Number 18 (November 2014) (58-72)

64

3.2 Pitch effect 

Experiments were repeated at four different pitches for 

all the cylinders at different wall positions. The different 

pitches’ effect on the spanwise velocity distribution  for  
D1  at  two  typical  wall  positions  Y/D=0.5  and  3.5  
is depicted in Figures 6 and 7. A comparison is made 

with a single free jet. An insigniicant effect of pitch 
variation is detected on the velocity distribution until 

x/d =10 for the two positions of the wall. At downstream 
stations, the growth rate of the jet increases as the pitch 
increases, whereas merging between jets, deined as 
lat velocity distribution, occurs earlier at small pitches, 
which is evident. The effect of the wall position is 

manifest in a decrease in both velocity peaks and 
growth rate as the wall distance from the jet increases.

The normal velocity distributions at near ield, at x/
d=5, and far ield, at x/d=30 at different pitches p1, p2, 
p3, and p4 for cylinder D1 are plotted in Figure 8 for a 

wall jet Y/d = 0.5. The results of the single jet are also 
added. The typical velocity proile for the wall jet is 
obtained independent of pitch variation at the near ield. 
Furthermore, velocity peaks are lower than for the single 
jet as a result of interactions between the neighboring 

jets. This variation disappears far downstream of the 

jet exit. The mean velocity increases approximately 

linearly as the normal direction decreases at the outer 

Figure 5. Velocity distribution in normal direction for wall jet for D1- p1 at various x/d.

Figure 6. Velocity distributions in spanwise 
direction of single and multi-wall jets for various 
pitches and two x/d values with Y/d=0.5, for D1.

Figure 7. Velocity distributions in spanwise 
direction of multi wall jets for various pitches 

and two x/d values with Y/d=3.5, for D1.
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layer, whereas a rapid increase in the mean velocity 
distribution at the inner layer is detected as the normal 

direction increases, at x/d = 5. But far downstream, at 
x/d=30, the mean velocity increase rate diminishes at 
the inner layer. 

3.3 Effect of surface curvature

The effect of different surface curvatures (cylinder 

diameters) on the velocity proile at different pitches is 
studied. Figure 9 shows examples of a typical spanwise 

velocity distribution at pitch p4 for wall jet Y/d=0.5, at 
different downstream positions. Insigniicant impact 
of surface curvature on velocity proiles is shown at 
all downstream stations. However, as the wall distance 
from the jet centerline increases, slight variations of 
the peak values are detected for the different cylinder 
diameters and  more latted distributions are depicted 
at Y/D=3.5. Similar effects have been noticed for the 
other pitches.

Similarly, Figure 10 shows typical normal velocity 

distribution for the different cylinders at pitch p4 

for wall jet (Y/d=0.5) as an example. No signiicant 
effect of surface curvature on velocity proiles at all 
downstream stations can be noted. As the wall moves 

away from the jet, a slight decrease in mean velocity 
peak is detected. Similar effects have been noticed with 
different pitches.

The axial velocity decay deined as mean axial velocity, 
U

0
, normalized by the jet exit velocity centerline, 

V, was detected under the different test conditions. 
Generally, for wall jets (Y/d= 0.5), the velocity decay 
is faster, showing no existence of potential core. This 
is probably due to a friction effect on the wall surface.

A comparison is drawn in Figure 11 between axial 

velocity decay for wall jets issuing from different 

cylinders. Free jets from the same cylinders, Heikal 
et al. [16] are also plotted. The presence of the wall 
cancels the potential and transition regions giving a 

sharp gradient near the hole exit, whereas the axisym-
metric  region shows  a faster decay. The indings of  
Nasr and Lai [17], representing axial velocity decay 
in the streamwise direction downstream a slot wall jet 

with a 30 aspect ratio, are plotted on the same igure.  It 
can be noted that the slot wall jet decays faster than the 

circular wall jet after the potential core region. When 
the aspect ratio increases to 60, Lai and Lu’s results 
[12] show very low decay with a longer potential core.

3.4 Merging of jets

Entrainment of air between neighboring jets makes the 
jets merge at certain points. The merging points were 

detected by streamwise measurements at half pitch 

between the neighboring wall jets at a position where the 

changes in dynamic pressure are almost zero. A value 
of 0.1 mbar is quite suficient. The plotted results in 
Figure 12 show a linear relationship between merging 

points and wall distance from the jet centerline. A 

delay of complete merging occurs as the wall distance 

Figure 8. Velocity distributions in normal direction of single and multi-wall jets for various pitches at two x/d 
values with Y/d=0.5, for D1.
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Figure 9. Velocity distributions in spanwise 
direction for various cylinders at various x/d and 

Y/d=0.5, for p4.

Figure 10. Velocity distribution in normal
direction for various cylinders at various x/d and 

Y/d=0.5, for p4.
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Figure 11. Axial velocity decay of wall jet for various cylinders at p4.

increases. However, merging points occur earlier as the 
pitch decreases.

3.5 Reattachment points

Entrainment of air between the offset jet and the wall 

in the converging region causes a negative pressure 

zone, thus forcing the jet to delect towards the wall 
and eventually reattach to it at some downstream 

location. Part of the inner shear layer luid is delected 
back upstream from the reattachment point into the 
recirculation zone by an adverse pressure gradient. 
Downstream from the reattachment point, in the 
reattachment region, the low is subjected to the effects 
of adverse pressure gradient and interaction with the 

wall. Far downstream from the jet exit, in the wall jet 

region, the low starts to develop as an ordinary wall 
jet. The reattachment points in the different conditions 

are detected using the boundary layer probe. 

Typical contours of spanwise and normal jets velocities 

for cylinder D4 at pitch p4 are displayed in Figures 

13-14, respectively. Contours of the spanwise velocity 
for wall jet (Y/d=0.5), Figure 13, show a complete 
symmetry of the velocity distribution around the jet 

center line. In Figure 14, contours of normal velocities 
are presented at various wall positions Y/d=0.5, 1.5, 
2.5 and 3.5. It is observed that reattachment occurs far 
downstream at lower velocity as Y/d increases.

Figure 15 displays comparisons between reattachment 

lengths x
a
/d, for the different cylinders at different 

Figure 12. Effect of wall distance on the merging points for different cylinders at different pitches.
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Figure 13. Velocity contours (U/V) in the 
spanwise direction for cylinder D4 at pitch 

p4 for wall jet (Y/d= 0.5).

Figure 14. Velocity contours (U/V) in the normal direction for cylinder D4 at pitch p4 with 
various wall positions.

Figure 15. Comparisons between reattachment lengths for different cylinders at different pitches.

pitches and different positions of the wall. As already 

mentioned, the reattachment length increases as 
the wall moves far away from the jet. The effect of 

pitches appears clearly in the far ield rather than in 
the near ield. The minimum pitch (p4) has the smallest 
reattachment length for all the cylinders.

3.6 Flow visualization results

Flow visualization was carried out using the 
oil ilm technique. Plates (1, 2, 3, and 4) show 

samples of photographic pictures of the low 
pattern on the wall for cylinder D4 and pitch p4, 
at Y/d = 0.5, 1.5, 2.5, and 3.5, respectively. Plate 

(1) shows that no separation occurs for a wall jet. 

The reattachment region is clearly shown on the 

plates. The reattachment lengths extracted from 

low visualization (vis.) are plotted also in Figure 

15 for D4 and p4, as an example. Good agreement 
between the two results is obtained.

3.7 Hot-wire results

The normal mean velocity proiles of the wall 
jet measured by the hot wire anemometer are

compared with the boundary layer probe measu-
rements of the same plots. Figure 16 shows this

comparison for cylinder D4 at pitch p4 at different 

wall distances, Y/d = 0.5, 1.5, 2.5, and 3.5, at two
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Plates (1, 2, 3 & 4). Flow visualization of jet flow pattern at various Y/d, for D4 
and p4.

different downstream locations x/d = 5 and 30 as 
an example. It can be noted that close to the hole 

jet exit, some variations are recorded between the 
two methods’ results. Proceeding downstream, good
agreement is observed.

Turbulence characteristics of the wall jets’ low 
ield were detected for the different experimental 
conditions. A streamwise component of turbulence 

intensity u’, normalized by the local mean 
velocity component U

0
 and root mean square u

rms
 

Figure 16. Mean Velocity profiles measured by hot wire and boundary layer probes for 
D4 and p4.
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values are observed for various wall positions, 
Y/d, at different downstream locations, x/d. The 
results are plotted in Figure 17 only for two 

different downstream positions, x/d =5 and 30 for 
comparison. At location x/d = 5 in the inner layer 
of the wall jet, the turbulence intensity increases 
as the wall distance increases, as a result of the 
very rapid velocity gradient compared to that 

at the outer layer. At the ends of the outer layer, 
the turbulence intensity decreases due to the very 

weak interaction, and also entrainment between 
the jet and still surrounding. It is observed that 

the minimum values of the turbulence intensity 

occur at the centerline of the jet, at the minimum 
velocity gradients. Far downstream, the turbulence 
intensity is found to be constant at the inner layer 

as the wall distance increases. This is due to the 

small velocity gradient at these locations.

The root mean square values u 
r.m.s

 are plotted 

against the wall position, Y/d, at two downstream 
distances, x/d= 5 and 30 in Figure 17. The results 

indicate that at x/d= 5 the maximum values of 
u 

r.m.s
 are located between 3.2, and 3.5 from the 

jet centerline, where the minimum value of the 
turbulence intensity occurs. In the inner layer these 

values decrease as the wall distance increases until 

it reaches a minimum value of 0.06. In the outer 
layer, the u 

r.m.s
 decreases in the normal direction 

and reaches a value equal to 0.1. Far downstream, 
at x/d = 30, the u r.m.s seems to be constant at 
the inner layer but at the outer layers u 

r.m.s
 values 

decrease.

Figure 17. Turbulence intensity and root mean square values in normal plane 
at various wall positions for D4 and p4 at x/d=5 & 30.
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Conclusion

1. For a wall jet, at Y/d= 0.5, the jet injected from the nozzle and issuing from a cylindrical surface flows around 
the edge attaching firmly to the wall surface without separation and forms the fully developed uniform wall 

jet in downstream sections. At an offset distance from the wall, a separation zone is formed in the gap between 
the jet and the wall in the near field region, the negative pressure forces the jet to deflect towards the wall, and 
owing to air entrainment between the jet and the wall as it proceeds downstream it eventually reattaches to 

the wall at some downstream location. Downstream from the reattachment point, in the reattachment region, 
the flow is subjected to the effects of adverse pressure gradient and interaction with the wall. Far downstream 

from the jet exit, in the wall jet region, the flow starts to develop as an ordinary wall jet. As the wall distance 
increases the reattachment length increases too. 

2. Two-scale characters can be clearly noted from the results, which describes the wall jet flow field. The inner 
layer of the wall jet is similar to that of the turbulent boundary layer, and the outer layer resembles that of a 
free jet. 

3. The typical velocity profile for the wall jet is obtained independent of pitch variation at the near field. The 

effect of surface curvature on the velocity profiles is insignificant at all downstream stations. However, as 
the wall’s distance from the jet centerline increases, slight variations of peak values as well as more flatted 
distributions are detected for different cylinder diameters.

4. The wall position effect is manifest in a decrease in velocity peaks as well as in velocity growth rate as the 
wall distance from the jet increases.

5. Merging between jets, defined as flat velocity distribution, occurs earlier at small pitches.  A delay in complete 
merging occurs as the wall distance increases. 

6. At location x/d = 5 in the inner layer of the wall jet the turbulence intensity increases as the wall distance 
increases. Also, the maximum values of u

rms
 are located between 3.2 and 3.5 from the jet centerline where the 

minimum value of the turbulence intensity occurs. These values decrease as the wall distance increases until 

it reaches a minimum value of 0.06. In the outer layer, the u
rms

 decreases in the normal direction and reaches 

a value equal to 0.1. Far downstream, at x/d = 30, the u
rms

 seems to be constant at the inner layer while at the 

outer layers u
rms

 values decrease.
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Abstract

A
biotic stresses im-

posed by drought 

and salinity pose serious 

threats to growth and pro-

ductivity of crop plants 

worldwide. Some reports

on oat (Avena  sativa L.) 

response to salinity (NaCl) 

address plant growth and 

its physiological response 

to varying salt stresses. It 

is ideal to develop plants 

with salinity tolerance. 

Oats are an important 

crop in North America 

and northern Europe. We

describe here the potential 

of the Avena  sativa plant 

as a genetic resource to 

improve salt tolerance in 

plants. When Avena sativa 

plants were exposed to 

various concentrations of NaCl (150, 250 and 350 

mM), they were found to have NaCl tolerance and

accumulation in plants. NaCl stress inhibited plant

growth and reduced chlo-

rophyll content. Measu-

rements of the root and

leaf endogenous Na+ and

K+ levels in oat plants 

stressed by NaCl com-

pared to control conditions 

showed an evident higher 

Na+ accumulation in 

roots. Furthermore, we 

found the steady state 

levels of transcripts of

three-related genes (cata-

lase, manganese supero-

xide dismutase and ascor-

bate peroxidase) at a 

signiicantly higher level
in plants stressed by NaCl 

than in control plants. 

Overall, these results show 

that Avena sativa is a

potentially useful candi-

date gene for engineering

salt tolerance in cultivated plants.

Keywords: Antioxidant enzyme genes, Avena sativa, 

Mineral elements, Physiological response, Salt stress.
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1. Introduction

Salinity reduces productivity of agricultural soils in large 

areas of the world. Salt stress affects plant physiology 

at both the whole plant and cellular levels through 

osmotic and ionic stresses [1-3]. Salinity stress by 

excess salts in soil or irrigation water is known to affect 

various growth processes including photosynthesis, 

ion regulation, water relations, etc. [4]. Salt stress, in 

addition to the known components of osmotic stress 

and ion toxicity, also results in oxidative stress [5]. 

On the other hand, plants develop protective systems 

against this oxidative stress. One of these protective 

mechanisms is the enzymatic antioxidant system which 

involves the action of a number of enzymes including 

superoxide dismutase (SOD) and peroxidases (POD). 

In fact, antioxidant enzyme activities are inducible by 

oxidative stress [6,7]. 

The acclimation of plants to salinity stress involves 

cascades of transcriptional control and genetic regu-

ations at different molecular levels throughout the plant 
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life cycle [8]. Thus, a wide range of physiological and 

biochemical processes are necessary to re-establish 

cellular homeostasis [9,10]. In fact, phytoremediation 

is a promising and alternative technology that uses 

plants for environmental restoration in contaminated 

sites due to their ability to assimilate salt ions [11] or 

detoxify metals and hydrocarbons [12]. 

Oats (Avena  sativa L.) are an important and traditional 

agricultural cereal crop produced in various regions of 

Europe and North America [13,14]. In Tunisia, oats are 

the most important livestock feed [15,16]. Oats thrive 

in cool, moist climates but adapt to various soil types 

[17]. They have a wider pH adaptability than wheat 

or barley, ranging from 5.5 to 7.0, and even as low as 

4.5 for some varieties. However, oats require suficient 
water for growth and grain production. Because of the 

high levels of protein and essential minerals, oats have 

been an excellent livestock feed for centuries [18]. Oat 

plantations also have a comparatively low input demand 

of insecticides, fungicides and fertilizers due to disease 

tolerance and low nourishment requirements. Today, 

oats are mainly used as animal feed, but it is one of 

the most promising future cereals in the functional food 

area. Oats are also used for hay, pasture, green manure, 

or as a cover crop. As a cover crop, it enhances soil 

life, suppresses weeds, provides erosion control and 

increases organic component [18]. All this has resulted 

in more demand for high-quality oats. Moreover, due 

to its high capacity to accumulate salt ions in its straw 

biomass, oat cultivation is a good biological measure to 

improve saline lands [19]. Willenborg et al. [20] report 

that salinity affects not only oat plant physiological, 

morphological, and biochemical processes but also 

seed germination, growth and water/nutrient uptake. 

The present study was conducted to assess the effect 

of salinity (NaCl) on the plant’s growth and ability to 

accumulate Na+ in tissues, the antioxidant enzyme 

genes expression of Avena sativa and the possibility to 

cultivate this crop in agricultural areas with high salt 

concentrations.

2. Materials and Methods

2.1. Plant material

Oat grains (Avena sativa L.) were purchased from a 

local market in Sfax, South of Tunisia in October 2012. 

A voucher specimen was deposited at the Biological 

Engineering Department, National School of Engineers 

of Sfax, Tunisia.

2.2. Evaluation of Avena sativa plants grown with salt 

stress 

The effects of salt treatments on Avena sativa plants 

under greenhouse conditions were conducted when 

groups of twenty seeds were germinated in 5-liter pots 

illed with a 3:1 (w/w) mixture of soil and peat and 
grown in a greenhouse under natural light supplemented 

with metal halogen lamps, giving a photon lux density 
of 240 μmol m-2s-1. The photoperiod was 18 h, the 

day/night temperature was 20/12°C and the relative 

humidity about 70%. For salt stress treatments, the 

irrigation program was used for watering the plants 

with a solution containing 150, 250 and 350 mM of 

NaCl. Thirty days later, germination rates, leaf and root 

length, fresh and dry weights were determined.

2.3. Leaf disk loating assays

The leaf segments from healthy and fully expanded 

Avena sativa leaves were loated on 0, 150, 250 and 
350 mM of NaCl for 72 h at room temperature to 

examine their health and chlorophyll content. The total 

chlorophyll content in each sample was calculated after 

extraction in aqueous 80% acetone using the following 

formulae [21], with [Chl a], [Chl b] and [Chls a + b] 

expressed in μg mL-1: 

[Chl a] = 12.70.A663−2.69.A645 μg mL-1,

[Chl b] = 22.90.A645−4.68.A663 μg mL-1,

[Chl a+b] = 20.21.A645+8.02.A663 μg mL-1. 
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Where A663 and A645 represent absorbance values at 

663 and 645 nm, respectively. 

2.4. Ion contents determination 

After thirty days of growth period, plants were washed 

thoroughly in distilled water. Leaves and roots were 

collected from salt stressed treated plants and then 

dried at 80°C until constant mass was reached. Finally, 

the dried material was incubated in 0.5% HNO
3
 for 

Na+ and K+ contents. Ions content was determined by 

atomic absorption spectrometry (Perkin-Elmer Analyst 

300).

2.5. Real-time qPCR

The transcript accumulation was monitored by real-

time qPCR for three stress-related genes in Avena sativa 

plants under control and salt stress conditions. These 

genes encode catalase (CatA, AK099923), manganese 

superoxide dismutase (SodA, AK120692) and ascorbate 

peroxidase (APX1, AK061841). Total RNA was iso-

lated from leaves and roots with the Trizol method 

(INVITROGEN) according to the manufacturer’s 

recommendations. RNA was treated with DNase 

I (MBI, FERMENTAS) at 37°C for 15 min in order 

to remove the remaining genomic DNA. Synthesis 

of irst strand cDNA was performed on 5 μg treated 

total RNA using SuperScriptTM II reverse transcriptase 

(INVITROGEN), oligo-(dT)18 and random hexamer 

primers according to the manufacturer’s instructions. 

Primer pairs were designed with Primer 3 software 

to ensure the gene speciicity ampliication of three 
stress-related genes and the house-keeping 26S-rRNA 

gene (M37274) [22]. The following gene-speciic 
primers were used for real-time qPCR: CatA (CatAF: 
5’-GACGATACACAAGCAGAACGAC-3’, CatAR: 
5’- GGAGAGGTAGTTGACCCAGATG-3’), SodA 

(SodF: 5’-GACTACAAATACCACCGCACAC-3’, 
SodR: 5’-ATCTCACTGCTACCAAGCACAA-3’), 
APX1 (Apx1F: 5’-CTAAGAACTACCCCGTAGTGAG-3’,
Apx1R: 5’-GGTCTTCATCGTCCCGAAC-3’) and
26S-rRNA (26SF: 5’-CCGGTTGTTATGCCAATAGCA-3’,
26SR: 5’-GCGGCGCAGCAGTTCT-3’). The RT 
reactions were diluted 1/5th and used as template in 

real-time qPCR reactions. The ampliication reactions 
were performed in 15 μL inal volume containing 7.5 
μL of 2x Quantitect SYBR Green I mixture (QIAGEN, 

Germantown, USA), 1.5 μL of primer-pair mix (0.5/0.5 

μM for forward and reverse primers), 3 μL of cDNA, 

and 3 μL of RNase-free water. Reactions were carried 

out in Light-Cycler 480 (ROCHE, Basel, Switzerland). 

Thermal cycling conditions were 5 min at 95°C, 

followed by 45 cycles of 20 s at 95°C, 15 s at 60°C 

and 20 s at 72°C. cDNAs to be ampliied (target and 
reference) were made with the same PCR master mix. 

Melting curve analysis at the end of cycling was used 

to verify that there was single ampliication. At the 
end of the reaction, the threshold cycle (C

T
) values 

of the PCRs were averaged and used for transcript 

quantiication. The relative expression to the WT plant at 
control condition was quantiied using the comparative 
C

T
 method with the 26S-rRNA gene as an internal 

expression standard. The relative expression level was 

calculated as recommended by the manufacturer and 

corresponds to 2-ΔΔCT, where ΔΔC
T
 = (C

T
, 

Target gene 
- C

T
, 

26S-rRNA
) 

plant treated
- (C

T
, 

Target gene
 - C

T
, 

26S-rRNA
) 

WT control
.

2.6. Statistical analysis

Results were expressed as means ± S.D. The 

signiicance of the differences between group means 
for the variables of interest were assessed by the one-

way analysis of variance (ANOVA) followed by the 

Fisher test (Stat View). Multiple mean comparisons 

were performed using a Student’s t-test. Comparisons 

were performed considering control and NaCl treated 

plants with various concentrations as independent 

variables using statistical software. The level of statis-

tical signiicance was set at probability values of less 
than 0.05.

3. Results and Discussion

3.1. Effects of salt stress on seed germination and 

seedling growth characters 

It is well established that seed germination is largely 

affected by the toxic concentrations of NaCl (Figure 1). 

Its percentage decreased from 98% to less than 30% 
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when 350 mM of NaCl were added (Figure 1a, b). The 

same pattern of response was noticed by Han et al. [11] 

and Willenborg et al. [20]. Salinity stress can suppress 

almost all growth-related factors which in turn limits 

oat biomass and yield production [23, 24] by limiting 

oat germination and growth [25]. Han et al. [11] 

demonstrated that the oat biomass decreased rapidly 

with increasing soil salinity. 

3.1.1. Effect of salt stress on shoots and roots growth

Based on the experimental study, appropriate salt 

concentrations ranging from 0 to 350 mM, were used 

to evaluate the effect of this stress on plant growth. The 

root and shoot length and elongation rates are essential 

for plants exploring for water and mineral nutrients. 

To further investigate the effect of salt stress on Avena 

sativa plant, the relative root and shoot lengths were 

analyzed. The root and leaf lengths were adversely 

affected due to NaCl treatments when compared to 

control (Figure 2a, b). There was a gradual decrease in 

the root and leaf lengths with an increase in NaCl level. 

Indeed, shoot length averaged from 32 to 11 cm and 

the relative shoot growth decreased quickly with the 

NaCl concentration. A decrease in root length was also 

observed from 15 to 5 cm when salt was added at 350 

mM (Figure 2b). The above results are in agreement 

with the indings of Oraby and Ahmad [10]. A decrease 
in root length of cotton at various soil textures under 

saline conditions has also been reported earlier by 

Gohar et al. [26] 

Fresh and dry weights were also determined on groups 

of Avena sativa plants grown under salt stress in a 

greenhouse (Figure 2c). It was observed that salt stress 

treatments had an inhibitory effect on fresh and dry 

weights production. NaCl-imposed stress in wheat 

signiicantly reduced dry weight by reducing shoot and 
root dry weights in wheat genotypes [27]. 

Figure 1. Effect of different NaCl concentrations (0, 150, 250 

and 350 mM) on seed germination and plant phenotype in oat. 

(a) Percentage of seed germination growing in the presence of 

salt stress. (b) Photograph showing its effect after fourth week of 

treatment. Results are presented as means and standard errors 

from three repetitions (20 seeds per repetition). 
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3.1.2. Chlorophyll content

The alteration in chlorophyll content under salt stress 

was evaluated using a detached leaf disk assay. This 

assay can be taken as a reliable index of the damage 

to the photosynthesis apparatus under stress. When 

leaf disks were loated on a salt solution containing 
150, 250 and 350 mM of NaCl for 72 h, disks of high 

concentrations bleached more intensely than other 

concentrations of salt (Figure 3c). In comparison with 

control, NaCl ledto a signiicant decline in chlorophyll 
content (Figure 3d). Reduction of biomass by NaCl 

toxicity due to reduction in chlorophyll synthesis and 

photosynthesis have also been reported by Oraby 

and Ahmad [10] and Han et al. [11]. Kang et al. 

[28] noted that Cd and salt stress drastically reduced 

photosynthesis in soybean by reducing total chlorophyll 

content and stomatal conductance. The retention of 

more chlorophyll under stress conditions is considered 

as a marker of good health.

3.2. Characterization of the physiological status of 

Avena sativa plants under NaCl stress treatment

To examine the effect of salt stress on phenotype of 

Avena sativa plants, we measured the endogenous Na+ 

or K+ levels in the leaves and roots of plants grown in 

the absence or presence of NaCl for 30 days. Under 

normal conditions, no signiicant difference was 
observed in Na+ or K+ accumulation and partitioning 

for young leaves and roots of Avena sativa plants 

(Figure 3a, b). Thus, under salt stress conditions, the 

Na+ concentration in roots was two and threefold higher 

than in leaves (Figure 3a). Moreover, K+ accumulation 

was twofold higher in leaves than in roots (Figure 3b). 

All these indings suggest that Avena sativa plants 
were able to maintain a higher selectivity of K+ over 

Na+ in leaves and sequestered almost 65% of the Na+ 

uptake in roots, thereby keeping young and old leaves 

protected from Na+ ion toxicity. 

Figure 2. Effect of salt (H
2
O, 150, 250 and 350 mM NaCl) stress 

on shoot and root growth of A. sativa plants. (a) Photographs 

of roots were taken after 30 days of germination in pots under 

greenhouse conditions. (b) Root and shoot length expressed in 

cm of A. sativa plants grown in pots watering with a solution 

containing (H
2
O, 150, 250 and 350 mM NaCl). (c) Fresh and dry 

weight (g) of A. sativa plants grown under salt stress conditions in 

greenhouse. Results are presented as means and standard errors 

of three repetitions (5 plants of each line were grown for each 

experiment). ** indicates significant differences in comparison to 

the control condition at P < 0.01(Student’s t-test).
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3.3. Expression of stress-associated genes in Avena  

sativa plant

Real-time qPCR was used to compare the expression of 

some stress-antioxidant enzyme genes on Avena sativa 

plants under normal or salt stress conditions. Transcript 

accumulation of the three tested stress- antioxidant 

enzyme genes (CAT1, MnSOD and APX) was higher in 

Avena sativa plants stressed by salt than in the absence 

of stress (Figure 4). The relative expression level of 

APX1 and CAT1 genes was higher in leaves than in 

roots both under control and stress conditions, whereas 

the relative expression level of MnSOD gene was 

higher in roots than in leaves both under control and 

stress conditions. The three genes exhibited a two to 

threefold increase in transcript accumulation following 

salt stress when compared with control conditions 

(Figure 4). Zhang et al. [7] observed that when naked 

oat plants were exposed to mixed salt stress it was 

likely because of increasing of protective enzyme 

activity and proline contents to make higher the salt 

tolerance of oats. However, the extent and duration of 

the enhancement varied with stress intensity, species 

and age of the plants [29].

The induction of CAT1, MnSOD and APX genes in 

Avena sativa plants is probably related to an increase 

in the plant capacity to eliminate the reactive oxygen 

species (ROS) generated by salt stress. 

Figure 3. Physiological characterization of Avena sativa plants grown under 

normal and salt conditions. (a) Na+ and (b) K+ content (calculated as mmol 

of ions per g dry weight (DW) of the leaf and root tissue) of Avena sativa plants 

grown under the presence of H
2
O, 150, 250 and 350 mM NaCl. In the histo-

gram for each determination, leaf and root were collected from three different 

plants. (c) and (d) showed the phenotype of leaf pieces from Avena sativa after 

incubation in 150, 250 and 350 mM NaCl solution for 72h and corresponding 

chlorophyll contents. Values are the mean ± SD (n = 3). ** indicates significant 

differences in comparison to the control condition at P < 0.01(Student’s t-test).
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Figure 4. Relative expression levels measured by real-time qPCR of stress-related genes in Avena sativa plants grown under normal and 

salt stress (H
2
O, 150, 250 and 350 mM NaCl) conditions. Total RNA was extracted from plants and then reverse-transcribed using oligo-dT 

(18mer) and random hexamer primers as described in materials and methods to generate first strand cDNA. 26s-rRNA gene amplification 

was used as an internal control. The stress related genes used for the test are as follows: ascorbate peroxidase (APX1, AK061841), catalase 

(CatA, AK099923) and manganese superoxide dismutase (SodA, AK120692). Data presented are means and standard deviations of three in-

dependent replicated experiments. The relative expression level is calculated according to the expression of the gene in the Avena sativa plant 

under control condition. ** indicates significant differences in comparison to the control condition at P < 0.01 (Student’s t-test).

Conclusion

Salt stress adaptation is a key to crop improvement to face climate change. This study explores the potential of 

oats (Avena sativa L.) for improving saline soil conditions. Avena sativa is considered to have a high potential 

for mitigating saline soil conditions. However, harvest time, soil salt content and varieties can affect the oats 

capacity to mitigate these stress conditions. In the present study, we demonstrated that NaCl decreased growth 

by reducing root and shoot fresh, dry weights and chlorophyll content in Avena sativa. The ability of the later to 

accumulate higher Na+ content in roots than in leaves and to tolerate the NaCl level used in this study could be 

partly derived from ROS detoxification through an efficient antioxidant system. Overall, we demonstrated here 

the possibility to cultivate Avena sativa L. in agricultural areas with high salt concentrations.
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Abstract

T
he Simultaneous de-

termination of Dor-

zolamide (DOR) and Timo-

lol (TIM) by partial least

squares (PLS) calibration

and H-point standard ad-

dition method (HPSAM) 

is proposed. Due to spec-

tral interferences, simul-

taneous determination of 

DOR and TIM by classical 

spectrophotometric ana-

lytical methods is dificult. 
The PLS calibration mo-

del was based on the 

recording spectra in the 

range of 200–350 nm for 

24 different mixtures of DOR and TIM. Simplex lattice 

design with a lattice degree of 3 was used for the 

mixtures’ design. The leave one out cross-validation 

method was used to select the optimum number of 

factors in PLS. The PLS method was validated by using 

11 external test samples. The root mean square error 

of prediction (RMSEP) 

for DOR and TIM were

0.397 and 0.583, respec-

tively. Moreover, the pro-

posed methods were suc-

cessfully used for the de-

termination of DOR and 

TIM in eye drops. The 

results of the application 

of the H-point standard 

addition method showed 

that DOR and TIM can be

determined simultaneously 

with concentration ratios 

of 4:1, 8:2, 10:2.5 in the 

mixed sample. The results 

of the two methods’ appli-

cation to the real eye drop samples showed the success 

of these two methods.

Keywords: Dorzolamide, H-point standard addition 

method, Partial least squares, Spectrophotometric, 

Timolol.
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1. Introduction

Dorzolamide (4-S trans)-4-ethylamino-5,6-dihydro-6-

methyl-4H-thieno-[2,3-b]thiopyran-2-sulfonamide-7, 

7-dioxide monohydrochloride) (DOR) is a carbonic 

anhydrase inhibitor (CAI) used in the treatment of 

glaucoma. DOR was synthesized in the 1980s.[1] Oral 

CAIs have been used to lower intraocular pressure 

(IOP) for the past 40 years. 

Timolol maleate, (S)-1-[(1,1-dimethyl)amino]-3-[[4-(4 

morpholinyl9-1,2,5-thiadiazol-3-yl]oxy]-2-propanol 

(TIM), is a nonspeciic β-adrenergic blocker used 

in the treatment of hypertension, acute myocardial 

infarction and angina pectoris and has an important 

role as an antiglaucoma agent. TIM has shown a broad 

activity spectrum with differential effects of adrenergic 

and cholinergic blockades during experimental thera-

peutics. Structural formulas of TIM and DOR have 

been shown in Figure 1. 
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In the literature, very few methods were used for the 

determination of DOR individually in human serum 

and urine based on HPLC assay with ultraviolet 

detection[2,3] and capillary electrophoresis.[4] On the 

other hand, various methods have been developed for 

the determination of TIM in drug formulations including 

UV spectrophotometry,[5] and gas chromatography (GC)

with different detection modes such as mass spectro-

metry (MS)[6] and capillary electrophoresis.[7] It must 

be mentioned that Santoro et al.[5] have used irst-
derivative of the UV spectral data for the determination 

of TIM in pharmaceutical ophthalmic solutions.

DOR has been marketed in combination with TIM 

in eye drops. For the simultaneous determination of 

both drugs, TLC-densitometry, irst-derivative UV-
spectrophotometry and ratio derivative spectrophoto-

metry have been used.[8,9] Derivative techniques are 

widely used in conjunction with spectrophotometric 

methods, especially in cases where improvements in

selectivity are required.[10] However, one of the disad-

vantages of these data transformation procedures is that 

some loss of signal occurs during the transformation. 

In 1988, Bosch-Reig and Campins-Falco[11] presented 

a new technique called the H-point standard addition 

method (HPSAM) based on the principle of dual-

wavelength spectrophotometry and the standard addition 

method.[12,13] In the irst publications, the HPSAM was 
applied to UV-visible spectrophotometry.[11,14] Later, it 

was also extended to liquid chromatography with diode 

array detection[15] and spectroluorimetry.[16]

Multivariate calibration methods such as partial least 

squares (PLS) are a useful tool in the analysis of 

multicomponent mixtures.[17-26] These methods allow 

the rapid and simultaneous determination of each 

component in the mixture with minimum sample 

preparation, reasonable accuracy and precision and 

without the need for lengthy separations. Moreover, 

the problems in selecting the optimum wavelength 

encountered by the derivative method and HPSAM are 

avoided. 

This paper reports simple and rapid methods for the 

simultaneous quantitation of the two drugs in eye drops 

based on PLS and HPSAM. 

2. Theory

2.1. Partial least squares

PLS is used to correlate instrumental responses to 

chemical or physical properties.[27-29] Instrumental res-

ponses are included row-wise in matrix X and the 

corresponding properties we are to predict (e.g. con-

centration) to construct vector y. The relation between 

X and y is constructed in the calibration step through 

a vector of regression coeficients i.e. y = Xb. The 

algorithm used to ind b can be found in literatures.[28,29]

2.2. H-point standard addition method

The theoretical background of HPSAM can be found 

elsewhere.[11-13,30] The method which requires the 

spectrum of the interferent to be known is based on 

the measurements of two standard addition lines at two 

wavelengths λ
1
 and λ

2
 where the interferent shows the 

Figure 1. Chemical structure of DOR and TIM.
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same absorbance. The absorbance of the analyte at λ
1
 

and λ
2
 should be different. Intersection of the two lines 

corresponds to the analyte concentration in the mixture.

3. Materials and Methods

3.1. Reagents and solutions

All experiments were performed with pharmaceutical-

grade DOR and TIM. Doubly distilled water was used 

to prepare the solutions. Stock solutions containing 100 

mg.L-1 of DOR and TIM were prepared by dissolving 

Dorzolamide hydrochloride and Timolol maleate in 

doubly distilled water, respectively. Standard working 

solutions were made by the appropriate dilution of 

these stock solutions as required. Fresh stock standard 

solutions were prepared every day.

For HPSAM, standard 500 mg.L-¹ solutions of both 

DOR and TIM were prepared by dissolving appropriate 

amounts of drugs in doubly distilled water. Furthermore, 

Zilomole (Iran, Sinadarou) and Co-Biosopt (Iran, 

Bakhtarbioshimi) pharmaceutical formulations were 

used as real samples. These formulations contain 2 g per 

5 mL and 0.5 g per 5 mL DOR and TIM, respectively.

3.2. Apparatus, hardware and software

Spectrophotometric measurements were carried out 

with an Agilent 8453 spectrophotometer, employing 

a 1 cm path-length quartz cell. Spectra were acquired 

over the wavelength range of 200-350 nm at 1 nm 

intervals against a solvent blank. PLS multivariate 

calibration and other calculations were carried out 

using the PLS Toolbox in MATLAB 7.2 environment 

(The Mathworks Inc., Natick). 

3.3. Procedure

Appropriate volumes of the DOR and TIM stock 

solutions were diluted with doubly distilled water for 

the preparation of standard calibration samples. The 

examined concentration range of the analytes in the 

univariate calibration was 0.1-100 mg.L-1 for DOR and 

TIM. 

A set of 35 mixtures were prepared for PLS multivariate 

calibration. These samples were prepared by mixing 

convenient volumes of DOR and TIM stock solutions 

and diluting them with doubly distilled water to the 

inal concentrations in the range of 10-28 mg.L-1 for 

DOR and 3-11.5 mg.L-1 for TIM. The mixtures were 

designed based on the simplex lattice design with a 

lattice degree of 3. The design was conducted based on 

the linear ranges in univariate calibration and the real 

sample content. These mixtures have been reported 

in Table 1. These 35 samples were divided into 24 

calibration and 11 external test samples based on the 

Kennard-Stone algorithm [31]. External test samples 

are used to check the stability of each calibration model 

and the ability to predict samples which have not been 

included in the calibration set. 

For the evaluation of HPSAM in determination of 

DOR and TIM, synthetic mixtures with different ratios 

of DOR/TIM were designed and prepared in which 

DOR was either considered as the analyte (and TIM 

the interferent) or as the interferent (and TIM the 

analyte). The added concentrations of DOR to these 

mixtures varied from 0 to 20 mg.L-1 (n = 10) for the 

determination of DOR. TIM was added in the range of 

0 to 10 mg.L-1 (n = 10) for the determination of TIM. 

For determination of DOR and TIM in ophthalmic 

eye drops, the added concentrations to the solutions 

of ophthalmic eye drops were performed as for the 

synthetic mixtures of DOR and TIM.

3.4. Real sample preparation

1 mL of the commercial ophthalmic eye drop solution 

(containing 20 mg DOR and 5 mg TIM per 5 mL) was 

transferred into a 1000 mL volumetric lask and diluted 
to the volume with doubly distilled water. Therefore, 

the resulted solution is 20 and 5 mg.L-1 in DOR and 

TIM, respectively. The resulted solution was then used 

for analysis by HPSAM and PLS.
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7.0

7.5

6.0
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7.0
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4.0

10.0
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5.0

4.0

7.5

S1

S2

S3

S4
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S7

S8

S9

S10

S11

19.0

14.5

16.5

26.5

14.0

11.5

15.5

15.0

12.0

24.0

25.5

5.5

5.5

8.5

8.5

5.5

3.5

4.5

5.0

3.0

6.0

9.5

Calibration set samples External test samples

Dorzolamide

(mg.L-1)

Timolol

(mg.L-1)
Solutions

Dorzolamide

(mg.L-1)

Timolol

(mg.L-1)

4. Results and Discussion

Figure 2 shows the absorption spectra of DOR (20 

mg.L-1), TIM (5 mg.L-1) and a mixture of the two in 

doubly distilled water. TIM shows maxima at 212 and 

297 nm while DOR exhibits a maximum absorbance 

at 258 nm. It is evident that spectra strongly overlap, 

which makes dificult the simultaneous determination 
of drugs by classical methodology. Therefore¸ we 

expected that using multivariate calibration could be a 

better resource to circumvent spectral overlapping and 

mutual interference problems. These methods allow 

the resolution of the mixtures of the analytes without 

the need for their previous separation.

Table 2 summarizes the most relevant results of the 

univariate calibration. The squares of correlation coef-

icients (r²), which indicate the quality of the straight 

lines that it the absorbance-concentration data, were 
0.999 and 0.989 for DOR and TIM, respectively. The 

linear range for DOR is longer than TIM and detection 

limit for DOR is smaller.

TABLE 1. Composition of the samples used for PLS calibration and prediction.
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TABLE 2. The results of the univariate calibration for 

DOR and TIM. 

λ
max

 (nm)

Number of samples

Linear range (mg.L-1)

Slope

Standard error of slope

Intercept

Standard error of intercept

Correlation coefficient

Standard error of correlation coefficient

Detection Limit (mg.L-1)

258

28

0.8-80.0 

0.029

0.001

0.002

0.035

0.999

0.147

0.052

213

17

3.3-50.0

0.025

0.001

0.019

0.034

0.989

0.092

0.333

Parameter DOR TIM

Figure 2. Absorption spectra of (a) DOR (20 mg.L-1), (b) TIM

(5 mg.L-1) and (c) mixture of them.

4.1. Multivariate calibration

The proposed multivariate calibration method is 

based on the PLS analysis of UV-Vis spectral data. 

The optimum number of PLS latent variables was 

selected by searching the minimum RMSECV (root 

mean square error of cross validation, a measure of 

the predictive ability of the model) with leave-one-out 

cross-validation.[32] In order to perform the analysis, 

a calibration was built and validated. The results of 

calibration and prediction with PLS models are shown 

in Table 3. RMSEP for DOR and RMSECV for TIM 

is smaller. PLS model for DOR performs better in 

prediction (Q² is higher). Values of Q² and R² are near to 1.

These show the good predictivity of the PLS models.

4.2 Analysis of real samples

The validated PLS calibration models were applied 

to the simultaneous determination of DOR and TIM 

in commercial ophthalmic eye drop formulations. 

The concentrations obtained for DOR and TIM in the 

Zilomole and Co-Biosopt eye drop formulations are 

shown in Table 4.

Calculated RSD% and Recovery% for DOR show that 

the PLS method for DOR is better. Higher accuracies 

in DOR determination can be attributed to its higher 

concentration in real samples (four times). The precision 

of the method in prediction indicated by RSD% is very 

good (all of the calculated RSD% are lower than 1).

4.2. H-point standard addition method (HPSAM) for 

synthetic mixtures

Synthetic mixtures containing DOR and TIM in three 

different ratios of DOR to TIM (4:1, 8:2 and 10:2.5) 

were prepared. To each mixture, increasing amounts of 

the analyte were added to apply the HPSAM. Results 

of HPSAM for the determination of DOR and TIM in 

these mixtures have been reported in Table 5. The good 

agreement between these results and known values 

indicates the successful applicability of HPSAM for 

the simultaneous determination of DOR and TIM.

TABLE 3. Statistical parameters of the PLS models.

Parameter DOR TIM

Factors

RMSEPa

RMSECVb

Q²

R²

3

0.397

0.336

0.995

0.995

5

0.583

0.35

0.985

0.963

a. RMSEP = (                                  ).                 are real and 

predicted concentrations, respectively. n is the number of the 

external test samples.

b. RMSECV with same formulation of RMSEP for the calibration 

set.

c. Q² = 1-                               ,             where     and     are average 

of the real concentration and predicted concentration with PLS, 

respectively.  
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4.3. H-point standard addition method (HPSAM) for 

pharmaceutical samples

When DOR or TIM is selected as the analyte, it is 

possible to select several pairs of wavelengths where 

they present the same absorbance for interferent. The 

results for DOR and TIM considered as the analyte in 

the Zilomole are given in Table 6.

Table 6 shows that the best results for DOR and TIM 

have been obtained for wavelength pair 270:314 and 

239:268 nm, respectively. Using the wavelength pair 

211:276 nm has resulted in a good prediction for TIM, 

too. Acceptable results have been obtained only when 

measurements are performed at two wavelengths 

where the analyte absorbance is not too small and the 

difference in slopes of the addition lines is larger.

4.73

4.79

  0.70

  0.19

94.70

95.84

Dorzolamide Timolol

Founda 

(mg.L-1)
RSD% Recovery%

19.43

19.69

0.80

0.06

97.20

98.46

RSD% Recovery%
Founda 

(mg.L-1)

Zilomole

Co-Biosopt

a. The results have been obtained by 6 times determination of the real samples.

TABLE 4. The results of analysis of real samples by PLS.

DOR

TIM

DOR

TIM

DOR

TIM

TIM

DOR

TIM

DOR

TIM

DOR

4:1

 

8:2

 

10:2.5

4.083±0.118

 

 

8.048

 

 

10.226±0.022

1.000

1.842

2.475

DOR TIM

Analyte Interferent Ratio
Found

Mixture

1

     

2

     

3

TABLE 5. Results obtained by HPSAM in simultaneous determination of DOR and TIM in synthetic mixtures. 

DOR

Found 

(mg.L-1)
RSD (%)

Relative error 

(%)

20.22

19.35

3.65

1.01

1.10

-3.25

5.07

4.86

4.07

4.20

1.40

-2.80

Found 

(mg.L-1)
RSD (%)

Relative error 

(%)

TIM
Pharmaceutical 

product

Zilomole

Co-Biosopt

TABLE 6. Results of HPSAM for DOR and TIM in Zilomole and Co-Biosopt pharmaceutical products.
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4.4. Comparison by the other methods

This section reports the results of the proposed method 

and other methods in the simultaneous determination 

of DOR and TIM. The results have been collected in 

Table 7.

The results obtained by HPSAM for the Zilomol 

pharmaceutical product are comparable with those 

obtained by TLC and derivative methods. However, 

it must be mentioned that in the presence of a matrix 

effect derivative methods cannot be used. Moreover, 

HPSAM performs better compared with PLS for 

this product. This can be related to the same matrix 

effect in the real ophthalmic eye drops. HPSAM can 

solve the matrix effect and the known interference 

synchronously. In general, DOR has been predicted by 

lower errors. This can be attributed to its lower amounts 

in the pharmaceutical products.

Methods

TLC [19]   

First-derivative UV-spectrophotometry [19]

Ratio derivative spectrophotometry [19]

PLS (Zilomol)

PLS (Co-Biosopt)

HPSAM (Zilomol)

HPSAM (Co-Biosopt)

TABLE 7. Results of different methods for simultaneous determination of DOR and TIM.

DOR

0.41

0.30

0.31

0.80

0.06

0.74

1.01

100.50

101.25

99.87

97.20

98.46

101.07

96.77

RSD % Recovery

TIM

0.37

0.12

0.51

0.70

0.19

0.21

4.20

99.53

99.90

99.84

94.70

95.84

101.40

97.20

RSD % Recovery

Conclusion

The simultaneous determination of DOR and TIM in mixtures is difficult due to the high spectral overlapping 

between the absorption spectra of the components. Methods based on the use of electronic absorption measurements 

in conjunction with PLS multivariate calibration and HPSAM were developed for the simultaneous determination 

of DOR and TIM in eye drops and synthetic binary mixtures. These techniques are simple, fast and precise. 

Moreover, the proposed methods do not need separation of Dorzolamide hydrochloride and Timolol maleate 

before the analysis. HPSAM performed better than the PLS method, which can be attributed to the presence of 

some matrix effect in the real ophthalmic eye drop samples.
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