
Editor-in-Chief

Dr. Hadi Azizzadeh

Deputy Director General, ISESCO

Associate Editor

Prof. Dr. Ali M. Sayigh (UK)

Coordinator

Dr. Faiq Billal 

Editorial Board

Dr. Dona Dakouo (Burkina Faso)

Prof. Dr. Mojtaba Shamsipur (Iran)

Prof. Dr. Ahmed A. El-Oqlah (Jordan)

Dr. Orunhanou M.K. (Kazakhstan)

Prof. Dr. Roslan Abdul-Shukor (Malaysia)

Prof. Dr. Abdoulaye TRAORE (Mali)

Dr. Driss Aboutajdine (Morocco)

Prof. Dr. Zibo Garba (Niger)

Prof. Dr. Bassam Soussi (Oman)

ForewordForeword
Strengthening research capacity is one of the most

effective and sustainable ways of advancing towards pro-

duction, economic development and technological pro-

gress. Scientific research institutions provide the base for

the success of economic programs, their adjustment and

evaluation. Industrialised countries with market econo-

mies focus, at the higher legislative and executive levels,

to formulate scientific research policies and strategies to

co-ordinate plans for the most effective and rational use

of scientific and technical resources.

Poor economies are always a result of low priority accorded to build scientific

research capabilities. Lack of attention and inadequate financial resources allocated

for scientific research, never allow such countries to utilize scientific knowledge

towards economic gains. One can mark such countries by the small number of scien-

tific publications and patents they produce or low percentages of active scientists

and researchers per million of population. Research is mostly performed through

voluntary individual initiatives or by small research groups, without clear strategic

goals or in collaboration with international partners to benefit their own running

projects at low costs. Extremely low percentage of the GDP allocated for scientific

research is spent on salaries, bonuses, allowances and other payments, and literally

very small amount is allocated to research purposes.

A clear science policy, with accurate strategic targets, is the prerequisite for

such development. Such policy should target to gain technological innovation

through scientific research by skilfully managing all available material and human

resources, and building hosts of physical and non-physical components such as ins-

titutions, infrastructure, qualified manpower, etc. Innovation system should be built

on combination and interaction of the elements that determine the capacity to assi-

milate and adapt scientific research to create new knowledge and techniques useful

for the production system. The capacity to undertake research and development

work, to assimilate and adapt technical know-how depends on the general level of

skill, the distribution of scientific and technical personnel and the availability of

managerial and entrepreneurial talent. Management is an important factor in modern

industry and has a vital role to play in the creative and efficient use of available

resources including technologies. Administrative and organizational encourage-

ment, conducive to enhancing performances can't take place unless a high priority

to scientific research is accorded by the highest authorities. Moreover lack of rela-

tionship between industry and business on one hand, and academic and non-acade-

mic research institutions on the other hand, exacerbates the problem for the govern-

ment, which is required to allocate high percentages of total funding for research.

An adequate policy should encourage private sector to contribute more towards

scientific research, then governments.  

ICPSR exerts efforts to enforce right strategies for promotion of scientific

research, but it is scientists and researchers who shoulder responsibility to build

confidence of highest authorities in scientific research towards ameliorating the eco-

nomic conditions.
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1. Introduction

Waste management is troublesome, not only in Malaysia,

but everywhere in the world. In Asia, waste management

requires immediate attention especially in countries such as

China, South Korea and Malaysia. Malaysia, like most of the

developing countries, is facing an increase of the waste

generation which leads to problems related to managing and

disposing these wastes generated [Lau, 2004]. An average

Malaysian household produces 0.8 kg of waste a day, while

Klang Valley residents themselves produce 1.5 kg daily. With

25 million Malaysian populations in 2005, the total waste

generated in excess of 7.3 million tons of garbage [Bhatta-

charjee, 2006] and by year 2020 with the targeted 70 million

Malaysian populations, the total wastes generated possibly

reach to 20 millions tons.

To manage the waste, characteristics and properties should

be taken care off. Three different waste categories with respect

to disposal are solid, medical and hazardous, yet medical

wastes are only handled by proper company liaising with the

government such as Redicare Sdn. Bhd. and hazardous waste

in Malaysia on the other hand is handled by Kualiti Alam Sdn.

Bhd., the only company and a private waste management

company to handle hazardous waste in Malaysia. 

Solid waste in Malaysia on the other hand is still under the

responsibility of the public sector even though part of the

management services has been contracted to the private

company. A study shows that 70% from the total wastes come

from five states namely Kuala Lumpur, Selangor, Pahang,

Terengganu and Kelantan, and 64% from the total wastes are

from domestic waste [Anderson, 1998] which comprises any

waste generated from housing areas. One type of solid wastes

is plastic materials which now is apart of everyday life and

contribute immensely to the benefit of humanity. Plastic

materials are widely accepted as raw materials for a wide

range of industries and are converted into an even wider range

of articles for domestic and industrial purposes. It has been

reported that the world's annual consumption of plastic

materials were increased from 5 million tonnes in 1950's to

nearly 100 million tonnes today [APME, 2002; APME, 2008].

Plastic consumption keeps growing each year and it makes up

around 7% of the average household dustbin [APME, 2002;

APME, 2008]. But, the main challenge now is the accumu-

lation and the disposal of enormous amount of plastic wastes

contributes significantly to the environmental impact. When

the plastics are landfilled, they take a long time to break down,

possibly up to hundreds of years, and more and more plastics

are being disposed every year which leads to the landfill space

required for the plastic wastes that need to be concerned.
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A RM 1.5 billion largest incinerator in Asia was planned

to be built at Broga, 50 km south of Kuala Lumpur, using

Japan technology. This incinerator with a capacity of 1500

tonnes per day using a fluidized bed gasification technology

is proposed to incinerate all kind of wastes and reduce them

to much smaller volume i.e. ashes and gas emission yet the

technology has not been accepted by the public due to emission

to the environment. On Friday July 6th 2007, the counsels

representing the government pulled off the project to build the

incinerator after several files suit by the Broga residents to

protest on the project due to safety and health issues [Yee and

Cheah, 2007]. Plastics materials and other wastes containing

chlorine-based chemicals will produce dioxin and furan when

burning, and exposure to dioxin damages the immune system,

causes birth defects and is a class one cancer-causing agent

[Morgan, 2003]. Since landfill disposal of the plastics in

municipal solid waste is no longer in line with increasing

environmental consideration and stricter regulations and

incineration project was already terminated, the possibility of

using waste plastics as a source of secondary fuel in a furnace

via combustion has been of recent interest to convert the waste

to energy. Plastics materials contain carbon which classifies

them as organic materials, thus, using appropriate but safe

method, energy from plastics waste materials can be recovered.

Energy recovery is the process of recovering the thermal energy

produced when fuels are converted to gases and residues

through the combustion process and the high heating value of

plastics makes them a valuable source of energy that can be

readily recovered in modern waste-to-energy plants [Tchoba-

noglous et al., 1977].

The present study will conduct investigation on various

kinds of plastics wastes in a furnace at temperature 850 - 900°C.

The objectives are to investigate the gas emission appears from

the incineration process and detect the amount of calorific

value obtained from the combustion process. Results from

single plastic waste will be compared to mixed plastic wastes

to be used as possible renewable energy.

2. Experimental 

This project was carried out using six different types of

plastic wastes namely high-density polyethylene (HDPE), low

density polyethylene (LDPE), polyethylene terephthalate (PET),

polypropylene (PP), polystyrene (PS) and polyvinyl chloride

(PVC). The plastic wastes were shredded into smaller pieces.

To detect the emission of gases, the sample was combusted in

a furnace (1100°C Chamber Furnaces ELF model) at a uniform

mass or ratio for single plastic, three mixtures and all six

mixtures of plastics. The sample was introduced inside the

furnace through an opening of the furnace when temperature

achieves 850-900°C and the emission of gases from the com-

bustion process would be read using gas analyzer (Madur

DA60 (Austria)). To detect the calorific value, an exact amount

of sample, single and mixtures of plastics, was placed inside

a bomb calorimeter (Parr 1341 Plain Jacket Oxygen Bomb

Calorimeter). The difference weight of sample and length of

fuse wire were used to calculate the calorific value of the

material. The below equation is used to calculate a heating

value (HV) of the plastic waste material.

where   is mass of sample of water (kg),   is heat capacity of

water (kJ/kgK),   is  temperature change (K),   is centimetres

of fuse wire consumed in firing (cm), and     is heating value

of sample (MJ/kg). 

3. Results and discussion 

3.1 Emissions of Gases

This project was done on six different types of plastic

wastes namely HDPE, LDPE, PET, PS, PP and PVC. These

plastic materials were chose due to common plastic material

found in the municipal solid waste [APME, 2002]. The study

on the emission of gases from the incineration process was

conducted on single type of plastics waste, mixture of three

HDPE + PVC + PS and LDPE + PP + PET with the ratio of

1:1:1, and mixture of six plastic materials HDPE + LDPE +

PET + PVC + PP + PS with the ratio of 1:1:1:1:1:1. Table 1

shows the CO2 gas emission from all plastic wastes, single and

mixtures, burnt in the furnace at 850-900°C using gas analyzer.

The CO6 pt emission is one of the important parameters in

determining whether the wastes are suitable or not for the

combustion process. As shown in Table 1, LDPE and PS

generate high CO2 emission with the emission of 17-20 wt%,

and as compared to mixtures of HDPE+PVC+PS and

LDPE+PP+PET, the emissions are in the similar range which

validates that LDPE and PS contribute high amount of CO2

emission in their respected mixtures. These results can also be

seen in Figure 1 which shows the trend of CO2 gas emission

from single plastic wastes obtained from the furnace at 850-

900°C using gas analyzer and Figures 2 and 3 which portray

the CO2 emission trends for single plastic waste as compared

to the mixtures. Figure 4 shows the CO2 trends for all three

types of the plastic waste mixtures. This graph shows that the

mixtures of HDPE + PVC + PS with the ratio of 1:1:1 gave

higher CO2 gas emission trend as compared to the mixtures of

LDPE+PP+PET of ratio 1:1:1 which also validates the previous

discussion. However, when all the plastic wastes were mixed

together with the ratio of 1:1:1:1:1:1, the emission was

increased which shows that the more carbon content in the

mixtures, the branches in the polymer structures might crosslink

with each other and due to different angle of bonding and

different steric hindrance among the structures, the higher

amount of CO2 emission.

Figure 5 shows CO emission for all six plastic wastes and

from this figure, LDPE gave the highest trend as compared to

the others. This is because LDPE is a highly branched polymer

with leads to inefficient alignment of chains leading to 50-60%
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crystallinity [Rodriguez et al., 2003; Sperling, 2001] which is

hard for the C-bonding to vibrate and release all the C-bonding

when heating, and thus, when this plastic was incinerated,

apart was partially combusted which shows highest trend of

CO emission (more than 12000 ppm). Figures 6 - 9 show

similar trends of NO2, NOx, NO and SO2 emissions for almost

all plastic wastes except LDPE, which also might due to the

higher degree of branched chains as well as the additives

contained in the polymer structure to strengthen the bonding

and differentiate the colour and structures for various use.

Figure 10 portrays Cl2 emission and as expected, PVC shows

a Cl2 trend. However, LDPE and PS also show Cl2 trends

which might due to the additives in the polymer matrices to

hold the bonding as well as structures. Figure 11 shows all gas

emissions other than that CO2 for mixed plastic wastes with

the ratio of 1:1:1:1:1:1 and this figure shows that mixed plastic

wastes also generated high CO emission, which concludes that

a group of different structures and matrices of polymer when

they are combined together, might lead to a possible partial

combustion reaction leading to releasing partial combustion

gases i.e. CO and some traces of NOx, NO and possible SO3.

From the above results, the most critical gas emissions

detected is carbon monoxide (CO) gas from the burning of

LDPE, PS and the mixtures, which shows that LDPE and PS

are kinds of polymer that hard to be burnt off due to different

highly branches and steric hindrance [Rodriguez et al., 2003;

Sperling, 2001]. The mixture of plastics also hard to be burnt

off which means that apart might undergone partial combustion

reaction and gives CO gas and traces of other partial reaction

gases as their by-product from the combustion reaction. Even

after 90 s of burning in the furnace, the CO emissions are still

high for the above polymers and the mixtures. The CO gas is

poisonous and not only adversely affects to human health, but

it also affect the property [Morgan, 2003]. Even though the

other gas emissions are rather low as compared to CO

emission, they still take part in contaminating and generating

air pollutants which lead to health and environmental impact.

Thus, the safety measures are to be taken care off when dealing

with incomplete combustion process.
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TABLE 1. CO2 Emission from plastic wastes, %

CO2, %

HDPE 

LDPE 

PET

PVC 

PS 

PP

HDPE+PVC+PS 

LDPE+PP+PET

HDPE+LDPE+

PET+PVC+PP+PS

0 s

0

0

0

0

0

0

0

0

0

10 s

5.04

8.10 

3.43

6.67

6.84

2.51

8.90

9.05

10.23

20 s

5.00

8.22 

3.43 

6.73 

6.78 

2.48 

8.89 

8.95 

10.36

30 s

5.03

8.35 

3.43

6.70

6.84

2.53

8.89

8.95

10.20

40 s

5.18

8.56 

3.46 

6.55 

7.33 

2.52 

8.73 

8.96 

10.30 

50 s

5.12

11.01

3.56

6.13

8.01

2.51

9.71

8.60

10.30

60 s

5.10

11.01

3.62 

5.22

12.34

2.54

11.10 

9.91

12.42 

70 s

5.12

13.75

3.60 

15.68 

2.58 

18.68 

11.80 

23.81

80 s

17.23 

19.74 

22.15 

11.80

26.31

90 s

16.86 

20.19 

25.61 

19.72 

40.75 

Figure 1. CO2 emission (%) vs time for each plastic waste.

Figure 2. CO2 emission (%) vs time for HDPE, PVC, PS

and their mixtures.

Figure 3. CO2 emission (%) vs time for LDPE, PP, PET

and their mixtures.

Figure 4. CO2 emission (%) vs time for mixed plastic waste.



3.2 Calorific Value 

The sensible way to evaluate a fuel's heating value (HV)

is in terms of the energy it will produce per unit mass of fuel.

Using formula (E.1), the heating values for each plastic

material together with the mixtures are tabled in Table 2.

The highest heating value obtained from six different

plastic waste materials came from LDPE which gave about 42

MJ/kg, whereas PVC gave the lowest value of 14 MJ/kg.

Based on the calorific value of the plastic wastes mixture, the

six plastic wastes mixture with the ratio of 1:1:1:1:1:1 yielded

45 MJ/kg, which is in the same range with gasoline and LPG.

A. Salmiaton /ISESCO Science and Technology Vision - Volume 5, Number 8 (November 2009) (2-6)
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Figure 5. CO emission (mg/m3) vs time for single plastic waste.

Figure 6. NO2 emission (mg/m3) vs time for single plastic waste.

Figure 7. NOx emission (mg/m3) vs time for single plastic waste.

Figure 8. NO emission (mg/m3) vs time for single plastic waste.

Figure 9. SO2 emission (mg/m3) vs time for single plastic waste.

Figure 10. CL2 emission (mg/m3) vs time for single plastic waste,

mg/m3.

Figure 11. Gas emission emission (mg/m3) vs time

for mixed plastic waste.



The mixture contains higher heating value because of different

polymer structure in the mixture which representing different

type of plastics. When all of these types of plastics are combined

and being combusted, the polymer undergone a chemical

reaction and the molecular chain for each polymer will

combine and the plastics will have or contain more carbon and

hydrogen atoms. When these mixtures of plastics undergone

a combustion process, it will release more energy and that is

why the mixture gave the highest heating value as compared

to the other types of plastic wastes. The higher the relative

content of carbon, the higher the calorific value of the material.

Besides, these plastics material come from petroleum-based

feedstock as their raw material, thus, the similar range of the

heating value can be expected. In addition, the value from this

mixture is much higher as compared to biomass fuel. This

means that instead of burning the plastic waste to reduce the

size of the volume, the plastic wastes can be collected and

burnt to convert them into energy for other purposes such as

electricity supply or generator operations. Also, as being per-

formed by Recycle Energy Sdn. Bhd., the first private company

in Malaysia established in 2000, selected domestic wastes from

Kajang area has been converted into refuse derived fuel (RDF)

which they plan to be used as feedstock for boiler to generate

steam for their plant [Recycle Energy, 2000]. However, the

wastes must be sorted manually prior to RDF conversion

processing in order to maintain the characteristics and compo-

sition of the wastes. The wastes required must be within 30-

40 % moisture content and with the ratio of 70 wt% polye-

thylene bag and 30 wt% textile and paper. Thus, instead of

manually sorted, all six common plastic wastes can be mixed

and combusted to convert into value-added energy. 
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TABLE 1. CO2 Emission from plastic wastes, %

HDPE 

LDPE

PET

PVC 

PS

PP

HDPE+PVC+PS 

LDPE+PP+PET

HDPE+LDPE+PET+PVC+PP+PS 

Biomass Fuel [Chuah et al., 2006] 

Coal (premium) [Chuah et al., 2006] 

Natural Gas [Chuah et al., 2006] 

Gasoline [Chuah et al., 2006] 

LPG [Chuah et al., 2006]

Heating Value, HV, 

MJ/kg 

30.95

41.74

15.88

14.22

33.44

31.98

43.69

42.25

45.54

14.0 - 18.4

23 - 28

54

45

48

Conclusions

In conclusion, a new integrated technology comprises air pollutant control (APC) and energy converter should be invented

to recover the plastics wastes and convert them into value-added energy as well as monitoring and controlling gas emission

from the burning process.
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1. Introduction

Many of the introduced renewable energy technology in

this country have ceased to operate to several reasons. One is

that the project is only financially supported for a very short

period of time, without monitoring and evaluation as well as

proper supervision programs leaving no working capital and

after sales services to ensure the sustainability of the project.

Another problem is the availability of full time managers and

their supporting staff to take care of the provided facilities who

possess adequate managerial skills and motivation to seek for

necessary support from different sources particularly from

local authorities including the private sectors. The manager

should actively conduct market survey of their products or

extend the existing production lines for more value added

activities to increase the benefit of the technology.

Experiences have shown that on paper the facilities pro-

vided should bring benefit to the beneficiaries provided that

they could be provided with multi years funding support, say

5 to 10 years in addition to proving proper supervision and

guidance until the system can reach a level of self propelling

growth. Recently the government under the coordination of

Coordinating Minister of Economics and Industry had launched

a national wide Energy Self Sufficient Villages, which aims to

create the spirit of self help of the villagers in providing their

energy needs from locally available renewable energy sources

[1]. The project which was started in 2007 is being supported

by several Ministries, each implementing renewable energy

technology programs under their own management. Some take

care of solar PV, some promoting bio-fuels, mini/micro-hydro,

biogas etc. This program seems to have all necessary supporting

components to resolve past failures in introducing renewable

energy technologies in Indonesia. In addition it complies with

and supportive to the author's concept of E3i villages (Empo-

werment of autonomous village in Renewable Energy, Eco-

nomics and Environment) proposed some years ago. [2]

This paper is proposing a novel method in introducing

renewable energy technologies for rural development by mea-

suring sustainability parameters comprising, cash flow analysis

of the business unit, such as the proposes Small Processing

Unit (SPU) employing renewable energy technologies, mana-

gerial characteristics, and regional impact of the introduced

technologies [2][3]. The latter approach needs more time to

apply awaiting for some years to accumulate adequate data

after the introduction of the technology.
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2. Strategy in making SPU operation

sustainable

Modified tunnel dryer and greenhouse type ICDC (Inte-

grated Collector and Drying Chamber) solar dryer where

installed in respective three sample villages, namely in Ped, in

Bali, Daleman in Klaten and Mulyo Haji villages in Lampung.

The following analysis was based on data taken from these

three villages. Some of data had been extended after taking

into consideration the potential capacity of the products to be

process and market access.

2.1 The economic benefit of solar drying system

The following data was collected from Mulyo Haji village.

The dryer was used to process cassava wastes.

1) Initial capital (land, building and dryer): Rp 65,000,000.

2) Operational Costs per day: Rp 310,000.

3) Benefit per month (with 10% tax reducation): Rp.

5,175,000.

4) Pay back: 1,05 years

2.2 The production function [4]

Assume that a renewable energy technology has been

installed in a rural cooperative or in village community in the

form of stand alone or as SPU and to be managed by an

entrepreneur. Let the production function of the cooperative

using the dryer can be represented by

with IC; at t=0, C=0

Here C is the number of sales or production per month,

Rp/month (kg/month), a1 is a coefficient depending on the

attribute of management of the dryer (1/month), b is a

coefficient related to the increment trend of dried product

measured in terms of their selling price (1/month), and t is the

duration of data collection (month).

The solution of eq.(1),for f(t)= ebt is, assuming that both a1

and b are constant

The value of a1 and b then can be determined after solving

eq.(2) using more than two data simultaneously by using the

least square methods.

Now let f(t)=b, then the solution of eq.(1) becomes, after

applying the initial condition,

Field data were collected  from the three sample villages

in Mulyo Haji village, Central Lampung where batch type

solar dryer was intalled, in Daleman village, Klaten, Central

Java and in Ped village, Nusa Penida island, Bali, provided

each with modified tunnel dryers. Solar dryer in Lampung

was used to dry processsed cassava wastes, while in Klaten

and Bali, was for sea weeds. And soun (chinese noodles)

drying, respectively. These products have their respective

captive market and, therefore, the facilities provided can help

the beneficiries to generate incresae their  income.

From field survey the estimated production trend of the

three sample village is given in Table I below. From these

data the respective value of the production coefficient a1 and

b as described in eq.(1), were respectively, a1 = 0.0043, and

b=3040 for Lampung, a1= 0.0112 and b=1129, for Klaten and

for Bali, a1= 0.0210 and b=17660.

Figure 2 shows the comparison between data and

estimation using eq. (3), which indicates that the model is in

good agreement of the data collected for the  three sample

villages.

The respective parameter a1 and b can be plotted for each

villages indicating the level of entrepneurship of the SPU

managers and the impact of the introduced technologies. As

shown in Figures 1 and 2, it indicated that  the managerial

skill and impact of introduced solar drying technology of SPU

at Ped village in Bali was the biggest among the three selected

sample villages for the study. However, in the near future,

more data should be collected from these three villages

including training and supervision in order to have a more

convincing conclusions of this study. It is envigaed that it may

take at least 5 years should be needed to provided supervision

and assisstance in order to make the selected business ventures

to become really sustainable.
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TABLE 1. Estimation of production of  ICDC solar dryer
installed in three sample villages
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2.3 Effect of managerial capability on productivity

of the introduced technology

Let the managerial component in operating the introduced

technology can be represented by age of M1 and education,

M2 of the manager. M3 and M4 are respectively the length of

formal education received by the workers and their average

age. Here a1 is a parameter indicating the management

capability of an enterprise as given previously by eq.(1).

Hence, if there are 4 or more users of the technology are

available then, each value of coefficient βij (i=1,2,..n;

j=1,2..4) shown in the following relations can be determined

using Least Square Method.

Since only the age and education data of the managers

were available to evaluate the managerial capability for each

SPU, then the respective values of management factor β,

becomes, β1 = -0.0015 and β2=0.0045, respectively. This value

indicates that the length of education is more dominant in

determining the productivity of the current installed dryer

rather than the age of the managers. However, of in order to

have a more general applications of the model developed here

this study will be continued to collect more data from the

already installed solar dryer in several villages in Sumatera,

Java, Bali, West Nusatenggara and Sulawesi.
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Figure 1. Distribution of coefficient a1

at the 3 sample villages.

Figure 2. Difference in the impact of solar drying tech-

nology intervention in the 3 sample villages

(4)

(1)

Figure 3. Comparison between data and calculation using eq.(3).

Figure 4. An ICDC solar dryer for wet blue drying

installed in Garut west Java.

Figure 5. Daily (blue squares) and cumulative leasing data

(solid lines). Calculated value for a1=0,112, b=99230.



One immediate action and strategy to disseminate the uti-

lization of the currently installed prototype solar dryer (Figure 4)

in a small tanneries in Garut is by using a leasing method. The

small holders may bring along their respective raw materials,

processed into wet blues available within the tanneries complex

and use the dryer under a leasing system. Currently, small

holders in the neigbourhood of the tanneries may bring along

their respective raw materials, processed into wet blues available

within the tanneries complex and use the dryer under a leasing

system. Currently, the small holders are using the dryer by

bringing along their respective fuel wood to generate steam as

a back up heating system. Each small holders is charged with

certain amount to dry wet blues from sheep or goat and different

charge for wet blues of cattle. The data collected indicated

that the daily amount of wet blues dryed was on the average

of 304 pieces/day with the revenue varies from Rp. 240,000

to Rp 496,000 per day or an average of Rp 368,000/day (US$

49,8/day). The total revenue for  the month of April was Rp.

1,720,500 (US$ 172) for only 11 days of operation. The

revenue is expected to become more than double of the current

value if the whole month could be used effectively. In Figure 5,

a comparison between data and the production function has

been made accomodating the sustainability parameter a1, the

managerial coefficient and b, the technology intervention

coefficient. These parameters can be used to compare the

performance of traditional system with the same drying capa-

city or to evaluate the effectiveness of any renewable energy

intervention program. (Darma Persada University, 2009).

Assuming that drying operation can be conducted all year

round, except around one month free during the fasting month

of Ramadhan, the expected annual revenue will be Rp.

113,344,000 (US$11,334) for 11 month.

As the price of the dryer is Rp 120 million, for a taylor

made dryer, the investment can be recovered within less  than

2 years. It would be much faster if the dryer can be mass pro-

duced where the fabrication cost could be reduced significantly.

3. The diffusivity of coefficient and the regional

impact of technology intervention

In addition to what described above, two more important

parameters should be included once the installed facilities had

been operated for sometimes. The first is the diffusivity

coefficient which describes how far the applied technology

have been known to the future users, either within the physical

or administrative boundaries of the project sites. The diffusivity

coefficient is analogous to transport phenomena in physical

process such as in the transfer of mass, momentum and energy.

The second parameter will the change in economic structure

of the region or village where the renewable energty technology

was applied in industries. The introduction of value added

technology should result in many positive impacts on other

economic sectors, such as described in the wellknown Leontieff's

I/O Table. It may have positive impact on the creation related

industries or business ventures which will open new labor

market, increase in local content, additional regional income

in terms of tax, etc., and consequently gross regional income. 
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Conclusion

1) Implementation of the E3i village concept can be initiated by starting to provide the village with value added facilities

in the form of SPU supported renewable energy technology such as solar drying technology.

2) Based on the available data, a preliminary attempt to measure the sustainability parameters of SPU installed in the res-

pective three villages under study had been determined. However, it needs more years for accumulated data before we

can draw a solid conclusions. In addition, there are several parameters still remain to be included in the future to ensure

sustainability of the technology intervention.

3) The E3i village concept is complimentary to the now on going ESSV program of the Indonesian government. 
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1. Introduction

Bangladesh is one of the most densely populated countries

with 79% of the population living in rural areas. The main

energy sources of Bangladesh are biomass and natural gas.

Biomass energy sources are traditionally used for domestic

cooking and in small rural industries. Islam (2005) showed

that biomass fuels were account for about 73% of the country's

primary energy supply. According to ADB report (2001), per

capita annual energy consumption of the country in 1997 was

about 77 kgoe, and it was much below the world average of

1474 kgoe. Additionally, Rouf et al., (2006) in their report

revealed the fact that only around 30% of the population had

access to electricity. Over 80% of people depend on traditional

energy sources such as firewood, cow dung and agricultural

residues for their energy needs. In reference to WEC (2005),

excessive use of firewood will threaten the remaining forest

cover, which is only 10% of the total land area.

Bangladesh, on the other hand, is endowed with vast rene-

wable energy resources such as solar insolation and biomass.

Harnessing these resources appears to be a promising solution

for improving the quality of life of rural villagers, who are

unlikely to have access to conventional electricity supply in

the foreseeable future.

Hot water is required for cooking and drinking, taking

baths, washing clothes, utensils and other domestic purpose in

urban as well as in rural areas. Water is generally heated by

burning noncommercial fuels, namely, firewood as in the

rural areas and commercial fuels such as kerosene oil,

liquefied petroleum gas (LPG), coal and electricity in urban

areas. Water heating can, therefore, constitute 15% to 25%, or

more, of the energy use of a home. Klein et al. (1975) in their

studies showed that the approximate annual cost to operate

water heaters ranged from $200 for a minimum efficiency

gas-fired unit to as much as $500 for a minimum efficiency

electric unit. they also illustrated that these solar heating

systems typically were cost-competitive with electric water

heaters and also could be cost-competitive with natural gas-

fired water heaters. Gunerhan and Hepbaslia (2007), in this
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regard, pointed out that utilization of solar energy through

solar water heating (SWH) systems could play a big role in

reducing amount of energy required.

SWH is a well-proven and readily available technology

that directly substitutes renewable energy for conventional

water heating. According to FTA (2006), a variety of types of

systems are available and suitable for many applications.

Small systems are used for domestic hot water applications

while larger systems are used in industrial process heat

applications. There are two types of water heating systems

based on the type of the circulation: natural circulation and

forced circulation. Goswami et al., (2000) stated that natural

circulation solar water heaters are simple in design and low

cost. Whereas, forced circulation water heaters are used in

freezing climates and for commercial and industrial process

heat. However, as said by Kalogirou (2004), five types of solar

energy systems can be used to heat domestic and service hot

water: thermosyphon, integrated collector storage systems,

direct circulation, indirect, and air. In solar water heating

systems, potable water can either be heated directly in the

collector (direct systems) or indirectly by a heat transfer fluid

that is heated in the collector, passes through a heat exchanger

to transfer its heat to the domestic or service water (indirect

systems). Hence, solar water heaters come in two distinct

designs: active and passive systems.

Burch et al. (2006) described a passive system as combi-

nation of the solar collector and storage in one complete unit

separated from the conventional gas or electric water heater

storage tank. The storage can be directly coupled with the

collector or located above the collector using the natural flow

of heated water upwards to drive fluid circulation (thermo-

syphon system). Passive system design requires no pumps or

controls for operation as sunlight heats water all day. When

hot water is used in the home, water from the passive solar

storage tank is drawn into the conventional gas or electric

water heater storage tank, thereby avoiding the need for

electric or gas-fired heat to turn on. Providing energy-efficient

houses with solar water heating systems provides peace-of-

mind that home-owners are contributing to environmental

stewardship while helping their bottom-line expenses.

Research and development works to harness solar energy

in the form of heat have been going on for many years. Rehim

(1998) proposed a new design of solar water heater as pyramid

frustum having five surfaces: four surfaces represented liquid

fiat-plate collectors as roof and three sides which received the

entire solar radiation incident on them. The roof and one of

the sides face the south direction but the other sides face the

south-east and south-west directions, respectively. The three

sides tilted the horizontal plane to 30° while the roof tilted to

15°. The thermal analysis of the liquid flat-plate collector and

the performance of the solar water heater were derived based

on the steady state analysis. The results showed that the

proposed solar water heater gives good performance and can

provide a quantity of hot water of about 175 liters/day at an

average temperature range from 40°-60°C depending on the

weathering conditions and solar intensity. In addition, average

efficiency was also calculated and worked out to be 37.4%.

Bolaji (2006) designed, fabricated and tested collector perfor-

mance of a natural circulation solar water heater. Analysis of

flow through the collector was also included in this study. The

study showed that the system exhibited optimum flow rate of

0.1 kg/s at a maximum collector efficiency of 68.5%. More-

over, average daily efficiency and maximum collector effi-

ciency obtained were respectively 57.7% and 83.50C, while

the maximum ambient temperature obtained was 34.50C.

Besides, research works also carried out at Renewable Energy

Research Center of Dhaka University, Bangladesh Agriculture

University (BAU), Mechanical Engineering Department of

BUET, and BCSIR laboratories. Various types of solar water

heaters, for example, flat plate collectors have been fabricated

and tested. Parabolic Trough Concentrator, Fresnel Reflector

and Compound Parabolic Concentrators using mirror strips

have been built and studied. Performance studies of the above

hot water systems showed that these could be used for 330-

350 days in a year in small-scale industries in different regions

of Bangladesh. Moreover, in spite of its intensive capital cost

requirements, it has started getting importance in the recent

past in Bangladesh because of diminishing conventional

sources of energy.

In this work two innovative solar domestic water heating

(SDWH) systems with glazed and unglazed rectangular box-

type collectors were designed, fabricated and tested separately

to evaluate their performance in terms of collector thermal

efficiency and temperature raising capability. The effect of

locally available low cost acrylic plastic as glazing material

on SDWH system performance was also investigated in this

study.

2. Design and Fabrication of Solar Water

Heating System

2.1 Box-type Flat Plate Collector

Heating of water for domestic purposes is a simple and

effective way of utilizing solar energy. A solar collector inter-

cepts the incident radiation, converts it into heat and finally

transfers this heat to a working fluid for an end use system.

The natural or free circulation solar water heating systems are

most applicable in smaller installations. The circulation of

water between the solar collectors and the heat store is by

gravity or thermosyphon action, whereas in the forced con-

vection system, an electric pump is used for water circulation

which adds to the cost, energy consumption and complexity

of the system.

The solar water heating systems was, therefore, designed

that worked on thermosyphon flow to heat up water in a storage

tank located at a slightly higher level as shown in Figure 1(a).
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The following factors were considered for the designed solar

domestic heating systems:

■ It was optimized for the use of a typical Bangladeshi

family consisting of about 6 members (per day hot water

usage distribution considered for domestic purpose was:

30 liter for cooking and drinking; 70 liter for washing

clothes and utensils; and 80 liter for bathing only in

winter).  

■ The collector housing, support frame, etc was made of

durable and weather-proof materials such as galvanized

iron, mild steel etc.

■ The storage tank, the collector and the supporting frames

was built in separate units and by locally available ma-

terial so that any professional plumber would be able to

assemble, install and maintain the system with relative

ease.

The flat plate collector consisted of an absorber plate with

an absorbing area of about 170 cm by 90 cm on which the solar

radiation fell directly or after coming through a transparent

cover made of acrylic plastic as shown in Figure 1. (b). The

radiation absorbed was partly transferred to water flowing

through spacing in between two plates. 

Since the requirement for hot water is more in the winter

than in the summer, the angle of inclination of the collector,

which was kept fixed towards the south for a simple domestic

system, had a bias towards winter. It was assumed that a 320

(8.50 more than the latitude of Dhaka) inclination, together

with the storage tank acting as a booster reflector in the winter

would serve the purpose. This flat plate collector was kept

tilted in a fixed position (90 cm above the base) on a supporting

structure.

The glazed collector was covered with a single transparent

acrylic plastic with a dimension 175 cm x 100 cm x 2.5 mm

thick in order to trap the heat. In addition, as suggested by

Maksud (1985) and Hottel (1942), a gap of 8 cm was main-

tained between the plastic cover and the absorber plate to

minimize the convection loss. Acrylic sheets were almost

transparent and very light in weight. It was so chosen because

good transparent tempered glass, used in developed countries,

was not available in the local market. The nearest available

was acrylic plastic having a light greenish tint. It was thought

that this work would also provide performance test of trans-

parent acrylic sheets as a glazing material for solar collectors.

Moreover, collector surface was painted with black board paint

to increase its absorptivity and well insulated by 3-inch poly-

styrene foam from the bottom and its surroundings to reduce

the heat loss by conduction through the back and the edges.

2.2 Hot Water Storage Tank

Due to the fact that if the capacity of the hot water storage

tank is too low, hot water will be exhausted in use quickly and

a larger capacity tank will take longer time to heat up, a 90-

liter hot water storage tank was built as a compromise and

insulated properly on all sides using 2-inch thick polystyrene

foam. The outlet tubes going to the kitchen were also made

well-insulated.

2.3 Cold Water Storage Tank

In Bangladesh-cities continuous water supply at high

pressure is not available for 24 hours. Most houses pump

water to roof-top tank for a few times a day. Hence to keep the

hot water storage tank and the solar collector always full,

which is necessary for thermosyphon flow to work properly,

another cold-water storage tank was provided at a level higher

than the hot water tank. To regulate required water to flow into

cold-water and hot-water storage tanks, whenever needed, both

of these tanks were facilitated with float valves at their water

inlets. 

2.4 Hot Water Supply System

Two hot water outlets were considered. As shown in

Figure 1. (c), the hot water outlet connected to top end of the

absorber through the stopcock V3 collected water from the
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Figure 1(a). Thermosyphon system

(box-type flat plate solar collector).

Figure 1(b). Cross section of the solar collector



warmest zone of water in the storage tank. This outlet was

operated during daytime as there was no problem of water

running out.

In the evening, however, stopcock V1 was closed so that

no further cold water entered the hot storage tank. Water was,

therefore, taken out from the bottom of the tank using

stopcock V2 during night-time so that hot water stored in tank

during daytime could be fully utilized. Since there was no

solar radiation during night-time, the water temperature in the

tank became uniform with time.

3. Flat Plate Collector Thermal Efficiency 

Two types of collectors were fabricated and tested simul-

taneously in this study:

■ Unglazed collectors

■ Glazed collectors

Solar water heaters are normally described by thermal

efficiency of their collectors, which is the ratio between the

useful energy collected and total radiation incident on the

surface of the collector. This performance is calculated over

day based on the climate data for that day. 

According to Rahem (1998), thermal efficiency, ηc of a

flat-plat collector can be written as

Where      is mass flow rate of water, which was calculated

to be around 0.01 kg/s using the equation suggested by Bolaji

(2006), Cp is specific heat of water, 4.1813 KJ/kg-K, ∆T is

temperature differential between the working fluid entering

into and coming out of the collector, Ac is collector area and

IT is the total solar radiation on the tilted surface, which was

kept tilted at 32° to the horizontal plane.

Total solar irradiance on tilted surface, IT can be deter-

mined using the following equations:

Where I, Id, and Ib are solar, diffuse and beam radiations

on horizontal surface respectively, β is tilted angle of the

collector, pg is ground reflectivity, which is assumed to be

equal to 0.2 when the monthly average temperature is above

0°C, and θ is the zenith angle. Hourly variation in measured

solar radiation on horizontal surface is shown in Figure 2. These

data were used to determine the total solar irradiance on the

tilted surface of the collector. Additionally, it was observed

from Figure 2 that solar radiation increasing from 9:00 to

12:00 hr reaches to its peak at solar noon of the day (15th

April) i.e. at around 12:00 hr and then decreases after 12:00 hr.

Again, if δ be the declination angle, H be the hour angle,

ψ be the observer's latitude, ωs be the sunset angle, El be the

elevation angle, and θ be the zenith angle, then the equations

of the transformation are:

sin El = cosθ = sin ψ.sin δ + cosψ.cosδ.cosH

Where 

H = 15° x (Time - 12)

For a specific Clearance Index, KT, and sunset hour angle,

ωs greater than 81.4°, diffuse radiation can be calculated from

the following relationship:
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Figure 1(c). Simplified arrangement of solar absorber, cold and

hot water storage tanks and outlets.
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cos ωs = tan ψ tan δ, Where ωs is the solar sunset angle.

Again, clearance index, KT and extraterrestrial daily solar

radiation on a horizontal surface, Io can be determined from

the equations given below:

Where

Rav is the mean sun-earth distance, R is the actual sun-

earth distance depending on the day of the year,               , and

Gsc is the solar constant, which is equal to 1367 W/m2.

Once diffuse radiation, Id is known, beam radiation on the

horizontal surface, Ib can be computed simply from the relation:

Ib = I - Id

4. Results and Discussion 

Natural circulation solar domestic water heating systems

with rectangular box-type collectors were tested in the month

of April at intervals of one hour between 9:00 to 17:00 hr each

day. The incident solar radiation intensity on horizontal surface

was measured using pyranometer. Water inlet and outlet tem-

perature for collector storage tank, day-time and night-time

outlet temperature as well as ambient temperature were mea-

sured with mercury-in-glass thermometer with a precision of

0.5°C. Efficiency of the collector was calculated using the

equations given in the previous section, whereas mass flow rate

was calculated using the equation suggested by Bolaji (2006).

In this study, Collector thermal efficiency and the capa-

bility of elevating water temperature were considered as the

performance characteristics measures for the designed solar

domestic water heating systems with glazed and unglazed

collectors. Both the glazed and unglazed collectors were

studied by using data measurement over a day. Mass flow rate

of water and wind speed were respectively calculated and

measured to be 0.01 kg/s and 2.49 m/s during experimen-

tation and were also assumed to be constant with time for the

sake of simplicity. In addition, performances of the solar

domestic water heating systems with and without glazing

were compared to check the glazing effect on their perfor-

mance characteristics.

4.1 Thermal Efficiency

Values of efficiency of glazed and unglazed collectors

over the test period of the day (15th April) are shown in the

Figure 3. For both glazed and unglazed collectors, it was found

that efficiency varied with time and increased from 9:00 hr to

12:00 hr and then decreased after 12:00 hr. Moreover, effi-

ciency touched its peak at around 12:00 hr, which was the solar

noon of the day considered and when collectors received the

highest solar energy. However, Collector efficiency was found

to be low in the morning and late afternoon due to low incident

radiation in these periods. This scenario describes the fact that

the greater the energy receives, the better the systems perfor-

mance. In addition, variations in collector efficiency with time

indicate the strong dependence of the solar radiation incident

on the collector surface over a day.

Form Figure 3, it was also observed  that acrylic plastic

cover used as glazing material resulted in an increase of

collector efficiency by approximately 55% as compared to

unglazed collector. This was because of transparent acrylic

plastic cover that helped reducing the heat losses by

convection and re-radiation from the top and edges.

From the results, the average efficiency over the whole

test period during which the useful energy was collected, was

approximately calculated, and it worked out to be 43.7% and

26.4% for glazed and unglazed collectors respectively. The

numerical values of the performance of collectors studied

over day (15th April) are given in Table 1.
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Figure 3. Comparison between hourly variation in

thermal efficiency of glazed and unglazed collector.

TABLE 1. Numerical values of collector efficiency
over a day on 15th April

9:00

10:00

11:00

12:00

13:00

14:00

15:00

0.48

0.611

0.715

0.76

0.723

0.628

0.53

0.283

0.293

0.289

0.284

0.288

0.293

0.289

0.197

0.318

0.426

0.476

0.435

0.335

0.241

0.422

0.601

0.795

0.900

0.805

0.618

0.463

36..9

40.5

47.5

51.6

46.5

34.5

31.3

43.7

12.3

25.9

32.3

36.1

24.1

21.7

15.9

26.4

ηηc(%)Time

(h)

I

kW/m2

Id

kW/m2

Ib

kW/m2

IT

kW/m2 Glazed Unglazed

Average Thermal Efficiency (%)



4.2 Hourly Variations in Water Temperature

From Figure 4 and Figure 5, it was evident that water

temperature varied positively with time from 10 hr to 14:00

hr and then negatively after 14:00 hr. For both glazed and

unglazed collectors, water temperatures reached their peak at

around 14:00 hr i.e. at two hours later than the solar noon of

the day considered. The maximum amount of the solar

radiations reflected as well as heat energy radiated from the

ground and its surrounding perhaps contributed to the cumu-

lative energy input to the collector flat surface and hence,

resulted in further increase of water temperature after solar

noon. 

Besides, for solar domestic water heating systems with

glazed and unglazed collectors, maximum temperatures mea-

sured at day-time user outlets were about 82.8°C and 65.5°C

respectively, which were only approximately 4.5% less than

the temperature measured at respective collector outlets. This

fact, eventually, indicated the designed solar domestic water

heating systems' ability to supply water to users with minimum

loss of heat energy during day-time. In addition, water tempe-

ratures at day-time user outlets of designed solar water heating

system with glazed and unglazed collectors were found to be

around 49°C and 28°C higher than ambient temperature.

Moreover, water temperatures measured at night-time

user outlet of the water heating system with unglazed collector

are shown in Figure 6 and total variation in user outlet water

temperature for a period of 5 hours was estimated to about 6%

of the initial night-time user outlet water temperature measured

at 17:00 hr. This was also an indication that the designed solar

water heating system was able to deliver hot water to user

outlet even at night with a nominal loss of thermal energy

when ambient temperature was much lower than day-time

ambient temperature.

4.3 Performance Comparison between Glazed

and Unglazed Collectors

From the performance comparison between glazed and

unglazed collectors, as shown in Figure 4, Figure 5 and

Figure 7, it was evident that the glazed collector offered

sufficiently high performances over unglazed collector in

improving collector efficiency and in elevating the

temperature of water supplied to the user outlet. It is worth-

mentioning that it was able to raise the temperature of water

delivered to user outlet by more than 19% as compared to

solar domestic water heating system with unglazed collector.

Moreover, average efficiency of glazed collector was found to

be 65.5% higher than that of unglazed collector. The effect of

acrylic plastic cover as glazing material was, therefore,

evident and significant on improvement of SDWH system

performances.
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lector outlet, and day-time user outlet for glazed collector.
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Figure 5. Hourly variation in hot water temperature at

collector and day-time user outlets for unglazed collector.
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temperature night-time for unglazed collector.
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Conclusion

Although compact heat exchangers with different configuration of plate arrays offer many advantages compared to the

coWater heating systems were constructed using locally available materials and tested at Dhaka, Bangladesh on latitude 23.70

N. Collector thermal efficiency and capability of raising water temperature were considered as the performance evaluation

measures of the experimental investigations. A typical day analysis showed that collector efficiency increased with time from

9:00 to 12:00 hr and touched its peak at 12:00 hr i.e. at solar noon of the day and then decreased after 12:00 hr indicating

strong dependence of system performance on solar radiations incident on the flat plate collector over the day. During test, it

was found that glazed collector efficiency increased by about 55% as compared to unglazed collector. Moreover, average col-

lector efficiency over the whole test period was estimated to be 43.7% and 26.4% for glazed and unglazed collectors respec-

tively. Maximum water temperatures measured at day-time user outlets were respectively 82.4°C and 65.5°C for domestic

water heating systems with glazed and unglazed collectors and were around 49°C and 32°C higher than ambient tempera-

ture. Besides, total variation in temperature at user outlet during both day-time and night-time for both solar water heating

systems was estimated to be not more than 6% as compared to collector outlet temperature during day-time as well as initial

night-time user outlet temperature. This fact illustrated that both designed solar domestic water heating systems were able to

supply water to user with minimum loss of energy. Moreover, from performance comparison, it was evident that glazed col-

lector was able to raise the water temperature by more than 19% as compared unglazed collector. Solar domestic water hea-

ting system with glazed collector, in the end, showed its promise for SDWH system performance improvement.
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1. Introduction

In the last decades, because of population growth and the

limitation of fossil fuels resources, the world attention moved

toward eco-friendly energy sources. In 1993, one of the initial

motivation has been emerged after publication the energy

report titled “Energy for Future” for the use of renewable

energies. In this report, renewable energies considered as a

suitable solution for providing a main part of energy demand

in the world up to the year 2020[1]. In 1997, Regarding to the 

world focus on global warming caused by green house gases,

the third session of the Conference of the Parties(COP3) was

held in Kyoto. Based on this protocol, Annex A countries

agreed to reduce their green house gas emission to the 1992

level. Therefore, promotion of utilization of renewable energy

sources with a very low CO2 emissions is inevitable [2].

Available statistics show that Iran despite of its rich potential

for the use of fossil energy sources, will face with critical

crises to meet its energy demand in next few decades. The

total recoverable oil resources of the country is amounted to

136.99 billion barrels. The current oil production of the IRI

(including export) is estimated about 2765.8 Million Barrels
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per Year(MBY). It is clear that the available sources can not

meet the current consumption for more than 50 years[3,4].

Table 1 shows estimated annual oil and gas resources and

other energy potential resources of Iran reported for 2008.

Fortunately, Many parts of Iran due to its geographical

location has a vast potential for the utilization of the rene-

wable energies such as solar, wind, hydro, biomass and geo-

thermal [3]. The suitable areas for utilization of renewable

energies in Iran, is given on Table 2.[7]

2. Energy consumption profile in a rural areas

of the country

During last decades, Iran is facing with a major problem

of deforestation due to wood smuggling and fire wood used

by villagers. That cause an irreversible damages on the

ecosystem. Also, harmful consequences of the use of tra-

ditional energy systems in rural areas are an important issues

that should be considered carefully. For example, respiratory

and pulmonary diseases due to the wood burning or the use of

fossil fuels with a very low efficiency which have divert con-

sequences on the health of the villagers. A present statistics

show that about 98.5 to 99.5 percent of rural areas access to

the electrical grid[4]. However, it causes a very high costs for

providing electrical energy in an impassable and far from grid

rural areas [5]. Based on the last report published by the

National Iranian Gas Company (NIGC), about 7.18 percent of

rural areas just have access to the gas pipeline and about 4500

villages connected to this grid[4]. So, in other parts of rural

areas, thermal energy should be provided by other types of

fossil and wood fuels [6].

It should be noticed that about 30 percent of the national

energy consumption (including electricity, kerosene and natural

gas resources) allocated to the rural areas. The statistics illu-

strate that in spite of low energy consumption in rural areas,

the amount of the energy consumption intensity by rural house-

holds is higher than urban households. This situation occurs

because of the variety of available energy consumption in rural

areas, like inefficient energy equipments and the lack of sen-

sitivity toward energy saving issues [8].

Generally, four sources are available for providing energy

in rural areas: 

1- Biomass energy sources including wood, charcoal, dung,

agricultural waste, shrub and herb (annually the amount

of 768.2 tons dung and 499.9 tons shrub and herb is

available) [14].

2- Fossil fuels consist of the kerosene, Gasoil and natural

gas for providing heating, cooking and agricultural

activities.

3- Electricity for providing lighting.

4-  Renewable energies such as wind, solar, biogas for pro-

viding energy for lighting and heating[9].

3. Modelling of Integrated Rural Energy Mana-

gement System (IREMS)

3-1- IREMS Model description

This model provides a method for optimum use of inte-

grated renewable and non-renewable energy sources in rural

areas based on a Multi Objective linear programming (MOLP).

These energy resources include: electricity, gas, kerosene,

gasoil, hydro power, wind, solar, biogas, biomass and geo-
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TABLE 1. Estimated annual energy capacity report
for 2008[3,4]

Type of energy

Oil 

Natural gas

Electricity

Biomass

Renewable energies

Nuclear energy

Estimated capacity 

Liquid hydrocarbon reserves is equal to 136.99

milliard barrels(73.1 percent crude oil and 26.9

percent liquefied gases  

Natural gas probable reserves is equal to 28.17

trillion cubic meters (32.8 percent terrestrial

fields and 67.2 percent marine fields)

41 GW as a nominal capacity of the power

plants(37.9 percent gas and hybrid plant, 14.7

percent hydro plant, 1.3 percent diesel, wind

and solar plants that can be produced electricity

as a 178.1 TWh/year 

11 milliard tons coal reserves

- Utilization of 36 hydro power plants with the

capacity of 6043.9 MWh and the production

of 16139.2 GWh hydro electricity

- Utilization of 92 wind turbines with the capa-

city of 47.6 MW and the production of 70.9

GWh of electricity 

- Production of 53 MWh photovoltaic electricity 

- Annually 7000 MWh probable energy production

of Boshehr power plant

TABLE 2. Suitable areas for application of renewable
energy through the country[7]

Type of energy

Oil 

Solar

energy

Wind energy

Geothermal

energy

Biogas energy

Suitable areas 

- Liquid hydrocarbon reserves is equal to 136.99

milliard barrels(73.1 percent crude oil and 26.9

percent liquefied gases  

- Yazd, Kerman, Sistan & Baluchestan, Fars,

Hormozgan provinces, slopes of mid and southern

Zagros area

- Gilan province (Manjil and Rodbar)

- Khorasan province- four areas of Khaf,

Nehbandan, Sabzevar and Dizbad

- Kohak, Deh Siahposh, Firozkoh, Harzvil and

Binalod areas

- Zahedan and Zabol

- Taftan-Bazman, Naiband, Birjand-Ferdows,

Takab-Hashtrod, Khor-Biabanak, Esfahan-

Mahalat, Ramsar, Bandar Abbas-Minab, Boshshr-

Kazeron, Lar-Bestak areas   

- Khorasan, Golestan, Markazi, Mazandaran, Gilan,

Ghazvin and Lorestan provinces



thermal. Six criterions were selected for development of model

as follow: Production Cost (investment and operation cost) of

Indicated Energy(PCIE), Local Employment Opportunities

(LEO), External Cost(EC) for determination of the  level of

Greenhouse Gas Emissions, Degree of Access to Indicated

Sources of Energy (DAISE), Degree of Assurance on Safe

Operation of System (DASOS) and Degree of Security on

Indicated Energy Supply (DSIES). The PCIE and EC can be

calculated as quantitative values but other criterions are

qualitative. For calculation of the quantitative values of these

criterions, each qualitative criterion is indicated as  the fuzzy

triangulated number(m, α, β) based on Figure (1). These fuzzy

numbers convert to quantitative values based on Chen-

Hwang method shown in relation (1).

In this equation µT is a quantitative number equal to the

triangulated fuzzy number that is shown in terms of m, α, β.

These items are respectively the average, left tolerance and

right tolerance values which are given in Table (3).

The importance of each criterions for the selection of

energy resources was scored by a group of experts as shown

in Table (4).

For description of this table, it should be noted that main

reasons for selecting electricity as an energy resource are

respectively very high subside for PCIE, DSIES, DASOS and

EC but the main factors for the selection of renewable energy

are the lack of gas emissions and easy access to sources of

Energy. Productivity, inflation and exchange rate are the im-

portant factors that can effect calculation of production cost

while other factors like the method of calculating environ-

mental effects, consideration of technological barriers and

production deficiencies  are factors which effect the social

cost calculations. Table (5) shows the electricity production

cost and external cost of energy resources per kWh.

The amount of other criterions based on fuzzy logic me-

thod are illustrated as Table (6).

In this model, variables are defined as energy production

in terms of kWh of energy resources from x1 to x11. Table (7)

shows energy production in terms of kWh of energy resources.

In order to be able to compare different energy resources con-

sumptions, all units were converted to kWh. The potential of
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(1)

Figure 1. The fuzzy triangulated numbers equal to

qualitative numbers.

TABLE 3. Quantitative numbers(µT) for equivalent of fuzzy

triangulated numbers(m, αα, ββ) at different level

Very Low=(0,0, 0.2)

Low= (0.25, 0.15, 0.15)

Medium= (0.5, 0.2, 0.2)

High= (0.75, 0.15, 0.15)

Very high= (1, 0.2, 0)

µT = 0.08

µT = 0.28

µT = 0.5

µT = 0.71

µT = 0.91

TABLE 4. Scoring table for the selection of energy criterions importance(Weighted values)

Electricity

Kerosene 

Natural Gas

Gasoil

Hydro power

Biogas

Biomass

Wind

Solar

Geothermal district heating

Average

45

40

40

40

30

30

45

-

-

-

27

25

25

25

25

25

5

20

5

5

10

17

15

-

5

-

5

5

-

5

5

5

4.5

-

5

5

5

-

5

-

5

5

5

3.5

10

-

-

-

5

20

-

45

45

40

16.5

5

30

25

30

35

35

35

40

40

40

31.5

100

100

100

100

100

100

100

100

100

100

100

Criterions

Energy
resources

(PCIE)
αα1

(DSIES)
αα2

(DASOS)
αα3

(LEO)
αα4

(EC)
αα5

(DAISE)
αα6

Total



wind and solar energies in selected area were calculated by

RETScreen software based on financial analysis. In estimating

of wind energy capacity, a 660 kW unit was considered for

simulation of annual energy production. The PV is considered

as a grid connected system with an annual potential of energy

equal to 53 MWh. In solar heating system, the annual energy

production of a solar water heater is considered equal to 7100

kWh based on a each household water heating demand. 

As explained, since 11 energy sources provide 4 types of

energy demand with 6 types of criterions, therefore a problem

can be made with 11 decision variables, 4 constraints and 6

criterions as follows:

s.t. gk (x) ≥ dk k = 1,…,4

0≤xj ≤ aj j = 1,…,11

In this relation, xj is the decision variable indicated as

energy sources of jth (j=1,…,11), fi is criterion function

(i=1,…,6), dk is the energy demand  and gk are constraints of

kth type(t=1,…,4) and aj is the energy potential of jth type

(j=1,…,11). Formulation of this model is based on relations

(3) to (7) and GAMS software was used for this purpose.

Figure (2) shows the structure of integrated rural energy

system.
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TABLE 5. Electricity production and external costs of energy resources per kWh

Production Cost($)

External cost(Euro cent)

0.035-0.04

2.5-7

0.02-0.025

5.5

0.015

2.5

0.02-0.025

6

0.03

0.05

0.02

1.5

0.025

1.7

Resources

Financial
criterions

Electricity kerosene
Natural

gas
Gasoil Hydro Biogas Biomass Wind PV Collector Geothermal

0.03-0.04

0.09

0.12-0.14

0.28

0.02

0.28

0.02-0.04

0.3

TABLE 6. Quantitative values of qualitative criterions

DSIES

DASOS

LEO

DAISE

0.71

0.71

0.08

0.28

0.71

0.5

0.28

0.5

0.71

0.5

0.28

0.5

0.71

0.5

0.28

0.5

0.91

0.71

0.28

0.91

0.28

0.71

0.5

0.71

0.71

0.71

0.5

0.91

Resources

Qualitative
criterions

Electricity kerosene
Natural

gas
Gasoil Hydro Biogas Biomass Wind PV Collector Geothermal

0.5

0.71

0.71

0.91

0.5

0.71

0.71

0.91

0.5

0.5

0.71

0.91

0.5

0.71

0.71

0.91

TABLE 7. Energy production per kWh of energy resources

Electricity

kerosene

Natural gas

Gasoil

Hydro

Biogas

Biomass

Wind

PV

Solar collector

Geothermal

Energy Demand(kWh)

x1

x2

x3

x4

x5

x6

x7

x5

x9

x10

x11

-

1

0

0

0.5

1

0

0

1

1

0

0

102,000

0

0.5

0

0

0

0

0

0

0

1

0

423,907

0

0.5

0

0.5

0

0

0

0

0

0

1

423,907

Unit of Energy
resources

x1
Electrical
Energy 

Water
Heating
Energy

Space
Heating
Energy

Cooking
Energy

Capacity
(kWh)

0

0

1

0

0

1

1

0

0

0

0

244,562

102,000

847,814

34,980

0

0

22,142

215,698

∞+

∞+

∞+

∞+

102,000

(2)



Electrical constraint:

Thermal constraint (Water heating):

Thermal constraint (Space heating):

Thermal constraint (Cooking):

0 ≤ x1 ≤ 102,000

0 ≤ x2 ≤ 874,814

0 ≤ x3 ≤ 34,980

0 ≤ x4 ≤ 0

0 ≤ x5 ≤ 0

0 ≤ x6 ≤ 22,142

0 ≤ x7 ≤ 215,698

0 ≤ x8 ≤ ∞

0 ≤ x9 ≤ ∞

0 ≤ x10 ≤ ∞

0 ≤ x11 ≤ 0

It should be noticed that since 6 criterions have been

selected for the selection of the type of energy resources,

therefore an criterion function should be made for each cri-

terions. Therefore a multi criterion problem is formed. Con-

sidering Tables (5) and (6), the criterions can be presented as

follows:

f1(x) = min 0.0375x1 + 0.0225x2 + 0.015x3 + 0.0225x4 +

0.03x5 + 0.02x6 + 0.025x7 + 0.4x8 + 0.12x9 + 0.02x10 +

0.025x11

f2(x)= max 0.71x1 + 0.71x2 + 0.71x3 + 0.91x5 + 0.28x6 +

0.71x7 + 0.5x8 + 0.5x9 + 0.5x10 + 0.5x11

f3(x)= max 0.71x1 + 0.5x2 + 0.5x3 + 0.5x4 + 0.71x5 + 0.71x6

+ 0.71x7 + 0.71x8 + 0.71x9 + 0.5x10 + 0.71x11

f4(x)= max 0.08x1 + 0.28x2 + 0.28x3 + 0.28x4 +0.28x5 +

0.5x6 + 0.5x7 + 0.71x8 + 0.71x9 + 0.71x10 + 0.71x11

f5(x)= min 4.75x1 + 5.5x2 + 2.5x3 + 6x4 +0.05x5 + 1.5x6 +

1.7x7 + 0.09x8 + 0.28x9 + 0.28x10 + 0.71x11

f6(x)= max 0.28x1 + 0.5x2 + 0.5x3 + 0.5x4 +0.91x5 + 0.71x6 +

0.91x7 + 0.91x8 + 0.91x9 + 0.91x10 + 0.71x11

It should be noticed that for fuzzy numbers, µT have been

considered as approximate values. For selection of this

problem which has 6 criterion functions; the method of

weighted summation of criterion functions is applied. The

weighted values are given in Table (4). At the end the

resulting criterion function is given as follows:

Where αi is important criterion of fi, i= 1,…,6 

3-2-Case Study

In this study, the village of Kokhmamo in west of the

country was selected for field study. The main reasons include:

● Destruction of the surrounding forest areas especially

chestnut trees by the villagers for providing firewood

● The lack of suitable connection road (this village is

located on the boundary areas between Iran and Iraq) 

● High energy price in comparison to low villagers income

● Very low energy ration per capita
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(3)

(4)

(5)

(6)

(7)

(8)

Figure 2. The structure of integrated rural energy system
* Geothermal district heating



● Closure of available connecting roads in cold seasons

● Very low energy systems efficiency 

There are four resources of energy available for this area:

● Kerosene for providing space and water heating (the

monthly ration per capita is about 20 liters)

● 11 kg Liquid gas cylinder for cooking (the number of

required cylinder depends on the number of persons in

each household but the ration is about one cylinder for

each two months)

● Firewood (it plays a main role for thermal energy con-

sumption with almost 50% share) 

● Electricity energy for lighting 

Kokhmamo's current population is 310 with a 53

households. The major industry is agriculture and laboring.

The annual electricity demand is 102000 KWh(87,720,000

Kcal). The annual mean temperature is 9.3°C.The total annual

demand for heating is estimated to be 9,326,696,800 kcal.

Over the year, the daily mean global solar radiation is about

4.94 KWh/m2. The mean wind speed is about 6.11 m/s at a

height of 50m. The amount of manure from livestock is not

very high with an annual amount equal to 20988 kg. Using

fermentation, this can be turned into methane as a biogas. The

amount of methane reaches 4051.5m3(19,042,050 kcal).

Energy production and demand in Kokhmamo village is

shown in Table (8). 

4- Results

In the IREMS model designed in GAMS software media,

for integrated rural energy system, two different scenarios

were selected. In first scenario, the energy cost was evaluated

on the basis of production cost and in the second scenario the

external costs were added. The results of these scenarios are

indicated in Table (9).

In the first scenario, best option for consumption of

electricity is the grid connected electricity, and for the thermal

energy consumption are solar water heater for water heating,

kerosene for space and water heating, biogas, biomass and

natural gas for cooking. It should be mentioned, that the con-

sumption of grid connected electricity is always preferable in

comparison to renewable energy sources, if the external cost

were not brought into account. The total annual production

cost for first scenario is equal to 27494.5 $, which in compa-

rison with present situation, 31441.4 $/year, shows an annual

saving equivalent to 3946.9$ i.e. 12.5 percent. Also, in first

scenario, DSIES, DASAS and DAISE gain very high scores

while LEO is at a medium level. In the second scenario,

bringing the fossil fuel emissions and their related external
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TABLE 8. Energy demand and capacity in Kokhmamo

Electricity

Kerosene

Natural gas

Gasoil

Hydro

Biogas

Biomass

Wind

Solar

Geothermal

Total energy demand

102,000 kwh

0

0

0

0

0

0

+∞

+∞

0

102,000 kWh

0

0

0

0

0

0

0

0

0

423,907 kWh

0

0

0

0

0

0

0

+∞

0

423,907 WKh

0

0

3498 kg

(30,082,800 kcal)

34,980 kWh

0

0

4051.5 m3

(19,042,050 kcal)

22,142 kWh

53000 kg

(185,500,000 kcal)

215,698 kWh

0

0

0

244,562kWh

Energy resources
Electrical

energy Water
heating

Space
heating

Cooking

Calorific
value

(kcal/kg)
Efficiency

860

9800

8600

10000

860

4700-6000

3500

860

860

860

-

100%= 1

60%

30%

85%

50%

55%

100%= 1

100%= 1

100%= 1

-

Thermal energy (kWh)

74,400 Litr.

(729,120,000 kcal)

47,814kWh



costs into account a different outcome will be presented, and

the consumption of renewable energy in form of electricity

will become feasible. It should be noted, the external cost of

fossil fuel electricity is about 4.75  cents/kWh while the

external cost of wind electricity is about 0.75   cents/kWh.

The total annual production cost for second scenario is equal

to 34012.1 $, which in comparison with present situation,

46022.9$/year, shows an annual saving equivalent to

12010.8$ i.e. 26 percent. Also, in second scenario, DAISE

and LEO gain higher scores than first scenario but DSIES and

DASOS gain less scores. The percent share of each energy

resources in second scenario is shown in Figure (3).

M. Abbaspour, F.H. Lotfi, M.K. Assadi, S. Ghazi /ISESCO Science and Technology Vision - Volume 5, Number 8 (November 2009) (18-25)

24

Figure 3. The percent share of each energy

resources in second scenario

TABLE 9. The results of running IRES in two scenarios

Electricity

Kerosene

Natural gas

Gasoil

Hydro

Biogas

Biomass

Wind

Solar (PV)

Solar (Collector)

Geothermal

Total

102,000

0

0

0

0

0

0

0

0

0

0

102,000

0

0

0

0

0

0

0

0

0

423,907

0

423,907

0

423,907

0

0

0

0

0

0

0

0

0

423,907

0

0

34,980

0

0

22,142

187,440

0

0

0

0

244,562

Energy
resources

Electrical
energy
(kWh) Water

heating
Space

heating
Cooking

PCIE
($)

DSIES DASOS LEO
EC
($)

DAISE

3825

9537.9

524.7

0

0

442.8

4686

0

0

8478.1

0

27494.5

72420

300974

24835.8

0

0

6199.76

133082.4

0

0

211953.5

0

0.627495

72420

211953.5

17490

0

0

15720.82

133082.4

0

0

300973.97

0

0.62931664

8160

118694

9794.4

0

0

11071

93720

0

0

300974

0

0.45414

0

0

0

0

0

0

0

0

0

0

0

0

28560

211953.5

17490

0

0

15720.82

170570.4

0

0

385755.4

0

0.694965

Thermal energy (kWh)

First scenario: IRES without consideration of EC

Electricity

Kerosene

Natural gas

Gasoil

Hydro

Biogas

Biomass

Wind

Solar (PV)

Solar (Collector)

Geothermal

Total

0

0

0

0

0

0

0

102,000

0

0

0

102,000

0

0

0

0

0

0

0

0

0

423,907

0

423,907

0

423,907

0

0

0

0

0

0

0

0

0

423,907

0

0

34,980

0

0

22,142

187,440

0

0

0

0

244,562

Energy
resources

Electrical
energy
(kWh) Water

heating
Space

heating
Cooking

PCIE
($)

DSIES DASOS LEO
EC
($)

DAISE

0

9537.9

524.7

0

0

442.8

4686

4080

0

8478.1

0

27749.5

0

300974

24835.8

0

0

6199.76

133082.4

51000

0

211953.5

0

0.609561

0

211953.5

17490

0

0

15720.82

133082.4

72420

0

300973.97

0

0.62931664

0

118694

9794.4

0

0

11071

93720

72420

0

300974

0

0.507942

0

5426

384

0

0

33.2

37.4

76.5

0

36

0

6262

0

211953.5

17490

0

0

15720.82

170570.4

92820

0

385755.4

0

0.748768

Thermal energy (kWh)

Second scenario: IRES with consideration of EC
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Conclusion

IREMS model is designed as a management tool for optimum utilization of integrated energy systems with application

to rural areas, using environmental, social, and economical criterions. These criterions are the advantages of this model in

comparison to other available models. However, in order to verify the validity of this model, a case study was carried out

using this new model; and also Integrated Renewable Energy System based on LINDO software as an available model. The

results were accredit and showed an excellent agreement with each other. This model designed as a multi objective linear

programming in GAMS computer software. In this regard, the optimization method was used for minimization of PCIE, EC

and maximization of DSIES, DASOS, LEO and DAISE. Finally, this model presents a view of existing energy situation in

comparison with the present designed integrated energy system. Another advantage of this model is its ability to evaluate and

clearly indicate the possibility of using renewable energy such as wind energy for generation of electricity, even in the pre-

sence of grid connected electricity. In this regards, if the existing and external cost of a grid electricity assumes about 0.0375

and 0.0097$/kWh, the total cost of electricity would be about 0.0472$/kWh while total cost of wind electricity  with consi-

deration of external cost would be about 0.035 and lower than the total cost of grid connected electricity. With comparison

between the cost of these two sources of electricity, it should be mentioned that the threshold level of wind electricity utili-

zation is in amount of 0.035 to 0.0472$/kWh. This illustrates that increasing the cost of wind energy up to this level, it still

can be considered as an optimum choice. In other hand, whereas the existing purchase cost of renewable energy electricity

in Iran is equal to 0.1$/kWh, the difference between the production and purchase cost would be about 0.065 $/kWh; which

shows a promising benefit as an investment. Therefore in such cases the investment in wind farms for generation of electricity

will be very attractive and provides local job opportunities even with presence of grid connected electricity. It should be

added that the model is designed in a general and dynamic form that it can be applied for different location worldwide; by

adjusting and changing the necessary input variables.

As an outcome of present research, the following recommendations may be added:

● The external cost of energy production of any kind should be considered in economical evaluations; as was indicated in

IREMS model.

● This model should be used in order to create a management strategy for utilization of renewable energy at national level. 

● This model can help the government to evaluate the possible amount of energy subsidies reduction, and using this

amount for other development projects in the region.

● This model is designed in a dynamic form; i.e. by introducing the new form of available energy sources; variation of

energy prices and geographical characteristics, the model can be used to deal with the new situation and provide infor-

mation for making new policies.

● Presently; the research team are working to integrate the developed model, with a proper GIS model; which will enor-

mously increase the capability of IREMS model.
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1. Introduction

The thermal performance of a solar heating system, Figure 1,

is usually estimated by computer simulation, accounting for

local climatic conditions and energy load. Detailed computer

models for solar heating equipment have existed for many

years and have evolved over time to account for new design

concepts. An important aspect in predicting the performance

of a solar heating system is accurately modeling the operation

of the components within the system. One such component

that affects overall performance is the thermal energy storage.

Early thermal storages were often highly mixed and there-

fore at uniform temperatures, however, in recent years, systems

have increasingly been designed with the goal of increasing

thermal stratification within the storage tank. In a stratified

thermal storage, hot fluid collects at the top of a storage while

cooler, denser fluid, collects at the bottom. Stratification

ensure that the hottest water is available to meet the load

throughout the day and supplies cool fluid to the solar col-

lectors, increasing their efficiency. In fact, studies conducted 

by Hollands and Lightstone (1989) demonstrated that a stra-

tified storage delivered 37% more energy than a fully mixed

storage of corresponding size.

Abstract

This It is common practice

to predict the perfor-

mance of solar domestic hot

water (SDHW) systems by

computer simulation. This

process relies on the accurate

specification of the system's

physical and thermal charac-

teristics, and is often based

on a number of simplifying

assumptions. An important

aspect of system performance

is storage heat loss characte-

ristics; however, these are

often represented by an average heat-loss coefficient or U-

value that does not account for the complex geometry of the

thermal storage or the interaction of the various inlet and

outlet ports that may act as thermal conduits. In addition, most

solar storage models assume that the tank temperature profile

is one-dimensional and that

conduction within the tank
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mal storage used in SDHW

applications and included a

cool-down test and a heat

diffusion test sequence. The

values derived from these test
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used in the computer mode-

ling of solar storage heat losses (e.g., one-dimensional tem-

perature profiles, minimal tank wall conduction, uniform wall

heat loss) were investigated, particularly in the context of a

thermally stratified thermal storage.
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Figure 1. Typical residential solar domestic hot water system
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Significant temperature gradients exist from the bottom to

the top of a stratified thermal storage and these must be consi-

dered when estimating the storage heat losses. Excessive heat

losses or axial conduction in the tank wall can result in des-

tratification due to the transfer of heat between layers. Strati-

fication levels may also be affected by the design of inlet and

outlet ports and the charge and discharge flow rates. These

latter effects have been investigated by various authors in-

cluding Hollands and Lightstone (1989), Zurigat et al. (1990),

and Shah and Furbo (2003).

Modelling a Thermal Energy Storage

Computer models of storage operation have been developed

and implemented within various simulation environments

(TRNSYS, 2000). As well, it is now possible to model water-

based thermal storage with considerable accuracy through

detailed multi-dimensional CFD modelling (Nizami et al.,

2008). In the case of annual performance evaluations, however,

it is standard practice to use simplified computer algorithms

to reduce computational overhead and computing times. The

complexity of both component and system models is often

weighed against “user convenience”, computing time and

resources, and desired accuracy. In many instances, due to the

lack of detailed information, a number of simplifying

assumptions are usually made in the model. The success of

this process relies on the accurate specification of the system's

physical and thermal characteristics and the complexity and

underlying assumptions of the computer algorithm. Current

storage algorithms are often based on 1-D finite-volume

assumptions which incorporate basic models of tank heat loss,

thermal diffusion, flow and buoyancy induced mixing (Newton,

1995). These approaches have been shown to adequately re-

present the performance of stratified thermal storages in cases

when the charge and discharge flow rates into the storage are

low and therefore mixing of the tank fluid is minimal (Cruick-

shank and Harrison, 2006).

The suitability of the simplified 1-D approach is based on

the assumption that the temperature distribution through the

thermal storage can be treated as 1-D, implying that tempe-

rature gradients exist in the vertical direction but are negli-

gible in the horizontal direction. If heat losses through the

tank wall are large or if tank wall thermal conductivity is large

then it would be expected that the associated heat transfer at

the wall would result in non-uniform temperature distributions

and lead to buoyancy induced mixing of the storage tank. In

addition, it has been suggested that actual heat loss rates from

typical cylindrical thermal storages are higher than would be

calculated by a simple 1-D approximate method used to esti-

mate wall heat loss. The discrepancies would most likely be

due to multi-dimensional effects that affect the heat loss rates

from the storage and the diffusion of heat through the tank

wall and the fluid. In stratified thermal storages, this may also

lead to discrepancies in the tank temperature profile and lead

to errors in the heat loss prediction.  

Study Approach and Objectives 

For solar heating systems, the accurate estimation of sto-

rage heat losses is important in the prediction of annual energy

performance and product performance ratings. In computer

simulation programs, it is common practice to represent the

rate of heat loss from a thermal energy storage with an overall

or average U-value. As described above, this assumption may

lead to errors in heat loss calculations and errors in the esti-

mation of the temperature distributions within the storage tank.

To investigate these effects, an experimental program was

undertaken to measure the rate of heat loss from a typical

thermal energy storage used in a solar domestic hot water

system. During the course of this investigation, measurements

were taken to verify the predicted temperature field within the

storage, including the vertical temperature distribution and

the horizontal temperature distribution taken at two locations

within the thermal energy storage, Figure 2.
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Figure 2. Schematic of experi-

mental rig showing the a) vertical

temperature probe and b) hori-

zontal temperature probes.



Specifically, testing was conducted to investigate if:  

i) the temperature profile in the storage tank is effectively

1-D;

ii) heat losses from the thermal storage can be modelled

by an overall or average U-value; and

iii) thermal diffusion in the storage tanks can be modelled

by a simple 1-D conduction algorithm between tank

layers.

Tests were conducted on an isolated storage tank and the

experimental apparatus and analysis was configured to only

evaluate the above effects. Specifically, mixing of the storage

fluid due to flow into, or out of, the tank was not considered

in this study and is the focus of other ongoing investigations. 

2. Experimental analysis

Testing was conducted on a commercially available, glass

lined, steel, 270 L standard electric water heater storage tank

(GSW 6E2270SC) similar to ones routinely used as a solar

storage in SDHW packages, Figure 2. The storage was insu-

lated with 0.047 m of fiberglass insulation with an estimated

conductivity, k = 0.036 W/m K (ASHRAE, 1997). For use as

a solar storage, the electric heater elements in the storage tank

are disabled and the tank is only used to store solar heated,

mains water. Normally this solar preheated water is supplied

to an existing auxiliary heater.

The apparatus used for this study consists of a disabled

standard electric hot water heater (typically used as a solar

preheat storage) plumbed to a temperature controlled charge

loop, Figure 2. Temperature probes were installed in the

storage tanks to measure the vertical temperature distribution

at 0.15 m intervals and horizontally at 0.05 m intervals. The

horizontal probes we inserted in the storage tank through the

openings normally used for the electric immersion heaters.

The temperature probes and data system were calibrated and

determined to be repeatable (i.e., precise) to within ± 0.02 oC

over the test range. A computer based data acquisition system

was used to record the tank fluid and ambient air temperature

at approximately 3 minute intervals during the test periods.

Testing was completed to determine both the local and the

average heat loss coefficients by conducting a “cool-down”

test similar to the “Heat Loss Test (Standard Decay Method)”

described in Section 7.4 of the SRCC Document TM-1 (SRCC,

2006). In addition, a thermal diffusion test sequence was

completed to assess the effects of fluid and tank wall conduction

on the temperature distribution in the storage tank over an

extended period.

Measurement of Heat Loss Coefficient (Cool-down Test)

Standard methods have been proposed to evaluate standby

heat loss coefficients in conventional domestic hot water

heaters, but these methods are not directly applicable for solar

storages that do not have integral auxiliary heaters. Therefore,

a “cool-down test” was carried out to investigate the storage.

The test was performed over a 48 hour period on the fully

charged storage to determine its heat loss characteristics (e.g.,

the average heat loss rate, the area-weighted average U-value).

The water was initially pre-heated and mixed to a uniform

temperature of 54.0°C by an electric-heated charge loop and

circulating pump. At the start of the test, the heater and pump

were turned off, and tank temperatures were subsequently

recorded at 3 minute time intervals for a 48 hour period. The

ambient temperature was also recorded during the test sequence

and remained constant at approximately 20.0 ± 0.3°C. At the

end of the 48 hour period, the storage was once again mixed

to within ± 0.03°C over a ten minute period and the tank tem-

peratures were recorded. Average rates of energy loss from

the overall storage and from different segments (or nodes)

were calculated on a six hour basis over the duration of the 48

hour test. From this data, the area-weighted average U-value

for each node and the overall tank were calculated.

Verification of 1-D Assumption (Temperature Field

Measurements)

To investigate the horizontal variation in temperature across

the storage, horizontal temperature data was recorded at 3

minute intervals during the cool down test described above.

Data was analyzed to determine its uniformity and the magni-

tude of the variation in the horizontal direction for both the

upper and lower sections of the storage tank.

Measurement of Heat Diffusion

A heat diffusion test was conducted over a 40 hour period

on the storage to determine its heat diffusion characteristics

(e.g., the maximum temperature gradient, thermocline profile,

etc.). To prepare for this test, the top half of the tank was

initially pre-heated to a temperature of 56.0°C by an

electrically-heated charge loop and the bottom half of the tank

was set to 4°C. Ambient air and storage tank temperatures

were recorded at 3 minute time intervals over the 40 hour test

interval. The ambient air temperature remained constant at

approximately 20.3 ± 0.3°C over this period.

3. Computer modelling

It is possible to develop a simple and efficient model of a

stratified thermal storage by dividing up the tank into N

sections or “nodes” (each assumed to be fully mixed and at a

uniform temperature), Figure 3 (TRNSYS, 2000). Performing

an energy balance on each section, accounting for thermal

losses to the surroundings and the influence of the adjacent

nodes (e.g., mass and energy flows, including conduction

between the layers), Figure 4, the time-temperature history of

the node can be predicted. The choice of the number of nodes,

N, will determine the resolution to which the vertical tempe-
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rature distribution can be modelled in the storage tank, i.e.,

increasing N will allow for significant temperature gradients

to be more accurately modelled (Cruickshank and Harrison,

2006). For the special case of N=1, the tank is modelled as a

fully mixed tank and no stratification effects were possible.

To estimate the temperature distribution and the heat loss

characteristics of the vertical tank, a 1-D finite difference model

was assumed (Newton, 1995). Energy and mass flows into and

out of each storage node from adjacent nodes were estimated

based on the node temperatures that existed at the beginning

of the time step, Figure 4. Any temperature inversions that

resulted from these flows were eliminated by mixing appro-

priate nodes at the end of each time step. To solve for the

temperature distribution in the storage tank, a set of N first-

order, ordinary differential equations resulting from each

node's energy balance (Newton, 1995) was assembled, i.e., an

energy balance written about the i-th tank node is:

where        and          are the fluid flow rates up and down the

tank, respectively; Ac,i and As,i are the cross-sectional and

surface area of node i, respectively; k and ∆k are the tank fluid

thermal conductivity and the de-stratification conductivity

(used to model destratification due to mixing at node interfaces

and conduction along the tank wall), respectively; Ui is the

node heat loss coefficient per unit area;       ,         ,        and  

are the mass flow rates of the entering and exiting fluids,

1 and 2, respectively; Ti+1, Ti, Ti-1, T1in, T2in and Tenv are the

temperatures located below, at and above node i, the

temperature of the entering fluid 1 and the entering fluid 2,

and the temperature of the environment, respectively; and

∆xi+1→i and ∆xi-1→i are the center-to-center distance between

node i and the node below and above it, respectively.

As the temperature of each node depends on the tempe-

ratures of the adjacent nodes and the temperature of the envi-

ronment, it is necessary to simultaneously solve the system of

equations. In computer simulation programs (e.g., TRNSYS,

2000), it is common practice to use standard numerical tech-

niques to solve for the temperature distribution at each time

step (Newton, 1995).

The average heat loss rate is determined using the energy

balance method described above, for each node and the overall

tank. Since there are no flows entering or exiting the tank, the

equation above reduces to:

The area-weighted average U-value for each node and the

overall tank are calculated as: 

3. Results and discussion

Cool-down and diffusion tests were conducted on a single

tank storage system. Temperature profiles and heat loss rates

derived from these test sequences were then compared to

computer predictions based on typical manufacturer's data. In

addition, the basic assumptions typically used in the computer

modeling of solar storage heat losses (e.g., one dimensional

temperature profiles, minimal wall conduction, uniform wall

heat loss, etc.) were investigated in the context of a thermally

stratified thermal storage.

Cool Down Test Results 

The results of this cool-down test are shown in Figure 5,

where vertical temperature measurements are plotted over the

duration of the test sequence. These results show that the
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Figure 3. Schematic of a liquid storage tank divided

into sections for the purpose of modeling stratification.

Figure 4. Control volume used to define the flow of mass and

energy into and out of node i where 1 < i < N.

(1)

(2)

(3)



bottom of the storage dropped in temperature rapidly followed

by the two temperature sensors located in the region directly

above. The remaining sections of the tank remained at

uniform temperatures that were observed to drop at a nearly

constant rate during the test period. This separation of thermal

layers (i.e., thermal stratification) exists as a result of density

variations within an unmixed tank. The measurements

recorded by the horizontal probes were consistent with these

observations, as shown in Figures 6 and 7. As shown in

Figure 7a) and b), it is evident that there were virtually no

temperature gradients in the horizontal direction within the

measurement precision data system estimated to be ± 0.02°C.

This result strongly supports the 1-D approach used in the

numerical analysis. These observations, however, should be

viewed with some caution as the temperature field within the

tank can be highly affected by high velocity incoming fluid

streams (Hollands and Lightstone, 1989).
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Figure 5. Vertical temperature profile measured

during cool down test as a function of time.

Figure 6. Horizontal temperature profile measured

during cool down test as a function of time.

Figure 7. Horizontal probe temperatures measured during cool down test as a function of distance from the tip of a) the upper probe

and b) the lower probe.

The average heat loss rate was determined using the energy

balance method for each node and for the overall tank, and is

shown in Figure 8, at 6 hour increments. It is apparent that

the average heat loss rate is greater at the beginning of the test

since there is a high temperature difference between the tank

and the surrounding air temperature. Also of interest is the

average heat loss rate for the bottom node of the tank (e.g.,

Node 9). It is observed that a large percentage of the heat loss

to the surroundings is through the bottom of the tank. This is

most likely due to the fact that less insulation was located at

the bottom of the tank increasing heat conduction from the

adjacent regions. As expected, the average heat loss rate dimi-

nished as the test continued since the temperature difference

between the tank and the surroundings was reduced. The

remaining heat loss rates for Nodes 1 to 8 appear to be reaso-

nably constant over the 48 hour sequence. The area-weighted

average U-values for each node and the overall tank were also

determined for the test sequence, Figure 9. All the U-values

remained fairly constant over the test period, however, the

bottom node had the highest U-value since this section had

the highest heat loss rate per area during the test sequence.

Table 1 shows the average heat loss rates and U-values for

each node and the overall tank as calculated from the cool-

down test sequence.

To arrive at an overall effective U-value for the storage,

two approaches where taken: first, an area weighted average

U-value (UEFF_EXP) was determined from the node values as

listed in Table 1; secondly, an effective U-value based on a

log-mean temperature difference (ULMTD_EXP) was calculated

(SRCC, 2006) as



and the heat loss from the storage tank qloss,tank is given by

.            is the

mean temperature of the mixed storage at the start of the cool-

down test and is           the mean temperature of the mixed

storage at the end of the test. Tabulated values of these

quantities are given in Table 1.

The results of the testing indicate that qloss,tank was 14580 kJ

over the cool-down test, and UEFF_EXP and ULMTD_EXP were 1.21

W/m2 K and 1.26 W/m2 K, respectively. In analyzing the

results of both the experiment and the modeling it was con-

sidered worthwhile to compare the overall U-values as mea-

sured during the cooldown test with values that would nor-

mally be used as an input to the computer simulation. The

simulation program uses the conductance of the tank thermal

insulation as an input on which the tank losses are estimated.

It is common practice in computer programs to apply a simple

one-dimensional analysis for heat loss through the sides of the

storage tank, assuming the U-value is similar on all surfaces.

For example, the storage tank evaluated was insulated with

0.05 m of fiberglass batt insulation on the sides and top but

the bottom of the storage was uninsulated and was resting on

an elevated 19 mm plywood floor. A typical conductance for

the insulation is estimated at 0.036 W/m K (ASHRAE, 1997).

As shown in Table 2, assuming the thermal resistance on the

water side to be negligible, and assuming that the heat transfer

coefficients on the exterior of the storage were 9.26, 8.29 and

6.13 W/m2°K for the top, sides and bottom of the tank, respec-

tively, an overall conductance for the tank would be approxi-

mately 0.86 W/m2 K. It is immediately evident that this value

is lower than the overall U-value measured during the cool-

down test; which was estimated at 1.21 W/m2 K or 1.26 W/m2 K

based on a log-mean temperature difference. This result is not

unexpected as the overall heat loss rate and effective U-value

should be higher than the value predicted from the thermal

insulation alone. This is due to the fact that the tank also has

a number of inlet and outlet ports that act as thermal conduits

or short-circuits through the insulation, increasing its overall

heat loss.

If the previously determined U-values are used as inputs

to the computer simulation of the cool-down test sequence,

the simulated heat loss values given in Table 3 result. From

these results, it is evident that when the individual node U-

values derived from the cool-down test are used, the corres-

pondence between measurement and simulation is very close.

However when the tank's average U-values, as determined from

both the area-weighted average of the node U-values and the

overall effective U-value based on the log-mean temperature

difference, are used the discrepancy between measures and

simulated heat loss increases.    

All of these values are much closer than the estimated heat

loss obtained by using the U-value estimated based on the

storage tank's thermal properties, (i.e.,UEFF_TH = 0.86 W/m2 K)
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TABLE 1. Summary of  measured average heat loss rates
and area-weighted U-values for each node and the overall

tank

Node 1

Node 2

Node 3

Node 4

Node 5

Node 6

Node 7

Node 8

Node 9

Tank

0.34

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.34

2.43

48.91

48.70

48.75

48.74

47.90

41.53

33.54

44.36

143.83

56.25

0.66

1.13

1.13

1.13

1.11

0.95

0.79

1.16

2.54

UEFF_EXP = 1.21

ULMTD_EXP = 1.26

Figure 8. Average heat loss rate determined using the energy

balance method, for each node and the overall tank.

Figure 9. Area-weighted U-value determined from the average

heat loss rate, for each node and the overall tank.

Cool-down 
Test

Surface Area 
(m2)

Average Heat
Loss Rate (W)

Area-weighted
Average 

U-value (W/m2 K)



which underpredicts the storage heat losses by almost 20%.

To investigate the magnitude of the underestimation of the

wall heat loss properties, the simulation was run with various

average wall U-values until the estimated heat loss corres-

ponded to the experimental value. This process predicted that

the average storage wall U-value, UWALL_ESTIMATE, would need

to be 1.13 W/m2 K, an increase in U-value of approximately 30%.

Heat Diffusion Test Results 

A test was conducted over a 40 hour period to determine

the rate of the heat diffusion within the storage. For this test,

the top half of the tank was pre-heated to a temperature of

56.0°C and the bottom half was initially set to 4°C. The

ambient air temperature remained constant at approximately

20.3 ± 0.3°C over this period. The storage was then isolated

and allowed to equalize over the test interval. During this

time, storage tank temperatures were recorded at 3 minute

intervals and are shown in Figure 10. It is evident from this

result that as time progresses, the tank tends toward a uniform

temperature and the temperature gradient within the tank

reduces.  

To simulate the diffusion results, it was necessary to include

an incremental ∆k term to the water conductivity value to

account for heat conduction within the steel wall of the storage

tank that enhanced heat transfer from the top of the storage to

the bottom (Newton, 1995). This approximate method increases

the effective conductivity, kwater, of the storage tank fluid in

the vertical direction by treating the heat transfer between

nodes, and through the wall, as parallel conduction paths

(TRNSYS, 2000). Within the simulation, the conductivity of

the fluid is increased by the cross-sectional, area-weighted

conductivity of the wall material, i.e.,

For this calculation the cross sectional area of the steel

tank was taken as the perimeter of the tank (i.e., 1.5 m) mul-

tiplied by a wall thickness of 0.004 m, giving Acs_wall = 0.006 m2.

For an Acs_water (the horizontal cross-sectional area of the tank

interior) equal to 0.18 m2 and ksteel = 50 W/m K, the value of

keffective fluid was estimated at 8.2 W/m K.

Using this effective conductivity, the vertical temperature

profile was simulated over a 40 hour period and the results are

shown in the center and right hand side of Figure 10, based

on the nodal and storage wall estimated U-values determined

from the cool-down test. In these cases, the experimental and

simulated results agree closely. As can be seen from the

results, vertical conduction within the storage fluid and the

tank walls will reduce stratification within the storage and

would ultimately result in the storage equalizing or de-

stratifying to a single uniform temperature.
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TABLE 2. Summary of  measured average heat loss rates
and area-weighted U-values for each node and the overall

tank

Top Surface

Side Surface

Bottom Surface

Tank

0.18

2.25

0.18

2.43

9.26

8.29

6.13

UTOP = 0.71

USIDE = 0.70 

UBOTTOM =

3.06

UEFF_TH = 0.86

Tank and
Insulation
Properties

Surface
Area 
(m2)

Film
Coefficient,

ho (W/m2 K)*

Area-
weighted
Average 
U-value

(W/m2 K)

U-value
Insulation
(W/m2 K)*

0.766

0.766

0.766

TABLE 3. Summary of measured and simulated average
heat loss rates for various area-weighted U-values.

Circulated U-value
(Tank and Insulation

Properties)

UEFF_TH = 0.86

Type 60

Area-weighted
Average
U-value

(W/m2 K)

Measured
Total (m2)

Simulated
Heat Loss

(kJ)

(Simulated-
Measured)
/Measured

Type 60

*(ASHRAE, 1997)

UNODES_EXP

UEFF_EXP = 1.21

ULMTD_EXP =1.26

Measure U-Values
(Cool-down Test)

14580

14580

14580

14580

14755

15406

15948

11822

0.01

0.06

0.09

-0.19

(5)

Figure 10. Vertical

temperature profile of

tank as a function of

time.



De-stratification is generally undesirable in a solar heating

system where it is beneficial to supply water at the highest

temperature to the load. One measure of the degree of stratifi-

cation is the magnitude and thickness of the temperature ther-

mocline between hot and cold regions of a stratified thermal

storage, Figure 11 (Al-Najem, 1993). This effect is shown in

Figure 12 where the tank temperature profiles are shown as

function of test time for both the measured and simulated

cases. Values of this parameter (i.e., dT/dy), derived from the

experimental and simulated data, are also shown as a function

of test time in Figure 13 and it can be clearly observed that

the temperature gradient decreases and tends toward a zero

value, consistent with a uniform temperature. Here, measured

and simulated values correspond well.
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Figure 11. Illustration of the ther-

mocline in a stratified storage tank.

Figure 12. Thermocline profile of storage tank as a function of position in tank.

Figure 13. Maximum temperature gradient within storage tank.
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Conclusions

A cool-down test was conducted on a single tank storage to determine the heat loss characteristics (e.g., the average heat

loss rate, the area weighted average U-value, etc.). It was observed that a large percentage of the heat loss to the surroundings

was through the bottom of the tank. The U-values for all the nodes remained fairly constant over the test period. The average

heat loss rate and area-weighted average U-values derived from the cool-down test sequence were compared to computer pre-

dictions based on estimated thermal properties. The UNODE values provided the best agreement between the measured and

simulated results. An average storage wall U-value, UWALL_ESTIMATE, was derived by computer simulation to best represent the

heat loss characteristics of the entire tank. A heat diffusion test sequence was also conducted to determine the heat diffusion

rate of the storage unit. Results showed that there was close agreement between the measured time-temperature history and

the simulated results using the U-values derived for each node and UWALL_ESTIMATE. Finally, the basic assumptions typically

used in the computer modeling of solar storage heat losses (e.g., one dimensional temperature profiles, minimal wall conduc-

tion, uniform heat loss, etc.) were investigated. It was observed that there was virtually no temperature gradients in the hori-

zontal direction, and it was determined that to adequately produce acceptable predictions, it is necessary to use a heat loss

parameter that accurately represents the unit as installed.
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1. Introduction

The fluid flow characteristic on various shapes is encoun-

tered in many engineering situations. The shape of the rectan-

gular prism and flow characteristics around it is of primary

importance for the determination of pressure and temperature

over the rectangular prism and perfect position is an another

important factor to determine the flow characteristics. At fixed

angular position of prism the effect of various Reynolds

numbers of the fluid flow has been investigated. In industrial

application, it necessary to find out fluid flow characteristics,

pressure and temperature distribution over a rectangular prism,

the result of this investigation can be applied in the field of

heat transfer, combustion engineering or in the cooling systems

of rectangular type electronic boards. In the present experiment,

subsonic wind tunnel is used. In the wind tunnel an induced

type fans and honey combs helps to get straight flow of air.

When a fluid is flowing over a solid boundary, a layer of fluid

that comes in contact with the boundary surface adheres to it

on account of viscosity. Since this layer of fluid cannot slip

away from the boundary surface, it attains the same velocity

as that of the boundary.

The pressure difference decreases slowly as the flow of

fluid advances over the rectangular surface. At the boundary

surface the frictional forces retarded the motion of the fluid in

a thin layer. This retarded layer of fluid further causes retar-

dation for the adjacent layers of the fluid, there by develops a

small region in the immediate vicinity of the boundary surface

in which the velocity of flowing fluid increases gradually from

zero at the boundary surface to the velocity of the main stream.

The region is known as boundary layer region, since there is

a large variation of velocity in a relatively small distance,

there exists a fairly velocity gradient (δv/δy) normal to the

boundary surface. As such in this region of boundary layer

even if the fluid has small viscosity, the corresponding shear

stress τ = µ(δv/δy) is of appreciable magnitude.

For an ideal fluid flowing past a rectangular prism, it is

possible to obtain analytically the pressure and temperature

distribution over it. The highest intensity of pressure occurs at

the frontal edge. This is due to the stagnation point. At the sta-

gnation point velocity is zero, where pressure is high. Tempe-

rature distribution has various applications in the industrial

purposes for finding out the flow of fluid flow and heat transfer
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heat transfer characteristics
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characteristics over a rectangular surface. The temperature

distribution also used in cooling system and combustion engi-

neering. In practical application, however, the flow field around

rectangular surface is important. Experimental investigation

was concerned with finding the temperature and pressure

distribution on the rectangle of different Reynolds number.

2. Literature review

Sohankar, A. et. al. [1] have investigated experimentally

and numerically the two dimensional unsteady flow over a

square cylinder. The range of incidence angle and Raynolds

number considered from 0° to 45° and 45 to 200 respectively.

On the laminar range of flow the Karman Vortex sheet obtained

behind the square cylinder during the investigation, well

agreed with the published results. The decrease of blockage

for zero incidences result in a slight decrease in Strauhul

number, mean drag and RMS lift. The vortex shedding occurred

within the range of Reynolds number from 40<Recr<55 and

Recr decreases with the increase of incidence angle.

Vlachos, P.P. and Hajj, M.R. [2] have used a Digital

Particle Image Velocimetry (DPIV) to obtain the instantaneous

variations of the separated flow over a prism. Significant va-

riation between a wake expansion, vortex formation, vortex

shedding and reattachment is observed.

Esfahani, A.S. [3] has investigated the three dimensional

unsteady flow around a square cylinder with zero angle of

incidence at Raynolds number ranging from 150 to 500 and

large eddy simulation at Reynolds number 22x103. The two-

dimensional and three-dimensional numerical investigations

have been carried out. The influences of Raynolds number,

body ratio and angle of incidence have been investigated.

Wake frequency, mean drug and lift and various surface

pressures are calculated.

Katinas, V. et. al. [4] have investigated numerically the

turbulent flow of air over a prism. The standard κ-ε and LKE

models have been used to simulate the three dimensional flow

over a rectangular prism. The 48 mm high flat prismatic wall

normal to the free flow with higher hydraulic drag and 16 mm

high flat prismatic wall normal to the free flow with lower

hydraulic drag have been considered for the investigation. It

is observed that the 16 mm high flat prismatic wall prism has

good agreement with the experimental result.

Noda, H. and Nakayama, A. [5] have investigated the effect

of turbulence on pressures and forces over cylinders of rec-

tangular cross section. The rectangular objects of different length

to height, that is, aspect ratios (B/D) have been investigated.

For the cylinder with smaller B/D the flow does not reattach

with or without turbulence in the free steam but cylinder with

higher B/D of 2.5 or larger the main effects of the turbulence

in the inflow free stream are to laterally move the separated

shear flow off the upstream corners and cause intermittent

reattachment on the side surface of the cylinders.

Sohankar, A. et. al. [6] have investigated numerically the

two dimensional unsteady flow over a rectangular prism dif-

ferent side ratios, various angle of incidence and for Raynolds

number ranging from 100 to 200. It is observed that the be-

havior of all quantities at low angle of incidence (α≤ 20°) and

at high angles of incidence (α≥70°) is sufficiently different

from the values at 21<α<70. The increase of side ratio de-

creases the Strauhul number significantly. It is observed that

the two separation points are fixed at the two corners, which

are located on projected side.

3. Fluid flow phenomena

When a fluid flows over a solid boundary, a layer of fluid,

which comes in contact with the solid surface, adheres to it on

account of viscosity. Since this layer of fluid cannot slip over

the boundary surface, it attains the same velocity as that of the

boundary. The pressure difference decreases slowly as the flow

of fluid advances over the rectangular surface. At the boundary

surface the frictional force retarded the motion of the fluid in

a thin layer. This retarded layer of fluid further causes retar-

dation for the adjacent layers of the fluid, there by developing

a small region in the immediate vicinity of the boundary sur-

face in which the velocity of flowing fluid increases gradually

from zero at the boundary surface to the velocity of the main

stream. The region is known as boundary layer in the boundary

layer region since there is a large variation of velocity in a

relatively small distance, there exists a fairly velocity gradient

(δv/δy) normal to the boundary surface. As such in this region

of boundary layer even if the fluid has small viscosity, the

corresponding shear stress τ=µ(δv/δy) is of appreciable magni-

tude. Several problems involving the flow of fluid around

submerged objects are encountered in various engineering

fields. Such problem may have either a fluid flowing around

a stationary object or an object moving through a large mass

of stationary fluid or both the object and the fluid being in

motion. In this experiment the rectangular prism is being sta-

tionary in the wind tunnel.

Flow around surface-mounted, three-dimensional bluff-

bodies are characterized by region of flow separation, vortex

formation and flow reattachment. One generic flow that en-

compasses all flow around bilge corners, chines and keels. In

other applications, flow characteristics in the separation and

reattachment are directly related to the local as well as overall

friction drag and heat transfer coefficients.

In the flow around a rectangular cylinder, the sharp corner

is natural point of separation. It was found that the separation

point for the square cylinder at zero angle of incidence is

located at the rear corner for Reynolds number less than 125.

By increasing the Reynolds number the separation points

move along the side surfaces from rear corner towards the

frontal corner. At a Reynolds number of about 125, a small

back-flow region is observed at the top and bottom of the

body and this region is larger at higher Reynolds number.
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For an ideal fluid flowing past a rectangular prism, it is

possible to obtain analytically the pressure and temperature

distribution over it. The highest intensity of pressure occurs at

the frontal edge. This is due to the stagnation point. At the

stagnation point velocity is zero, where pressure is high. Tem-

perature distribution has various applications in the industrial

purposes for finding out the flow of fluid flow and heat transfer

characteristics over a rectangular surface. The experimental

result helps for determining the shape of various rectangular

surfaces used in the Industries for different purposes. The tempe-

rature distribution also used in cooling system and combustion

engineering. In practical application, however, the flow field

around rectangular surface is important. Experimental investi-

gation was concerned with finding the temperature and pressure

distribution on the rectangle of different Reynolds number.

4. Methodology

Reynolds number of the flow is calculated by Re = VW/ν,

where V =                 , W is characteristic length, ν is the kine-

matics viscosity of air and H =   P/γ. The coefficient of pressure

is denoted by CP and it is equal to CP=(P-PWall)(1/2*ρ*V2)

where P is the pressure of fluid in the prism surface and PWall

is the pressure at the wall of the wind tunnel and ρ is the

density of air at ambient temperature. The Nusselt number is

calculated by Nu=q.dx/ka (Twall-T∞), where q = -Ks (T2-T
1)/dx,

q is the heat flux, Ks and Ka is the thermal conductivity of

steel and air respectively. Ta and Twall is the ambient tempe-

rature and wall temperature of rectangular prism at steady

state condition respectively.

5. Experimental set up

A Subsonic horizontal type wind tunnel has been used

during the experiment. This tunnel has four main sections

a) Honey comb.

b) Contraction section.

c) Test section.

d) Diffuser section with fan assembly.

For this experiment a rectangular prism sections was made

of GI sheet having length 23 cm, width 20 cm, thickness 9

cm. The prism is used to measure the pressure distribution

and for the temperature distribution. Wooden frame is used to

support the rectangular section during the experiment in the

test section of the wind tunnel. With the help of this frame the

rectangular prism is rightly clamped in the test section. An

inclined manometer of low range is used to determine the

pressure distribution at various points of the rectangular

surface. Forty five pieces of copper tubes is used in the rec-

tangular surface for the measurement of pressure. Each of the

tube was one inch in length and diameter was 2.5 mm. The

center line velocity is calculated by Pitot tube for determination

of the Reynolds number of the flow.

The difference of pressure is calculated considering the

wind tunnel wall pressure as the reference pressure. Manometer

reading shows the pressure difference between the wind tunnel

wall pressure and the pressure at the holes on the surface of

the rectangular prism, which is   p = (P-Pwall). The angle of

incidence is considered at 10o. Honeycomb is used to maintain

the streamline flow into the wind tunnel. Air enters in to the

tunnel through honeycomb and flow to contraction section at

uniform rate. The flow of air directly flows through the test

section where the rectangular prism is kept. At the end of the

diffuser section there is an induced type fan which sucked air

coming from test section and provide uniform streamlined

flow of air. The prism was clamped with the frame at angular

position by using nut & bolt. The readings were taken simul-

taneously from the stagnation point to the last point. The velo-

city of the flow in the wind tunnel was fixed at different Rey-

nolds number and the same process is repeated to determine

the coefficient of pressure.

Forty five pieces of thermocouple wires were soldered in

every 0.5 cm distance along the length of the rectangular

surface. Also a flat type heater (350 W) was attached by steel

clamp at the lower portion of the rectangular surface. When

there is no flow of air, the switch of the heater was on and

continued till the steady state temperature of the rectangular

surface rise up to 90°C, which was shown in a temperature

recorder. The flow of air is started at Re = 5572 and the

temperature is taken from the temperature recorder. Thus a

complete set of reading was taken for the rectangular prism at

an incidence angle 0°. Similar process is repeated for other

Reynolds number and Nusselt number is calculated from the

distribution of temperature.
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5. Result and discussion

In the present investigation, the pressure distribution and

heat transfer characteristics over rectangular surface due to

uniform flow was investigated. Experiment was performed for

Reynolds numbers 5572, 6006, 6631 and 7003 and included

angle 0°, 10°, 20° and 30°.

The distribution of coefficient of pressure over the rectan-

gular surface for Reynolds number 6006 and incidence angle

10° is shown in the Figure 3. It is observed that the coefficient

of pressure Cp decreases with the increase of surface axial

length. The rate of decrease is slow. The maximum value of

coefficient of pressure is shown at the stagnation point. The

distribution of coefficient of pressure for different Reynolds

numbers and incidence angles 10° is shown in the Figure 4.

It is observed that the coefficient of pressure decreases with

axial length of the prism surface, but increases with the in-

crease of Reynolds number. The variation of coefficient of

pressure at different incidence angle and at Reynolds number

6006 is shown in the Figure 5. It is observed that the coefficient

of pressure increases with the increase of incidence angle.

The co-efficient of pressure became steady at X = 0.025 but

shown maximum value at the starting point. If the Reynolds

number increases the flow is separated from the surface.

The distribution of local Nusselt number over the rectan-

gular surface for Reynolds number 6006 and incidence angle

10° is shown in the Figure 6. It is observed that the local

Nusselt number Nux decreases with the increase of surface

axial length. The rate of decrease is high close to the stagnation

point. The maximum value of local Nusselt number is shown

at the stagnation point. The distribution of local Nusselt number

for different Reynolds numbers and incidence angles 20° is

shown in the Figure 7. It is observed that local Nusselt number

decreases with axial length of the prism surface, but increases

with the increase of Reynolds number. The variation of local

Nusselt number at different incidence angle and at Reynolds

number 6006 is shown in the Figure 8. It is observed that the

local Nusselt number increases with the increase of incidence

angle. The Nusselt number becomes steady at X=0.015 but

shown maximum value at the starting point. Because of higher

Reynolds number turbulence is generated in the laminar sub-

layer. Which then mixed in the buffer layer of the boundary.

For higher Reynolds number the flow have contain higher

kinetic Energy.
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Figure 3. Distribution of coefficient of pressure along the

rectangular prism surface at Reynolds number 6006 and

at incidence angle 10°.

Figure 4. Variation of coefficient pressure along the axial

length of the rectangular prism surface at incidence angle

10° for different Reynolds number.

Figure 5. Variation of coefficient pressure along the axial length

of the rectangular prism surface at Reynolds number 6006

for different incidence angle.

Figure 6. Distribution of Local Nusselt number along

the rectangular prism surface at Reynolds number 6006

and at incidence angle 10°.
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Figure 7. Distribution of Local Nusselt number along

the rectangular prism surface at incidence angle 20°

for different Reynolds number.

Figure 8. Distribution of Local Nusselt number along

the rectangular prism surface at Reynolds number 6006

for different incidence angle.

Conclusion

It is concluded that co-efficient of pressure along the rectangular surface decreases when distance increases and co-efficient

of pressure increases with increasing Reynolds numbers and incident angle. Similarly Nusselt number decreases with the

increases of axial length and Nusselt number increases with the increase of Reynolds numbers and incident angle.
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1. Introduction

The utilization of renewable energy resources will be of no

doubt increasing in the coming years as the world population

is growing, the hydrocarbon prices increasing, exploitation of

more remote areas in agricultural production and other needs

appearing. Global warming effect is also pressing to diversify

the energy sources which will certainly drive naturally towards

more usage of renewable energies [1]. Solar energy from photo-

voltaics is a clean energy source and the use of this techno-

logy has seen a tremendous increase in the last few years and

will continue its trend in the future. This fact is depicted in

Figure 1 showing the development of PV world market in

MW for two decades, from 1997 until 2007. One can note the

tremendous increase in the last two years from 2005 to 2007.

This shows that the use of PV surmounted the most optimistic

expectations and is still continuing increasing. The production

was expected to reach 3.5 - 3.8 GW in 2007, however, the actual

figures are almost two times these expectations [1-8]. The

solar PV industry is also witnessing a boom in silicon pro-

duction facilities around the world, responding to silicon feed-

stock shortages of the recent past years. By the end of 2007,

more than 70 silicon-manufacturing facilities were being con-

structed or planned to be built. However, the main current

drawback is its relatively high cost compared to other sources.

Nevertheless, the costs are dropping continuously and a remar-

kable market development is planned to take place. The pho-

tovoltaic world market in 2002 was more than 500 MW peak

per year corresponding to a value of roughly 1 billion dollars

[9-10]. The market growth in the last decade was from less

than 25% per year and has risen recently to 40% and then to

more than 80% (refer to Figure 1).
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The two major markets of the PV energy are the grid-

connected and the standalone systems. A recent study of pos-

sible future energy scenarios up to the year 2060 published by

Shell company predicts a multi-Giga-watt energy production

by renewable energies, including photovoltaics. On the other

hand, the strong competition leads to very low profit margins

of most participants of this market, which is actually about 3

US$ per watt including the installation construction.

The hybrid renewable energy systems are systems com-

posed of more than a type of power generator. They usually

combine diesel generators, with one or certain number of rene-

wable energy sources such as wind, PV, or their combination.

These have become attractive alternative sources for power

production because they allow exploiting the strength of various

renewable energy sources combined with conventional gene-

rators [2-6]. A well studied combination of diesel and PV

system will not require a huge storage particularly for the case

of Masirah Island presented here. PV system will support the

load expansion and requirements for about 9 hours and the

diesel generators will provide the necessary back up in absence

of incident solar radiation.

The model of the PV generator in Homer is presented as

an electrical generator that provides a power proportional to

the global incident solar radiation with no effect of tempe-

rature being considered. The output power is expressed by

equation (1) below:

Where Pout is the delivered output power by the PV arrays, ηPV

and CPV (kW) are respectively the PV generator derating factor

and its  rated capacity. IT is the total solar radiation in (kW/m2)

and IS is the standard amount of radiation used to rate capa-

cities of the PV arrays, which is 1kW/m2. The standard tempe-

rature considered in the computations model is 25 degree

Celsius.

As the current power system design needs to fit the Island

of Masirah, a solar radiation profile for Masirah together with

two other main locations in Oman are depicted in Figure 2 [8].

These are for the areas of Muscat and Marmul which are the

capital and a field for oil production. Note the presence of two

peaks of solar radiations that occur respectively in May and

September. It is also worth noting that temperature is also a

factor, which will affect the operation of PV solar arrays as

well as the diesel generators.

A seasonal temperature variation profile in Oman during

the period 1974-1990 for 12 months (Jan. 1- Dec. 12) is shown

in Figure 3 [8].  The four curves shown indicate, Mean maximum

temperature, Mean temperature, Mean minimum temperature

and Mean daily sunshine in the area of Muscat.

Masirah is the Oman's largest island located some 15 km

from the coast of Arabian Sea and has a length of about 65 km.

It is a Desert Island and attracted by many tourists, scien-tists

and investigators. It is situated at 20° 40' 32" N 58° 53' 26" E.

In this paper, a design and study evaluation of a hybrid

stand alone electric system for this Island will be demonstrated.

It is mainly composed of ten existing diesel generators, a PV

plant and a set of batteries. The system is sized and studied to

provide the Island with electricity needs [11].
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(1)

Figure 2. Radiation data graph for three different locations in

Oman. These are Masirah Island (●), Muscat (♦), and Marmul (×)

Figure 3. Seasonal temperature variations in Oman arround

the Muscat area during the period 1974-1990 for 12 months

(Jan. 1- Dec. 12). The four curves shown indicate, Mean

maximum temperature (°C), Mean temperature (°C), Mean

minimum temperature (°C) and Mean daily sunshine.



2. Environmental parameters and design

criteria

In many isolated locations of Oman, like the Masirah Island,

utility grid extension is either very expensive or impractical to

implement and maintain. It is thus important to look for alter-

native combinations of renewable energy sources like solar

PV, wind, diesel generators to be supported by rechargeable

batteries.

A rapid expansion in the use of RE sources as replacements

or complements of the oil based energy are witnessed. Solar

energy which is a carbon free emitter is expected to play an

important role in the future [9-10, 12-13]. This is valid for

solar thermal generators as well as PV generators.

With reference to Figures 2 and 3, Oman has got a potential

of the two energy sources above. Moreover, the use of solar

energy reduces combustion of fossil fuels and the consequent

emission of carbon dioxide, refer to e.g. [14]. Although, the

amount of available solar energy is huge, the technologies are

not able to drive the needed amounts as the transforming

systems are still expensive mainly the PV option were more

applications are found in remote areas or special applications

in telecommunications, military, and mobile systems [15].

The current load profile at Masirah Island as provided by

the Rural Areas Electricity Company, Oman, is depicted in

Figure 4 below [11]. The average expected load profile per

month is shown in Figure 5. Since the performance of the

hybrid energy system to be designed is dependent on the envi-

ronmental conditions mainly temperature, it is not recom-

mended to run the diesel generators overloaded.

The details of the operating regimes for the ten (10) gene-

rators, G1 to G10, are indicated on Table 1. Note that the design

and performance evaluations of the suggested system has been

based on site capacities and not on rated powers. The yearly

site operating temperature profile of the engines is shown in

Figure 6.

Based on the expected load profile shown on Figure 5, a

power system based on hybrid Diesel-PV technology has

been prepared. The design has been directed towards the use

of PV as a complementary sources of energy, as it is a clean

technology, the place is virgin and needs to be maintained

quite with no wind generators even though wind speeds can

surpass the 6m/s. The Homer software, developed by NREL,
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Figure 4. Maximum Load profile for Masissrah Island for the

year 2008.

Figure 5. Average energy generated in Masirah in kWh for

every month, 1-12.

Figure 6. Temperatures at peak Power demands for masissrah in

Deg Celcius per month during the year 2008.

TABLE 1. Characteristics of the Diesel engines used to
feed Masirah Island [11]

G1

G2

G3

G4

G5

G6

G7

G8

G9

G10

MBS

MBS

MBS

MBS

MBS

KHD

KHD

Caterpillar

Caterpillar

Cummins

265

265

265

265

265

3136

3136

1000

1000

1000

212

212

212

212

212

2509

2509

800

800

800

Engine

No.
Engine Ref.

Engine Rated

Capacity(KW)

Engine Site

Capacity (KW)



has been used to perform the overall system operation analysis

and cost estimation [16].

Homer is a computer model that simplifies the task of

evaluating design options for both off-grid and grid-connected

power systems. Analysis with Homer requires information on

resources, economic constraints, and control methods. It also

needs inputs on load data, renewable resources data, component

types, their numbers, costs and efficiency. It has capabilities

to model both conventional and renewable energy technologies

and able to perform automatic sensitivity analysis to account

for the variations of the system design to key parameters, such

resources availability or component costs. A block diagram of

the designed system is shown in Figure 7.

It is well known that the use of diesel-PV combined system

reduces the battery storage cost as the two sources can com-

plement each other [14]. In particular, when the diesel gene-

rators are operating at high efficiencies. This will reduce the

overall cost of the Diesel-PV system.

Several simulations and a large number of sensitivities

have been considered to tune the designed system to reach the

optimum configuration with the best overall cost. The sensiti-

vities are mainly put on the parameters of the main load, the

PV arrays, system control and constraints.

A number of 18 (eighteen) simulations have been generated

where 864 sensitivities were generated for each case. These

mainly concern the following parameters of the system. The

main load storage capabilities was kept varying between 2000-

5000 kWh, the PV derating factor was changing between 70 to

90%. The ground reflectance of the solar arrays were changing

between 10 and 20 % as the seasonal dust deposition might

have a significant effect. The maximum annual capacity shor-

tage was set to vary between 1 to 10% and the minimum rene-

wable fraction was set to vary between 0.5 to 10%. As it might

be subject to some variations in the future, the cost of the diesel

fuel has been made changing from 0.368 $/ liter to 0.568 $/liter.

In order to assure convergence of the computations, the system

control inputs were set to vary from simulation intervals of 60

minutes to 350 minutes.

The performance and feasibility analysis of the system of

Figure 7, has been done with the ten generators operated at

their site limits in conjunction with a PV solar station having

variable capacity. The one adopted of 2 MW has an energy

production forecast as indicated in Figure 8. For an average

operation period of 20 years, the PV plant is expected to

deliver a total energy production of about 62,000 MWh. The

total energy production in kWh/yr for each diesel generator

and PV plant of the hybrid system in tabulated format is shown

in Table 2. This is for a main load storage of 5000 kWh and for

diesel fuel costs of 0.386$/liter, 0.486$/liter and 0.586$/liter.
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Figure 7. System Architecture as it is currently connected and

evaluated. G1 to G5 are diesel generators rated 265kW, G6

and G7 are rated 3136kW and G8 to G10 are rated 1000kW.

The PV generator is rated 2000kW.

Figure 8. Energy production forecast of the 2MW PV plant

for a period of 20 years.

TABLE 2. Total energy production in kWh/yr for each generator of the hybrid system in tabulated format for fuel costs of
0.386$/liter, 0.486$/liter and 0.586$/liter. The main load storage is 5000 kWh.

Production

(KWh/y)

Fuel: 0.368 $/l

Production

(KWh/y)

Fuel: 0.348 $/l

Production

(KWh/y)

Fuel: 0.358 $/l

8,841,532

8,841,532

8,841,532

1,630,704

1,630,704

1,686,672

824,256

824,256

1,020,144

206,064

206,064

419,760

10,176

10,176

203,520

2,544

2,544

22,896

21,692,832

21,692,832

21,688,440

9,996,065

9,996,507

9,934,645

2,524,800

2,524,800

2,524,800

1,036,800

1,036,800

1,056,000

5,458,264

5,457,894

4,822,915

Factor PV array G1-265 G2- 265 G3-265 G4-265 G5-265 G6-3136 G7-3136 G8-1000 G9-1000 G10-1000



The overall performance of the system, gives a total excess

electricity of 166,227 kWh/year which represents a percentage

of 0.32%, an unmet electric load percentage of less than 0.005%

and a Capacity shortage of less than 0.005%. The yearly total

electric production for the designed system depicted in a graph

format for a main load storage of 5000 kWh for a diesel fuel

cost of 0.468$/liter is shown in Figure 9. The optimized ope-

ration system performance has been obtained for maximum

use of solar energy in peak radiation periods, optimum ope-

rating regimes of all diesel generators to minimize fuel cost

and maximize efficiency and the optimum cost for minimum

polluting gases generated.

A summary of obtained performance with regard to excess

electricity, unmet electric load and capacity shortage at different

load storage capacities of 5000 kWh, 4000 kWh and 2000 kWh

is reported in Table 3 below.
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Figure 9. Total energy production in kWh/yr for each generator

of the hybrid system for a main load storage of 5000 kWh.

The fuel cost is 0.486$/L.

TABLE 3. Summary of designed system performance at
different load storage capacities. These are 6000, 4000

and 2000 KWh.

Excess electricity

Unmet electric load

Capacity shortage

570,661

0.00

0.00

1.09

0.00

0.00

Quantity kWh/y Percentage

Excess electricity

Unmet electric load

Capacity shortage

154,431

0.00

0.00

0.30

0.00

0.00

Quantity kWh/y Percentage

Excess electricity

Unmet electric load

Capacity shortage

0.354

0.00

0.00

0.00

0.00

0.00

Quantity kWh/y Percentage

Main load storage of 5000 kWh

Main load storage of 4000 kWh

Main load storage of 2000 kWh

Conclusions

The renewable energy industries and applications will certainly witness more developments in the near future as the other

energy sources are becoming either expensive or being depleted. This paper presents a design and evaluation approach of

hybrid stand-alone diesel-PV system for Masirah Island. It is based mainly on coupling available ten diesel generators to a

2 MW PV station with back up batteries to cover the expected load increase of the Island. With an average solar illumination of

6.22 kWh/m2/day, the inclusion of PV generators seems a very attractive solution as it is a clean technology and fits touristic

zone like Masirah Island. The simulations of the designed system have been carried out with the help of Homer software

made available by NREL. The cost of the designed hybrid system was done at different diesel fuel costs and a current diesel

cost of 0.468 US$/liter, and 3 US$ per watt for the PV system. The system suggested has a good coherence between the solar

radiation profile and the peak load demands particularly in May and September. The operating regimes of the diesel generators

are set to minimize the fuel cost and maximize operation efficiency, which gives an optimum cost and reduced amount of

polluting gases generated.
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1. Introduction

Economic, technology and environmental incentives are

changing the face of electricity generation and transmission.

The need of reducing CO2 emissions in the electricity gene-

ration field, recent technological developments in micro gene-

ration domain in addition to electricity business restructing

are the main factors responsible for the growing interest in the

use of micro generations [1-2]. Energy investors and utility

operators are attracted to the MG role and associated industry

for the following foreseen opportunities [3]:

- Distributed generators (DGs) installed inside MG can be

fueled by locally available renewable and alternative mix

of fuel sources. Greater independency from importing

petroleum fuel can be achieved by incorporating MG

that is powered by various fuel sources.

- MG can support future increase in demand without in-

vestment in the expansion of existing distribution net-

work by installing the MGs very close to the new load

centers.

- MG can be used in reducing intermittent and peak supply

burdens on utilities grid by injecting power during peak

periods. 

Abstract
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- MG could contribute in decreasing vulnerability of the

electric distribution system to external threats and hidden

undetected faults that may cause wide scale blackout by

feeding power to the sensitive infrastructure.

In fact, connection of small generation units (micro sources)

with power rating less than a few tens of kilowatts- to low

voltage (LV) networks potentially increases the reliability to

final consumers and brings additional benefits for global

system operation and planning, namely, regarding investment

reduction for future grid reinforcement and expansion [4]. In

this context, a MG can be defined as a low voltage network

(e.g. a small urban area, a shopping center, or an industrial

park) plus its loads and several small modular generation

systems connected to it, providing both power and heat to

local loads. MG is intended to operate in the following two

different operating conditions:

- Normal Interconnected Mode: MG is connected to a

main grid (distribution network), either being supplied

by it or injecting some amount of power into the main

system.

- Islanding Mode: MG operates autonomously, in a similar

way to physical islands, when the disconnection from the

upstream distribution network happens.

The development of MG can contribute to the reduction of

emissions and the mitigation of climate changes; this is because

available and currently developing technologies for distributed

generation units are based on renewable sources and micro

sources that are characterized by very low emissions [5]. The

new micro sources technologies (e.g. micro gas turbines, fuel

cells, photovoltaic panels and several kinds of wind turbines)

used in MG are not suitable for supplying energy to MG

directly. They have to be interfaced with the MG through an

inverter. Thus, the use of power electronic interfaces in the

MG leads to a series of challenges in the design and operation

of the MG [6].

A. General Overview of MG Dynamic Response

Reference [4] described and evaluates the feasibility of

control strategy to be adopted for the operation of the MG

when it becomes isolated. Reference [5] studied the MG during

both connected and islanded modes of operations. Reference

[7] investigated preplanned switching events and fault events

that cause islanding of the MG. The feasibility of the MG

islanding mode concept was laboratory tested in a prototype

installed in National Technical University of Athens (NTUA)

which compromises a photovoltaic (PV) panel, storage battery,

loads and a controlled interconnection to LV grid [8]. In [9]

and [10], the behavior of micro sources connected to distri-

bution networks has been addressed.

All the previous mentioned references besides all other

works available in the literature dealt with dynamic response

of one MG only. The next few years will see integration of

many MGs inside the same distribution network. At that time,

if the nearby MGs are connected with each other by a private

line (following fault or high disturbance occurrence in the

distribution network), the transient dynamic response of all

interconnected MGs will highly improved. This paper dealt

with the investigation of transient dynamic response of two

interconnected MGs after islanding from the distribution net-

work occurs following by failure of a dominant micro source

(fuel cell with high rating) installed inside the first MG. To

deals with the proposed study, the following three issues are

described.

1) Investigating transient dynamic response of two MGs

subsequent islanding occurrence from the main grid

and failure of a dominant micro source if the two MGs

have no interconnection between each other (no private

line connects the two MGs after disturbances occurrence).

2) Investigating transient dynamic response of the two

MGs subsequent islanding occurrence from the main

grid and failure of a dominant micro source when the

two MGs are connected with each other through a

private tie line after disturbances occurrence.

3) Third case is close to the second case in addition to

automatic generation control (AGC) is applied upon

each MG to return frequency to its nominal value and

control tie line power to its scheduled value when the

transient state finished.

The rest of the paper is organized as follow. Section II

describes architecture of the two investigated MGs and con-

ditions which cause the two MGs to transfer to the islanding

mode. Section III presents a brief description of models of the

micro sources which installed inside the two MGs. Section IV

describes the three studied cases and the control scenarios

proposed for improvement the dynamic performance of the

two adjacent MGs. Results and discussion are presented by

section V. Conclusions are summarized in section VI.

2. Architecture of the Two MGs Developed

System

Architecture of the two MGs developed system is shown

in Figure 1. That system consists of two MGs, each MG con-

nected to the main grid (distribution network) through a sepa-

rate transformer (T1 and T2). The two MGs have the same

structure but with different loading and micro sources rating.

Each MG comprises low voltage network, loads, both con-

trollable and non controllable micro sources and storage device

(flywheel). Controllable micro sources are the micro sources

which can control their output generated power like micro

turbine and fuel cell, while the non controllable micro sources

are the micro sources which their outputs depend on weather

conditions like wind generation system and photovoltaic panels.

As shown in Figure 1 each MG consists of 7 buses. Flywheel
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(storage device) is connected to bus 1. Wind generation system

is located at bus 2. Two photovoltaic panels with different

rating are connected to buses 4 and 5. Single Shaft Micro Tur-

bine (SSMT) is connected to bus 6. Bus 7 is provided with

Solid Oxide Fuel Cell (SOFC). Rating of all micro sources

and loads installed in the two MGs are shown in the figure.

All micro sources in the two MGs are interfaced through

inverters except the wind generation system directly coupled.

As indicated in the figure, in steady state the two MGs are

connected to the distribution network (main grid). If fault

occurs in main grid as shown, the two MGs will be isolated

from the main grid as soon as possible by CB1 and CB2, While

CB3 immediately connects the two MGs with each other. As

we will see in the results, this proposed strategy has a large

effect in enhancement the transient dynamic response of the

two MGs subsequent emergency conditions.

3. Dynamic Modeling of MG's Components

All MGs's components are modeled in detail using Matlab®

Simulink® environment. Detailed standalone models for in-

verter with different control strategies, Single Shaft Micro

Turbine (SSMT), Solid Oxide Fuel Cell (SOFC), wind gene-

ration systems and photovoltaic panels models are developed

in our previous work and can be found in references [11-12].

All models developed in references [11-12] are based on

description and mathematical equations presented by refe-

rences [13-15]. Here we briefly describe about inverters's

control strategies used in this paper, wind generation systems

and storage devices (flywheels) modeling beside the three

investigated cases and control strategies which adopted to

improve the performance of the two MGs after disturbances.

A. Inverters Modeling

Inverters play a vital role in the system which interference

of micro sources with MG. Two kinds of control strategies are

developed in this study to control all inverters installed inside

the two MGs.

1) PQ Inverter Control: This type of inverter is used to

inject a certain active and reactive power set-value. PQ

inverter type in this paper is used to interface SSMT,

SOFC and the two photovoltaic panels. Basic structure

of inverter's PQ controller is shown in Figure 2. Pref in

Figure 2 represents active power produced by the micro

source which interfaced to the MG by that inverter. Pref

represents amount of reactive power injected to or

absorbed from the MG at inverter's bus.

2) Voltage Source Inverter (VSI) Control: This inverter

is controlled to feed load with predefined values of

voltage and frequency. Depending on the load, the VSI

active and reactive powers are defined. VSI in this paper

is used to interface the storage device (flywheel) to the

MG and represent the reference bus (slack bus) for each

MG during islanding mode. VSI emulates behavior of

synchronous machine, thus controlling voltage and fre-

quency on the AC system. VSI acts as a voltage source,

with the magnitude and frequency of the output voltage

controlled through droops, as described in the following

equation:

f = fo - kp * P

V = Vo - kQ * Q

Where, P and Q are inverter active and reactive output powers,

kP and kQ are the frequency and voltages droop slopes (positive

quantities) respectively, and fo and Vo are the idle values of the

frequency and voltages (nominal frequency and nominal vol-

tage). A three-phase model of a VSI implementing the droop

concepts described by equation (1) was developed as shown

in Figure 3. In this model amount of active and reactive power

injected to or absorbed from MG will control voltage and fre-

quency of the MG (like synchronous generator).
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Figure 1. Single line diagram of the two MGs developed system.

(1)

Figure 2. Basic structure of the PQ inverter control scheme.



B. Storage Devices Modeling

Due to large time constants of responses of some micro

sources, such as fuel cell and micro turbine, storage device

must be able to provide the amount of power required to balance

MG following disturbances and/or significant load changes.

Storage devices, such as flywheel and batteries, are modeled

as constant DC voltage source using power electronic inter-

faces to be coupled with the electrical network. Storage device

used in this paper is a flywheel and is connected to the VSI.

Active and reactive power needed to balance generation and

consumption inside the MG which injected to or absorbed

from MG are proportional to frequency and voltage deviation

(frequency and voltage droops) described by equation (1).

C. Wind Generation System Model

Generators used in this paper are squirrel-cage induction

generators that directly connected to the MG. The stiffness of

the drive train is infinite and the friction factor and the inertia

of the turbine are combined with those of the generator coupled

to the turbine. Output power of the turbine can be calculated

by the following equation [16]:

Where:

Pm: Mechanical output power of the turbine (Watt), CP: Per-

formance coefficient of the turbine, ρ: Air density (kg/m3),

νwind: Wind speed (m/s), λ: Tip speed ratio of the rotor blade

tip speed to wind speed, β: Blade pitch angle (deg.) and A :

Turbine swept area (m2).

A generic equation which used to model CP (λ, β) is:

with:

The coefficients C1 to C6 are found in reference [16]. The

wind turbine characteristics used in this study is shown in

Figure 4 for different values of β. 

For induction generator, the 4th order dq model, expressed

in the arbitrary reference frame and rotating with an angular

velocity ω is used and described in the following equations [17]:

Where,               , and ωo is the base angular electrical

frequency.

The electromagnetic torque is given by:

4. Control Strategies of the Two MGs Subse-

quent Islanding From the Main Grid and

Failure of Micro Source 

In presence of unplanned events like severe faults in the

main grid indicated in Figure 1, MG separation from the main

grid must occurs as fast as possible. If there are no synchronous

machines to balance the demand and supply (as our case), in-

verters must be responsible for frequency and voltage control

during islanding operation. During connected mode (connected

with main grid), all inverters can be operated in PQ mode, in

which voltage and frequency references (main grid) are avai-

lable. In this case, a sudden disconnection from the main grid

would lead to the loss of the MG, because load/generation

balancing and therefore frequency and voltage control is not

possible. However, by using a VSI connected to the flywheel

to provide a reference for voltage and frequency as explained

in equation (1), it is possible to operate the MGs in islanding

mode.

In three cases which will described in the following sub-

sections (A, B and C), the two MGs are facing two high

disturbances. The first disturbance is fault occurrence in the

main grid forces the two MGs to transfer to islanding mode,

while the second disturbance is failure of dominant micro

source with high rating (SOFC) installed in the first MG.
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Figure 3. Voltage source inverter (VSI) control model.

Figure 4. CP- λ curves of the wind turbine for different pitch angles.



A. Two MGs Separated From Each Other Subsequent Dis-

turbances Occurrence

In this case there is no interconnection between the two

MGs when islanding from main grid happens. During this

situation, the voltage source inverter (VSI) connected to the

flywheel is responsible for frequency and voltage control in

each MG as described by equation (1) and shown in Figure 5.

However, those devices (flywheels) with high capabilities for

injecting power during small time intervals have a finite

storage capacity. Therefore, correcting permanent frequency

deviations during any islanded operation conditions should

then be considered as one of the key objectives for any control

strategy. In order to promote adequate secondary control aiming

to restore frequency to nominal value after disturbances, local

frequency control by using a PI controller at each controllable

micro source (SSMT and SOFC) is used to control active power

outputs of the primary energy sources based on the frequency

deviation error as shown in Figure 5. As indicated in Figure 5,

flywheel with its VSI acts as primary frequency control (acts

as inertia of synchronous machine installed in conventional

power plant) and the controllable micro sources (SSMT and

SOFC) acts to balance the load and generation inside each

MG. In addition, the VSI connected to the flywheel controls

voltage of the MG (by controlling reactive power injected to

or absorbed from MG) and acts like automatic voltage control

in conventional power plant as indicated in Figure 5. When

fuel cell installed in MG1 fails, MG1 loses active and reactive

power supplied by that micro source. Also, VSI connected to

flywheel in MG1 must compensate shortage of the active and

reactive power and secondary frequency control acts upon

SSMT (only controllable micro source in MG1 after failure of

SOFC) installed in MG1 to return frequency to its nominal

value. MG2 not feel with this disturbance (failure of SOFC in

MG1) because there is no connection between the two MGs in

this case.

B. Two MGs Connected With Each Other by a Private Tie

Line Subsequent Disturbances Occurrence

For this case, there is a private tie line connects the two

MGs immediately subsequent islanding from main grid. The

value of power flowing through the tie line depends on the

difference between the two MGs's frequencies (∆f1-∆f2) as

shown in Figure 6. Also, as discussed in case A, Flywheel

with its VSI will control voltage and frequency (primary fre-

quency control beside voltage control) and controllable micro

sources (SSMT and SOFC) acts as secondary frequency control

as indicated by Figure 6. In this paper, at the instant of islan-

ding from main grid, MG1 has heavy loads and little generation,

so that MG1 was imported certain amount of power (about 15

kW) from the main grid before transfer to islanding mode,

while MG2 has lightly loads and high generation which force

MG2 to export some power to the main grid (9 kW) before

islanding occurrence. During second disturbance (failure of

SOFC in MG1), VSI connected to flywheel in MG2 will support

some power (active and reactive) to compensate power shor-

tage in MG1. Also, secondary frequency control will acts upon

SSMT of MG1 in addition to SSMT and SOFC of MG2 to

balance loads and generations inside the two MGs.

C. Two MGs Connected to Each Other By A private Tie line

following Disturbances and Automatic Generation Control

Applied upon Each MG

This case is close to the second case in addition to

frequency bias tie line control (discussed later) is applied
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Figure 5. Control scheme of the two MGs (Two MGs are separated).

Figure 6. Control scheme of two interconnected MGs without AGC.



inside each MG as shown in Figure 7. Frequency bias tie line

controller will acts on the reference power of the controllable

micro sources inside each MG (SSMT and SOFC) to correct

the frequency deviation (return the frequency to its nominal

value) and also control tie line power to its scheduled value.

In this study, the scheduled value of tie line power is zero.

This means that the two MGs exchanges powers (active and

reactive) during transient state only. After transient period

finished, each MG will feed its loads and the tie line power

(active and reactive) returns to its value before disturbance

occurrence.

Frequency Bias Tie Line Control

The basic objectives of frequency bias tie line control are

to restore balance between each MG's loads and generations.

This is met when the control action maintains:

- Frequency at the nominal value.

- Net interchange power with neighbouring Micro-grids at

scheduled value.

The supplementary control (frequency bias tie line control)

in a given MG should ideally correct only for changes in that

MG. In other words, if there is a change in MG1's load, there

should be supplementary control action only in MG1 and not

in MG2 (after the transient state passed). To execute that sup-

plementary control inside each MG, a control signal consisted

of tie line flow deviations (∆Ptie12) added to frequency deviation

weighted by a bias factor would accomplish the desired ob-

jectives. This control signal is known as Area Control Error

(ACE) in bulk conventional power system [18]. The same tech-

nique is used in our study for controlling the tie line power

exchanges between the two MGs.

Based on above discussions, Area Control Error of MG1

(ACE1) is given by the following equations:

ACE1 = ∆PTie12 + B1∆f1 (10)

B1 is the bias factor for MG1, and given by the following

equation:

B1 = KP1 + D1 (11)

Where, KP1 is frequency droop gain of MG1 given in

equation (1) used for controlling flywheel installed in that

MG. D1 represents percentage of load change inside MG1

due to frequency deviation from its nominal value.

Similarly for MG2, Area Control Error (ACE2) is given

by:

ACE2 = ∆PTie21 + B2∆f2 = ∆PTie12 + B2∆f2 (12)

B2 is the bias factor for MG2, and is given by the following

equation:

B2 = KP2 + D2 (13)

Where, KP2 is the frequency droop constant of MG2 used

for controlling flywheel installed in that MG. and D2 repre-

sents percentage of load variation in MG2 due to frequency

deviation from the nominal value subsequent disturbance.

ACE for each MG represents the required change in MG

generation. The block diagram in Figure 7 illustrates how

Automatic Generation Control (AGC) implemented inside

each MG using ACE signal which applied to the reference

power of the controllable micro sources installed inside each

MG (SOFC and SSMT).

5. Results and Discussions

Disconnection from the upstream main grid followed by

failure of SOFC which installed in MG1 was simulated in order

to understand the dynamic behavior of each MG in the three

studied cases. As we discussed before, SSMT and SOFC are

the controllable micro sources used for secondary frequency

control in the first two studied cases as shown in Figures 5

and 6, and used for AGC in third case as shown in Figure 7.

In all three studied cases, wind speed and solar irradiance are

assumed varying continuously. Wind speed and solar irradiance

data are available in reference [4]. Simulation results are pre-

sented for the main quantities (Frequency, voltage, power, tie

line power, …..etc).
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Figure 7. Control scheme of two interconnected MGs with AGC.
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Figure 8. Frequency of MG1 before and during disturbances for

the three studied cases.
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Figure 9. Frequency of MG2 before and during disturbances for

the three studied cases.
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Figure 10. Active power injected by VSI connected to flywheel

installed in MG1.
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Figure 11. Active power injected by VSI connected to flywheel

installed in MG2.
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Figure 12. Tie Line active power exchanges between the two MGs

(∆Ptie12).
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Figure 13. Active power generated by SSMT installed in MG1.
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From Figures (8-17), the following points can be

summarized:

For the First Case (Two MGs Separated)

● Before islanding occurs, the two MGs are in their steady

state. The frequency of the two MGs is at the nominal

value (50Hz). Any load change inside each MG can be

compensated by the main grid and no need for secondary

frequency control applied to the controllable micro sources

inside each MG (i.e secondary frequency control not

activated when the two MGs connected to main grid).

● When islanding happened at t=60 sec., the two MGs

islanded from main grid. For this case (no interconnection

between the two MGs), each MG performs alone as

electrical island. VSI connected to the flywheel in each

MG acts as synchronous generator to control the voltage

and frequency of inside each MG.

● Frequency deviation in each MGs acts on reference

power set points of controllable micro sources and try to

balance generations and loads inside each MG. Due to

power deficit in MG1, frequency dropped to about 49.75

Hz as shown in Figure 8, while due to power surplus in

MG2, frequency jump to about 50.15Hz as shown in

Figure 9. Frequency deviation acts to increase the

power of SSMT and SOFC of MG1, while it acts to de-

crease the power of SSMT and SOFC of MG2 as shown

in Figure 13 and Figure 14, respectively.

● In order the two MGs can keep their stability subsequent

islanding occurrence from the main grid, the flywheel of

MG1 must inject about 15 kW and the flywheel of MG2

must absorb about 9 kW as shown in Figure 10 and

Figure 11, respectively.

● Fluctuation of powers generated by the renewable source

(wind turbine and photovoltaic panels) due to change of
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Figure 14. Active power generated by SSMT installed in MG2.
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Figure 15. Active power generated by SOFC installed in MG1.
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Figure 16. Voltage at bus # 6 of MG1.
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Figure 17. Voltage at bus #6 of MG2.



R.M. Kamel, A. Chaouachi & K. Nagasaka /ISESCO Science and Technology Vision - Volume 5, Number 8 (November 2009) (46-55)

54

wind speed and solar irradiance cause fluctuations in the

frequency of the two MGs (Figures 8 and 8) and the VSI

connected to the flywheel must compensate those fluc-

tuations (Figures 10 and 11) until the controllable micro

sources can balance the load and generation inside each

MG.

● The voltage of MG1 buses shows high drop (Figure 16)

due to deficit of power (active and reactive), while vol-

tage of MG2 buses shows very small drop (Figure 17)

due to lost some reactive power which was supplied by

the main grid before islanding occurrence.

● After 20 sec. from islanding occurrence, the two MGs

nearly back to their steady state. At this moment, SOFC

installed inside MG1 failed and became out of service.

MG1 facing a very huge emergency state due to lost high

amount of power (active and reactive) and its frequency

and voltages dropped to 49.69 Hz and 0.95 p.u as shown

in Figures 8 and 16 respectively. VSI connected to fly-

wheel of MG1 must inject about 16 kW to balance load

and generation in MG1. Frequency deviation acts on

SSMT of MG1 (the only controllable micro source still

exist in MG1) and try to balance load and generation.

Unfortunely, at t=90 sec. SSMT installed in MG1 reached

its rated and became overrated (120 % of its rated value)

and not able to inject any power more. However, frequency

of MG1 still has some deviation from the rated values

(49.85 Hz), flywheel continues injecting power until its

storage energy consumed, at this instant MG1 forces to

go to black out unless load shedding strategy is used.

● Failure of SOFC installed in MG1 has no effect in MG2

response because there is no connection between the two

MGs at this case.

For the Second Studied Case (Two MGs connected with each

other without AGC)

● For this case, the two MGs have the same conditions of

the first case, but the two MGs connected with each

other subsequent islanding occurrence from the main

grid. In this case due to existence of the tie line between

the two MGs, power surplus in MG2 will support power

deficit in MG1 and the frequency deviation of the two

MGs shows small deviation compared with the first

case. As shown in Figure 8, frequency f1 dropped only

to about 49.93 Hz compared with 49.75 Hz in the first

case, while the frequency f2 dropped to about 49.93 Hz

compared with 50.15 Hz in the first case as shown in

Figure 9.

● Amount of active power required to be injected by fly-

wheel of MG1 about 4 kW compared with 15 kW in the

first case (Figure 10), while the active power required

from flywheel of MG2 about 3 kW compared with -9 kW

in the first case (Figure 11). This means that when the

two MGs connected with each other following islanding

occurrence, rating of the required storage devices (fly-

wheels) and accompanied inverters (VSI) is small com-

pared with separated MGs.

● Voltage of MG1 has fewer drops (0.97 p.u) in the second

case compared with the first case (0.955 p.u) due to

power (active and reactive) flows from MG1 through the

tie line.

● At t=80 sec., failure of SOFC installed in MG1 has small

effect in the dynamic responses of the two MGs compared

with the first case. This is because, power shortage due

to fail of SOFC will be compensated by the two flywheels

of the two MGs, SSMT of MG1 and SOFC and SSMT of

MG2. No one of those micro sources reached its rated,

and the two MGs can restore their steady state. Tie line

connects the two MGs keep two MGs away from black

out subsequent two huge disturbances occur.

● As shown in Figures 8-17, dynamic response of the two

MGs can be highly improved if the nearby MGs installed

in the same distribution network are connected with each

other by a private line subsequent disturbances occurrence

(islanding from main grid, failure of any micro source,

micro sources reaching the rated values,…etc.). Also,

this interconnection between the adjacent MGs will be

very important if one dominant micro source fails inside

any MGs. For instance, if VSI accompanied with fly-

wheel fails in any MG (after islanding from main grid),

that MG will transfer to blackout unless the intercon-

nection between the MGs exist. Also, this interconnection

between the nearby MGs may be very important if the

controllable micro sources inside any MG reached their

nominal power and can not produced any additional

power. During those conditions, interconnection between

adjacent MGs is necessary to keep the stability of the

heavy loaded MG and keeps it far from blackout.

For third case (Two MGs connected with each other with

AGC)

● This case has performance almost close to the perfor-

mance of the second case, however, AGC inside each

MG acts on controllable micro sources to return the tie

line power to its scheduled value (zero in our case) be-

sides returns frequency to its nominal value as shown in

Figures 8, 9, and 12.

● After second disturbance (failure of SOFC of MG1), if

AGC applied, this will lead to black out in MG1, because

SSMT of MG1 reached its rated power ( at t=90 sec) and

the frequency f1 is still lower than its nominal value.

● Applying AGC inside each MG requires high rating of

the controllable micro sources (Figure 13) to enable the

MGs feed their loads locally and reduced the tie line

power to zero as shown in Figure 12.

● For this case, voltage of MG2 is less than the two previous

cases (Figure 17). This is because, when AGC applied
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in MG2, this MG must reduce its power (active and re-

active) to restore the tie line power to zero value. Re-

ducing power generation inside MG2 leads to some drop

in its voltages.

● AGC is not used to enhance the dynamic responses of

the two interconnected MGs, but it is necessary when

contract between the owners of the two MGs states that

the two MGs only support each other during transient

state. After the transient state passed, each MG must feed

its loads. In this case, tie line improved reliability and

security of the two MGs. Also, reducing the tie line

power to zero after the transient state finished, will reduce

the losses inside the two MGs. This is because each MG

feeds its loads locally and no power circulating from one

MG to the other.

Conclusions

This paper dealt with improvement dynamic response of two nearby MGs when the two MGs connected through a private

line subsequent islanding from the main grid occurs and failure of a dominant micro source in the first MG. It is noted from

the results that the dynamic performance will gain a highly improvement by connected the two nearby MGs. Frequency

deviations is highly reduced. It is noted from the results that instead of the frequency of MG1 drops to 49.75 Hz without inter-

connection between the two MGs, it will only drop to 49.93Hz. For MG2, frequency dropped to about 49.93 Hz instead of

jumping to 50.15 Hz. Also, amount of active power required to be injected by each flywheel highly reduced. After the second

disturbance, MG1 forced to blackout if there is no interconnection between the two MGs. AGC is applied to return the fre-

quency of the two MGs to its nominal value and control the tie line power to its scheduled value according to the contract

signed between the owners of the two MGs. Tie line connected the two MGs will be necessary in some emergency situations

like failure of a dominant micro source inside any MG or reaching rated power of controllable micro sources inside one of

the MGs. Such conditions will force one of the MGs to blackout if tie line absent. Finally we can conclude that connecting

two nearby MGs with a private tie line when transfer to islanding mode from main grid or facing a large disturbance is very

effective method to increase the reliability and security of both MGs. Of course more improvement can be achieved if more

nearby MGs connected with each others (three, four …etc). Connecting more than one MG in islanding mode produces more

strong MGs system when the MGs isolated from main grid due to large disturbance (fault) occurs in the main grid. 
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1. Introduction

The performance of heat exchanger for single-phase flow

can be improved by many enhancement techniques. The flow

geometries are dominant on the heat transfer surfaces. Special

flow geometries for heat transfer surfaces bring about the

transfer enhancement by establishing a higher heat transfer

coefficient. Flow interruption created in flow passages at

periodic intervals is a popular means of enhancing heat transfer

in compact heat exchangers. In the last half decade, forced

flow over an array of plates aligned at angles to the flow has

received increasing attention for applications such as various

industrial compact heat exchangers (Jacobi and shah 1995),

automotive radiators (Oliet et al 2007) and air conditioning

(Saman and Ali Zadah). Fluid flow over an array of plates

aligned at angles to the flow in the rectangular channels

results in a pressure drop, which is often used as criterion to

optimally design heat transfer systems like heat exchangers

(Kotcioglu et al 1998). Literature survey reveals numerous

experimental and numerical studies aspiring to estimate the

pressure drop for flow over the array of plates configurations

aligned with the fluid flows in a rectangular channel (Lee

1986). There are only a limited number of studies that explore

the role of orientation angle θ (Ayhan and Al-Madani 2005).

Very few incorporate or accurately represent the effect of

flow mixing in the buffer zone, and further, none of these

studies have examined duct aspect ratio W/H, vertical spacing

to the plate length ratio ST/LP, longitudinal spacing to the

plate length ratio SL/Lp and the ratio of the plate length to the

effective channel length LP/Leff. at high air velocity where

flow unsteadiness plays an important role.

The purposes of the present study are as follows: first, to

carry out a numerical analysis of the effect of the flow geometry

parameters on pressure drop and flow rates for turbulent flow

in a rectangular duct with an array of plates aligned at angles

with positive and negative manner to main flow direction.

Second to conduct experiments to support theoretical findings.

Several dimensionless parameters of the flow geometry are used

for the experimental setup as well as the numerical study.

2. Experimental Setup

Equipment

The main features of the test rig are shown schematically

in Figure 1. Air was used as a working fluid. Experimental

setup mainly consists of flow entrance section, flow deve-

lopment section, test section, flow exit section and data acqui-
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sition equipment. Experimental setup and test section are

fabricated completely from Plexiglas. The test section consist

of array of plates inside channel where the fluid flows and

mixes and pressure ports outside the channel facilitate pressure

measurements at a different locations, in Figure 2. The local

pressures are measured with calibrated micromonometer. In

order to measure the total pressure drop for the test section,

circumferential pressure taps are attached upstream and down-

stream of the test section, as shown in Figure 2. The pressure

drop between the inlet and the exit of the test section is mea-

sured by electronic calibrated electronic micromonometer.

Local velocities are measured with a pitot tube in the inlet

section of the setup and mean velocity at the inlet is calcu-

lated. And also mean velocities are measured by using anemo-

meter at the exit section of the set up to compare the error on

mass flow rates of air in the channel.

The test section used was rectangular channel that

contained a plate array, its geometry is presented in Figures 2

and 3. The channel section was 195 mm wide, 70 mm high

and 180 mm long. The channel walls were made of 5mm

thick Plexiglas to facilitate the flow visualization tests. The

rectangular plate with a thickness of 4 mm was made from

Plexiglas (Figure 4).

The variable parameters of the plate array were the

relative transverse pitch(XT=ST/LP= 0.60, 0.65, 0.75,0.8, 1.0

and 1.18 where ST is the transverse distance between the

entering edge of plate pairs and LP is the length of the

rectangular plate), the relative longitudinal pitch

(XL=SL/LP== 0.60, 0.65, 0.75, 0.8, 1.0 and 1.18  where SL is

the longitudinal distance between the adjacent plates).

The plate length is varied between 20 mm and 25 mm.

Plate angle θ, is defined with respect to flow direction, which

is varied from 5° to 35° with 5° intervals and 45°. Characte-

ristics of configuration investigated in the present study can

be obtained in Table 1.

3. Experimental Uncertainty

The uncertainty calculation method used involves calcu-

lating derivatives of the desired variable with respect to indi-

vidual experimental quantities and applying known uncer-

tainties (Mc Clintock and Klin 1953). 

Experimental uncertainties in the Reynolds number, and

friction factor were estimated by the above procedure des-

cribed in (Mc Clintock and Kline 1953). The mean uncer-

tainties were found to be ±2.5% in the Reynolds number,

±4% in the friction factor.
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Figure 1. Schematic lay out of the experimental setup.

Figure 2. Geometry  and placement of array of

plates in the rectangular duct.

Figure 4. View of the test section.

Pressure taps
Pressure taps

Test section

Pressure drop measurement ports

TABLE 1. Geometrical characteristics for the flow
in rectangular duct with the array of plates aligned

at angles to the flow (N=49 and t=2 mm)

Type

A

B

C

D

E

F

G

θθ (rad)

0.087

0.174

0.262

0.349

0.436

0.523

0.785

SL/LP

0.605

1.000

1.176

0.800

1.000

0.652

0.750

ST/LP

0.202

0.400

0.588

0.480

0.500

0.435

0.750

LP/Leff

0.100

0.101

0.069

0.101

0.081

0.093

0.081

ββ

0.827

0.825

0.881

0.825

0.860

0.839

0.860



Derivation of Dimensionless Parameters

The problem analyzed in this paper is schematically

pictured in Figure 2 and Figure 3. The obstacle in the form

of a fin-pair (of two mm thickness) is placed inside the

channel, in such a way that periodically interrupted enlarged

and contracted channel flow domains can be were estab-

lished. Thus, each plate pairs acts as periodically interrupted

divergent and convergent short channels in the main channel

flow (Figure 2).

The configuration studied can be specified by the following

parameters: duct aspect ratio W/H, vertical spacing to the

plate length ratio ST/LP, longitudinal spacing to the plate

length ratio SL/LP, plate thickness to plate aspect ratio t/LP,

plate length to test section length ratio LP/Leff, and orientation

angle of the plates θ.

The total pressure drop ∆PT through the duct with the

plate of array consists from three components namely

pressure drop due to friction, Pressure drop due to inertia

losses through the plate of array and pressure drop due to

entrance/exit losses.

In order to calculate the pressure coefficient for the flow

domain, the maximum mean velocity can be defined in the

array of plates as:

for  isothermal  and incompressible flow, therefore;

where NL is the plate number for per row. 

Pressure coefficient for the plate of arrays CP

In determining the pressure coefficients, the resistance

due to friction on the duct walls and plate surfaces and

resistance due to changes in momentum we taken in to

consideration.

where Dequ is the equivalent diameter of flow geometry

therefore,

where V is the volume of flow domain (V=HWLeff), VP is the

plate volume (VP=tLPH) and N is the total plate number in the

flow domain.

Flow domain void ratio is defined as

The Buckingham π theorem was used to derive the non-

dimensional groups governing total pressure drop of an array

of plates. Since the pressure drop is dependent upon the free

stream velocity, plate geometries and void ratio

∆PN = ∆PN (Vmax, Lp, Leff, Deq, k, µ, ρ, β, θ, t, SL and ST)

Computational Physical Model

Physical and Mathematical Formulation

In the present study, the numerical simulation deals with

turbulent flow regime only. In the flow geometry, the governing

conservation equations for turbulent flow and the appropriate

boundary conditions will be presented for FLUENT software.

The analysis was based on the following assumptions: (1) The

fluid properties are constant; (2) the flow is steady, turbulent,

and periodically fully developed; (3) the body forces term is

neglected. Regarding the boundary conditions, the no-slip

condition was used along the walls and plates. The present

code utilizes the segregated method which employs SIMPLEC

algorithm with second order scheme for the integration of

momentum equation. The computations were performed on

unstructured grids for all cases.

The final computation domain is shown in Figure 2. The

fluid flow can be described by the following equations with

Cartesian tensor notation:

The conservation equations for steady two dimensional

incompressible laminar and turbulent flows may be written as:

● Continuity:

● x - component momentum:

● y - component momentum:

● Energy:

where the overbars are the time average quantities for

Turbulent flow.

4. Results and Discussions

Flow visualization tests were used to explain the large

pressure drop due to the various flow geometries. In the Hella-

Shaw apparatus, the working fluid was water typical flow

pattern for laminar flow is shown in Figure 5.
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Similar flow pattern were observed for the same flow

geometries with FLUENT software solutions. The typical

flow patterns as obtained from the FLUENT soft-ware at a

45° and 3 m/s inlet velocity for air are presented in Figure 6.

In case where the plate angles are greater than 5°, a back-

flow region forms just downstream of diverging section, indi-

cating the occurrence of the flow separation and the presence

of a recirculating zone which can be seen in both Figures 6

and 7. In addition, there is a region situated between diverging

and converging channels which called a buffer region, where

the velocity is too low to enable to visualize the flow direction.

Due to the pressure rise at the end of the diverging channel

and pressure drop at the neighboring converging channel, the

velocities were high enough to create a flow against the main

flow direction. The typical velocity field in this flow domain

is presented in Figure 7.

The typical pressure distribution along the main and flow

direction and total pressure drop in this flow domain is

presented in Figure 8. And also pressure distributions through

the main flow direction and in the buffer regions (the flow

against the main flow directions) are presented in Figure 9. It

can be seen that, down stream of main flow direction mixing

effects in the buffer regions becomes more uniform.

Flow through an array of plates exerts a force on each

plate. The total force acting on each plate consists from two

components; the skin friction force and the drag force. The

arrangement of the plates cause pressure variation at both

inlet and exit of the array of plates in the test section. This

variation could be attributed to the blockage effect.
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Plate

Flow direction

Figure 5. Flow visualization for a typical flow domain

Figure 6. Flow pattern for a typical flow geometry

Figure 7. Close up to the buffer region (mixing zone and

recirculating zone) for the flow domain.

Figure 8. Pressure distribution along main flow direction second

order scheme.



Figures 8 and 9 show the pressure variation along the flow

direction including blockage effects at the inlet and exit. These

results are deducted from a numerical solution of Navier-

stokes equations using FLUENT software.

Experimental observation of the same behavior of the flow

can be seen in Figure 10 which shows a similar trend of the

pressure variation.

A pressure drop against main flow direction and trans-

verse direction for the quartet located in the centre of the test

section is observed as shown in Figure 11. Similar behavior

is observed in the numerical solution shown in Figure 9.

Pressure drop against main flow velocity for different plate

angles is shown in Figure 12.

The pressure coefficient Cp was found to be independent

of Reynolds Number Re for each plate angles. This is seen

clearly in Figure 13.

Flow domain void ratio is kept constant for each type but

for different Reynolds Number. Flow domain void ratios are

varied from 0.825 to 0.88 for all ranges of Reynolds Number.
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Figure 9. Pressure distribution through flow geometry.

Figure 10. The graph of pressure drop along the duct from the

inlet up to the reducer.

Figure 11. Three dimensional views of the pressure losses

for the test location θ = 30˚ 

V=2.52551 (m/s) ∆P=73.3 Pa
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Figure 12. Maximum Velocity against the Pressure Drop.

Figure 13. Pressure Coefficient versus Reynolds Number.
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Concluding remarks

Although compact heat exchangers with different configuration of plate arrays offer many advantages compared to the

conventional heat exchangers, their main drawback is the absence of a general design method. The proposed flow geome-

tries is promising techniques to enhance their effectiveness because of the secondary flow developments  against the main

flow direction. In this respect, FLUENT simulation allows computation of various flow geometries, and study the effects of

various design configuration on the flow characteristics.

The present experimental and theoretical studies demonstrate that an array of plates aligned at positive and negative

angles in-line to the stream wise direction in rectangular duct brings about significant increase in the total pressure drop and

develops secondary flows against the main flow direction, when the plate angles are increased.  

The pressure drop coefficient depends on plate angles not Reynolds number.

The results of this study, a part from enhancing physical understanding of the flow inside plate arrays, can also contribute

to the formulation of design equation for flow resistance.
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1. Introduction

Today, wind energy is widely used to produce electricity

in many countries such as Denmark, Spain, Germany, United

States, and India. Total wind power installed in Europe that is

equivalent to 69 % of the worldwide energy generated

capacity, is 40 GW at the end of 2005. It is expected that the

installed capacity in Europe will have reached 70 GW by the

end of 2010 [1].

Electrical energy in Egypt is mainly produced by fossil

fuels (oil and natural gas) and hydropower. Because of

abundant energy resources, Egypt is heavily dependent on

exported oil and gas [2]. Currently, Egypt produces electricity

using wind farms at Zafarana, Gulf of El-Zayt and Abu Darag

stations, which are located in the Northern part along the Red

Sea. Their electricity production presented to the country and

due to an increase of needs Egypt exported these electricity to

Jordan [3].

In our previous article [4], the authors made a technical

assessment of wind power for 7 different sites located from

north to south along the Red Sea in Egypt. Ras Benas station

was one of the most promising sites. Mean speeds were 5.5

m/s at 10 m height and 8.90 m/s at 70 m height. This paper

investigates the wind energy characteristics and wind turbine

characteristics needed for the installation of wind energy

conversion systems at Ras Benas, which is located in

Southern part along the coast of Red Sea. Moreover, the

applications of wind turbines for electricity generation, in

addition to a cost analysis of the utilized wind turbines are

also investigated.

2. Description of wind data measurements

In this study, wind speed data measured as hourly time-

series in meteorological station at Ras Benas city, were statis-

tically analyzed. Figure 1 shows the location of chosen site

(350 30/ N; 230 58/ E) in Southern region along the east coast of

Red Sea in Egypt. These wind data at 10 m above ground

level related to the selected site were taken from the Egyptian

Meteorological Authority, for a period of more than 10 years.

The measurements of monthly wind speed are presented in

Table 1. 

At Ras Benas station the wind blows from north 3600 N

(wind direction) i.e. the wind in Ras Benas are predominantly

northerly [4]. This strongly preferred direction, however, is

not only due to the general pressure gradient from north to

Abstract

Analysis of the wind cha-
racteristics in Ras Benas

city located on the east coast
of Red Sea in Egypt using
measured data (wind, pressure
and temperature) and Weibull
function were made.

Statistical analysis model to evaluate the wind energy potential
was introduced. According to the power calculations done for
the site, the annual mean wind density is 315 kW/m2 at a
height of 70 m above ground level. This station has a huge
wind energy potential for electricity generation, especially
during spring and summer seasons, comparing with some
European countries.

In addition, the monthly wind turbine efficiency parameter
(ηmonthly) has been calculated by using a commercial wind
turbine 1 MW with 70 m hub height to help designers and

users in evaluating the po-
tentialities and choosing the
suitable wind turbine for the
considered site. The use of
wind turbine with capacity
greater than 1000 kW at this
station was recommended.

Ras Benas station was selected to install 30 MW-wind farm
consists of 20 commercial wind turbines (Nordex S 77) with
hub heights and Rotor diameter were 100 and 77 m, respec-
tively. This site has annual wind speed more than 9.8 m/s at
100 m height and enough area to locate these turbines.

The estimated energy production using WASP Program of
these wind farm was 130 GWh/year. Furthermore, the pro-
duction costs was found 1.3 Û cent/kWh, which is a competi-
tion price at the wind energy world market.
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TABLE 1. Mean monthly of wind speed and its percentage frequency distributions (at a height 10 m)

January

February

March

April

May

June

July

August

September

October

November

December

Annual
mean

4.8

4.8

5.4

5.6

6.3

7.1

5.3

5.5

6.4

4.8

5.1

4.7

5.5

24.9

28.2

30.6

34.9

40.6

44.3

32.7

31.9

51.8

35.4

32.6

28.0

34.7

6.6

8.0

6.4

6.4

6.1

4.1

9.7

11.8

5.0

6.8

6.5

5.3

6.9

2.3

2.7

3.0

2.6

2.0

0.8

3.3

3.7

0.4

1.5

1.9

1.4

2.1

1.7

2.0

2.7

2.7

1.2

0.7

1.8

1.6

0.3

1.8

2.2

1.4

1.7

1.4

2.4

2.9

3.3

1.8

0.6

1.4

0.6

0.2

1.5

1.5

1.9

1.6

1.7

3.0

3.1

6.2

2.6

0.7

1.1

0.2

0.1

1.7

0.6

0.9

1.8

1.0

1.0

1.2

1.7

1.0

0.3

0.8

0.2

0.0

0.5

0.2

0.4

0.7

0.2

0.3

0.2

0.3

0.2

0.1

0.2

0.0

0.0

0.1

0.0

0.0

0.1

0.4

0.1

0.2

0.3

0.1

0.1

0.1

0.2

0.1

0.1

0.1

0.2

0.2

2.5

0.9

2.0

1.1

0.6

0.3

0.3

0.7

0.4

0.6

0.5

1.3

0.9

12.4

8.4

7.3

4.6

5.8

5.9

6.0

5.8

4.1

7.3

10.9

11.4

7.5

33.9

33.4

28.3

25.8

27.3

31.9

21.2

21.5

27.9

30.8

33.2

37.9

29.4

11.0

9.6

12.1

10.1

10.7

10.2

21.4

21.8

9.7

11.9

9.8

9.9

12.4

Month
Wind Speed 345°-14° 15°-44° 45°-74° 75°-104° 105°-134° 135°-164° 165°-194° 195°-224° 225°-254° 255°-284° 285°-314° 315°-344° Calm

Percentage frequency of winds blowing from the following directionsMean

Figure 1 shows the location of Ras Benas station along Red Sea in Egypt.

TABLE 2. Estimated monthly and annual mean wind speed (m/s) at 70 and 100 m heights above the ground level in this site.

V70

V100

7.8

8.5

7.8

8.5

8.8

9.6

9.1

10.0

10.2

11.2

11.6

12.6

8.6

9.4

9

9.8

10.4

11.4

7.8

8.5

8.3

9.1

7.6

8.4

8.9

9.8

January February March April May June July August September October November December

Annual

mean

MonthMean wind

speed



south, but also caused by channeling of the wind flow between

the mountain ranges that border the Red Sea zone in Egypt on

both sides-reaching heights of 1000 m or more above sea level.

Also, the measured percentage frequency of winds blo-

wing from all directions and the calm winds are shown in

Table 1. This table indicates that:

(1) The mean wind speed during September 6.4 m/s has the

highest frequency occurrence during the year (51.8%),

followed by (44.3%) for mean wind speed 7.1 m/s at

June, followed by (40.5%) at 6.3 m/s during May.

(2) So, during these months peaks of mean wind speed

occur at different days with an average value of (6.3-

7.1) m/s which is above the cut-in values required for

the operation of any wind turbine in Egypt.

(3) Since the minimum required wind speed for a wind

park (at 20 m height) is about 3 m/s which is equivalent

to 2.54 m/s at 10 m height, atypical turbine will operate

about 75%�80% of all the time throughout the year [5].

The wind usually blows at varying speeds as a result of a

change in the isobaric values of atmospheric pressure. It is

clear from Figure 2 that:

(1) The spring and summer seasons in Ras Benas is cha-

racterized by a marked increase in the mean wind

speeds as a result of a decease in the isobaric values of

atmospheric pressure.

(2) However, the noticed decrease in the mean wind speeds

at winter and autumn seasons correlated to the increa-

sing of pressure values observed.

(3) The highest average monthly wind speed was recorded

at June 7.1 m/s (summer season) and the lowest was

during December 4.7 m/s (winter season).

(4) The wind speeds which lie between 4.7 m/s (in winter

period) and 7.1 m/s (in summer period)  corresponding to

an atmospheric pressure between (1015.1-1005.0) mb.

(5) The graph also shown that the peaks of wind speeds are

correlated to the reduced values of pressure at different

seasons or months throughout the year.

In addition, for evaluating the variation of the wind speed

with elevation for this site, the mean speeds values were cal-

culated using the power law [6,7], both monthly and annually

for the heights of 70 and 100 m in the wind observation station.

Obtained results are presented in Table 2. Annual mean wind

speed at the 100 m height is determined as 9.8 m/s while the

maximum mean wind speed was 12.6 m/s at June.

3. Statistical analysis model

In order to evaluate the wind energy potential of any site,

it is important to drive the expected probability distribution of

the site's wind speed. Regarding this aspect much attention

has been given to the Weibull function, which gives a good

match with experimental data according to Darwish and

Sayigh [8]. The Weibull distribution is characterized by two

parameters: the dimensionless shape parameter, k; and the

scale parameter c which has units similar to the speed (m/s).

The probability density function for density for the wind

velocity V is calculated by [9,10]:

Where c and k are given by Justs et al. [11,12] as follow:

k = 0.83  V 0.5 (2)

c = V / [Γ (1+ k-1)]                                                                   (3)

where V is the mean wind velocity and Γ is the gamma

function.

However, the available power of the wind per unit area is

estimated by [13,14]: 

Pwind =       ρ (W/m2)                                                      (4)

where ρ is the standard air density (ρ = 1.225 kg/m3 dry air at

1 atm and 150 C), Vm is the monthly mean wind speed (m/s).

In case of an ideal turbine, power output is influenced due

to change in temperature and pressure. So, the corrected

monthly air density     (kg/m3) is expressed as [15,16]:

where,    is the monthly mean air pressure (N/m2),   is the

monthly mean air temperature in degrees Kelvin (°C+273)

and, Rd is the specific gas constant for air (Rd = 287 J/kg°K).

Then the corrected power available in wind at the standard

height 10 m, can be calculated as follow:

P10 =                  (W/m2)                                            (6)

In addition, for calculating the mean power density over a

long time T for one month. If we take 30 days per month we

end up with the following equation, where the available mean

power for a height less than 100 m, above the ground level per

month can be expressed as [17-19]:

Ph (mo.) =                                         (kW/m2. month)         (7)

where α is the roughness factor, usually in the range 0.05 ≤ α

≤ 0.5. In this analysis, α = 0.25, is the standard value for the

Egyptian terrain and wind conditions [20].

On the other hand, the turbine efficiency ηη, can be defined

as the ratio between recoverable energy on the aerogenerator,

ER (kWh/m2/year), and available energy at Betz limit, EA

(kWh/m2/year). Last expression outlined in references [21-24].

A simple estimating procedure can be introduced to estimate

the monthly wind turbine efficiency by the following formula:

ηηmonthly=                                                                                       (8)
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(1)

(5)

f (v) =



where Pr is the rated power of the used wind turbine (kW), Sa

is the rotor swept area (m2)

While, we calculate the «capacity factor Cf», that is the

ratio between the actual yearly energy output, Eout, and the

rated yearly energy, Er = 8760 Pr, (a reference quantity that

often is used as a rating-datum of the machine). The capacity

factor of a wind turbine can be expressed [25,26]: 

Cf= (9)

Lastly, the present value of money method is used for

estimating the cost of a kWh produced by the chosen wind

energy conversion systems (WECS). To calculate the present

value of costs (PVC) of electricity produced per year, the

following expression, (Equation 10), which is in agreement

with other works [27-29], is applied as well:

PVC = I + Comr (10)

where

I = the investment includes the turbine price plus its 20%

for the civil work and other connections. 

Comr = operation costs that include operation, repair cost,

and maintenance are taken as 25% of the    

annual cost of the turbine (machine price/life time).

S = scrap value taken as 10% of the original investment.

i = inflation rate (12%).

r = discount rate (15%).

t = lifetime of the wind machine (20 years).

4. Monthly and Seasonal Weibull parameters

Equations (2) and (3) were applied to obtain the monthly

and seasonally values of Weibull parameters k and c with the

height of 10 m above the ground level for Ras Benas station.

The results are shown in Tables 3 and 4. When using these

values for hub height, k may be assumed to be unaffected by

height, and the scale parameter c may be estimated from the

usual power law which generally holds up to a height of 100-

150 m [30].

From Tables 3 and 4 we can derive the following:

(1) The range of k is between 1.80 and 2.21, where the

shape parameters tend to be higher from May to

September during the year.

(2) The highest c value is 8.0 m/s in June and the lowest

is found 5.3 m/s in December.

(3) The long-term seasonal k and c values are highlighted

in Table 4. In general, values of the scale parameter

are low throughout both (winter-autumn) seasons and

high during the spring and summer periods.

(4) For large values of k at spring and summer seasons,

the majority of the wind speed data tend to fall around

the mean wind speed and then the mean wind speed at

these seasons are high (vSpring= 5.8 m/s and vSummer= 6.0

m/s). Hence, the wind is sufficient during the half of

the year at Ras Benas City for high power generation.

5. Potential power resource

Yasmin et al. [16] concluded that, 71% of the power is

extracted from the wind by the ideal turbine. An actual wind
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Figure 2. Monthly variation of the wind speed and air pressure depending on measured data at Ras Benas station.
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turbine can not extract more than 59.3% of the

power in the wind which shows that an ideal turbine

is not worth mentioning. The remaining 11.7% of the

ideal wind power is not extracted due to existing

turbines. Perhaps, it is either inappropriate efficiency

of the turbine which can not utilize the remaining

11.7% of the wind power, or the effect of pressure

and temperature. We have chosen the second possi-

bility, which shows that even in the case of an ideal turbine,

power output is influenced due to change in temperature and

pressure.

By applying the measured wind data for Ras Benas station

(monthly average air temperature, mean monthly of air

pressure) with Eqs. (4)-(7), the values of corrected monthly

air density    , corrected monthly wind power P10 at a height

of 10 m and the monthly wind power available P70 at hub

height 70 m during the year were calculated and listed in

Table 5. The results of P70 lead to Figure 3.

From these table and figure, we found that:

(1) The obtained values of corrected monthly air density

that they are almost stable and the shift from the

standard air density (ρ = 1.225 kg/m3) is very small.

This confirms the stability of the atmosphere at Ras

Benas city throughout the year.

(2) The absolute maximum highest wind power, P70, was

recorded in June 637.68 kW/m2 and the absolute

minimum of  P70, was found to be 194.62 kW/m2 in

December.

(3) In addition, in Figure 3, the highest of value the mean

power density for the summer season is 1199.35 kW/m2

and then followed by 1063.17 kW/m2 in spring for

actual data. These confirm our results in section 3.

Hence, the power density available during the half of

the year (spring-summer periods) at Ras Benas station

is huge and suitable for high electricity generation.

This information is similar to the power density in

some European countries.

TABLE 3. Monthly long-term shape parameter,
k, and scale parameter, c, at 10 m hub height.

Month

January

February

March

April

May

June

July

August

September

October

November

December

Annual mean

k

1,82

1.82

1.93

1.96

2.08

2.21

1.91

1.95

2.10

1.82

1.87

1.80

1.95

c (m/s)

5.4

5.4

6.1

6.3

7.1

8.0

6.0

6.2

7.2

5.4

5.8

5.3

6.2

Period

Winter

Spring

Summer

Autumn

k

1.82

2.00

2.03

1.93

c

5.4

6.5

6.8

6.1

TABLE 4. Seasonal long-term shape parameter,
k, and scale parameter, c, for Ras Benas station.

TABLE 5. Monthly corrected air density, corrected and available wind

power and monthly values of wind turbine efficiency ηηmonthly, beside the

observed values of air temperature and pressure for Ras Benas station

January

February

March

April

May

June

July

August

September

October

November

December

Annual

18.3

19.3

21.9

25.0

28.4

31.6

31.8

32.1

30.9

27.0

23.4

19.7

25.8

1014.7

1013.4

1011.6

1009.2

1007.6

1005.0

1003.5

1003.8

1006.6

1010.2

1013

1015.1

1009.5

1.21

1.21

1.20

1.18

1.16

1.15

1.15

1.15

1.15

1.17

1.19

1.21

1.18

66.91

66.91

94.48

103.61

145.03

205.80

85.60

65.67

150.73

64.70

78.93

62.81

101.77

207.32

207.32

292.75

321.04

449.38

637.68

265.23

296.44

467.04

200.48

244.57

194.62

315.32

1.51

1.51

1.07

0.98

0.70

0.49

1.18

1.06

0.67

1.56

1.28

1.61

0.99

Month
T

(c)

P x 102

(N/m2) (kg/m3)

P10

(W/m2)

P70

(kW/m2.month)
ηη

Figure 3. Seasonal averages of available wind power during the year at 70 m

hub height.



6. Wind turbine efficiency

The intent of the analysis presented -in this section of our

research- is to help designers and users in evaluating the

prospective potentialities of the considered site.

From the last sections and discussion the density of air is

an important parameter which changes the efficiency of the

wind turbine by about ± 10%. Keeping in view the efficiency

of the wind machine at standard temperature and pressure,

turbine efficiency can be increased by 10% in our estimated

value of temperature and pressure.

Since the wind energy available in the wind can not be

completely extracted by any wind turbine, the wind turbine

efficiency η, defined as the ratio of the recoverable energy on

the aerogenerator outlet (rotor+gearbox+generator) is given

by the machine power curve and the wind statistical distri-

bution to the available energy by ideal wind turbine (at Betz

limit) [21,25].

It can be seen from Equation (8) that the wind turbine effi-

ciency is not only a function of wind turbine performance, but

also a function of wind speed distribution. The wind turbine

efficiency enables us to figure out the relationship between

energy available in the wind and how much energy a turbine

can be transfer. It is important to note that the theoretical

optimum for utilizing the power in the wind by reducing its

speed was first discovered by Betz in 1926, as shown in many

wind energy textbooks [31,32]. According to Betz, under the

assumption that the turbine swirl and transmission losses

were neglected, the theoretically maximum power that can be

extracted from the wind is 59% of the wind power available

in the wind. Therefore, for any wind turbine, the wind turbine

efficiency η should not exceed 0.59.

For this study we used the commercial wind turbine «AN

Bonus 1MW/54» with swept area 2300 m2 (main characte-

ristics of this wind machine were presented at our paper [4]).

By using the monthly values of mean wind speed for Ras

Benas at a height of 70 m which are listed in Table 2 and then

by substituting these values in Eq. (8), we obtain the monthly

values of η at hub height 70 m for the last considered wind

turbine 1000 kW, see Table 5 and Figure 4.

From these table and figure, we can observe the following:

(1) The average annual of η for the wind turbine «AN

Bonus 1MW/54» was found to be 0.99.

(2) The values of monthly wind turbine efficiency are

greater than 0.59 for all months except at June during

the year of Ras Benas station.

(3) Whereas the use of wind turbines with lower rated wind

speeds will produce more energy in a year than wind

turbines with higher rated speeds [26].

(4) So, we concluded that the use of a wind turbine which

has a rated power greater than 1000 kW at 70 m at

Ras Benas station is recommended. 

7. Applications of electricity generation 

The main objective of this study to evaluate the

performance of 20 wind turbines operating in real conditions

within a grid-connection wind farm with total capacity of 30

MW at Ras Benas station.

The amount of power generated by a wind turbine depends

on both the design characteristics of the turbine and the pro-

perties of the wind resource represented by wind speed proba-

bility density. Matching the actual wind frequency distribution

of the region with a suitable model of wind energy conversion

system can maximize the energy output. This means, that in

order to attain the maximum possible efficiency from a wind

turbine it should be designed for that specific region. However,

it is not practical to design a wind turbine for each location,

because it is associated with extra funds. Therefore, usually a

wind turbine -with parameters (such as cut in speed, cut out

speed, rated speed, and rated power), that best matches the

wind characteristics of the region- is chosen from the existing

wind turbines in the market [3].

So, the choice of the best suitable wind turbine for Ras

Benas city is discussed. Whereas a technical and economic

assessment of electricity generation from two turbine machines

having capacities of 600 and 1000 kW considered in seven

different sites along Red Sea in Egypt (Ras Benas was one of

them) was made in our article [4], and from the data presented

and results in previous sections in this paper. From the results

(Table 5 and Figure 4) where the values of monthly wind

turbine efficienc η-for considered wind turbine with capacity

of 1000 kW «AN Bonus 1MW/54», and rated wind speed 15

m/s- are greater than 0.59 in three months during the year, the

use of a wind turbine which has a rated power greater than

1000 kW at Ras Benas city is recommended.

Then, based on our results in article [26], it is concluded

that the use of a wind turbine with lower rated speed will

produce more energy over a year than a wind turbine with

higher rated speed.

Hence, for this study the commercial wind turbine «Nordex

S77» with a capacity of 1.5 MW and 100 m hub height was

chosen, which has lower rated speed 13 m/s competitive with

another commercial wind turbines of capacity 1500 kW in the

market.

In this case, the annual assessment of energy production

in one site is an important factor. Given the power curve of a

specific wind turbine we are therefore able to estimate the

actual energy production during the year by using WASP

program [33,34], as shown in Figure 5.

Turbines in the 30 MW-wind farm at Ras Benas station

are considered to be located 150 m distance a part each other

to prevent energy production loses of park effect. North was

found as prevailing wind direction. Therefore, north seems

the only wind direction to consider in wind farm project, which

will developed on the campus area.
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The technical data of the wind turbine «Nordex S77» used

are summarized in Table 6. Using this data and the estimated

annual mean wind speed at 100 m (hub height of this wind

machine) will be 9.8 m/s at Ras Benas station together with

the WASP program, the annual energy production, Eout, from

the wind farm consists of 20 wind turbines with total capacity

of 30 MW was found to be 130 GWh/year and the obtained

capacity factor is high 49.5 %, see Table 6.

8. Economical evaluation 

The present value of money method is used for estimating

the cost of a kilowatt-hour produced by the wind farm with

total capacity of 30 MW considered at Ras Benas station. We

used Equation (10) with followed assumptions, and in case of

the wind farm, the capital investment, I, is taken as the number

of units multiplied by the unit price, from which the PVC value

was obtained [2]. Dividing this value by the total energy pro-

duced during the life time machines at wind farm, So, the ex-

pected cost of a kWh electricity generated is obtained as follows:

PVC = 34,343,153

So, the specific cost per kWh = [(34,343,153)/ (20 x

130,140,240)) = 1.3 Û cent.

Hence, these results which contain the expected cost per

kWh = 1.3 Û cent, encourage the construction of several wind

farms at Ras Benas City. Where the expected specific cost for

electricity generation is a competition price at the wind energy

world market.
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Figure 4. Monthly variation of the

mean wind turbine efficiency for a

commercial wind turbine 1000 kW

during the year at Ras Benas Station.

Figure 5. Wind speed frequency distri-

bution throughout the year in the site

depending on estimated data by WASP

program and the power curve for the

1500 kW selected wind machine.

Turbine model

Eout (kW/h/year

Rated Power (Pr)

Hub height

Rotor diameter

Swept area

Number of blades

Cut-in wind speed (Vci)

Rated wind speed (Vr)

Cut-off wind speed (Vco)

Price / Euro

Nordex S77

6,507,012.0

1500 kW

100 m

77 m

4,657 m2

3

4 m/s

13 m/s

25 m/s

1,300,000

TABLE 6. Annual energy gain and technical
characteristics of wind turbine Nordex S77.
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Conclusion

In this research, establishment of wind farm with capacity of 30 MW to operate at Ras Benas station were studied. the

results of this investigation were very promising. Observation of the measured and estimated values leads to the following

conclusions:

(1) The wind in Ras Benas city are predominantly northly throughout the year. So, north seems the only wind direction

to consider in wind farm project, which will be developed on the campus area.

(2) Annual mean wind speed for this site is ranging from 8.9 to 9.8 m/s at the heights of 70-100 m, which is similar to

the strong wind speeds in some European countries.

(3) For the investigated station with Weibull parameters k and c, see Tables 3 and 4, we can drive that the wind is suffi-

cient during the half of the year (spring and summer periods) for high power generation.

(4) The monthly corrected values of air density, see Table 5, is lightly smaller than the standard air density η = 1.225

kg/m3. Which confirms the stability of the atmosphere at Ras Benas City during the year and therefore, it causes an

improvement in the efficiency of wind turbines worked at this site.

(5) Investigation of available power density at the heights of 10-70 m indicates that, there are huge wind power densities

over the year, especially at spring and summer seasons in the range of (1063-1200 kW/m2). This agrees with the

information given by our Weibull parameters investigation.

(6) We recommend that at Ras Benas station, we should use wind turbines with rated power greater than 1000 kW at 70

m hub height.

(7) An estimation of cost analysis of installing a wind farm with total capacity of 30 MW (20 commercial wind turbines

«Nordex S77» with a grid-connection) at Ras Benas station for electricity generation is carried out. The expected

yearly energy gain from it was 130 GWh per year. Furthermore, the specific cost of each kWh was found to be 1 .3  Û

cent, which is a competition price at the wind energy world market.
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1. Introduction

The development of alternative energies, in particular the

energy of the biomass, aims at satisfying certain objectives

whose principal ones consist in replacing the oil which is

considered a fossil hydrocarbon dearly paid and occasionally

available, and fighting against pollution and the global war-

ming. Certain countries are engaged in the promotion of rene-

wable energies and more particularly of the biofuels. The

development of these types is based on the valorisation of the

cellulose biomass resulting from agriculture and the forest,

and that of some under products of alimentary industry.

Following the oil crises of the Seventies, the biofuels were

perceived in many countries as a realistic solution although

partial with the problem of the dependence to the oil resources.

The oil counterblow of 1986 and the too high production cost

of the biofuels slowed down their development [1]. The context

is become again today more favourable because it is based at

least on three points:

- The public opinion pressure in favour of the fight against

the intensification of the effect of greenhouse and research

of the solutions to reduce the emissions of CO2, principal

gas for purpose of greenhouse [2] in particular in the field

of transport constitute a significant factor.

The field of transport knew an enormous expansion during

XXe century. The growth in request is mainly allotted to the

road transport, and more recently to air transport. Oil remains,

then, the primary energy most consumed in the world releasing

a great quantity of the greenhouse. On the contrary, the bio-

energetics seems to be neutral in CO2 because the CO2 released

during combustion was collected beforehand by the plant at

the time of its growth, the assessment of CO2 being null [3].

Indeed, the average content carbon dioxide made only

grow during the nineteenth century with an annual increase of

about 0,8 ppm [4] to exceed 360 ppm [5]. In the same way, the

methane concentration has almost triplet. Protoxide of nitrogen,

less in relative value, have undergoes also an exponential

increase. Largely new compounds made their appearance, such

CFCs [5]. All these consequences are due only to one third from

what results from the combustion of coal and hydrocarbons

annually burnt [4]. The emergency is thus today to reduce the

emissions of these gases for purpose of greenhouse. [6]

- the security of the supply of energy, at short and long

terms, remains the second point, since the majority of the

oil-producing countries are regarded as rather unstable

(East Means, West Africa). For this reason, the biofuels

seem an interesting option.
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-  Lastly, the third point is the rise continues courses of oil

since the beginning of the years 2000 which involves a

renewed interest for the biofuels whose production cost

was until recently still very high compared to oil fuel

[7]. The tripling of the real prices of oil during these last

years had another consequence [8] in opposite of the

prices fall of the agricultural products. This difference

of the prices explains the farmer's interest for the

marketing of these products like fuels.

Nowadays, bioethanol is identified like the important bio-

fuel. It is produced starting from the vegetable biomass which

consumes CO2 thanks to photosynthesis. Its use makes it pos-

sible to avoid the emission from 50 to 80% of CO2 compared

to the equivalent of fossil origin. [9] In parallel, the biodiesel

appears as being a new energy-generating product having

favourable characteristics since it is renewable, biodegradable

and to emanations of CO2 definitely lower than that of fossil

energies. The raw materials currently most used are vegetable

oils or they are used in mixture in all proportions with the gas

oil and do not require any modification of the vehicles starting

from a minimum rate of incorporation equalizes to 2%. [10]

The production of the biofuels in the world is primarily

carried by three great areas: the United States, Brazil and

Europe which represent the mature markets. [11]

It is the use of ethanol, primarily produced and consumed

in the United States and Brazil, first and second producers of

soya, which is largely majority compared to the consumption

of methyl vegetable oil esters, which remain still a European

specificity since the European market of the fuels is marked

by an increasing domination of the gas oil consumption.  Con-

cerning ethanol, it is imported, is not generally used directly

but it is transformed into ethyl-thirdly-butyl-ether ETBE which

is, itself, mixed with the gasoline.

Many other countries consider the launching of national

programs in favour of the biofuels such as China, India,

Malaysia, Colombia and Thailand. These developing countries

are quite naturally in favourable position for the production of

raw materials useful for the biofuel's manufacture, in particular

those whose sugar sector is traditionally significant, which is

not the case of Tunisia.

In Tunisia, a main effort of research is provided in order

to exploit the natural vegetable richness of the country with

an aim of being integrated in the way of durable energy pro-

duction. Indeed, the energy balance is overdrawn during the

last years.

In 2006, an aggravation of 83% of the energy deficit is

showed and passed from 530 to 986 Ktep between 2005 and

2006. Indeed the primary energy resources showed a strong

fall of 5% due to the conjugation of a significant decline in

the natural gas resources of 5,6% and one strong decrease in

the crude oil's production of 4,2%. In the other hand, the pri-

mary request for energy developed of 1,3%. This evolution of

demand is drawn by the increase of 2,3% from consumption

in petroleum products against a stagnation from natural gas

(+0,5%).

This quantity available out of the crude oil undergoes a

process of refining and is integrated into the quantity of the

petroleum products which marks a fluctuation around 2200

Ktep (energy control Agency) while the total of final con-

sumption into 2006 including the petroleum products is about

4058Ktep. The natural gas, thermal and hydraulic electricity

consumption is equal to 5892 Ktep.

This work consists to estimate the potential of the biofuels

resulting from the agricultural products in Tunisia and to study

the prospects of this new form of energy. A future scenario is

traced by detailing the surfaces used, the nature of the cultures

chosen, and the strategies to be followed.

2. Methodology of the research

The working method adopted consists to collect useful

information, being able to characterize the sector of agriculture,

starting from the specialized organizations in order to deter-

mine the theoretical and real biofuels potentials in terms of

biodiesel and bioethanol. It is about an investigation where the

stake is to avoid the food constraint on the one hand, since Tu-

nisian agriculture is mainly exploited by alimentary industries,

and engagement, on the other hand, in other perspectives

which appear by the integration of the new industrial crops

and the product valorisation to knowing the re-use of treated

water and frying oil.

Specialized Organizations 

- General direction of agricultural engineering and exploi-

tation of water (INGREF),

- General direction of agricultural production, the general

inspection of the agricultural studies in the ministry for

agriculture and the hydraulic resources,

-  The national institute of agronomic research of Tunisia

(INRAT)

-  General direction of trade international of ministry of

trade and the craft industry,

- The Department of the Environment and the durable

development,

-  The ministry for industry, energy and SME,

-  The national institute of statistics (INS),

- The national office of oil (ONH).

Principal Objectives:

The investigation aimed like principal objectives to

determine:

- The distribution of the arable lands

- The description of the agricultural activities on the field

crops, the truck farming, fruit-bearing arboriculture and

the irrigated cultures.  
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- Energy cultures existing or being able to be integrated

- Quantity of treated worn water and its re-use

- Quantities of frying oils imported and worn

- The various developer organizations.

2.1. Agricultural grounds and activities

In 2005, the total surface of the farms rises to 5.392 million

ha including 120 400ha (2,2% of the surface) of forest grounds

and non agricultural grounds. The useful agricultural surface

is estimated at 5,271 million ha of which 4,884 million ha

(93%) are arable. The surface of the arable lands is distributed

between the cultivated grounds (4,213 million ha) and 671000ha

fallows it.

The distribution of the cultures surfaces shows the existence

of three areas:

- The areas with dominant trees  (2,155 million hectares of

which the 2/3 are covered by the olive-trees)

- Areas with dominant cereal (1,643 million ha in 2006) 

- Composite areas

So the insertion of the industrial crops like the sunflower

and colza is possible sight their importance from agronomic

point of view since these oleaginous cultures allow the

spreading out of work in the farm and intervene like head of

rotation, and energy point of view.

2.2. Energy cultures

- The corn

According to the general direction of the agricultural studies,

this culture can be introduced into irrigated areas. The studies

showed an output of irrigation of about 5000 m3/ha allowing

an output of production of 70q/ha.

- The sugar beet

Indeed, this culture knew two periods:

- The first hard one of the year 1961 at the year 1983 which

was accompanied by the establishment of the Tunisian

sugar company.

- The second period between 1983 and 2000 during which

new areas of western north were introduced in the irri-

gation process and the installation of the sugar Tunisian

complex.

Outputs about 43t/ha in irrigated and 28t/ha in dryness are

reached. These outputs reached values raised about 120t/ha.

- The colza

The acreage in colza has undergoes a regression during the

last years; it reaches 180ha only during 2001, the best output

is reached at the year 1991-1992;  it is equal to 19 q/ha.

- The sunflower

The acreage increases during the last years of 4500ha in

1990 until reaching 11730ha into 2006. As for the productions,

they pass from 4769 tons in 1995 to 7383 tons in 1996. The

values fluctuate around 10000 tons in the last few years.

- The Jatropha

The tests carried out in full field are set up at Kondar,

Medenine, Kaalat Andalous and the regional station of Souhil

Wadi in Nabeul. The goal was to give an idea on the behaviour

of this species under pedoclimatic conditions marked by a

sandy ground and a bioclimatic semi arid superior and also to

specify the requirements out of water for this species while

varying the quantities of water brought in irrigation.

The results obtained revealed a strong variability between

the sources studied with regard to the growth in height in

seedbed and plantation at the time of the installation of the

test. In seedbed, the average height of the seedlings after one

month of sowing is of 15,4cm and after two months of sowing,

it is 22,9cm. In this study the performance norms are about

0,5t/ha, they can reach 15 t/ha [12].

2.3. Treated worn water

The purification of worn water and its use in irrigation is

an attractive option, in particular in the arid and semi arid

regions, because it presents a source of water and additional

manures renewable and reliable.

In 2005, the volume of treated worn water is 201 million m3

per year coming from 74 stations of purification of the ONAS.

TABLE: Surfaces of the cultures in 2004-2005

Cereals

Léguminous plants

Fodder

Market gardeneing

Industrial crops and other cultures

Trees

Surfaces of cultures

1610

77

384

162

23

2155

4411

37%

2%

9%

4%

1%

49%

100%

Designation
Surfaces in

2004-2005
%

Unit: 1000ha

TABLE: Distribution of the olive-growing surfaces by great
area in 2004-2005

North

Center

South

Total

14

205

40

259

229

1148

308

1685

Areas
Olive-trees with

other trees species

Total

(thousand ha)

215

943

268

1426

Olive-trees into full

(thousand ha)



This volume currently accounts for 5% of the total resources.

Only 20% of the total volume of the treated effluents are

intended for agriculture and are mobilized starting from the

stations of pumping for the irrigation, the remainder of volume

is poured in the natural environment.

The surfaces of the irrigated cultures on the level of partner

2001-2002 rises with 7455ha distributed as follows:

2.4. Frying Oils

The recovery of worn frying oils as well represents an

advantageous factor for its weak price as for its participation

in the protection of the environment. This way is very promising.

Indeed a significant, but not quantified quantity of worn vege-

table oil is rejected directly into the sewers accentuating the

worn waters pollution.

It is necessary to recall that during the year 2004 the con-

sumption of the Tunisian vegetable oil market was about 165

000 tons of refined subsidized soya oil and about 5 000 tons

of vegetable not subsidized corn and sunflower oil distributed

by the National office of Oil (ONH). The apparent consumption

of olive oil was only 30 000 tons during the same year.

According to the general direction of trade international, the

soya oil occupies a significant place in terms of imported quantity.

2.5. The developer organizations

The technology of production of the biofuels primarily the

biodiesel is regarded as being a simple technology being able

to be comparable easily by Tunisian industry.

- Unit of triturating

A unit of triturating of a capacity of 20 tons/day was in-

stalled in the locality of Ben Béchir in Jendouba by a sponsor

deprived in partnership with the ONH (20%), with the French

company Sofiproteol (20%). The investment amounted to

approximately 1 million DT.

- The Plasticizers General Company (SGP)

The SGP is a company with the capital of 3 300 000 DT,

which has in the harbour zone of Radès of a manufacturing

unit plasticizers, raw material returning in the manufacture of

compound PVC Its production facility is based on a technology

acquired near an Italian company, the company Industrie

Generali installed in the suburbs of the town of Milan.

This Italian company used its installation of manufacture

of plasticizers for the manufacture of the biodiesel intended in

mixture for 30% for the gas oil. The SGP lays out the same

equipment used by the company Industrie Generali with the

help of some modifications. This company is able to launch

the manufacture of the biodiesel to height of approximately

7000 tons per year.

3. Results and discussion

The total of final consumption in 2006 including the con-

sumption of the petroleum products (4058 Ktep), the natural

gas consumption and that of thermal and hydraulic electricity is

equal to 5892 Ktep. This number will be considered the national

requirement in primary energy for following calculations.

A series of assumptions will be fixed:

- A rate of oil extraction starting from the oleaginous cul-

tures equal to 99%.

- An output of sugar starch hydrolysis starting from the

starch-based cultures equal à.70%.

- Exploitation of the total quantity of the olive oil

estimated at 180 000 tonnes/an according to the national

office of oil.

- The replacement of trees by cultures at energy ends (sun-

flower, colza, Jatropha)

- The recourse to the average of the outputs of production

during one decade period to take account of the variation

of the climatic conditions.

- A rate of recovery of worn frying oils equal to 90%.

- Exploitation of fallow covering the 13% of the agricultural

surface for colza culture.
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TABLE: New irrigated perimeters

Semmana

Sidi Ahmed

Ouljet El Khodher

Jerba Aghim

Siliana

150

174

30

51

80

Areas Surfaces in ha

Surfaces of the irrigated cultures in 2002

Evolution of the vegetable oil imports 2000-2007



The case of bioethanol

Calculation is done in the following way:

The average of the outputs of production * acreage = pro-

duced Quantity of each culture.

Produced quantity * rate of extraction (70%) = Quantity

of sugar extracted.

Knowing that    1 ton of sugar ----- >   0,51 ton of ethanol  

According to the article published by the French ministry

of the Economy, of Finances and Industry.

Quantity of sugar * 0,51 = Quantity of ethanol.

The case of biodiesel

Calculation is done in the following way:

The average output of production * acreage = produced

Quantity of each culture.

Produced quantity * rate of extraction (99%) = Quantity

of extracted oil.

Knowing that 1 ton of oil + 100kg methanol = 1 ton of

biodiesel + 100kg glycerine.

Consequently, we will have the quantity produced in

biodiesel.

Oil quantity ----- > Bbiodiesel Quantity.

3.1. Estimate of the theoretical potential

The quantity of sugar extracted will be then comparable

with the proportion of the sugar contained in the grains of

cereals. At corn, the content of sugar reaches 65%, whereas at

the barley, it is about 60%, and for the triticale, it can reach 64%.

The colza contains 40% of oil. The sunflower is cultivated

especially for its seeds which provide oil of which the per-

centage varies from 25 to 46%. Let us fix a rate equal to 46%

in our calculations. As for the jatropha, the content of oil can

go up to 50%. Let us respect these contents in our calculations.

Concerning the other cultures (leguminous, market gardening,

trees), they will be replaced by oleaginous cultures according

to their regional distribution as follows:

The theoretical potential also holds account annual imports

which vary from one year to another according to the national

need. In our case, we will take the average of the quantities

imported out of frying oil and colza and sunflower seeds during

the period 2000-2007. The seeds will undergo a stage of tritu-

ration, will enter the food circuit as frying oil and will be

finally recovered with a theoretical rate equal to 90%.

So the theoretical potential of the biofuels is equal to

3191,7Ktep which presents 54,17% of the national requirement

in energy. Thus, it is necessary to cultivate twice all the useful

agricultural surface (5,271 million ha) of the Tunisian territory

to satisfy our energy needs.

3.2. Estimate of the real potential

The real potential of the biofuels in Tunisia is almost

nullified. The only oleaginous culture which exists is the sun-

flower, and it is completely used for food ends. The sugar

cultures do not exist. However, we can consider the exploitation

of certain techniques such as farming rotation and the inte-

gration of the fallow. Certain factors must, first of all, being

put in consideration by estimating this potential at knowing the

importance of two agricultural fields which are olive growing

and the cereal planting.

- Crop growing: Two thirds of the trees surface are covered

by the olive-trees. So it cannot be competed with by the

sector of the biofuels for its great food value. Nevertheless,

a surface of 259 miles ha is cultivated in partnership with

other trees species, which presents an advisability to

exploit the majority of the olive surface to carry out

mixed planting whose second plants are dedicated to the
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TABLE: Theoretical bioethanol potential

Common wheat

Durum wheat

Barley

triticale

17

13,5

8

16

134000

785000

520000

3200

2278000

10597500

4160000

51200

1036490

4821862,5

1747200

22937,6

52860,9

2459150

891072

11698,2

Cultures
Rmoy

(t/ha)

Surfaces

(ha)

Production

(tons)

Qextracted sugar

(tons)

Qbioethanol

(tons)

léguminous

market gardenings

trees

67144

73710

42100

Colza

37730

70956

638100

Sunflower

60830

17496

101500

Jatropha

Surfacescultivées

au Nord (ha)

Surfaces cultivées

au Centre (ha)

Surfaces cultivées

au Sud (ha)

TABLE: Theoretical potential of biodiesel

Sunflower

Olive-trees

North

Center

South

fallows 

Fodder

0,84

0,72

1,12

0,84

0,5

1,12

1,12

9660

1685000

182954

746786

179826

671000

384000

8114,4

1221625

204910

627300

179826,5

751520

430080

3695,3

180000

204910,4

244647,1

88114,9

293092,8

170311,68

3695,3

180000

204910,4

244647,1

88114,9

293092,8

170311,68

Cultures
Rmoy

(t/ha)

Surfaces

(ha)

Production

(tons)

Qextracted oil

(tons)

Qbiodiesel

(tons)

Frying oil

Sunflower seeds

Colza seeds

274740,145

255,9

0,19

247266.13

103,64

0,067

Qoil/seeds imported

(tons)

Qbiodiesel

(tons)

TABLE: Theoretical potential of biodiesel resulting from
the imports of vegetable oils and seeds
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sector of the biofuels. We will exploit the olive-growing

surface of north (14000ha) cultivated in intensive not to

disturb the outputs of productions of the olive-trees.

- Cereal cultivation: Tunisian agriculture is based prima-

rily on the field crops (cereals). Despite, this sector is in-

tended entirely for the human consumption knowing that

Tunisia imports in addition to its annual production of

cereals (19884 tons in 2007 with an output of 14,7 t/ha

which is considered better than last year), of the significant

quantities out of durum wheat, common wheat, barley,

and corn with a predominance of the common wheat

importation.

- Energy cultivation: The industrial crops cover the 1%

of the total surface of the cultures. This rate can increase

knowing that 13 % of the agricultural surfaces constitute

the fallow whose introduction supports a farming rotation.

- The rotation: Rotation is a technique applied in agri-

culture. It is about a succession of cultures in a farming

system, according to a certain order and on the same

piece. As for the rotation, it is about the division of the

grounds of a farm in distinct parts, called plates or mag-

pies, devoted each one to a planting given during one

farming season.

In term of cultivated areas, we will have the following

distribution:

- Frying oils: This great importance, characterizing the

gas oil consumption in Tunisia, directs the exploitation

of worn vegetable oils. Let us calculate, then, the quantity

of biodiesel produced starting from the vegetable oils

imported by supposing a rate of recovery of 10% in the

zones with strong density of restoration or the

communities.

The most significant point for the manufacture of bio-

diesel rests on the existence of the raw materials and particu-

larly those of vegetable oils. For Tunisia, vegetable oil could

come from three sources:

- Colza or other oleaginous seeds like the case of sunflower.

- The recovery of worn oils

- Importing the palm oil particularly starting from Asian

countries.

3.3. Future scenarios

The following table summarizes the quantities to be pro-

duced out of bioethanol and biodiesel by taking account of the

various possibilities. It should be noted that the corn contains

60% of sugar and the grains of soya contain 18% of oil.

TABLE: Production of biodiesel starting from the olive-
growing surfaces in partnership with the sunflower

Sunflower 0,84 14000 11760 5355,5 5355,5

Plants
Rmoy

(t/ha)

Surfaces

(ha)

Production

(tons)

Qextracted oil

(tons)

Qbiodiesel

(tons)

Distribution of the plants

1st year

2nd year

3rd year

4th year

5th year

6th year

Colza

Corn

Rye

Oats

Clover

Corn

Colza

Corn

field bean

Corn

Oats

Clover

Years Plants Plants

TABLE: Examples of rotation including colza

Corn 

Leguminous plants with seeds

Planting on fallow

83930ha

33572ha

50358ha

TABLE: Production of biofuels based on a rotation

Colza

Sunflower

Beet

Molasses

1,12

0,84

28,9

50358

50358

5000

56400.96

42300,72

144500

22334,78

19263,75

17432,5

2621,23

22334,78

19263,75

8890,56

1336,8

Plants
Rmoy

(t/ha)

Surfaces

(ha)

Production

(tons)

Qextracted oil/sugar

(tons)

Qbiodiesel or bioethanol

(tons)

274740,145 27474,0145 27474,0145

Q imported (tons) Q recovered (tons) Q biodiesel (tons)

TABLE: Production of biodiesel from imported oils
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Concerning the sunflower, colza and corn seeds and oil

imports:

These assumptions make it possible to produce a quantity

of bioethanol equal to 17,82 miles tons and a quantity of bio-

diesel equal to 66,06 thousands tons. This quantity is equivalent

to 69,4KTep what covers 1,2% of our energy needs.

- The use of the vegetable residues: The vegetable residues

resulting from the forestry development and agriculture

can constitute resources for the biofuels developpement.

However, this lignocellulosic way is not yet well

controlled.

TABLE: Summary of the obtained values

Sugar beet

Corn

Colza

Sunflower

Tested Soya 

5000

1000

40358

40358

200

9000

500

10000

10000

50

Cultures
Surfaces

(ha)
Production (tons)outputs (t/ha)

Qethanol/biodiesel

produced (thousand tons)

28-30

20-25

1,12

0,84

0,7-0,8

43

70

0,35

0,25

0,30-0,35

140-150

20-25

45,2

33,9

0,14-0,16

387

35

3,5

8,4

0,015-0,0175

1,295-1,387

4,284-5,355

17,9

15,44

0,025-0,0285

3,580

7,5

1,38

3,825

0,00267-

0,0031

In dryness In irrigated In dryness In irrigated In dryness In irrigated In dryness In irrigated

Frying oil

Colza seeds

Sunflower seeds

274740,145

255,9

0,19

27474,0145

10,13

0,0062

Imported quantity

(tons)

Q.  ethanol/biodiesel produced

(tons)

Conclusions

In front of the current economic situation of the flamed oil price, all militates with the introduction and the use of biofuels

which is a solution with a future.

The introduction of the industrial crops (colza, sunflower, beet sugar, jatropha), the recourse to the technique of rotation,

the use of the fallow, the re-use of treated worn water and the recovery of worn oils make it possible to cover only the 1,2%

of the national energy need. Nevertheless, these solutions suggested present limits:

Concerning colza, the major advantage is the raising of prices of seed oils which is in favour of its local cultivation. The

problem lies in the useful surface which enters in competition with the cereal surfaces. As for the sunflower, although its planting

currently exists, the production is entirely directed towards food consumption.

These plants can be started again in the head of a rotation with fallow integration. In our study, only 15 % of the fallow

was exploited. Moreover, the recourse to the irrigation allows a better production while the quantity of worn water in the

nature is estimated at 80% of the total quantity.

Jatropha, a plant shrub with energetic ends, not very demanding of the arid or semi-arid areas, with fruit rich in oil and

able to fight in hard conditions of the desert seems to be a promising solution. However, it still remains on the scale of the

experimentation.

In addition, it is necessary to note the importance of the recovery of worn vegetable oils of which the quantity remains to

be discussed since the distribution of the edible oils is not well controlled. Despite, a study can be carried and based on the

area distribution of the hotels and the possibility to install collection equipment.

The lignocellulosic form can, be also developed starting from the forestry and agricultural residues and the herbaceous

or little lignified plants which are without use and can be collected for energy ends.

Thus, the development of these alternative solutions is based on the agricultural management and, in the other hand, the

synergy between the applied agricultural and desired energetic policies. The coordination between the various services of the

state are still essential.  However, Tunisia, in charge to feed 10225.4 thounsands resident persons and 5473.7 not residents,

prefers to develop other types of energy such as the wind power, solar energy, wood energy and biogas.
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1. Introduction

This study is carried out for residential buildings in the

Mediterranean region and deals with a specific house type in

Cyprus. The type of house envisaged to form the base-case is

considered as the representative house of middle to upper class

average income family; such a house would present uprising

tendency for central air-conditioning installations and inhe-

rently it has the greatest potential for energy savings. The

framework, within which the profile of the house base-case is

outlined, is defined by:

a) Respect of traditional Cypriot architecture.

b) Response to current housing trends and demands.

c) Considerations of climatic and thermal aspects for

Cyprus.

The factors considered in developing the house base-case,

which is to be used as the reference building for the optimi-

zation studies, are: i) Location, ii) Type, iii) Size, iv) Shape and

Orientation, v) Layout, vi) Component design vii) Shading.

The insulation variable was tested on the building envelope

on the walls, the floors and on the roofs.

For the building simulations the dynamic computer pro-

gramme SERIRES was employed. This is particularly sensi-

tive to the solar effects of the surfaces of the above building

elements. It is mostly suitable for the analysis of residential

buildings and it is designed to simulate the dynamic perfor-

mance of the building in great detail. The building is repre-

sented mathematically as a thermal network with non-linear

temperature dependent controls. The fundamental concept of

the programme is that of heat flow paths of a structure and in

terms of thermal zones. Conceptually a building is represented

as one or more zones with thermal flow paths between one

another and the outdoor temperature and solar radiation. The

components of the building (walls, floors, windows etc) are

considered as the thermal flow paths. The features of the

components and their major heat flow elements are specified.

This is followed by detailed description of the layers that

comprise the element and the properties of the materials that

compose each layer. The programme offers the user great

flexibility in choosing the level of detail to be used in modeling

a building. For the current study the model was used to perform

detailed analysis of various insulation design options and to

evaluate these options.
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Abstract

As the Energy efficiency

demands are constantly

changing and in order to meet

the more stringent thermal

insulation standards and di-

rectives, it is necessary to in-

vestigate the application of

insulation on the building en-

velope in terms of construc-

tion and building fabric to

accommodate these require-

ments in the most cost-effective

and energy efficient way.

In this paper the variable of insulation in combination with

other important design variables and parameters and their

effect on the thermal response of the building are studied,

outlined and discussed. The study examines possible designs

of the components of the building envelope, in conjunction

with the application of insulation. The main aspects of insu-

lation which are examined are:

a) Insulation and Shape.

b) The insulation Thickness

c) The stage of introduction of

the insulation

d) The position of insulation

on the envelope.

e) The extent of insulation

application 

The effect of these variables

and parameters on the ther-

mal performance of the buil-

ding is assessed during both

heating and cooling modes in

building simulations with the aid of computer programmes.

The original studies were carried out with 5000 method and

they were followed by detailed studies with SERIRES. The

building simulations make use of the thermal calculations

and conclude to comparative assessment of results and the

effectiveness of the varied insulation design measures.
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2. The insulation variables

The variables of insulation and their main aspects which

are investigated are:

a) Insulation and Shape: Insulation incorporated on four

basic building shapes and its effect on them was exa-

mined. The shapes under study are: Square (Base-case),

rectangular, L-shape and Π-shape.

b) The insulation thickness: The thicknesses studied are,

2.5cm, 5cm, and 7.5cm.

c) The stage of introduction of the insulation: These

series of tests examine the addition of insulation on un-

improved house, on partly improved and on optimised

house designs.

d) The position of insulation: The insulation effect in

relation to the building mass expressed in different

constructional aspects of the walls is analysed in terms

of its addition externally, internally on the envelope or

sandwiched in the walls.

e) The extent of insulation: The application of insulation

when added: on the roof, on the roof and walls, on the

roof, walls and floors etc.

In the following pages the variable of insulation and the

above parameters are examined and discussed.

3. Insulation and shape

The effect of insulation on the shape of the building is

examined on four basic shape variations (Figure 1). Initially,

simulations were carried out on the un-insulated four building

shapes, which are considered as reference buildings. In the

chart analysis of energy loading of these un-insulated reference

building shape variations, the following are depicted:

(i) The largest energy conservation for heating is achieved

in the square shape, followed by the Π-shape, the L-

shape and finally the rectangular.

(ii) In terms of cooling energy savings the rectangular

house is equally efficient as the square shape, followed

by Π-shape along with the L-shape.

(iii) Collectively the square shape achieves the largest

amounts of energy savings. This is followed by the

rectangular, the Π-shape and the L-shape.

Considering that all other design parameters are constant

in all shape variations, there remains the extent, form and

aspect of exposed surfaces as the only parameters in this tests

which determine the heating and cooling load. This indicates

the higher potential inherent in the compactness of the form.

It was further observed that a small decrease of the roof

area of the rectangular house resulted to considerable cooling

energy conservation and raised this shape from the last to the

first position along with the square shape. This further

reinforces the issue that compact shapes are more economical

than the more complex ones. The compactness of the square

shape incurred lower heat loss than the three other shapes.

The roof area decrease of the rectangular shape resulted to

lower heat gains.

The comparison of the extent of the energy savings in the

four shape variations is made having as reference their base-

drawings and the addition of insulation on these. From these

studies is incurred that the introduction of insulation on the

four basic shapes, selected for the study,

a) Improves their efficiency and their energy consumption

for both heating and cooling, decreases.

b) The introduction of Insulation affects mostly the

performance of Π-shape; it upgrades it and renders it as

the best energy saving shape, pushing the rectangular

last on the ranking order for savings.

These results indicate the greater potential for energy

saving inherent in the more composite buildings, with bigger

exposed surfaces, complex geometric configurations and pro-

jections than the compact simple shapes, when insulation is

applied. This is attributed to the greater extent of insulation

addition on the more composite building shapes. The higher

heat losses due to the more complex Π-shape are counteracted

by adding thermal insulation. This is obviously achieved at a

larger additional cost.

4. Insulation thickness

This range of tests examines the impact of three varying

thicknesses of insulation on the thermal performance of the

reference house, base-case. The three tested thicknesses are:

(a) 25mm 

(b) 50mm 

(c) 75mm 

From test analysis it is concluded that the energy savings

incurring from increasing insulation thickness, do not increase

proportionally (Table 1). Specifically the following are

observed:

(i) Introduction of insulation on the reference design

reduces the energy load of the building.

(ii) The application of 25mm insulation causes the same

reduction of energy consumption both in heating and

cooling; this amounts to 20%.
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Figure 1. Basic

Shape Variations on

which insulation was

introduced.



(iii) The savings achieved by doubling the insulation

thickness on the design are only 6%; this increase is

only 1/3 of those incurring from the initial insulation

of 25mm thickness. The tripling of insulation causes

only 3% energy load reduction. This low amount of

savings difference, when insulation thickness increases,

is attributed to the fact that there is less to save on an

already insulated house.

(iv) The extra insulation cost of using 50mm thickness

instead of 25mm on the reference design balances out

the resulting savings and so concludes to the same pay-

back period of 8 years. As in any conservation strategy

the first gains are the least expensive and most cost

effective. As more care is taken in the process and in-

sulation levels increase, costs escalate rapidly.

(v) Although introduction of 25mm insulation reduces

uniformly cooling and heating load, doubling or tripling

the thickness increases savings unevenly for heating

and cooling; the savings in cooling are half of those

induced in heating. A possible explanation for this is

that the reduction of cooling energy achieved by the

application of insulation externally is mainly caused

by the interception of radiation, irrespective of the

thickness of insulation the introduction of the initial

25mm insulation intercepts most of it and does not

leave much for further reduction when insulation thick-

ness increases. Whereas heat transfer is resisted in

conjunction to insulation thickness.

The related economic aspects regarding insulation thickness

are summarized on Table 1 below.

5. Stage of insulation introduction

The stage of insulation application is examined in three

phases.

(i) On the reference house “Base-case”

(ii) On a thermally improved structure.

(iii) On thermally optimized structure.

The reference house used, in these series of tests, is the

profile of a representative house type for Cyprus, as deve-

loped for the study and as explained in the introduction.

Improved building in this context is the building on which

such design energy conservation measures were adopted so

that the energy load is reduced by 70% to 75%. The term opti-

mized is the stage of design improvement which minimizes

energy load nearing zero consumption. From the tests the

following are observed, tabulated on Table 1 and illustrated in

Figures 2 and 3 below:

(i) Addition of insulation on improved building design

doubles the amount of savings incurring when insulation

is applied on reference design and the results are com-

pared with those of improved design. It seems that the

combination of other design measures increases the

effectiveness of insulation.

(ii) The pay-back period of insulation application on refe-

rence and improved design remains the same in both

cases; the actual savings in money are minimal due to

the low cost of energy in Cyprus, as fuel for heating is

subsidized.

6. Position of insulation on the envelope

Concerning the position on the envelope the insulation is

examined as follows:

a) Internally

b) Sandwiched

c)  Externally

From the tests it is observed, that savings from energy

conservation, increase as insulation moves from the internal
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TABLE: Insulation Economics in relation to thickness
and stage of its introduction

Insulation Thickness in (mm)

Savings in Total Energy Cost

Savings in Heating Energy (GJ)

Savings in Cooling Energy (GJ)

Pay-back period in years

25

20%

20%

20%

7.9

50

26%

27%

24%

7.0

75

29%

30%

28%

6.5

Design Reference Improved

25

41%

40%

37%

7.7

50

52%

59%

47%

6.9

Figure 2. Externally insulated house of improved design: Average

temperature measurement results for August 1997

Figure 3. Externally insulated house of improved design: Average

temperature measurement results for January 1998
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side to the external surface of the envelope, for both cooling

and heating. The interception of the sun at the very external

side of the buildings’ skin in the summer results to the effi-

ciency of external insulation for cooling energy conservation.

In the winter with the positioning of the insulation on the

external side, the mass of the opaque elements of the structure

is utilized by storing the trapped solar energy contributing to

the efficient bioclimatic operation of the building. The insu-

lation on the exterior of envelope prevents heat stored in the

thermal mass to be conducted rapidly to the outside.

7. Extent of application of insulation

As far as the extent of the insulation is concerned this is

examined as follows:

a) On the roof only

b) On the roof and walls

c) On the roof, walls and floor.

From this range of tests the following are concluded:

(i) The application of insulation whether exclusively on

the roof or/and additionally on the walls, incurs greater

energy conservation for cooling than for heating.

(ii) The introduction of insulation on the roof presents a

high percentage of energy savings:

- 19% for heating

- 45% for cooling

(iii) Extending insulation on the walls increases savings

only by 5% for heating and 5% for cooling.

(iv) The additional cost for extending insulation on walls

rises the pay-back period needed for roof insulation

only, from 7.5 years to 45 years.

(v) The application of insulation on the floor show adverse

effects on the efficiency of the house thermal perfor-

mance; from simulation analysis is indicated that floor

insulation prevents the natural thermal processes, for

the climatic conditions of Cyprus, which inherently are

more effective without insulation.

The related economic aspects regarding the extent of insu-

lation application are summarized in Table 2 below.
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Figure 4. Details of insulation application on the roof, walls and floors, externally, sandwiched and internally

TABLE: Insulation economics in relation to extent of its
application on the Building envelope

Savings in Total Energy Cost

Savings in Heating Energy (GJ)

Savings in Cooling Energy (GJ)

Pay-back period in years

37%

19%

46%

7.5

56%    

72%

60%

45

Extent of insulation

Roof

-18%

0

-23%

--

R +

Walls

R +W +

Foor



Conclusions

The comparison of insulation with other passive design measures entailing no additional or little cost gives an indication

of the cost effectiveness of the insulation. The final conclusions on insulation in conjunction with other parameters are sum-

marized as follows: 

Shape: The insulation studies showed that the addition of insulation acts as the regulator of energy conservation on a geo-

metrically complex building shape. This is at an additional cost and therefore the economic assessment of insulation should

be viewed in conjunction with each building configuration.

Thickness: Energy consumption savings do not increase proportionally to the thickness increase. On the contrary there

appears reduction of savings. The 50mm insulation thickness seems appropriate insulation level to be adopted in the process

of minimizing energy load in the Cyprus house. The pay back period for the insulation of 50mm is the same as that of 25mm

but has longer life span due to its bigger thickness. However further sensitivity studies are needed to define pattern of the

effectiveness of the insulation thickness although the tests on thickness imply diminishing returns as the thickness of insula-

tion is doubled or as it further increases.

Stage of introduction: Comparison of insulation on reference and improved design suggests that introduction of insula-

tion on improved design is most effective. It seems that the combination of other design measures increases the effectiveness

of insulation. 

Position of Insulation: External insulation is derived as the most effective for the Mediterranean climate. Yet, the insulation

positioning depends also on the type of building and air conditioning used. 

Extent of insulation Application: The roof is thermally the most vulnerable building component of the Cypriot house; this

renders the application of insulation on the roof the most cost effective energy design measure. Extending insulation on the

walls reduces the energy load, but at an additional cost. Whereas extending it on the floor the energy load increases.

It is further observed from these comparative insulation parametric studies and in combination with studies of other variables

(fenestration, mass etc) and the analysis of the results in establishing optimized simulation house profile, that one could locate

a region of optimum design. This optimum region offers various combinations of effective parameters resulting to optimized

design.
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